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Better understanding of the molecular biology of several tumour types has driven
the discovery of oncogenic pathways or molecular aberrations that underpin tumour
growth and survival. These pathways and oncogenic drivers can now be targeted with
novel agents, improving patients’ survival and quality of life. Identification of potential
biomarkers to guide personalised therapy for cancer patients is of utmost importance.
These new agents are associated with different adverse events compared with chemotherapy
and toxicity management is highly relevant, particularly with extended treatment
durations. Inevitably, with exposure to these targeted agents, mechanisms of resistance
emerge which pose challenges when selecting subsequent therapeutic strategies.
In this complex landscape, continued collaboration between pre-clinical
and clinical researchers will bring increased knowledge of tumour evolution
and the discovery of more effective molecularly driven treatments.
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Preface

Precision oncology is a term used to describe novel treatments with
much more specific modes of action compared to classic chemotherapy.
Starting with imatinib as a breakthrough for the treatment of
Philadelphia chromosome-positive chronic myeloid leukaemia, this
field, also described as targeted therapy, has evolved enormously.
Developments in genomic testing and of targeted therapies go handin-hand. Treatments may consist of small molecule inhibitors targeting
receptor tyrosine kinases, or even transcription factors, antibodies,
antibody-drug conjugates and cell therapies. Currently, cancers can
be classified according to their genomic alterations (translocations,
amplifications, mutations, etc), allowing drugs developed for a specific
cancer to be ‘repurposed’ and used to treat other cancers sharing the
same or a similar alteration. An example is targeting ErbB2 (or human
epidermal growth factor receptor 2 [HER2]) overexpression, which was
originally found to be an important target in breast cancer. Genomic
testing has unveiled HER2 gene amplifications and activating mutations
are also present in many other cancers including gastric, colon, lung
and bladder cancer, where some of these HER2-targeting drugs appear
highly efficacious as well.
This handbook brings together specialists in the field of precision
medicine, who have shared their knowledge and insights on this broad
topic, providing you with a solid base to understand this field from basic
science to clinical application. This book cannot be missing from the
desk of any medical professional working in the field of cancer care!
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Precision oncology is quickly becoming mainstream in clinical practice
and research, dedicated to high-technology diagnostics and innovative
drug development. The identification of targetable molecular alterations
and thus therapy adjustment enables treatment individualisation and
increases efficacy.
The first Food and Drug Administration (FDA)-approved targeted therapy
leading to clinical remissions was imatinib for the treatment of BCR-ABL
rearrangement in chronic myeloid leukaemia in 2001. Today, the number
of targeted therapies approved for use continues to grow.
Advances in precision oncology are usually implemented in highly specialised cancer research centres, which have access to clinical trials and
advanced diagnostic technologies. To define molecular alterations and
tailor therapy accordingly, a tissue sample is needed, which is delivered
to a high-quality laboratory equipped with next-generation sequencing
(NGS) technology. However, even smaller institutions without laboratories can take advantage of commercially available testing platforms
to analyse paraffin-embedded tissue samples or plasma samples. Since
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Figure 1 FDA approvals of targeted therapies in oncology.
*Approvals to end May 2022.
Abbreviation: FDA, Food and Drug Administration.

there is a risk of underutilisation of targeted therapies with confirmed
benefits, or overutilisation when the drug-target combination has not
yet been confirmed, appropriate identification of actionable mutations
and assessment of available therapeutic options must be established
by molecular tumour boards (MTBs). MTBs, comprised of a multidisciplinary team of specialists from the fields of molecular biology,
pathology, oncology and research, enable interdisciplinary knowledge
transfer in the highly complex field of cancer biology and research/
clinical care. The MTBs need appropriate organisation (regular multidisciplinary meetings) and implementation of IT platforms capable
of searching new scientific evidence in the context of available therapeutic options, as well as gathering real-world evidence. The emerging concept is to build a national/international network of MTBs to
share knowledge about MTB recommendations as well as encouraging
the active participation of healthcare professionals from peripheral
hospitals, thereby providing access to precision oncology for all patients
with cancer.
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Non-small cell lung cancer (NSCLC) is recognised as a prototype disease for molecularly-driven targeted oncology. This approach is also
now part of clinical practice in melanoma and colorectal cancer. As techniques evolve and become more cost effective, the use of molecular testing and molecularly guided drugs may be addressed to a larger number
of patients. Therefore, the major implication for patients and healthcare
systems is to build optimal therapeutic pathways based on pathological
diagnosis, molecular testing, recommended therapies and access to clinical trials. The European Society for Medical Oncology (ESMO) Translational Research and Precision Medicine Working Group provides recommendations on precision oncology in daily practice, which are available
here: https://oncologypro.esmo.org/oncology-in-practice/personalisedmedicine/esmo-recommendations-in-precision-medicine.
Biomarker-driven therapies have an impact on clinical trial methodology
and drug approval processes. Their novel designs enable the investigation of multiple hypotheses. The most widely used are protocols with
multiple treatments (umbrella trials), multiple populations (basket trials)
or those enabling the addition or removal of trial arms (platform trials).
In recent years, the FDA and the European Medicines Agency (EMA)
have approved an increasing number of precision oncology drugs targeting molecular biomarkers based on early-stage non-randomised clinical
trials. This increase in the availability of novel treatments has contributed to a rise in global oncology spending: $185 billion in 2021 and predicted to exceed $300 billion by 20261. From the perspective of patients
and healthcare systems, monitoring the impact of new registrations on
survival, quality of life and cost in the post-approval period is mandatory.
In conclusion, medical reality driven by precision oncology needs optimisation of resources used for patient diagnostics and care by applying
the recommendations, gathering real-world evidence for research purposes and monitoring cost-effectiveness, and knowledge-sharing about
the agnostic approach in research and clinical practices. With all these
advances, it is critical to concentrate on community medical education to
empower the implementation of precision oncology in clinical practice.
IQVIA Institute. Global Oncology Trends 2022: Outlook to 2026. Published May 2022. https://www.iqvia.
com/insights/the-iqvia-institute/reports/global-oncology-trends-2022 (date last accessed, 19 August 2022).
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The idea behind the ESMO Handbook of Targeted Therapies and Precision Oncology was to provide comprehensive and practical information
for clinicians, who should be familiar with the technology used to determine the types of genomic alterations, correctly interpret the molecular
results and implement personalised management in cancer care.
Table 1 FDA Approvals of Targeted Therapies in Oncology.
Year

Drug

Target(s)

1997

Rituximab

CD20

1998

Trastuzumab

HER2

2001

Imatinib
Alemtuzumab

BCR-ABL/PDGFR/KIT
CD52

2002

Ibritumomab tiuxetan

CD20

2003

Gefitinib
Bortezomib

EGFR
Proteasome

2004

Erlotinib
Cetuximab
Bevacizumab

EGFR
EGFR
VEGF

2005

Sorafenib

VEGFR/KIT/FLT3/PDGFR

2006

Sunitinib
Dasatinib
Vorinostat
Panitumumab

PDGFR/VEGFR/FLT3/KIT/RET
BCR-ABL/Src/KIT/LCK/PDGFR
HDAC
EGFR

2007

Nilotinib
Lapatinib
Temsirolimus

BCR-ABL
HER2/EGFR
mTOR

2009

Pazopanib
Everolimus
Ofatumumab

PDGFR/VEGFR/KIT/FGFR/ITK
mTOR
CD20

2010

Romidepsin

HDAC

2011

Icotinib
Crizotinib
Vandetanib
Ruxolitinib
Vemurafenib
Ipilimumab
Brentuximab vedotin

EGFR
ALK/ROS/c-MET
EGFR/VEGFR/RET
JAK1/JAK2
RAF
CTLA-4
CD30

2012

Axitinib
Radotinib
Bosutinib
Vismodegib
Carfilzomib
Regorafenib
Pertuzumab
Ado-trastuzumab emtansine

VEGFR
BCR-ABL
Abl1/Src
SMO
Proteasome
VEGFR/PDGFR/FGFR/RAF/RET/KIT
HER2
HER2
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Table 1 FDA Approvals of Targeted Therapies in Oncology. (Continued)
Year

Drug

Target(s)

2013

Cabozantinib
Ponatinib
Afatinib
Ibrutinib
Trametinib
Dabrafenib
Obinutuzumab

VEGFR/ROS/TIE2/MET/KIT/TRK2/RET
BCR-ABL/PDGFR/FGFR/Src/FLT3/KIT
EGFR/HER2/HER4
BTK
MEK1/MEK2
RAF
CD20

2014

Ceritinib
Apatinib
Belinostat
Olaparib
Idelalisib
Ramucirumab
Nivolumab
Pembrolizumab
Blinatumomab

ALK/ROS
VEGFR2
HDAC
PARP
PI3Kδ
VEGFR2
PD-1
PD-1
CD19/CD3

2015

Alectinib
Cobimetinib
Palbociclib
Osimertinib
Sonidegib
Sirolimus
Panobinostat
Tucidinostat
Ixazomib
Lenvatinib
Nintedanib
Necitumumab
Dinutuximab
Daratumumab
Elotuzumab

ALK
MEK1/2
CDK4/CDK6
EGFR
SMO
mTOR
HDAC
HDAC
Proteasome
PDGFR/VEGFR/FGFR/KIT/RET
VEGFR/PDGFR/FGFR/MDR1/BCRP
EGFR
GD2
CD38
SLAMF7

2016

Venetoclax
Rucaparib
Atezolizumab

BCL-2
PARP
PD-L1

2017

Brigatinib
Tivozanib
Acalabrutinib
Ribociclib
Abemaciclib
Neratinib
Midostaurin
Enasidenib
Niraparib
Copanlisib
Inotuzumab ozogamicin
Avelumab
Durvalumab
Gemtuzumab ozogamicin

ALK/EGFR/IGFR1/FLT3/ROS
PDGFR/VEGFR/FGFR/KIT/RET
BTK
CDK4/CDK6
CDK4/CDK6
HER2/EGFR
FLT3/KIT
IDH2
PARP
PI3K
CD22
PD-L1
PD-L1
CD33
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Table 1 FDA Approvals of Targeted Therapies in Oncology. (Continued)
Year

Drug

Target(s)

2018

Anlotinib
Lorlatinib
Fruquintinib
Binimetinib
Encorafenib
Dacomitinib
Gilteritinib
Glasdegib
Ivosidenib
Larotrectinib
Talazoparib
Duvelisib
Cemiplimab
Moxetumomab pasudotox

VEGFR/PDGFR/FGFR
ALK
VEGFR
MEK1/2
RAF
EGFR
FLT3
SMO
IDH1
TRK
PARP
PI3Kδ/PI3Kγ
PD-1
CD22

2019

Pexidartinib
Zanubrutinib
Entrectinib
Erdafitinib
Quizartinib
Fedratinib
Alpelisib
Polatuzumab vedotin
Enfortumab vedotin
Trastuzumab deruxtecan

CSF1R/KIT/FLT3
BTK
TRK
FGFR
FLT3
JAK2
PI3Kα
CD79B
Nectin-4
HER2

2020

Pemigatinib
Avapritinib
Ripretinib
Selumetinib
Capmatinib
Tepotinib
Tucatinib
Almonertinib
Tazemetostat
Selpercatinib
Pralsetinib
Neratinib
Brexucabtagene autoleucel
Brigatinib
Olaparib
Rucaparib
Erlotinib
Encorafenib
Isatuximab
Belantamab mafodotin
Sacituzumab govitecan
Tafasitamab
Naxitamab
Margetuximab

FGFR
KIT/PDGFR
KIT/PDGFR
MEK 1/2
MET
MET
HER2
EGFR
EZH2
RET
RET
HER2
CD19
ALK
HRR/BRCA
BRCA
EGFR
BRAF V600E
CD38
BCMA
TROP-2
CD19
GD2
HER2
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Table 1 FDA Approvals of Targeted Therapies in Oncology. (Continued)
Year

Drug

Target(s)

2021

Tivozanib
Lorlatinib
Umbralisib
Tepotinib
Crizotinib
Carfilzomib
Asciminib
Abemaciclib
Ruxolitinib
Cabozantinib
Mobocertinib
Zanubrutinib
Ivosidenib
Leventanib
Avapritinib
Infigratinib
Sotorasib
Dostarlimab
Amivantamab
Loncastuximab tesirine
Tisotumab vedotin

VEGFR1/2/3
ALK
PI3Kδ/CK1γ
MET
ALK/ROS 1
Proteasome
ABL/BCR-ABL1
HER2
JAK1/2
VEGFR/MET/KIT/RET/AXL/FLT3
EGFR exon 20
BTK
IDH1
VEGFR /FGFR /PDGFRA/RET/KIT
KIT/PDGFRA
FGFR2
KRAS G12C
PD-1
EGFR/cMET
CD19
TF

2022*

Alpelisib
Olaparib
Pacritinib
Tebentafusp
Relatlimab

PIK3CA
PARP
JAK2/FLT3
gp100/CD3
LAG-3

*Approvals to end May 2022.
A list of FDA-approved targeted therapies by tumour type is available here: https://www.cancer.gov/about-cancer/treatment/
types/targeted-therapies/approved-drug-list (date last accessed, 19 August 2022).
Abbreviations: ALK, anaplastic lymphoma kinase; BCL-2, B-cell lymphoma 2; BCMA, B-cell maturation antigen; BCRP, breast
cancer resistance protein; BTK, Bruton’s tyrosine kinase; CDK 4/6, cyclin-dependent kinase 4/6; CTLA-4, cytotoxic T-lymphocyte
associated antigen 4; EGFR, epidermal growth factor receptor; FDA, food and Drug Administration; FGFR, fibroblast growth
factor receptor; FLT3, FMS-like tyrosine kinase 3; HDAC, histone deacetylase; HER2/4, human epidermal growth factor receptor
2/4; HRR, homologous recombination repair; IDH1/2, isocitrate dehydrogenase 1/2; IGFR1, insulin-like growth factor receptor 1;
ITK, interleukin-2 receptor T-cell kinase; JAK1/2, Janus kinase 1/2; MDR1, multidrug resistance 1; mTOR, mammalian target of
rapamycin; PARP, poly(ADP-ribose) polymerase; PD-1, programmed cell death protein 1; PDGFR, platelet-derived growth factor
receptor; SMO, smoothened homologue; TF, tissue factor; TRK, tropomyosin receptor kinase; VEGFR, vascular endothelial
growth factor receptor.
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1

Precision oncology enables the improvement of health outcomes by
identifying the druggable genetic alterations in the tumour of an individual patient to tailor treatment. Precision medicine has revolutionised cancer care and entered mainstream clinical practice for several advancedstage malignancies, for example, non-small cell lung cancer (NSCLC).
The growing understanding of key genetic drivers in cancers has been
enabled by the development of new molecular techniques such as nextgeneration sequencing (NGS) and other profiling technologies. New
molecular approaches have helped expand the clinical utility of genomics and have also enabled the development of novel therapeutic agents.

Precision Oncology
Molecular Tumour Boards
Precision medicine requires excellent communication between oncologists and molecular pathologists. Their collaboration is critical when
selecting the most adequate sample and the best molecular test. Clinicians should be familiar with the methods used in the molecular laboratory, including their limitations. Genomic reports should be evaluated
by a multidisciplinary team referred to as a Molecular Tumour Board
(MTB). MTBs consolidate patient characteristics including clinical
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history, laboratory results, pathology, imaging and molecular profiling,
in the presence of specialists from a range of medical fields, basic and
translational scientists and computational biologists. The goal of the
MTB is to match the best therapeutic strategy to the genomic alteration,
reduce uncertainty in clinical recommendations and improve oncological outcomes.
Results of Molecular Testing
Molecular testing, to detect actionable genomic alterations, is used for
both diagnostic and therapeutic purposes. As a rule, testing should be
ordered when results may impact clinical management. A few key factors
should be considered to ensure the correct molecular test is selected; these
include the type and quality of available tissue, type of assay and its turnaround time, cost and the laboratory where the test should be performed.
Laboratory results should be reported according to the American College of Medical Genetics and Genomics (ACMG) recommendations and
standards. The laboratory should also undergo external quality assessments that are designed to test the analytical process of molecular diagnostics together with its ability to interpret data and prepare a clear and
accurate report.
FISH, IHC and PCR
Molecular profiling for precision cancer therapy uses conventional tests
such as immunohistochemistry (IHC) and fluorescent in situ hybridisation (FISH) and more advanced molecular techniques such as quantitative polymerase chain reaction (qPCR) and NGS. Direct sequencing,
also called Sanger sequencing (SSQ), is rarely used for somatic mutation
detection due to its limited sensitivity (threshold 15%-20%), meaning it
can miss low-level mutations.
Standard IHC methods have been used in laboratories for decades and
still play critical roles as diagnostic, prognostic and screening tools in
precision oncology, mainly due to the existence of numerous antibodies able to detect the presence or absence of proteins in tumour tissues.
Nowadays IHC is also used to detect biomarkers of susceptibility to
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immune checkpoint inhibitors, including programmed death-ligand 1
(PD-L1), which determines the eligibility for therapies using anti-programmed cell death protein 1 (PD-1)/PD-L1 agents.
FISH has been the gold-standard technique to detect specific genes
abnormalities, e.g. DNA rearrangements, by fluorescent label probes.
However, following the expansion of NGS applications, this method is
increasingly used for amplification detection and gene rearrangement,
though some laboratories are still using FISH to study rearrangement.
Both IHC and FISH are typically dedicated to detecting only a single
specific marker and are limited by their low-throughput nature, but novel
approaches are using multiplex IHC or immunofluorescent (IF) platforms
for the detection of many more markers simultaneously. PCR assays also
exist for detection of gene rearrangements but are also mainly dedicated
to analysing single or few alterations. For example, reverse transcriptionPCR is a simple method based on the conversion of RNA into complementary DNA (cDNA) followed by amplification with fusion-specific
primers to detect a gene fusion variant. This method is relatively simple,
high throughput and cost effective.
NGS
NGS is becoming a reliable alternative to conventional methods for diagnosing chromosomal and gene alterations. The current basic methodology of NGS includes nucleic acid extraction (DNA or RNA, depending
on the assay) and sample processing by library preparation and bioinformatics data analysis. NGS enables the analysis of multiple alterations
from the same small amount of tissue. The drawbacks of NGS include
time-consuming conversion of a sample into a library for sequencing,
and expensive analyses due to sophisticated software and the need for
qualified/experienced personnel for accurate data analysis.

Tissue Types and Preparation
Advantages and Disadvantages
In the vast majority of molecular analyses, archival or fresh postoperative
tumour samples are the main sources of material. However, all specimens
Molecular Techniques in Precision Oncology
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available from a patient including fine-needle aspirates and cytology
samples should be considered for testing.
A summary of the different tissue types that can be used in molecular diagnostics is presented in Table 1. Occasionally, tumour tissue is
insufficient for the required analysis and repeat procedures are needed
to obtain more tissue; these are not without risk and may cause delays in
patient management. Optimal triage of samples and pre-analytical evaluation are critical to identifying tumour-rich areas, especially if macro- or
micro-dissection is necessary to achieve sufficient cellularity.
Molecular tumour analyses aim at identifying and reporting somatic
gene alterations that are present in tumour cells and, as such, the number
or percentage of these cells is important for adequate analysis. The tissue obtained from a given procedure is often complex and is composed
of both neoplastic cells and the surrounding stroma. The latter can make
up over 90% of the tissue in some samples, such as those encountered
in pancreatic cancer. The minimum number of cells required depends on
the nature of the testing platform and the analytic sensitivity; 5%-10%
mutant allele frequencies (10%-20% tumour cells) are required for mutation detection by the Ion Torrent Personal Genome Machine (PGM) and
Illumina MiSeq NGS platforms. This high sensitivity has prompted the
use of these technologies for the detection of a diverse array of mutations
within multiplexed gene analysis.
Tumour Cellularity
Tumour cellularity is more important when tumours are characterised
by extracting and analysing DNA or RNA (e.g. with PCR and NGS)
rather than directly on the slide (IHC, FISH), where each tumour cell
is evaluated separately. However, when evaluating PD-L1, the number
of cells evaluated is important because the percentage of positive cells
may predict a better response to immunotherapy. In addition, FISH is
also more accurate in samples with higher tumour cellularity because
this overcomes the susceptibility to nuclear truncation artifacts that are
typically detected in formalin-fixed paraffin-embedded (FFPE) blocks.
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Table 1 Strengths and Limitations of Tissue Types in Precision Oncology Diagnostics.
Type of material/
sample
Fresh frozen
sample

Advantage

Disadvantage

High-quality DNA and RNA
Can be preserved long term at −80°C or
in liquid nitrogen (−190°C)
Can be applied to most molecular
methods, the best option for NGS
analysis

Can only be obtained after surgery or during
an invasive sampling procedure
Can be degraded and cannot be used for
NGS if not preserved appropriately

FFPE tissue
sample

Most available patient material
Provides cellular morphology and
preserves the entire tissue structure
Can be used for histological and
molecular diagnoses and for
retrospective clinical studies

Obtained DNA is highly fragmented with
sequence artifacts caused by formalin fixation
Unsuitable for monitoring tumour progress
Less suitable for RNA analysis due to strong
fragmentation caused by formalin fixation

Cytology biopsy/
cell block

Can be obtained during a less invasive
sampling procedure and resampling to
monitor tumour progress and resistance
during treatment
High-quality DNA with low risk of
fragmentation or artifacts
The obtained material is more tumourspecific and less affected by tumour
cellularity
Possible to obtain from patients whose
archival tissue is not available or is of
poor quality

The small number of cells can cause falsenegative results
Highly sensitive detection methods (based on
PCR or NGS) are typically needed because of
low tumour cellularity

Liquid biopsy/
ctDNA

Sampling is minimally invasive and can
be repeated
The obtained material is more tumourspecific and less affected by tumour
cellularity
Can be applied to monitor tumour
progress and resistance during
treatment
Can be used to evaluate tumour
heterogeneity in ‘real time’
Possible to obtain from patients whose
archival tissue is not available or is of
poor quality

A relatively large volume of blood is needed
for some techniques
Can be significantly affected by tumour burden
Requires extremely sensitive and specific
detection methods (based on PCR or NGS)
Most applications are still confined to
advanced-stage disease
The overall amount of ctDNA is very small
and may cause false-negative results.
When analysis results are negative, it is
recommended to repeat analysis
ctDNA is characterised by short half-life time
(<2 hours) and requires highly controlled
preservation conditions (–80°C)

Abbreviations: ctDNA, circulating tumour DNA; FFPE, formalin-fixed paraffin-embedded; NGS, next-generation sequencing;
PCR, polymerase chain reaction.
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Liquid Biopsies
Until recently, tissue was the only material used to study tumour mutations, but now liquid biopsy represents an extremely appealing, minimally invasive approach that can be used to analyse circulating tumour
DNA (ctDNA) and circulating tumour cells (CTCs), extracellular vesicles and tumour-educated platelets. Each component of this ‘circulome’
holds unique potential biomarkers, and emerging data support an integrated approach to capture more biological features, through advanced
bioinformatics and deep machine-learning algorithms. This is indeed
considered the most promising instrument for the implementation of
individualised therapeutic approaches because of the high potential as
a tool for screening and early detection, as well as for assessing the
effectiveness of treatments in ‘real time’ and the patient’s condition after
relapse. Both ctDNA and CTCs can be detected in liquid biopsy, through
PCR- or NGS-based detection methods, which have high sensitivity and
specificity. Recently, the Food and Drug Administration (FDA) approved
the first liquid biopsy-based molecular diagnostic test to detect the
T790M-resistance mutation in NSCLC, prompting the development of
similar tests to detect mutations and intertumoural and intratumoural heterogeneity in different tumour types. However, liquid biopsy is not yet a
routine technique, as its technical complexity has prevented large-scale
clinical trials. Advanced bioinformatic methodologies should be coupled
with longitudinal monitoring programmes and prospective large-scale
clinical trials that will hopefully validate the use of liquid biopsy tests in
the clinical setting.

Molecular Methods in Clinical Practice
All molecular methods have their strengths and limitations in precision
oncology. Conventional methods (IHC and FISH) are affected by variable pre-analytical handling of the specimen, including delayed fixation,
inappropriate fixative solution and issues regarding paraffin embedding. IHC is also influenced by analytic variables, including antigen
retrieval, antibody concentration, incubation time/temperature and signal enhancement. Additional issues include the variability in pathologists’ interpretations of results and the need to use many slides, unless
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multiple antibodies can be used on the same slide. However, many of the
FDA- and European Medicines Agency (EMA)-approved biomarkers
matching targeted drugs in routine molecular testing are currently using
IHC and FISH. This is mainly because both methods have been available
for many years, making them extremely common.
New methods, in particular NGS, are increasingly being chosen for
clinical trials and subsequently in diagnostics of registered molecularly
targeted drugs (Figure 1). Of note, many of these genetic analyses can
be outsourced and some of these services can be paid by health insurances. Since November 2020, the European Society for Medical Oncology (ESMO) recommends the use of tumour multigene NGS in NSCLC,
cholangiocarcinoma, prostate and ovarian cancers, and has created the
ESMO Scale for Clinical Actionability of molecular Targets (ESCAT)
framework that ranks a match between drugs and genomic alterations,
according to their actionability.
Send tumour samples
to laboratory

Collection of sample
Intraoperatively/biopsy

Histological diagnosis
FFPE block preparation
Estimation of percentage of
tumour cells

Optimal part of the tumour
selected by the pathologist

NGS
Conventional testing

Molecular diagnosis

Many known and unknown biomarkers
from 1-2 slides

IHC and FISH
1 slide per each known biomarker
Preparation time: 1-3 days

Extraction of DNA or RNA
Library preparation
Sequencing - quality analysis
Data analysis/bioinformatics and interpretation

Figure 1 Flowchart of tumour profiling.

Abbreviations: FFPE, formalin-fixed paraffin-embedded; FISH, fluorescent in situ hybridisation; IHC, immunohistochemistry;
NGS, next-generation sequencing.
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Remarkably, in August 2021, the FDA approved the first liquid biopsy
companion diagnostic that uses NGS technology to identify patients
with specific types of mutations of the epidermal growth factor receptor
(EGFR) gene in metastatic NSCLC. This is the first approval to combine two technologies – NGS and liquid biopsy – in one diagnostic test
in order to guide treatment decisions. This approval suggests that NGS
testing is becoming a standard practice in oncology. In addition, the integration of omics data obtained from tissue and liquid biopsy will allow
identification of solid biomarkers with unprecedented sensitivity, and
guide personalised medicine.

Pitfalls and Limitations
The new ‘molecular precision oncology’ has great potential to change
the oncological therapeutic scenario, but some critical aspects need to be
underlined. High-throughput sequencing technologies have been implemented in many laboratories; however, analysis and interpretation of
molecular data remain a challenge. Cooperation between various professionals is critical in obtaining reliable results from molecular analysis,
particularly in the context of MTBs. In addition, quality certification of
molecular laboratories is necessary for new techniques to be translated
into routine molecular oncology approaches (Figure 2).

Patient
Potential
limitations
Solutions

Sample
collection

Laboratory
sample preparation

Analysis and
molecular report

Technical /kit
Sample inadequacy
Challenges with
(e.g. low cellularity
problems
data interpretation
nucleic acid
fragmentation)
New machine
Repeated or
Quality check and
liquid biopsies establishment of standard learning approaches
operating procedures
and integrated
omics approaches

MTB meeting:
interpretation and
clinical decisions
Low rate of
potential clinical
actionable targets

Personalised
treatment of
the patient
No access
to new
targeted agents

Implement access to
Advances in
target identification precision oncology
clinical trials
through translational
omics studies
(e.g. basket trials)

Figure 2 Potential limitations (and solutions) of molecular profiling in precision oncology.

Abbreviation: MTB, molecular tumour board.
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Cancer is characterised by uncontrolled cell growth and the ability to
spread to neighbouring or distant tissues. The coordinated activity (or
rather, dysfunction) of a number of distinct cellular processes, when cooccurring in a single tissue microenvironment, can thereby give rise to
tumours. In 2000, and then again in 2011, Douglas Hanahan and Robert
Weinberg summarised these properties into a series of concepts useful for
understanding the stepwise, complex evolution of cancer. Hanahan further
updated the concepts in 2022. Since the first publication, other researchers have built upon this framework to complete a comprehensive view of
tumour evolution. In this chapter, we review these concepts and their main
properties, giving examples of classic and recent observations of each concept. We close with our conclusions and a perspective for future research.

The Hallmarks of Cancer
The ‘Hallmarks of Cancer’ are a series of characteristics that a tumour
displays, allowing it to survive, sustain growth and spread to other tissues. As such, they all centre on the different pathways that cancerous cells exploit to proliferate in the native tissue microenvironment,
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including both cell-intrinsic and extrinsic mechanisms, and the ways in
which tumours respond to and resist treatment. There are two ‘enabling
capabilities’ that allow cells to acquire these characteristics: i) genomic
instability, by which novel DNA aberrations are acquired that can disrupt normal cell function and activate or disable oncogenes and tumour
suppressors, respectively, and lead to clone expansion via Darwinian
selection, and ii) tumour-promoting inflammation, which allows different cells to infiltrate the tumour microenvironment (TME) including
those that sustain its evolution. Currently, there are 12 established hallmarks (Figure 1), which we explain in this section.

1) Sustaining Proliferative Potential
This hallmark refers to the ability of tumour cells to produce and/or
respond to mitogenic signals. These signals can be those produced by
tissues as part of normal growth and development, with a cell increasing its ability to respond to them, or their production can be directly
stimulated by cancerous cells. Cells within a tumour make use of a variety of strategies to sustain their growth: they can directly produce mitogenic signals, they can stimulate other nearby cells to produce paracrine
growth signals, or they can constitutively activate cell growth and division signalling pathways, decoupling them from extracellular factors. All
these actions translate into a constantly active cell cycle and can be generated by different types of somatic alterations. For example, growth factor receptors can be overexpressed through gene amplification, receptors
can be constitutively active due to somatic mutations, protein fusions or
impaired degradation, and aberrant signalling may be caused by chromosomal translocations or receptor recycling.
One of the most commonly altered signalling pathways in cancer is the
mitogen-activated protein kinase (MAPK) cascade, which is involved
in cell proliferation, including growth and survival processes. Hyperactivation of this pathway is responsible for >40% of human cancer cases
and is present in >85% of neoplasms; it is generally achieved through
oncogenic mutations affecting the RAS proteins (KRAS, NRAS, HRAS),
which can be isoform- and cancer type-specific. KRAS is the most frequently altered RAS protein (85%), followed by NRAS (12%) and HRAS
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(3%). The most common oncogenic mutations in RAS proteins fall in the
active site residues G12, G13 and Q61.
Downstream signalling is controlled by the RAF/MEK/ERK kinase cascade. RAF proteins (ARAF, BRAF, CRAF) are also commonly mutated
in cancer, which also lead to MAPK pathway hyperactivation. BRAF is
the most frequently altered of these proteins, where a single point mutation at the V600 position accounts for >90% of occurrences. Oncogenic
BRAF mutations are highly prevalent in some tissue-specific cancers
such as thyroid cancer (40%-50%) and melanoma (50%-60%).
Other alterations that generate a constant active cell cycle include:
n
Human epidermal growth factor receptor 2 (HER2) gene amplification in tumour cells, which results in overexpression of a member of
the epidermal growth factor receptor (EGFR) family, which in turn
sensitises cells to mitogenic signals. This translates into an activation
of the MAPK and phosphoinositide 3-kinase (PI3K)/AKT growth
signalling pathways.
n
Interleukin 6 (IL-6) is a pro-inflammatory cytokine produced by
fibroblasts and other cells within the TME. IL-6 is capable of activating the Janus kinase (JAK)/STAT signalling pathway in tumour cells,
leading to proliferation and survival. This event has been observed
in a number of cancer types and has been suggested as a therapeutic
target. IL-6 pathway inhibition can be achieved with the monoclonal
antibody tocilizumab.
n
EGFR is a gene involved in the sensing of extracellular signals and
can stimulate intracellular pathways such as MAPK and PI3K/AKT/
mammalian target of rapamycin (mTOR). Its amplification and activating mutations, as well as transcriptional activation, have been found to
play a role in breast and lung cancers, as well as glioblastoma.
n
The PI3K/AKT pathway plays a role in the regulation of various
cellular processes such as metabolism, growth, proliferation and
survival, and can be altered through a variety of mechanisms. For
example, loss or inactivation of phosphatase and tensin homologue
(PTEN), the primary negative regulator of the pathway, and/or activating mutations or amplifications of PIK3CA (a gene encoding a
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catalytic subunit of PI3K) can trigger the activation of cell growth and
cell survival pathways.

2) Evading Growth Suppressors
There are several cellular mechanisms in place to prevent cells from
dividing indefinitely, so a tumour must disable these to continue growing. These mechanisms are orchestrated by the activity of tumour suppressor genes. The two classic examples of these, retinoblastoma 1 (RB1)
and TP53, encode proteins capable of integrating a myriad of intra- and
extracellular signals to decide whether a cell should divide or stop growing. Therefore, these are commonly disabled via genomic aberrations
(missense, stop gained, frameshift or splice-site mutations, as well as
partial or total deletions). Indeed, mutations in TP53 are found in >50%
of all cancers, and individuals with damaging TP53 variants are typically
tumour-prone (a condition known as Li-Fraumeni syndrome). Since the
discovery of RB1 as the first tumour suppressor in 1986, many other
genes have been found to play a role in cell cycle control and are commonly mutated in distinct types of tumours. These include several cyclin inhibitors (e.g. p16-INK4A and p14-ARF, encoded by the CDKN2A
locus), inhibitors of cellular growth pathways (e.g. neurofibromin 1
[NF1], whose product inhibits the MAPK signalling pathway) and genes
encoding proteins important for DNA damage response and repair (e.g.
BRCA1 and BRCA2, whose germline mutation substantially increases
the risk of breast and ovarian cancers, or mutL homologue 1 [MLH1]
and mutS homologue 2 [MSH2], involved in Lynch syndrome, a condition that increases risk of multiple cancer types). Drugs that reactivate
tumour suppressors have not, to the best of our knowledge, been developed and tested in clinical trials.
Another way in which tumours can evade growth suppression is by
becoming unresponsive to contact inhibition, a phenomenon observed
when cells within a tissue stop proliferating when they touch each other.
Loss of cell adhesion is common in tumours, including the so-called
‘cadherin switching’, in which loss of expression of E-cadherin (a protein that mediates cell interactions with the basement membrane) and a
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gain in expression of N-cadherin (which allows cells to adhere to collagen and therefore escape from the primary site) is observed. Therefore,
it has become clear that signalling pathways that allow cells to both contribute to and abide by the regulation of complexity of phenotypically
normal tissues are critical for tumour suppression.

3) Resisting Cell Death
For tumour cells to grow, they need to slow down their cell death rate.
Tumour cells can do this through the evasion of apoptosis, also known
as programmed cell death; the apoptotic programme is present in a latent
form in virtually all cell types. Apoptosis is a tightly regulated mechanism
that serves to get rid of unwanted cells within tissues, and is morphologically characterised by membrane blebbing, chromatin condensation and
DNA fragmentation. The apoptotic machinery can sense extracellular
death-inducing signals as well as intracellular signals through two different pathways, an intrinsic one mediated by mitochondria and an extrinsic
one through activation of the Fas death receptor. Sensing and processing of these signals culminate in the activation of caspases (cysteineaspartic proteases), which are proteins that degrade cellular components.
Resistance to apoptosis can be developed by tumour cells through different strategies, for example, through the loss of function of TP53, a
master regulator of the intrinsic apoptotic pathway, by overexpressing
anti-apoptotic proteins such as B-cell lymphoma 2 (BCL2), or by downregulating the expression of pro-apoptotic genes such as BAX and BAK.
There are other types of cell death and degradation that tumours must
avoid or take advantage of to grow. Autophagy is a process that, in
response to stresses such as genomic damage or nutrient scarcity, mediates the catalytic degradation of intracellular components via lysosomes.
If stress persists, autophagy can lead to cell death. Cancer cells have
been shown to evade this proliferation barrier by the inactivation of crucial autophagy-promoting genes such as DAPK and BECN1 (although,
as with most things in biology, the story is a little more complicated than
that; it has been shown that autophagy at later stages of tumour evolution can provide a survival advantage to dormant and metastatic cells as
Hallmarks of Cancer
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well as mediate therapy resistance). Necrosis is a form of cell death that
results from catastrophic events such as pathogen infections or mechanical trauma and is characterised by organelle dysfunction and extensive
mitochondrial damage. The necrotic process releases pro-inflammatory
signals which then attract immune cells, which can have pro-tumourigenic functions. As such, it has been proposed that tumours may gain
a survival advantage by tolerating a certain level of necrosis and thus
attracting growth-stimulating factors.

4) Enabling Replicative Immortality
Tumour cells require unlimited replicative potential to generate macroscopic tumours, thereby escaping normal tissue growth control. Normal cells can only go through a limited number of growth and division
cycles, a phenomenon known as the ‘Hayflick limit’, which is thought
to be mediated through special chromatin structures known as telomeres.
These structures protect the ends of chromosomes from being recognised as sites of DNA damage (an important problem for the cell, given
that mammalian chromosomes are linear), and from recombination and
degradation activities. With each cell division, telomeres are shortened,
which eventually results in them reaching a critical length and therefore
leading to instability and loss of cell viability. Therefore, it is unsurprising that successful tumour cells find ways to keep their telomeres long;
in fact, the most common non-coding aberration found in tumours is the
activation of the TERT (telomerase) protein through either inherited or
somatically acquired mutations in its promoter.
Telomerase is a ribonucleoprotein complex whose function is to add telomeric repeats to the ends of chromosomes, and in humans, its expression is restricted to certain cell types or cell states, such as stem cells. As
a result of these genomic mutations, telomerase expression is increased
in the majority of carcinomas and soft tissue cancers. This protein represents a promising therapeutic target, and accordingly, a number of
strategies that target telomerase have been developed. One telomerase
inhibitor, imetelstat, has shown promising results in some phase II clinical trials, and is undergoing phase III studies. Additionally, other ways in
which telomeres are maintained have been described, such as the ‘alter-
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native lengthening of telomeres’ (ALT) pathway, a telomerase-independent, recombination-mediated mechanism used by ~10% of tumours, or
inherited or somatically acquired mutations in members of the shelterin
complex, which safeguards telomere maintenance. These DNA changes
can lead to telomere lengthening and chromosomal instability, promoting tumour development.
However, critically short telomeres can also promote tumour growth
under certain circumstances. For example, patients with dyskeratosis
congenita, a bone marrow disorder characterised by short age-adjusted
telomeres, have increased susceptibility to skin, blood and other types
of cancer, which may be due to telomere fusion events leading to severe
chromosomal instability, which has also been seen in mouse models that
lack telomerase and Trp53 function. Other functions for telomere-associated proteins have been described, such as the ability of telomerase to
activate the tumour-promoting nuclear factor-kappa B (NF-κB) and Wnt
signalling pathways.

5) Inducing Angiogenesis
Tumour cells must secure a continuous supply of nutrients and oxygen,
as well as a means to dispose of waste in order to continue growing.
They achieve this by acquiring the ability to create new blood vessels,
a process known as angiogenesis. In order to ensure their survival, cells
must reside within 100 μm of a capillary blood vessel, and to do so they
usually turn on an ‘angiogenic switch’ early in their development that
ensures the sustained creation of these crucial tumour components.
Tumours can be vascularised through inducing new blood vessel formation or by taking over the pre-existing vasculature, processes that are
regulated through a large number of pro- and antiangiogenic factors.
When the balance tilts in favour of pro-angiogenic factors, new blood
vessels can be induced through several cellular processes:
n
Sprouting angiogenesis. In this process, new capillaries bud from
parental vessels through sprout formation. Endothelial cells can
be stimulated to sprout by pro-angiogenic factors such as vascular
endothelial growth factor (VEGF) and fibroblast growth factor 2
(FGF2), which are commonly found to be overexpressed in a range
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of tumour types.
Intussusceptive angiogenesis. In this process, also known as ‘inverse
sprouting angiogenesis’, transluminal tissue pillars are developed
within existing vessels to then fuse and remodel the vascular plexus.
The molecular mechanisms that are involved in this process are still
not well understood.
Vasculogenesis and recruitment of endothelial progenitor cells.
Vasculogenesis is the process of de novo blood vessel formation in
embryos through the differentiation of endothelial progenitor cells
(EPCs). This process has also been observed in adults during capillary formation after ischaemia and in tumours. Vasculogenesis in
tumours is mediated through the recruitment of EPCs or bone marrow haematopoietic cells and can be initiated through factors such as
VEGF and chemokines CCL2 and CCL5.
Vascular mimicry. In this process, tumours form vessel-like structures without the contribution of endothelial cells. Vascular mimicry
has been observed in many different tumour types including melanoma, glioma, colorectal cancer, prostate cancer and lung cancer.
Transdifferentiation of cancer stem cells. In this process, cancer stem
cells transdifferentiate into endothelial cells and vascular smooth
muscle-like cells. For example, transdifferentiation of glioma cells to
endothelial cells has been demonstrated in vitro by culturing glioma
cells in endothelium-promoting media, as well as in patient-derived
xenograft (PDX) models. However, these results remain controversial
and are unconfirmed in human tumour evolution.

Tumour angiogenesis, contrary to blood vessel formation during development or wound healing, is deregulated due to the persistence of proangiogenic factors, and therefore, tumour blood vessels are quite heterogeneous, have uneven and chaotic blood flow, can have dead ends and
can be permeable. All these factors have an impact on the TME and drug
delivery. As of today, antiangiogenic therapy has focused largely on targeting the VEGF pathway (e.g. bevacizumab); however, these treatments
offer transient responses as angiogenesis is regulated through multiple
pathways that can compensate for each other when single pathways are
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inhibited. For this reason, combinational strategies are being explored.
For example, targeting both the VEGF and the FGF pathways has shown
synergistic anti-oncogenic effects in preclinical models.

6) Activating Invasion and Metastasis
It is estimated that metastatic dissemination is causal of more than
two thirds of deaths from cancer. The term ‘metastasis’ refers to cancer cells that are dispersed from the primary site of the tumour and that
disseminate to a different part of the body. As mentioned above, loss of
expression of the cell-adhesion molecule E-cadherin and overexpression
of N-cadherin, which facilitates interactions with endothelial cells, are
commonly found in metastatic tumours, as these allow cells to migrate.
These steps are encompassed in the epithelial-mesenchymal transition (EMT), a transcriptional programme resembling processes during
embryogenesis, where cells acquire mesenchymal characteristics (i.e.
motility) necessary for repopulation at a secondary site. Several transcription factors participate in the activation of this programme, such as
SNAI1 (commonly known as Snail), SNAI2 (Slug) and TWIST1 (Twist),
as well as cells from the local microenvironment such as stromal cells
and tumour-associated macrophages.
On top of the form of invasion described above (mesenchymal), other
types of metastatic dissemination have been described in the literature.
For example, ‘amoeboid invasion’, in which individual cells are round,
rather than elongated as in mesenchymal invasion, and can disseminate
without the need of proteolysis-mediated remodelling of the extracellular matrix, has been observed in breast tumours. Additionally, in many
tumour types, metastasis has been observed to be initiated through ‘collective invasion’, in which a group of cells that maintain cell-to-cell contact migrate together; it has been shown that this may be a more efficient
method of colonisation than when individual cells migrate. Metastatic
cancer cells need to go through a complex cascade before colonising distant organs. Notably, this process initiates before a tumour is clinically
detectable, and is known as the invasion-metastasis cascade. It involves
several steps:
n
The formation of a pre-metastatic niche,
Hallmarks of Cancer

29

n

n

n
n
n

intravasation, where cells enter the vascular compartment and squeeze
between the endothelial cells and through capillaries,
immune evasion, where tumour cells develop strategies to escape recognition by the immune system, i.e. reduction of major histocompatibility complex class I (MHC-I) gene expression, secretion of soluble
factors or upregulation of inhibitory receptors,
survival in the circulation during their travelling,
extravasation from the vasculature, and
invasion of surrounding tissue, resulting in outgrowth of macrometastatic lesions.


In addition, in order to colonise distant sites, cancer cells require a receptive
or permissive microenvironment, and they need the ability to manipulate it
and adapt to it. The ‘seed and soil’ hypothesis, first set forth by surgeon Stephen Paget in 1889, posits that specific tumour cells grow better in certain
microenvironments, and therefore migrate preferentially to certain organs,
giving rise to what is now known as organotropism or organ-specific metastasis. Because of the complexity and the involvement of different processes
in metastasis, the development of treatments against it has proved to be
challenging. For example, denosumab, an agent that showed efficacy in preventing bone metastases associated with breast cancer in preclinical models, did not improve disease-related outcomes in clinical trials.

7) Deregulating Cellular Energetics
Cancer cells need to reprogramme their metabolism if they are to adapt to
the more demanding energy requirements of constant tumour growth and
metastatic dissemination. Tumour cells alter their glucose metabolism by
enhancing glycolysis in the cytosol, in contrast to normal cells, which
mostly produce their energy by the oxidation of pyruvate to carbon dioxide in mitochondria. This phenomenon is known as the ‘Warburg effect’,
after Otto Warburg, who was the first to describe it in cancer cells in the
late 1920s. This metabolic switch is seen even in the presence of oxygen
and functioning mitochondria, and so it has been termed ‘aerobic glycolysis’. Although aerobic glycolysis is much less efficient at producing the
energy-carrying molecule adenosine triphosphate (ATP) than the nor-
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mal oxidative phosphorylation pathway, it has been suggested that cancer cells may benefit from it as the rate of glucose metabolism through
this pathway happens much faster, which may give rapidly dividing cells
an advantage when competing for limited resources. Aerobic glycolysis
may also provide a carbon source for other processes required for continuous growth, such as the biosynthesis of amino acids, nucleotides and
other essential cellular building blocks, and may modulate the acidity of
the microenvironment favouring tumour growth.
This metabolic switch has been associated with oncogene activation and
loss of function of tumour suppressors, as they can both upregulate glycolysis (e.g. overactive RAS proteins can upregulate hypoxia-inducible
factor 1-alpha [HIF-1α], a transcription factor that promotes glycolysis),
and produce genotoxic agents (e.g. reactive oxygen species) through
altered levels of metabolic enzymes. However, the Warburg effect is not
a universal feature of all cancer cells, and can also be seen in proliferating non-malignant cells (T cells, haematopoietic stem and progenitor
cells), although the reason why these cells display this effect is still being
investigated. Perhaps, similar to malignant cells, these cells benefit from
anabolic metabolism.
Other genes that regulate energy metabolism, such as isocitrate dehydrogenase 1 (IDH1) and IDH2, encoding isocitrate dehydrogenases, are
commonly found to be mutated in human glioma, myeloid cancers and
other tumours. Hypoxia, a condition of low oxygen levels that can be
seen in cells from solid tumours that are located >100 μm from a capillary blood vessel, can also upregulate the glycolytic pathway independently from genomic alterations in cancer-associated genes. Hypoxia
can also promote angiogenesis, thus increasing the availability of nutrients and oxygen to tumour cells.
Tumours can also display profound heterogeneity in cellular metabolism. In some cases, two distinct, symbiotic tumour subpopulations have
been described, with one using glucose and secreting lactate, and the
other utilising lactate as the main energy sources. Therefore, targeting
tumour metabolism by simultaneously inhibiting aerobic glycolysis and
mitochondrial energy production is a promising therapeutic possibility.
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8) Avoiding Immune Destruction
The immune system can specifically identify and eliminate tumour
cells based on their expression of tumour-specific antigens or molecules induced by cellular stress. In fact, it has been seen that tumours
with high infiltration of certain immune cells have better prognosis; for
example, melanoma tumours can be classified in the ‘brisk’, ‘non brisk’
and ‘absent’, categories, based on the level of lymphocytic infiltration,
a classification correlated with prognostic characteristics. More evidence
for the role that the immune system plays in recognising and destroying
tumour cells comes from the observation that immunosuppressed organ
recipients can develop donor-derived cancers from cells that were kept in
check in the immunocompetent tumour-free donors. This phenomenon
of immunocompromised individuals developing tumours that would
not grow in an immunocompetent host has also been observed in mice
through transplantation experiments.
It has also been hypothesised that tumours with higher mutational burdens are more immunogenic, perhaps due to the creation of neoantigens
that can be recognised by cells of the immune system. However, cells
from the immune system can also promote cancer development; for
example, tumour-associated fibroblasts and macrophages at the tumour
site can produce mitogenic signals and immunosuppressive molecules.
The immune system can also participate in the selection of highlyadapted tumour clones through the process of immunoediting, in which
the most immunogenic clones are depleted, leaving weak immunogenic
cells that then can continue growing. All these observations illustrate the
myriad factors that can influence tumour growth and immune escape, as
well as the complexity of cell-cell interactions at the TME.
Tumours can avoid immune destruction both by evading immune recognition and through promoting a tolerant or actively tumourigenic
microenvironment. The first can be achieved by downregulating human
leukocyte antigen (HLA) proteins, which mediate antigen presentation
by cells and thus recognition by cytotoxic T cells. This phenomenon is
observed in ~40% of non-small-cell lung tumours. The second can be
achieved by secretion of factors such as VEGF and certain cytokines (e.g.
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transforming growth factor-beta [TGF-β]), and upregulation of immune
checkpoint inhibitor molecules such as programmed death-ligand 1 (PDL1) and cytotoxic T-lymphocyte associated antigen 4 (CTLA-4). Indeed,
arguably the biggest revolution in cancer treatment over the past decade
has been the advent of immunotherapy, which targets these checkpoint
inhibitors, therefore removing the ‘brakes’ on immune activation.

9) Unlocking Phenotypic Plasticity
This hallmark encompasses processes such as dedifferentiation (cellular
differentiation is hampered, with cells being able to reverse or switch
back to a precursor-like state) and transdifferentiation (conversion of
a particular differentiated cell type into a distinct cell lineage), as well
as the blocking of differentiation in progenitor cells. These processes
can facilitate the acquisition of tissue-specific characteristics that are
not part of their normal cell-of-origin traits. This phenotypic plasticity
can facilitate several aspects of tumour progression, such as tumour initiation, metastasis, immune evasion and chemoresistance. An example
of disrupted differentiation can be seen in colon cancer, where dedifferentiated cells and stem cells have been implicated as cells of origin.
Additionally, transcription factors such as HOXA5 and SMAD4, that are
highly expressed in differentiated colonic epithelial cells, are typically
lost in advanced stages. Targeting plasticity has also been considered in
the development of new anticancer therapies.

10) Non-mutational Epigenetic Reprogramming
This hallmark refers to the fact that gene expression may be affected
through epigenetic changes in the absence of acquired somatic mutations. These alterations can be caused by components of the TME, such
as hypoxia, cytokines, chemokines or growth factors secreted by stromal cells. Non-mutational epigenetic regulation of gene expression is
a crucial phenomenon in embryonic development, differentiation and
organogenesis, and recently, it has also been associated with the acquisition of hallmark capabilities by cancer cells. This idea is supported by a
number of reported changes in the epigenome of tumours that can result
in enhanced fitness of malignant cells. For example, it has been observed
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that hypoxia results in changes in the methylome, mainly through hypermethylation. In paediatric ependymoma, where there is an absence of
recurrent or driver mutations, proliferation of cancer cells is dictated by
a gene regulatory programme induced by hypoxia. Another observation
that supports this hallmark is the induction of the EMT by the upregulation of SNAI1, caused by chromatin alterations. There is also evidence of
non-mutational epigenetic heterogeneity.

11) Polymorphic Microbiomes
In recent years, there have been a number of studies exploring the impact
of microbiomes on health and disease. In cancer, there is evidence that
polymorphic variability in microbiomes can impact cancer phenotypes:
differences in microbiomes between individuals can induce or inhibit the
acquisition of other hallmark capabilities. For example, through studies
in humans and mice, it has been observed that the gut microbiome can
affect colorectal cancer pathogenesis, perhaps by facilitating the accumulation of mutations in colon tissue or stimulating the proliferation of
epithelial cells. Other association studies have provided evidence to the
effect that microbiomes in other tissues (not only tumoural, but also skin,
lung, vaginal and oral) can also modulate tumour evolution, although the
exact mechanisms by which this happens are still being investigated. In
addition, immunomodulatory effects have been reported, for instance, by
means of bacterial production of the metabolite inosine (which impacts
T cells). Researchers are also studying how faecal microbiota transplants
might help melanoma patients undergoing immune checkpoint therapy.
Modulation of the microbiota through ablation using antibiotics is currently being investigated, as it has shown promising results in protecting
against tumour invasiveness in pancreatic cancer.

12) Senescent Cells
Although cellular senescence has usually been seen as a protective
mechanism against neoplasia, there is evidence that senescent cells
may stimulate tumour development. Specifically, senescent cells activate the senescence-associated secretory phenotype (SASP), which, in
some cases, can produce signals that stimulate growth and proliferation
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of other nearby cells. Transitory senescent cell states have been documented in cases of therapy resistance, where they are able to overcome
the therapeutic targeting of continuously dividing cancer cells. Other cell
types, such as cancer-associated fibroblasts (CAFs) and tumour endothelial cells, can also influence the microenvironment and other hallmark
characteristics by becoming senescent. In his 2022 update to the Hallmarks of Cancer, Hanahan proposes these cells should be incorporated in
the TME definition as significantly functional components. Therapeutic
strategies include targeting the accumulation of senescent cells, as well
as their SASP phenotype.

Closing Remarks and Future Research
In this chapter, we have sought to summarise the Hallmarks of Cancer,
a key conceptual framework first formulated by Hanahan and Weinberg
in 2000 and which helps us explain and rationalise the intricacies of cancer development. To conclude, we would like to touch upon a couple of
concepts that, although firmly established as important cancer characteristics, will probably receive more attention in years to come due to their
implications in cancer treatment design and efficacy.
TME
The TME is highly heterogeneous and is a complex and dynamic component of solid tumours. It is now well accepted that tumour cells can
utilise signals from the surrounding microenvironment (other tumour
cells, immune cells and stroma) to help them successfully progress and
survive. In recent years, it has become clear that inflammatory cells in
the primary tumour contribute to motility and invasion, and that it is not
only the intrinsic properties of the tumour that should be examined if we
are to understand how cancer grows, spreads and resists treatment. For
instance, immune cells can facilitate invasion, as is the case of N2 neutrophils, M2 macrophages, myeloid-derived suppressor cells (MDSCs),
regulatory B cells (Bregs) and regulatory T cells (Tregs), whereas they
can also exert antitumoural effects, such as those effected by cytotoxic
T cells, natural killer (NK) cells, N1 neutrophils and M1 macrophages.
Importantly, cancer cells can change the behaviour of immune cells, but
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the mechanisms are still not well defined. Novel approaches for treating distinct types of tumours will undoubtedly focus on modulating the
TME to switch it from a tolerant, immunosuppressive state to an actively
malignant cell-targeting one.
Therapy Resistance
Drug resistance continues to be one of the biggest challenges in cancer
treatment. Typically, resistance has been thought to arise through genetic
mutations in treated cells that evolve to resist the treatment, aided by
the fact that they may also derive from especially aggressive subpopulations of cells that resided within the primary tumour. In the clinical
context, it is well recognised that when tumours regress (after having
achieved remission), treating a patient with the same therapy is vastly
ineffective. Additionally, non-genetic mechanisms of therapeutic resistance have recently been described. Recently, single-cell resolution studies have revealed that minimal residual disease (MRD) cells, which are
those that remain at the tumour site during and after treatment, can adopt
a so-called ‘phoenix cell state’, going through rapid transcriptional and
metabolic reprogramming to regenerate the tumour population (adapted
and no longer sensitive). Undoubtedly, in the near future, the concept
of targeting MRD, as well as the above-mentioned cellular plasticity,
may be exploited as an approach to convert drug-resistant populations to
drug-sensitive ones.
Undoubtedly, we believe that as more research is conducted into everincreasing numbers of tumour samples, aided by the advent and decreasing cost of high-throughput methodologies as well as the inclusion of
samples from understudied populations and tumour types, more cancer
growth-governing concepts will emerge, perhaps correlated with already
discovered ones. Hopefully, more focused research into these processes
will aid in the advancement of current therapeutic strategies for cancer
patients across diverse racial and ethnic groups.
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The phosphoinositide 3-kinase (PI3K) and mitogen-activated protein
kinase (MAPK) signalling pathways regulate essential cellular functions
including cell proliferation and differentiation. These pathways display
extensive crosstalk with each other, including cross-activation or crossinhibition wherein members of one pathway activate or inhibit the other,
and pathway convergence, as both pathways can be initiated through the
same upstream signals, and act on many of the same downstream components. Aberrant activation of these pathways is a frequent oncogenic
event across cancers and several inhibitors targeting members of these
pathways have been developed to treat patients with cancer. Herein, we
discuss the signal transduction downstream of these two pathways, their
aberrant activation in cancer, and current PI3K/MAPK pathway inhibitors. We also briefly mention additional signalling pathways such as
Hippo, Notch, transforming growth factor-beta (TGF-β) and β-catenin/
Wnt signalling, which control common hallmarks of cancer such as cell
growth and apoptosis.

MAPK Pathway
The MAPK pathway constitutes a signalling cascade made up of kinase
modules that link extracellular signals with intracellular processes –
these regulate critical cellular functions including proliferation, differentiation, cell cycle control and survival. There are three major MAPK
pathways: extracellular signal-regulated kinase (ERK), c-Jun N-terminal
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kinase (JNK) and p38 MAPK. Of these, the ERK pathway is the subject
of most investigation and drug development in oncology.
While these pathways are dynamic, complex and interconnected, they
share a similar multistep cascade structure involving several steps of
intracellular phosphorylation of serine and threonine residues on substrate molecules that controls their activity (Figure 1).
MAPK Pathway Biochemistry and Signal Transduction
The initial step of signalling can initiate from various membrane-bound
receptors, including receptor tyrosine kinases (RTKs) and G-protein
coupled receptors (GPCRs). RTKs that induce the MAPK cascade are
activated via binding of their cognate ligands and receptor activation by
phosphorylation, and include, among others:
n
the epidermal growth factor receptor (EGFR) family, which includes
EGFR and human epidermal growth factor receptors -2, -3 and -4
(HER2, HER3 and HER4)
n
the fibroblast growth factor receptor (FGFR) family
n
the insulin-like growth factor receptor (IGFR) family
n
the vascular endothelial growth factor receptor (VEGFR) family
n
the platelet-derived growth factor receptor (PDGFR) family
n
the tropomyosin receptor kinase (TRK) family, including neurotrophic tyrosine receptor kinase (NTRK)
n
the hepatocyte growth factor receptor (HGFR) family, including
MET
n
the leukocyte receptor tyrosine kinase (LTK), and related kinase anaplastic lymphoma kinase (ALK)
n
the proto-oncogene ROS1
Adaptor proteins such as GRB2, GAB2 and SHP2 bind to the phosphorylated tyrosine residues on the RTKs through their Src homology
2 (SH2) domain. GRB2 recruits the guanine nucleotide exchange factors (GEFs) SOS1/2 through SH3 domains to the plasma membrane,
which activates RAS proteins. Membrane-associated RAS proteins are
small GTPases that cycle between active and inactive states, bound to
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Figure 1 The MAPK signalling pathway. The schema for MAPK signalling through
the ERK pathway is depicted, wherein membrane-associated events such as the
binding of a ligand to its RTK triggers the downstream cascade. In this multistep
process, each successive molecule in the cascade is phosphorylated, changing
its conformation, and thus ‘activated’ by the previous molecule in the cascade.
The pathways converge on transcriptional control of target genes in the nucleus,
which drive cell processes critical for cancer. These include growth, survival,
differentiation, cell death, angiogenesis, migration and invasion. The pathway is
tightly regulated through feedback inhibition at multiple levels. Anticancer therapies
that target upstream and downstream drivers are effective in specific cancer types.

Abbreviations: AP-1, activator protein 1; ATF2, activating transcription factor 2; ERK, extracellular signal-regulated kinase;
GDP, guanosine diphosphate; GRB2, growth factor receptor-bound protein 2; GTP, guanosine triphosphate; MAPK, mitogenactivated protein kinase; MEK1/2, MAPK/ERK kinase 1/2; MKP1/2, mitogen-activated protein kinase phosphatase 1/2;
NF1, neurofibromin 1; p90RSK, p90 ribosomal S6-kinase; RTK, receptor tyrosine kinase; SOS, son of sevenless; SPRY, sprouty;
SRF, serum response factor; TCF, T-cell factor; TKI, tyrosine kinase inhibitor.
Created with BioRender.com.
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guanosine triphosphate (GTP) and guanosine diphosphate (GDP),
respectively. SOS facilitates the exchange of GDP for cytosolic GTP,
which activates signal transduction, while GTPase-activating proteins
(GAPs) such as neurofibromin 1 (NF1) inactivate RAS by promoting the
RAS GTPase activity. In addition to these catalytic processes, RAS lipidation by a farnesyl isoprenoid and clustering also tightly control signal
transduction to downstream effectors.
The next step in the cascade is RAF activation. There are three RAF proteins, namely ARAF, BRAF and CRAF, with differential roles in cancer
biology and therapy.
RAF proteins, normally autoinhibited and maintained as monomers in
an inactive state, are activated through a complex series of events including phosphorylation, protein-lipid interactions and changes in subcellular
localisation. Activation requires binding to active RAS, which localises
RAF to the plasma membrane and dephosphorylates critical residues
within RAF while phosphorylating others, which relieve autoinhibition.
These conformational changes result in RAF dimerisation and activation. The active RAF dimer phosphorylates the MAPK kinase (MAPKK)
MEK1/2, which phosphorylates the downstream MAPK proteins ERK1
and ERK2. Activated ERK proteins translocate to the nucleus and phosphorylate various transcription factors such as activator protein 1 (AP-1),
which in turn drive the transcription of target genes that control cell growth
and proliferation, in addition to negative regulators of MAPK signalling.
MAPK Pathway Regulation
Multiple nodes of control, at several levels, are involved in MAPK
pathway regulation to ensure tight control of pathway activation. These
include subcellular localisation, scaffolding molecules, substrate specificity, dephosphorylation by MAPK phosphatases (MKPs) and negative
feedback regulation.
There are three known mechanisms of negative feedback induced by ERK:
1.	Direct inhibition of upstream pathway components including RTKs,
adaptor proteins such as GAB2, the RAS-GEF SOS1, RAF kinases
and MEK1/2 by ERK phosphorylation.
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2.	ERK activation of RSK1 and RSK2 kinases, which phosphorylate
and inhibit SOS1 and GAB2.
3.	
MAPK-induced transcription of pathway inhibitory molecules,
including DUSP1/2/4/5/6/7/9, PTPN7, SPRY4, SPRED1/2, which
recruit the RAS GAP neurofibromin at the plasma membrane. The
Sprouty (SPRY) proteins are associated scaffold proteins that inhibit
RAS via control of protein clustering.
MAPK Activation in Cancer and MAPK Pathway Inhibitors
The MAPK pathway is one of the most well-studied oncogenic signalling pathways and includes several molecules that were among the earliest identified oncogenes, such as RAS. In a large percentage of cancers,
the specific molecular alteration that drives tumour survival or progression has been identified as a component of the MAPK pathway. Some
examples are BRAF V600E-mutant melanoma, KRAS-mutant lung cancer, NRAS-mutant melanoma and KRAS-mutant pancreatic cancer. In
fact, RAS family members are the most common oncogenes in human
cancer.
Cancer cells often overcome MAPK regulatory mechanisms by constitutively activating crucial members of the cascade. For example, the specific BRAF V600E mutation found in melanoma alters a crucial residue
in the molecule that allows BRAF to signal as an active monomer rather
than requiring dimerisation. KRAS mutations are extremely frequent in
cancer – hotspot mutations including G12C impair the GTPase activity
of KRAS, causing hyperactivation through an accumulation of the active
GTP-bound form in cells. RTK mutations such as those in HER2 and
EGFR have various modes of hyperactivation. One of the most common
EGFR mutations, L858R, was found to constitutively activate the kinase
by disrupting autoinhibitory interactions, while the HER2 kinase domain
mutations L755S and V777L stabilise the active form of the kinase. Conversely, 84% of hepatocellular carcinomas exhibit downregulation of
the RAS inhibitory molecule SPRED1/2, while mutations of the MAPK
tumour suppressor NF1 result in loss of function of the protein, thus
preventing negative regulation of MAPK. Finally, MAPK-driven cancers
tend to remain oncogene-addicted. For the above reasons, components of
Molecular Pathways
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the MAPK signalling cascade represent attractive targets for the development of molecularly targeted therapies.
Over the last couple of decades, a large number of specific molecular
targeted therapies have entered the clinic that target upstream or downstream components of the MAPK cascade. Examples at each level of the
pathway include:
1.	RTK: RTKs have been implicated in tumour progression, metastasis
or resistance to targeted therapy. EGFR amplification or mutation is a
common driver in lung cancer; HER2 overexpression is the driver in
15% of breast cancers. Recent studies have shown MET amplification
driving resistance to EGFR-tyrosine kinase inhibitors (TKIs), while
activated HER2 mutations confer resistance to endocrine therapy in
oestrogen receptor (ER)-positive metastatic breast cancer. TKIs (gefitinib, erlotinib, afatinib, osimertinib, lapatinib, neratinib) and monoclonal antibodies (trastuzumab, pertuzumab) have shown remarkable
success in EGFR/HER2-driven malignancies.
2.	RAS: While KRAS mutations are the most common oncogenic drivers in cancer, accounting for 30% of all tumours, KRAS was widely
considered ‘undruggable’ until recently. One of the most exciting
advances in the MAPK field is the successful development and European Medicines Agency (EMA) approval of the KRAS-inhibitor
sotorasib for non-small cell lung cancer with the KRAS G12C mutation.
3.	Lipidation: Farnesyltransferase inhibitors (FTIs), such as tipifarnib,
inhibit MAPK lipidation and activation, and are under investigation
in HRAS-mutant head and neck cancer where they have shown evidence of efficacy, in contrast to NRAS- and KRAS-mutant cancers.
4.	Adaptor/scaffold proteins: SHP2 and SOS1 inhibitors are in the early
phases of clinical development.
5.	MAPKKK (MAPKK kinase): 50% of melanomas contain activating BRAF mutations, mostly V600E. These tumours show strong
response to RAF inhibitors vemurafenib, encorafenib and dabrafenib.
6.	MAPKK: MEK inhibitors were effective in BRAF V600E melanoma;
however, as monotherapy, resistance developed quickly. Thus, MEK
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inhibitors trametinib and cobimetinib are being used in combination
with RAF inhibitors to preclude resistance.
7.	MAPK: A new ERK inhibitor, ulixertinib, is under investigation in
MAPK-activated cancers, including those with KRAS/NRAS/HRAS/
BRAF/MEK/ERK mutations.

The PI3K Pathway
PI3K Structure and Biochemistry
The PI3K pathway is a key regulatory hub for cellular processes such as
survival, cell growth and metabolism. PI3Ks are a family of lipid kinases
which phosphorylate intracellular inositol lipids to regulate signalling.
Mammals have eight isoforms of PI3K enzymes, which are arranged into
three classes (class I, II and III) based on their biochemical and structural properties. Class I PI3Ks activate signalling downstream directly
from RTKs and small GTPases, while class II and class III PI3Ks mainly
regulate membrane trafficking. Class I PI3Ks are frequently mutated in
cancer and are composed of the catalytic subunit p110 and the regulatory subunit p85, encoded by the gene PIK3R1. There are four catalytic
subunits in our genomes: p110α encoded by the PIK3CA gene, p110β
encoded by PIK3CB, and p110δ and p110γ encoded by PIK3CD and
PIK3CG, respectively. p110α and p110β are expressed in all cell types,
while p110δ and p110γ expression is restricted to immune lineages.
The association of p110 with the p85 regulatory subunit is required for
the stability, localisation and activity of the catalytic subunit. The crystal
structure of PI3Kα together with the regulatory subunit p85, which was
resolved in 2007, has tremendously helped drug design efforts.
Signalling by the PI3K Pathway
The PI3K enzyme, which is commonly activated by RTKs, catalyses the
synthesis of the second messenger PIP3 at the plasma membrane. This
reaction is carried out by the catalytical domain of PI3K, p110. PIP3
accumulation at the plasma membrane initiates the signalling cascade of
downstream effectors involved in cell survival, proliferation, metabolism
and transcription.
Molecular Pathways
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Among the proteins that are recruited to the plasma membrane by PIP3
are the key effectors of the PI3K pathway: AKT and PDK1. AKT is activated through phosphorylation events by PDK1 and by mammalian target of rapamycin complex 2 (mTORC2).
Activated AKT is a key output of the PI3K pathway, as AKT regulates a
myriad of substrates involved in diverse cellular processes such as cell
cycle, apoptosis, metabolism and epigenetics, and gene expression. For
instance, activated AKT phosphorylates and inhibits the negative regulators of mammalian target of rapamycin (mTOR), tuberous sclerosis
complex subunit 2 (TSC2) and PRAS40, leading to downstream mitogenic signalling. AKT is also able to phosphorylate and inhibit regulators of cell cycle p21CIP1 and p27KIP, directly affecting cell proliferation.
In addition, AKT also directly phosphorylates and inhibits the FOXO
transcription factors, impacting the transcription of several proapoptotic
FOXO target genes and cell survival (Figure 2). The PI3K/AKT pathway also promotes transcriptional competence via epigenomic regulation, mostly through AKT phosphorylating several epigenetic regulators
such as DNMT1, EZH2, KDM5A, KMT2D and p300/CBP, among others. Strict regulation of the epigenome by AKT is critical in regulating
transcriptional activation, which can impact cell survival and proliferation. Downstream signalling is attenuated mainly due to the lipid phosphatase and tensin homologue (PTEN), which decreases the levels of
PIP3 through its direct phosphatase activity in the plasma membrane and
antagonises the catalytic activity of PI3K (Figure 2).
The mTOR protein, which is the catalytical subunit of two distinct complexes, mTORC1 and mTORC2, is also at the core of PI3K/AKT signalling, serving as the major integrator of multiple signals such as environmental cues, nutrient availability, stress and growth factors to regulate
protein synthesis and growth.
PI3K/AKT Activation in Cancer and PI3K Pathway Inhibitors
Activation of the PI3K pathway occurs in several cancers, mainly due to
mutations in the catalytical subunit PIK3CA, AKT oncogene mutations,
RTKs overexpression and mutations, mutations in PIK3R1 and PTEN
loss of function. Mutations in the PIK3CA gene mainly occur at H1047
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Alpelisib
Idelalisib
Umbralisib
Duvelisib
Copanlisib

"α isoform

δ isoform
δ isoform
γδ isoform
pan-PI3K

Ipatasertib (AZD6363)

Everolimus
Temsirolimus

Figure 2 The PI3K/AKT pathway. Activation of the PI3K/AKT/mTOR pathway
by various growth receptors leads to the phosphorylation of phosphatidylinositol
4,5-bisphosphate (PIP2) to generate phosphatidylinositol 3,4,5-trisphosphate
(PIP3) by the PI3K protein. PIP3 recruits AKT to the plasma membrane that,
once activated by PDK1 and mTORC2, is able to phosphorylate and regulate the
function of a myriad of substrates leading to growth proliferation, oncogenesis,
apoptosis and transcription. Depicted in the figure are the clinically approved
PI3K and mTOR inhibitors, and the AKT inhibitor ipatasertib.

Abbreviations: mTOR, mammalian target of rapamycin; mTORC1/2, mammalian target of rapamycin complex 1/2;
PI3K, phosphoinositide 3-kinase; PTEN, phosphatase and tensin homologue; RTK, receptor tyrosine kinase; TSC1/2, tuberous
sclerosis complex 1/2.

in the kinase domain and E542/E545 in the helical domain. PIK3CA
mutations are most frequent in gynaecological malignancies, head
and neck cancers and breast adenocarcinomas. Tumour types such as
lung, colorectal and bladder also harbour PIK3CA activating mutations,
and more recently these mutations have been also seen in overgrowth
Molecular Pathways

47

syndromes. Mutations in other genes that lead to hyperactivation of
the pathway include deletions, nonsense and missense mutations of
the tumour suppressor PTEN, which are frequent in prostate and breast
cancers, melanoma and glioblastoma. Upstream RTKs overexpression
or mutations have also been shown to activate downstream signalling
pathways including PI3K. For instance, HER2 amplification is a classic
example of upstream activation of the pathway which occurs in about
15%-29% of breast cancers and less frequently in gastric, ovarian and
endometrial cancers. Other examples include growth receptors such as
FGFR and EGFR overexpression that also activate the MAPK pathway
mentioned above. AKT is also directly activated by mutations such as the
E17K mutation, which is found in several tumour types.
Given that aberrant activation of the PI3K pathway is one of the most
frequent oncogenic events across cancers, there has been a lot of research
to develop PI3K inhibitors over the last two decades. The first PI3K
inhibitors lacked potency and specificity, while the most recent have
improved potency and selectivity and have been administrated safely to
patients. Multiple PI3K inhibitors are approved by the Food and Drug
Administration (FDA), namely PI3Kδ/PI3Kγ inhibitors such as idelalisib, umbralisib, duvelisib, copanlisib in haematological malignancies
and the PI3Kα inhibitor alpelisib for the treatment of PIK3CA-mutant/
ER-positive breast cancer in combination with anti-ER therapy.
Multiple inhibitors have also been developed to target different nodes
of the PI3K cascade such as the mTOR or AKT inhibitors everolimus
and temsirolimus (FDA-approved) and the competitive mTOR kinase
inhibitors (effective against both mTORC1 and mTOR2). All have
shown only modest clinical activity as monotherapy; this is likely due to
the narrow therapeutic window and activation of compensatory mechanisms However, everolimus in combination with endocrine therapy is
the standard-of-care treatment for metastatic ER-positive breast cancer
patients. Multiple inhibitors can also selectively inhibit AKT and have
shown encouraging levels of activity in patients harbouring the AKT
E17K oncogenic mutation in a multi-histology basket study testing the
efficacy of the pan-AKT kinase inhibitor, AZD6363.
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Other Signalling Pathways
In addition to the PI3K and MAPK pathways, other signalling pathways
that provide cells with versatile means of controlling their behaviour
(growth, differentiation, migration and homeostasis), in both the adult
organism and the developing embryo, including Hippo, Notch, TGF-β
and β-catenin/Wnt have been identified as being important in cancer. The
vast majority of tumours have at least one driver alteration in these pathways and some are therapeutically targetable. Examples include drugs
targeting PORCN, which is involved in the Wnt signalling pathway for
Wnt-driven cancers.
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Targeted T cell therapy, which includes T cell receptor (TCR)-engineered T cells and chimeric antigen receptor (CAR)-T cells, is aimed at
the induction of a robust immune-mediated anti-tumour response. Most
commonly, autologous T cells are isolated by leukapheresis and genetically engineered to improve their tumour recognition capacity. Gene
transfer is mostly based on transduction with retroviral or lentiviral vectors. Retroviral transfer requires cell division while lentiviral transfer
transduces both dividing and non-dividing cells. Due to their frequently
random integration into the cell genome, viral vectors might interfere
with oncogenes, theoretically leading to malignant transformation, but
this has not been observed in clinical practice. More recent gene transfer techniques include clustered regularly interspaced short palindromic
repeats (CRISPR) gene editing. Here, by using definite guide RNAs, the
cell genome can be specifically engineered at desired loci. After in vitro
expansion, the targeted T cell product is infused into the patient, which is
most frequently preceded by conditioning chemotherapy to increase the
plasma levels of lymphoproliferative cytokines (e.g. interleukin 7 [IL-7],
interleukin 15 [IL-15]) and limit the effects of modulating immune cells,
such as regulatory T cells. As TCR- and CAR-T cells proliferate after
infusion and long-term persistence has been described, a single injection
of these cells would theoretically be sufficient to induce long-term antitumour efficacy. In addition to T cells, other cell types such as natural
killer (NK) cells and gamma delta (γδ) T cells have also been modified
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with TCR or CAR constructs. Notably, NK cells from human leukocyte
antigen (HLA)-mismatched donors expressing a CD19-targeting CAR
showed high response rates as well as long-term persistence in patients.
As the clinical development of TCR-T cells and CAR-T cells is the most
advanced, this chapter is focused on the principles, current status and
challenges of these targeted T cell therapies for solid tumours (Table 1).
Table 1 Overview of the Characteristics of TCR-T Cells and CAR-T Cells.
TCR-T cell

CAR-T cell

Receptor

Naturally occurring TCR heterodimer Synthetic

T cell phenotype

Memory

Effector

Target antigen

Peptide (from intra- or extracellular
protein)

Cell surface antigen

Required number of target antigens

1

<100

Antigen processing required

Yes

No

HLA-dependent activation

Yes

No

Dependency on costimulatory signals

Yes

No

Cytokine production following activation

+

++

Co-expression of immune effector molecules No

Yes

Serial killing

Yes

Yes

CRS

+

++

ICANS

–

++

Time to product

~2-4 weeks

~4 weeks

Legend: – usually not observed; + frequently observed; ++ more frequently observed.
Abbreviations: CAR, chimeric antigen receptor; CRS, cytokine release syndrome; HLA, human leukocyte antigen;
ICANS, immune effector cell-associated neurotoxicity syndrome; TCR, T cell receptor.

TCR-engineered T Cells
TCRs are the natural complexes for T cells to recognise (foreign) antigens. TCRs bind to HLA molecules, which present peptides to T cells.
These peptides can be derived from intra- and extracellular proteins,
which allow T cells to recognise a heterogeneous range of antigens
(Figure 1A). By genetically engineering T cells to express tumour-reactive TCRs, often isolated from other individuals, autologous T cells can
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be efficiently reprogrammed into tumour-reactive T cells. Compared
with CAR-T cells, the use of TCR-T cells is restricted to patients not only
expressing the target antigen, but also the compatible HLA molecule. As
antigen downregulation has been shown to be a potential mechanism for
cancer cells to evade both CAR- and TCR-T cells, HLA downregulation
is another evasion mechanism applicable to TCR-T cells only.
(A)

(B)
Tumour cell

HLA

Antigen

Peptide
scFV

TCR

CD28 and/or
4-1BB
CD3
complex

CD3ζ

TCR-T cell

CAR-T cell

Figure 1 Design of TCR-T and CAR-T cells.
Abbreviations: CAR, chimeric antigen receptor; HLA, human leukocyte antigen; TCR, T cell receptor; scFV, single-chain
variable fragment.
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One major challenge in the field of TCR-T cells is the choice of a suitable target antigen. Ideally, the target antigen is not expressed in healthy
tissues, thus preventing ‘on-target, off-tumour’ reactivity. This prerequisite is fulfilled by neoantigens which are created by tumour-specific
mutations. However, these mutations are typically patient-specific and
restricted to a certain HLA allele. This most often hampers the application of such a TCR in a wide patient population, as so far, only a few
shared neoantigens have been uncovered.
Cancer/testis antigens, on the other hand, are proteins expressed during embryonic development: expression thereafter is mostly restricted to
male germ cells in the testis, which represents an immune privileged site.
During malignant transformation these proteins can be re-expressed in
tumour cells, which makes them attractive T cell targets. The most prominent examples are New York oesophageal squamous cell carcinoma-1
(NY-ESO-1), the melanoma antigen gene (MAGE) family, and preferentially expressed antigen in melanoma (PRAME) (Table 2). NY-ESO-1 is
expressed in many tumour types such as synovial sarcoma, melanoma,
lung cancer and multiple myeloma and is therefore being investigated
in several clinical trials. Encouraging overall response rates (ORRs) in
small patient cohorts are ~50% (NCT01343043, NCT01352286). To
overcome the inhibitory tumour microenvironment (TME), current studies are also investigating the combination of TCR-T cells with checkpoint inhibitors such as anti-programmed cell death protein 1 (PD-1)
antibodies (NCT03709706).
Although cancer/testis antigens are thought not to be expressed in
healthy tissues, MAGE-A3 was unexpectedly shown to be expressed in
the brain, and TCR-T cells specific for MAGE-A3 caused severe ‘ontarget, off-tumour’ neurotoxicity in those patients (NCT01273181).
Tumour-associated antigens can be merely overexpressed, such as the
mucin molecule MUC1, or restricted to certain tissues and cell lineages,
such as glycoprotein 100 (gp100), Melan-A or carcinoembryonic antigen (CEA). In the case of CEA-specific TCR-T cells, severe colitis was
observed as an ‘on-target, off-tumour’ toxicity (NCT00923806). This
illustrates the limitations of targeting antigens not exclusively expressed
in tumour cells by highly reactive TCR-T cells.
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Table 2 Selected Clinical Trials with TCR- and CAR-T cells.
Modification Antigen

Cancer type

ClinicalTrials.gov
identifier
NCT03970382

TCR

Patient-individual Melanoma and ovarian, colorectal, breast and
neoantigen
prostate cancers

TCR

NY-ESO-1

NSCLC

NCT03709706

TCR

NY-ESO-1

Solid tumours

NCT02869217

TCR

MAGE-A3

Metastatic cancers

NCT01273181

TCR

MAGE-A4

Sarcoma

NCT04044768

TCR

PRAME

AML, MDS

NCT03503968

TCR

PRAME

Solid tumours

NCT03686124

TCR

AFP

HCC

NCT03971747

TCR

CEA

Metastatic cancers

NCT00923806

TCR

E7 (HPV)

HPV-16-positive epithelial cancers

NCT02858310

TCR

LMP2 (EBV)

Nasopharyngeal carcinoma

NCT03925896

TCR

HA-1

Allogeneic haematopoietic stem cell transplanted
patients

NCT04464889

CAR

EGFR

Metastatic cancer

NCT02862028

CAR

EGFR

Paediatric CNS tumour

NCT03638167

CAR

EGFR

Paediatric/adolescent solid tumour

NCT03618381

CAR

AFP

HCC

NCT03349255

CAR

Mesothelin

Solid tumours

NCT04489862

CAR

Mesothelin

CRC, ovarian cancer

NCT04503980

CAR

Mesothelin

Pancreatic cancer

NCT03323944

CAR

HER2

Paediatric CNS tumour

NCT03500991

CAR

B7H3

Paediatric/adolescent metastatic cancer

NCT04483778

CAR

GPC3

HCC

NCT03198546

CAR

c-MET

Melanoma, breast cancer

NCT03060356

CAR

CD20

Melanoma

NCT03893019

CAR

Claudin-6

Ovarian and testicular cancer, other Claudin-6positive solid tumours

NCT04503278

CAR

CD70

Renal cell carcinoma

NCT04438083

Abbreviations: AFP, alpha-foetoprotein; AML, acute myeloid leukaemia; CAR, chimeric antigen receptor;
CEA, carcinoembryonic antigen; CNS, central nervous system; CRC, colorectal cancer; EBV, Epstein-Barr virus;
EGFR, epidermal growth factor receptor; HA-1, histocompatibility antigen 1; HCC, hepatocellular carcinoma;
HER2, human epidermal growth factor receptor 2; HPV, human papillomavirus; MAGE, melanoma antigen gene;
MDS, myelodysplastic syndrome; NSCLC, non-small cell lung cancer; NY-ESO-1, New York oesophageal squamous cell
carcinoma-1; PRAME, preferentially expressed antigen in melanoma; TCR, T cell receptor.
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Another group of target antigens consists of antigens derived from
viruses, such as human papillomavirus (HPV) or Epstein-Barr virus
(EBV). These antigens have been described as potent targets against
HPV- or EBV-associated cancers, since the antigens are uniformly
expressed in malignant cells. A recently published phase I clinical trial
showed encouraging results with HPV-specific TCR-T cells in metastatic
HPV-associated epithelial cancer patients (NCT02858310). Here, 6 out
of 12 patients achieved a partial response in this advanced-stage and pretreated population.
A special group of antigens are minor histocompatibility antigens
(MiHAs). These are derived from single nucleotide polymorphisms
(SNPs), which are different between two individuals and are recognised
as foreign by donor T cells in the setting of allogeneic haematopoietic
stem cell transplantation. Therefore, the use of MiHA-specific TCRs
is limited to patients with haematological malignancies. For example,
histocompatibility antigen 1 (HA-1) TCRs are under investigation in
current clinical trials (NCT04464889).
In conclusion, TCR-T cells have shown significant and promising
responses in heavily pretreated cancer patients. However, so far, TCR-T
cells have only been used in a limited number of patients within small
phase I/II clinical trials. Therefore, the overall benefit and future role of
this immunotherapy still needs to be defined. With the arrival of novel
gene transfer strategies, such as CRISPR gene editing, TCR-T cells targeting patient-specific neoantigens are currently in development and
early clinical testing, holding much promise for the future.

CAR-T Cells
CAR-T cells express a synthetic receptor that consists of several functional domains, including an antigen recognition domain (antibodyderived single-chain variable fragment), a hinge domain, a transmembrane domain, a costimulatory domain and a T cell-activation domain.
In this way the CAR integrates primary TCR-driven activation with secondary stimulation provided by co-stimulatory molecules (Figure 1B).
CAR-T cells recognise membrane-bound tumour-associated antigens
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in an HLA-independent way. Compared with TCR-T cells, a somewhat
higher expression of the target antigen is required to induce cellular activation.
CD19-directed CAR-T cell therapy has revolutionised the treatment of
patients with various haematological malignancies and is now a standard
of care for patients with acute lymphoblastic leukaemia and relapsed/
refractory B-cell malignancies. Additionally, B-cell maturation agent
(BCMA)-directed CAR-T cells resulted in ORRs >95% of patients with
heavily pretreated multiple myeloma and a stringent complete response
(CR) was achieved in 67% of the patients (NCT03548207). The results
of CAR-T cell therapy in patients with solid tumours have been less
promising, so far. For example, in a phase I study that included six
patients with metastatic sarcoma, human epidermal growth factor receptor 2 (HER2)-directed CAR-T cells induced a CR in one patient and stable disease (SD) in two patients (NCT00902044). Across phase I studies
with various CAR-T products, ORRs varied between 0% in patients with
recurrent glioblastoma to 100% in patients with ovarian epithelial cancer, with a median ORR of 62%. SD was most frequently reported as
best response. However, lack of response has been reported in other studies, highlighting the need for further improvements in CAR-T therapy
for solid tumours.
The selection of a target antigen is a major challenge for CAR-T treatment of solid tumours. Consequently, a spectrum of CAR-T target antigens is currently being investigated in clinical trials (Table 2). In contrast
to haematological malignancies, which typically express a tumour- or
lineage-associated antigen that can be targeted, the selection of target
antigens for solid tumours is complicated by the expression of many
candidate antigens which are also expressed in healthy tissues. Such target antigens may trigger ‘on-target, off-tumour’ toxicity. For example,
HER2-directed CAR-T cells resulted in lethal pulmonary toxicity due to
low-grade expression of HER2 on pulmonary epithelium. Another challenge is the requirement of CAR-T cells to migrate into the solid tumour,
which can be hampered by CAR-T cell-related factors (e.g. the lack
of proper chemokine receptor expression) and tumour-related factors
(e.g. a fibrous shield surrounding the tumour). A final issue is the hostile
Targeted T Cell Therapies for Solid Tumours
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TME that prevents optimal CAR-T cell activation due to the competition
for nutrients and the presence of suppressive factors, such as immunosuppressive cytokines or expression of inhibitory immune checkpoint
proteins.
Promising strategies to overcome these challenges include the development of CAR-T cells in which cellular activation depends on the recognition of two target antigens, thereby limiting off-tumour toxicity.
CAR constructs that induce the expression of decoy receptors, which
inactivate immunosuppressant cytokines in the TME, are a promising
strategy to increase T cell activation. Additionally, CARs that induce
specific chemokine receptors or lymphoproliferative cytokines may also
enhance CAR-T cell efficacy. Finally, the development of off-the-shelf
allogeneic CAR-T cell products, using CRISPR gene editing to knock
out the endogenous TCR and HLA molecules, will improve their clinical
applicability.

Toxicity of Targeted T Cell Therapies
Cytokine release syndrome (CRS) is a frequently observed toxicity of
CAR-T therapy, but is less common following TCR-T cell treatment.
CRS is clinically characterised by fever and haemodynamic instability,
resulting from the production of cytokines by activated CAR-T cells and
bystander immune cells (e.g. monocytes/macrophages). Immune effector cell-associated neurotoxicity syndrome (ICANS), which may manifest as encephalopathy, aphasia, dysgraphia and, in severe cases, seizures
or coma, is another toxicity of targeted T cell therapy. The aetiology of
ICANS is not fully understood, but inflammatory cytokines, disruption
of the blood-brain barrier and ‘on-target, off-tumour’ toxicity have been
implicated in the pathogenesis. Treatment of these potentially life-threatening toxicities may be challenged by complications of the conditioning
chemotherapy, such as neutropaenic sepsis. The management of CRS
and ICANS is based on supportive care and anti-inflammatory therapies,
including anti-IL-6-receptor antibody treatment and high-dose corticosteroids, which result in complete recovery in the majority of patients.
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Conclusion
Targeted T cell therapies have evident therapeutic potential for cancer and
hold the promise to become an important therapeutic modality for solid
malignancies. However, several issues need to be addressed to increase
their efficacy, including the selection of appropriate target antigens and
the improvement of TCR- or CAR-T cell functioning in the TME.
Of note, although CAR-T and TCR-T cell therapy can be captured under
immunotherapy, it is also considered targeted therapy and therefore has
been incorporated into this Handbook. For other immunotherapies, we
refer to the ESMO Handbook of Immuno-Oncology.
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This chapter will cover the primary hormonal receptors that have a role
in cancer development and serve as diagnostic tools to establish prognosis and predict treatment response and therapeutic targets. To simplify,
we have divided the receptors into two main groups: nuclear receptors
(NRs) and transmembrane receptors (overview of their structure depicted
in Figure 1A). Of the latter, we will only review the insulin receptor (IR)
and the insulin-like growth factor receptor-1 (IGF-1R) (Figure 1B).

NR Superfamily
The NR superfamily members are transcription factors that regulate the
expression of distinct genes by binding to a particular DNA sequence or
genomic responsive element (RE) upon their activation through specific
hormone/ligand binding. All the NR superfamily members share structural similarities despite differences in size and ligand affinity. The primary structure of these receptors forms five different functional domains
(A to E) (Figure 1A).
We will focus on four sub-families known for their roles in cancer. Family
1 includes sub-family 1A, encompassing the thyroid hormone receptors
(TRs), and 1B, which includes retinoic acid receptors (RARs). Family 3
comprises all steroid receptors with cholesterol-derived ligands and subdivides into sub-family 3A composed of oestrogen receptors (ERs) and
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Figure 1 Structure of hormone receptors.

Figure 2

A. Linear structure of the nuclear receptor superfamily members. The receptors contain two activation
function (AF) regions (AF-1: domains
KIN A/B and AF-2: domains E/F), responsible for the transcriptional
activation of the receptor. It is through these regions that the receptors interact with their coregulators,
which then activate or repress transcriptional activity. The C domain is the DNA-binding region, while
A localisation signal and links the C and
the D domain is a flexible hinge region containing the nuclear
E domains. The E domain harbours the hormone-binding site.

B
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Sci 2018; 27:1876–1892.
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B. Schematic structure of the insulin receptor (IR) and the insulin-like growth factor receptor-1R (IGF-1R)
Figure 2
(transmembrane tyrosine kinase receptors). The structure of both receptors consists of two half receptors
that associate, forming homo- or heterodimers. Each receptor consists of an alpha (α) and a beta (β)
chain, structured into three domains: an extracellular domain for ligandco-R
binding, a transmembrane
co-A
nuclear
SH
domain and a C-terminal tyrosine kinase catalytic domain flanked by two regulatory regions containing
B region is termed as follows: L1 andmembrane
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NR Family 1A – TRs
Thyroid hormone (TH) is critical for normal development, growth and
metabolism. The hypothalamic-hypophyseal axis controls its production
by secreting thyrotropin-releasing hormone (TRH) and thyroid-stimulating hormone (TSH). In the thyroid gland, the iodination of thyroglobulin results in the two isoforms of TH, tetraiodothyronine (T4) and its
active form triiodothyronine (T3). In the peripheral tissues, deiodinase
enzymes remove iodine molecules from T4, and thus, T3 is fully active
to bind to TR.
There are two described TRs, alpha (TRα) and beta (TRβ), encoded
by the THRA and THRB genes located on chromosomes 17q21 and
3p24. These two receptors have several splice variants with differential
T3-binding capacity and tissue-specificity. In terms of cellular location
and mode of activation, these receptors categorise as type II NR. Figure
2A depicts their mechanism of activation.
Reduced TR expression and alterations in TH levels are frequent events
in human cancers. These alterations include loss of heterozygosity,
gene rearrangements, promoter methylation, aberrant splicing and point
mutations. The tendency for TR expression to disappear as malignancies
progress suggests that this receptor may act as a tumour suppressor in
cancers.

NR Family 1B – RARs
This subfamily of NRs is essentially considered a tumour suppressor due
to its role in cellular differentiation.
The primary activating ligand of these receptors is retinoic acid (RA),
which derives from vitamin A (retinol). Animals cannot produce vitamin A
de novo, therefore they obtain this vitamin from carotenoids in plants
or retinyl esters derived from animal products. RA has a crucial role
in early neural differentiation, mesoderm development, heart patterning
and forelimb initiation.

Hormonal Targets
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Figure 2 Mechanism of activation of nuclear receptors.

A. Type II nuclear receptor (NR) usually locates in the nucleus, forming heterodimers most frequently with
the NR family 2B retinoid X receptors (RXRs). This heterodimer forms a complex with other corepressor
(Co-R) proteins in the apo form (not bound to ligand). Upon ligand/hormone binding, the heterodimer
changes conformation, swaps the corepressors for coactivators (Co-A) and recruits the transcriptional
machinery, thus activating the transcription of specific genes containing genomic responsive elements.
B. Type I NR mechanism of activation. This type of receptor encompasses all steroid hormone receptors
(SHRs). In their apo form, chaperone proteins (Ch) sequester them in the cytoplasm. The binding to their
specific ligands/steroid hormones (SHs) leads to a conformational change, uncoupling from the chaperone
protein and homodimerisation followed by nuclear localisation. Once in the nucleus, they will recruit
coactivators and the transcriptional machinery to transcribe genes with specific genomic responsive
elements.
Adapted from: Weikum ER, Liu X, Ortlund EA. The nuclear receptor superfamily: a structural perspective.
Protein Sci 2018; 27,1876–1892.
Abbreviations: Ch, chaperone proteins; co-A, co-activator; co-R, co-repressor; RAR, retinoic acid receptor; RXR, retinoid X
receptor; SH, steroid hormone; SHR, steroid hormone receptor; TR, thyroid hormone receptor.

There are three known RARs in humans, RARα, RARβ and RARg.
Together with TR, these receptors are also considered type II NR
(Figure 2A). RARs modulate the transcription of critical genes that
trigger differentiation, cell-cycle arrest and apoptosis, leading to inhibition of cell proliferation.
Considering this, RA and RARs have long been discussed as desirable
targets to activate terminal cell differentiation as a therapeutic approach
and even as a cancer prevention strategy. The overall function of RA
in cancer is, however, more complex. The acquisition of a malignant
phenotype usually co-exists with defective differentiation and impaired
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entrance into a post-mitotic state. While we are learning a lot about the
connections between cell-cycle control and differentiation programmes,
these data have not produced effective therapies to ‘force’ the cancer
cell to differentiate. The exception is the use of all-trans-retinoic acid
(ATRA) in acute promyelocytic leukaemia (APL). On the other hand,
vitamin A, or its precursor beta-carotene, as a dietary supplement can
have a deleterious effect, increasing the risk of cancer development in
specific populations; therefore, their use is not recommended.

NR Family 3A and 3C – ER, PgR and AR
Sex hormone receptors belong to the nuclear receptor subfamily 3 (NR3)
and encompass ER, PgR and AR. ER is in the NR3A subfamily. The
NR3C subfamily includes PgR, AR, the glucocorticoid receptor and
the mineralocorticoid receptor. As per their mechanism of activation,
depicted in Figure 2B, all these receptors are categorised as type I NR.
Sex hormones, i.e. androgens, progesterone and oestrogens, derive from
cholesterol metabolism. Their production is controlled by luteinising
hormone (LH) and subject to cyclic regulation.
There are three major forms of physiological oestrogens in females: oestrone
(E1), oestradiol (E2, or 17β-oestradiol) and oestriol (E3). In premenopausal
women, oestrogens are produced primarily in the ovaries, corpus luteum
and placenta. E2 is the essential product from the whole biosynthesis
process and the most potent oestrogen during the premenopausal period in
a woman’s life, whereas E1, synthesised in the adipose tissue, plays a more
prominent role after menopause. Beyond its essential role in reproductive
function, oestrogen also regulates lipid and carbohydrate metabolism, the
vascular system, bone mineralisation and cognitive-related functions.
Progesterone is the most critical progestin, and its primary physiological
role is to convert an oestrogen-primed endometrium from proliferative to
secretory. Its formation is mainly confined to the peri-and post-ovulatory
phases and pregnancy.
In humans, the predominant androgen is testosterone, synthesised by the
testes and ovaries. The primary target tissues for androgen function are
Hormonal Targets
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the male and female reproductive organs; however, they also target the
skeletal muscle and the bone marrow.
ERs are a group of nuclear hormone receptors with two major isoforms
described: ERα and ERβ, encoded by two different genes located on different chromosomes (ESR1 or NR3A1 on chromosome 6q25 and ESR2
or NR3A2 on chromosome 14q23) and regulating different target genes.
ERα plays a central role in luminal breast cancer. However, the role of
ERβ in cancer remains unclear.
In the classical model for ER signalling, E2 binds ERα, which activates
and localises to the nucleus where it will act as a transcription factor for
genes with oestrogen-responsive elements (EREs) (Figure 2B).
Furthermore, there are alternative non-canonical ER signalling pathways.
ER can interact with other transcription factors, such as AP-1 and Sp1,
which will bind with non-ERE genes. In addition, ER has non-genomic
functions in the plasma membrane, where it participates in the activation
of different signalling cascades such as PI3K or mitogen-activated protein kinase (MAPK). Both the canonical and non-canonical ER actions
are complementary and synergistic.
The PgR gene (PGR or NR3C3) locates on chromosome 11q22 and has
two predominant isoforms (A and B) encoded from the same gene via
alternate translational start sites. While PgR-B refers to the full-length
receptor, PgR-A is an N-terminally truncated version (missing the first
164 amino acids found in PgR-B). A and B isoforms can act as homo(A:A or B:B) or heterodimers (A:B) and are capable of binding DNA at
progesterone response elements (PREs) and via tethering to other transcription factors. A and B isoforms have similar steroid hormone- and
DNA-binding activities, but PgR-B has a much higher transcriptional
activating potential. Moreover, a third and less prominent PgR isoform,
termed PgR-C, exists. This isoform, truncated within the DNA-binding
domain, can inhibit or modify PgR-B activities in the uterus and is essential for labour induction.
There are challenges in defining the role of PgR both in physiology and
cancer due to its complex interactions with oestrogens, given the partial
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dependence of PgR transcription on ERα-mediated transcriptional events,
i.e. PgR is a transcriptional target of ERα. Also, synthetic progestins have
been linked to increased breast cancer risk, but the role of endogenous progesterone is less clear. However, given the relationship between ER transcriptional activity and PgR expression, it is considered that ER-positive/
PgR-positive breast cancers have a greater dependence on ER signalling.
Thus, patients diagnosed with these tumours benefit more from adjuvant
endocrine treatment than patients with ER-positive/PgR-negative tumours,
where the ER signalling pathway is not fully active.
The AR gene (AR or NR3C4) is located on chromosome Xq11-q12. Like
PgR, it has two described isoforms: the N-terminus truncated AR-A isoform, lacking the first 187 amino acids, and the full-length AR-B. As
with other NRs, AR function is complex since it depends on the interaction of other transcriptional regulators. Therefore, both cell and gene
context determine its transcriptional targets. In the prostate, AR targets
include genes that control cell proliferation and differentiation, cell-cell
signalling and development.

IGF-1R and IR
IR and IGF-1R are members of the tyrosine kinase class of membrane
receptors. Both receptors are products of two distinct genes, which are
believed to derive from a common ancestral gene through a duplication
event. The IR gene (INSR) located on chromosome 19p13.2 encodes for
IR, while the IGF-1R gene, located in 15q26.3, encodes IGF-1R.
The IR has two splice variant isoforms: the B isoform (IR-B) recognises
only insulin, but the A isoform (IR-A), which is the isoform that is most
frequently expressed by tumours, recognises both insulin and insulin-like
growth factor 2 (IGF-2). IGF-1R is mainly activated by IGF-1 and IGF2. Many cell types widely express IGF-1 and IGF-2, and both peptides
have characteristics of hormones and tissue growth factors. IGFs act as
a critical mediator of the anabolic effects of the growth hormone (GH)
in peripheral tissues; their main site of production is the liver.
IGF-1R and IR >50% sequence homology and >80% homology in the
intracellular kinase domain. Both are expressed at the cellular surface
Hormonal Targets
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in an α2β2 configuration, and, as depicted in Figure 1B, both receptors
form covalently linked homodimers in which each monomer consists
of an extracellular α subunit and a membrane-spanning β sub-unit. IR
and IGF-1R also form hybrid receptors consisting of one IR α/β subunit
linked to one IGF-1R α/β subunit, thus making the separation of the
actions of these two receptors even more difficult. Each receptor’s α subunit contains the ligand-binding sites located in the extracellular region.
The β subunits contain the tyrosine kinase activity.
Figure 1B schematically depicts the structure of IR and IGF-1R. Since
the linear structure is virtually identical, no specific differences in each
of the receptors are depicted in this schematic view.
Ligand binding in both receptors leads to autophosphorylation of specific
tyrosine residues in the kinase domain, which induces the phosphorylation of juxtamembrane tyrosines and carboxyl-terminal serines. These
changes allow the docking of downstream signalling proteins such as the
IR substrate (IRS) proteins. Recruitment of these molecules activates the
PI3K and RAS/MAPK pathways that mediate cell growth and survival,
critical features of cancer initiation and progression.

Further Reading
Altucci L, Leibowitz MD, Ogilvie KM, et al. RAR and RXR modulation in cancer
and metabolic disease. Nat Rev Drug Discov 2007; 6:793–810.
Aranda A, Martínez-Iglesias O, Ruiz-Llorente L, et al. Thyroid receptor: roles in cancer. Trends Endocrinol Metab 2009; 20:318–324.
Bolton EC, So AY, Chaivorapol C, et al. Cell- and gene-specific regulation of primary
target genes by the androgen receptor. Genes Dev 2007; 21:2005–2017.
Brent GA. Mechanisms of thyroid hormone action. J Clin Invest 2012; 122:3035–3043.
Chitnis MM, Yuen JS, Protheroe AS, et al. The type 1 insulin-like growth factor receptor pathway. Clin Cancer Res 2008; 14:6364–6370.
Cui J, Shen Y, Li R. Estrogen synthesis and signalling pathways during aging: from
periphery to brain. Trends Mol Med 2013; 19:197–209.
Daniel AR, Hagan CR, Lange CA. Progesterone receptor action: defining a role in
breast cancer. Expert Rev Endocrinol Metab 2011; 6:359–369.
Li J, Choi E, Yu H, Bai XC. Structural basis of the activation of type 1 insulin-like
growth factor receptor. Nat Commun 2019; 10:4567.

68

Bosch and Cejalvo

Lu NZ, Wardell SE, Burnstein KL, et al. International Union of Pharmacology. LXV.
The pharmacology and classification of the nuclear receptor superfamily: glucocorticoid, mineralocorticoid, progesterone, and androgen receptors. Pharmacol
Rev 2006; 58:782–797.
Ortiga-Carvalho TM, Sidhaye AR, Wondisford FE. Thyroid hormone receptors and
resistance to thyroid hormone disorders. Nat Rev Endocrinol 2014; 10:582–591.
Weikum ER, Liu X, Ortlund EA. The nuclear receptor superfamily: a structural perspective. Protein Sci 2018; 27:1876–1892.

Declaration of Interest:
Dr Bosch has received institutional speaker honoraria from Roche and Lilly as
well as for participation in advisory board meetings for Sanofi, Novartis and
AstraZeneca. She is the co-owner and chair of the board for SACRA therapeutics.
Dr Cejalvo has received institutional speaker honoraria from Novartis and Pfizer.

Hormonal Targets

69

Gene Fusions
U. Malapelle1
A. Russo2
P.C. Mack3
F.R. Hirsch3
C. Rolfo3

7

Department of Public Health, University of Naples Federico II, Naples, Italy
Department of Onco-Hematology, Papardo Hospital, Messina, Italy
3
Center for Thoracic Oncology at Tisch Cancer Institute, Mount Sinai Health
System and Icahn School of Medicine at Mount Sinai, New York, NY, USA
1
2

Gene fusions represent an important target for the personalised treatment of patients with advanced-stage solid malignancies. To date, the
list of known gene fusions that may be ideally targeted by specific anticancer drugs is rapidly increasing. Thus, the correct identification of
these genomic aberrations is pivotal for predictive molecular pathology
laboratories. As a general rule, gene fusions occur as a consequence of
genomic rearrangements, such as chromosomal inversions, intrachromosomal interstitial deletions, duplications or translocations. This phenomenon can also result in novel, chimeric proteins with extremely high
oncogenic activity. For instance, oncogenic gene fusions can combine
the active portion of a tropomyosin receptor kinase (TRK) with the structural portion of an unrelated protein, resulting in a constitutively active
signalling chimera with its regulatory elements replaced by a stabilising
structure. Depending on its structure, this constitutive activation is associated with increased kinase activity, loss of regulatory messenger RNA
(mRNA), conformational changes and a loss of autoinhibitory domains.
Another mechanism by which chimeric proteins can promote oncogenic
activity is inappropriate activation of transcription factors that can bind
DNA and modify the transcription process. Less frequently, gene fusions
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are associated with the loss of function of tumour-suppressor genes or
metabolic impairment.
Gene fusions have been identified as driver mutations in most solid and
haematological malignancies, although their clinical significance mostly
remains to be elucidated. As gene fusions involving TRK are currently
the only ones targetable, in this chapter we will focus on these genetic
aberrations and their clinical implications.

Gene Fusion Testing in Clinical Practice
The analysis of gene fusions is essential for the adequate management
of advanced-stage patients with solid tumours. Thus, the implementation
of optimal testing for the correct identification of these gene aberrations
is extremely important. Immunohistochemistry (IHC) and immunocytochemistry (ICC) are easy, time-efficient and low-cost approaches for
the identification of the chimeric protein generated from a gene-fusion
event. In addition, IHC and ICC are able to recognise the tyrosine kinase
domain of the chimeric protein and do not require the knowledge of the
gene fusion partner. However, these approaches suffer from the need in
particular circumstances of a confirmation of positive results by orthogonal techniques, from significant interobserver variability and from the
lack of standardised scoring for each clinically relevant gene fusion.
Fluorescent in situ hybridisation (FISH) is another well-established
methodology for the identification of gene fusions. In particular, breakapart probes are being successfully adopted for the detection of different
gene fusion events. Similar to IHC and ICC, FISH suffers from severe
interobserver variability. Furthermore, its focus on a single gene fusion
product represents a significant constraint, particularly when tumour tissue is limited.
Reverse transcriptase polymerase chain reaction (RT‑PCR) involving
complementary DNA (cDNA) may be a valid approach for the detection
of gene fusions. However, despite the high sensitivity and specificity, this
approach is no longer adopted due to the inability to detect novel fusion
partners and the absence of Food and Drug Administration (FDA)/European Medicines Agency (EMA)-approved assays.
Gene Fusions
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Next-generation sequencing (NGS) platforms may be a valuable tool to
overcome the above-mentioned limitations. In particular, NGS enables
the simultaneous analysis of multiple clinically relevant biomarkers in
the same run, starting from a low nucleic acid input. For gene fusion testing, RNA- or DNA-based NGS approaches may be employed. Although
DNA is more stable than RNA and thus easier to work with, DNA-based
approaches are limited by the presence of large intronic regions within
gene fusions that are inadequately sequenced and difficult to analyse.
Conversely, RNA-based approaches have the advantage of focusing on
mature mRNA, thus are not affected by intronic region size. Of note, both
approaches may be useful for the identification of known and unknown
gene fusions. Future strategies may employ digital barcode technologies
that allow the detection of hundreds of unique analytes in a single reaction, with the ability to analyse DNA, RNA and protein simultaneously,
without the need of retro-transcription enzymes or library preparation.
In clinical practice, rapid testing for oncogenic fusions is essential when
approved targeted agents are available for the fusion product. NGS may
be adopted either to confirm doubtful cases or, in laboratories analysing a
high number of samples, as a primary test for gene fusion analysis, after
careful validation steps. Malapelle et al demonstrated the feasibility of
adopting both DNA- and RNA-based NGS custom panels to optimise
tissue or liquid biopsy samples of advanced stage non-small cell lung
cancer (NSCLC) for the analysis of all clinically relevant biomarkers,
including gene fusions.
In addition to tissue, liquid biopsy has emerged as an important diagnostic source, either as an alternative or as a complementary tool for tumour
genotyping. Hybrid-capture NGS allows the identification of gene rearrangements in circulating tumour DNA (ctDNA) and multiple studies
have now provided robust evidence on the sensitivity and specificity of
different plasma NGS platforms as appositive identifiers of the presence
of clinically actionable fusions. At the time of publication, two commercially available plasma NGS platforms (Guardant360 CDx and FoundationOne Liquid CDx) have obtained FDA approval.
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Figure 1 Diagnostic methods for gene fusions detection in solid tumours.
Abbreviations: FFPE, formalin-fixed paraffin-embedded; FISH, fluorescent in situ hybridisation; ICC, immunocytochemistry;
IHC, immunohistochemistry; NGS, next-generation sequencing; RT-PCR, reverse transcription polymerase chain reaction.
Created with BioRender.com.

Approved Targeted Therapies in Gene Fusionpositive Solid Tumours
ALK Fusions
Overall, gene fusions represent an important target for tyrosine kinase
inhibitor (TKI) administration. The first targetable gene fusion in solid
tumours was the EML4-ALK translocation in NSCLC. Only 4 years after
identification of this gene fusion, in 2011, crizotinib was the first inhibitor approved by the FDA for the treatment of NSCLC patients harbouring this rearrangement, after the publication of the preliminary results of
a phase I trial (PROFILE 1001). Subsequent randomised phase III trials
have convincingly demonstrated the superiority of crizotinib compared
with standard chemotherapy in both pretreated and treatment-naïve
patients, leading to the global approval of this agent.
As expected, virtually all patients treated with this agent develop acquired
resistance after approximately 1 year. This prompted the development of
next-generation highly selective and potent anaplastic lymphoma kinase
(ALK) inhibitors specifically designed to overcome crizotinib resistance,
provide a more sustained ALK inhibition and an increased central nervous system (CNS) penetration. Subsequently, second-generation ALK
inhibitors, including ceritinib and alectinib, have demonstrated significant
Gene Fusions
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improvement in patient outcomes, resulting in FDA approval. In particular, in the ASCEND-4 trial, first-line ceritinib demonstrated an increase
in median progression-free survival (PFS) (16.6 versus 8.1 months)
compared with platinum-pemetrexed chemotherapy in patients with
treatment-naïve NSCLC. Of note, the head-to-head comparison between
crizotinib and alectinib in the ALEX and J-ALEX trials demonstrated a
clear superiority of the second-generation ALK-TKI with a three-fold
higher PFS. More recently, the third-generation ALK-TKIs lorlatinib
and brigatinib have obtained FDA approval in this setting of patients.
Lorlatinib, for instance, has activity in key ALK gene mutations that are
emergent resistance mechanisms in earlier ALK inhibitors.
ROS1 Fusions
Initially developed as a MET inhibitor, crizotinib has been shown to inhibit
ROS1 kinase and gained FDA approval in 2016 in advanced-NSCLC
patients harbouring ROS1 gene fusions. This approval followed the impressive results obtained in a multicentre, single-arm phase I trial (PROFILE
1001) demonstrating a high overall response rate (ORR) (72%), with three
complete responses, a median duration of response (DoR) of 17.6 months
and median PFS of 19.2 months, in patients with advanced NSCLC harbouring ROS1 rearrangement. In 2019, the FDA approved the multikinase
inhibitor entrectinib for the treatment of advanced-stage NSCLC patients
harbouring ROS1 gene fusions following the results of the ALKA, STARTRK-1 and STARTRK-2 clinical trials.
NTRK Fusions
More recently, neurotrophic tyrosine receptor kinase (NTRK) gene
fusions have been identified as oncogenic drivers in multiple solid
tumours at different frequencies:
n
Rare cancer types that present NTRK fusions almost as a pathognomonic event (prevalence >90%);
n
Common solid tumours with a prevalence of NTRK fusions of
5%-25%; and,
n
Common solid tumours with low NTRK gene-fusion prevalence (usually <1%).
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Larotrectinib was the first TRK inhibitor approved in patients with
NTRK fusion-positive cancers, regardless of tumour histology, in both
adult and paediatric patients. This was the second FDA approval of a
tumour-agnostic agent in the era of personalised medicine. In addition
to inhibiting ROS1, entrectinib has shown high activity in tumours harbouring NTRK rearrangements and was recently approved in this rare
subgroup of patients.
RET Fusions
The agnostic nature has also been demonstrated for RET fusions. These
rearrangements occur at low frequency in different solid tumours, including common cancers such as NSCLC and colorectal cancer, but may be
more frequently observed in thyroid tumours. The development of novel
selective and highly potent RET inhibitors has dramatically changed
the therapeutic landscape of RET fusion-positive tumours with unprecedented results and manageable side effects. Based on the results of early
clinical trials (LIBRETTO-001 and ARROW, respectively) in molecularly selected patients, the RET inhibitors selpercatinib and pralsetinib
have obtained FDA approval for NSCLC and thyroid cancer patients
harbouring these gene fusions.
FGFR2 Fusions
Fibroblast growth factor receptor 2 (FGFR2) gene fusions or rearrangements define a unique molecular subtype of cholangiocarcinoma (10%16% of cases) that exhibit sensitivity to FGFR inhibition. Recently, these
alterations were added to the list of actionable targets based on the results
of two single-arm, phase II studies with the potent FGFR1-3 inhibitors
pemigatinib and infigratinib, paving the way for precision medicine in
this rare, lethal disease.
The next challenge will be to address acquired resistance to these highly
potent agents, either through the development of next-generation TKIs
or through combinatorial approaches with other anticancer therapies.
Indeed, despite initial sustained antitumour activity, virtually all gene
fusion-positive patients treated with appropriate targeted therapies will
ultimately progress through the acquisition of different mechanisms of
Gene Fusions
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resistance that emerge under the selective pressure of anticancer therapies. These can be reassumed in two large categories (‘on-target’ and
‘off-target’ mechanisms) and dynamically evolve during the course of
the disease, reflecting the clonal evolution of the tumour.
Gene fusions
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Crizotinib, alectinib, ceritinib, brigatinib,
lorlatinib
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Figure 2 Gene fusions with currently FDA/EMA-approved targeted therapies.
Abbreviations: ALK, anaplastic lymphoma kinase; EMA, European Medicines Agency; FDA, Food and Drug Administration;
FGFR2, fibroblast growth factor receptor 2; NSCLC, non-small cell lung cancer; NTRK, neurotrophic tyrosine receptor
kinase. Created with BioRender.com.
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Conclusion
As previously reported, several advances have been made in the field of
gene fusion detection and treatment approaches for solid tumour patients.
Improvements in molecular predictive pathology detection analysis have
led to the identification of novel variants that may help oncologists to
improve patient outcomes. Interestingly, the scenario of gene fusions
is rapidly evolving. Novel gene fusions are under active investigations
and might be added to the list of targetable oncogene drivers in the near
future, such as Neuregulin-1 gene (NRG1) rearrangements. In this heterogeneous scenario, another important field of investigation is represented by the adoption of liquid biopsy as a suitable starting non-invasive
procedure for gene fusion detection. A preliminary experience has demonstrated the suitability of tumour RNA extraction from extracellular
vesicles for ALK gene fusion analysis.
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The increased practical availability and decreased cost of tumour
genomic profiling has generated opportunities to adapt cancer treatment to specific molecular alterations and the development of ‘precision
oncology’. Interpreting a molecular biology report requires substantial
knowledge of the molecular alterations, and multidisciplinary molecular
tumour boards (MTBs) play a crucial role. The main objective is to plan
treatment according to the histological subtype and genomic alterations.
In this chapter, we will review how to implement precision oncology in
clinical practice.
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Molecular Markers in Daily Practice:
How to Use Them
1. To Guide Diagnosis
Diagnosis of the primary tumour and its specific subtype
Clinical presentation, medical history of the patient, physical examination of the patient, morphology of the cells and immunohistochemistry
(IHC) of cellular markers of origin are the first elements to take into
account for the diagnosis of a cancer. The presence of peculiar mutations
may point to a specific primary tumour, especially in cases of unclear
histopathology with poorly differentiated tumour cells. Some molecular
alterations (MAs) are frequently associated with a specific type of primary tumour, such as human epidermal growth factor receptor 2 (HER2)
amplification in breast cancer, epidermal growth factor receptor (EGFR)
mutation in lung cancer, and KRAS mutation in pancreatic cancer and
colorectal cancer (CRC). BAP1 loss of expression is frequent in mesothelioma, skin melanoma and renal cell cancer (RCC), as well as 8p-loss
in uveal melanoma and FOXL2 mutations in granulosa ovarian cancers
(OCs).
Typically, in sarcoma, a heterogeneous group of tumours that often challenge pathologists, the identification of specific MAs enables more precise diagnostic entities, which is fundamental to deciding treatment. Various MAs have been described. In the category of bone sarcoma, ~85%
of reported cases of Ewing sarcoma bear the EWS-FLI1 fusion. In the
subgroup of soft tissue sarcoma (STS), gastrointestinal stromal tumours
(GISTs) are mesenchymal tumours that harbour KIT mutations in 75%80% of cases. Eighty-five percent of liposarcomas harbour an amplification of MDM2 which encodes for the ubiquitine ligase that is associated
with regulation of p53 and can discriminate malignant differentiated or
undifferentiated liposarcoma from benign lipoma.
Diagnosis of hereditary syndromes
Some somatic MAs may be germinal and the cause of hereditary syndromes. BRCA mutation is a classic example. It is indeed recommended
to test OC patients for both germline and somatic BRCA mutations to
Molecular Markers in Clinical Practice
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optimise treatment decisions and follow-up. Knowledge of an inherited
BRCA mutation should alert family members to their potential cancer
risk. Germline and somatic testing do not completely overlap.
BRCA testing is also recommended for breast cancer, especially in young
patients or, according to the family history, for early-stage. It is also done
at the metastatic stage to enable access to poly(ADP-ribose) polymerase
inhibitors (PARPis) for triple-negative tumours or those which are hormone receptor-positive/HER2-negative.
Mismatch repair (MMR) testing can be simply performed using IHC
but can also be detected by next-generation sequencing (NGS). The loss
of one or more proteins by IHC is suggestive of defective DNA MMR
within the tumour and the likelihood of hereditary non-polyposis colorectal cancer (HNPCC)/Lynch syndrome is increased. The absence of
mutL homologue 1 (MLH1) and post-meiotic segregation increased 2
(PMS2) protein expression within a tumour is more often associated
with a somatic alteration in older individuals than typical HNPCC/Lynch
syndrome families.
Physicians need to refer patients for genetic counselling in case of a suspicion of germline alterations following somatic screening.
2. To Define Prognosis and Guide Therapy in the Adjuvant Setting
MAs can inform the prognosis, including single gene alterations and signatures.
Prognostic gene signatures are panels of expressed genes that have been
shown to correlate with recurrence or survival. They bring additional
information to classical prognostic factors such as Tumour, Node, Metastasis (TNM) classification, and histological and demographic features.
Such signatures have been validated in breast carcinoma to help clinical decision-making, including OncotypeDX, MammaPrint, PAM50 and
EndoPredict assays. These gene signatures assess the expression of a
various number of genes related to proliferation, HER2 and endocrine
pathways, as well as genes regulating invasion.
Specific molecular alterations by themselves can be prognostic and
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indicate/avoid further post-operative treatment. Other MAs may guide a
decision for adjuvant treatment with a matched targeted therapy.
In localised CRC, adjuvant chemotherapy is discussed for stage II
patients according to their risk of relapse. RAS or BRAF mutations are
known factors of poor prognosis in stage III CRC patients. Conversely,
deficient MMR (dMMR) tumours have a lower risk for relapse compared
with proficient MMR (pMMR) tumours, thus adjuvant chemotherapy
may be avoided since it is less beneficial in this subtype.
In breast cancer, HER2 amplification is associated with poor prognosis
and a target for adjuvant treatment with trastuzumab, as demonstrated
in the HERA trial; trastuzumab emtansine (T-DM1), as shown in the
KATHERINE trial; or dual blockade with trastuzumab and pertuzumab,
as revealed by the APHINITY trial.
Germline and somatic mutation of BRCA in OC, or homologous recombination deficiency (HRD) profile, indicates benefit from PARPis, as
demonstrated in the SOLO1 study, which showed a 70% lower risk of
disease progression or death with olaparib. EGFR-mutated stage IB-IIIA
non-small cell lung cancer (NSCLC) patients benefit from 3 years of
adjuvant osimertinib following surgery with or without adjuvant chemotherapy, as demonstrated in the ADAURA trial. The combination of dabrafenib/trametinib is one of the standards of care for adjuvant treatment
of high-risk localised BRAF-mutated melanoma. On the contrary, GIST
patients with platelet-derived growth factor receptor alpha (PDGFRA)
D842V substitutions (exon 18) are resistant to imatinib and therefore are
not generally considered to be candidates for adjuvant imatinib therapy.
3. To Guide Therapy in the Metastatic Setting
Comprehensive molecular profiling may help guide therapy in patients
with metastatic cancer. A series of amplifications, mutations, rearrangement, signatures (microsatellite instability [MSI], HRD, etc.) at diagnosis determined by IHC and NGS includes, but is not limited to, ErbB2,
EGFR, ALK, MET, ROS1, KRAS G12C and BRAF. NSCLC is a typical
example of how molecular biomarkers are routinely used to drive systemic treatment in first line and will be discussed in detail in Chapter 10.
Molecular Markers in Clinical Practice
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HER2 overexpression and/or HER2 amplification in breast cancer and
BRAF and KRAS/NRAS mutations in CRC are also key to deciding treatment (Chapters 11 and 12).
4. To Identify Resistance Mutations
The detection of resistance MAs under treatment may help determine the
escape mechanism and to adapt therapy accordingly.
In EGFR-mutated NCSLC, acquired resistance usually develops after a
median of 1 year of tyrosine kinase inhibitor (TKI) therapy. The EGFR
T790M mutation is the most common mechanism of acquired resistance
to first- and second-generation EGFR TKIs, being present in 50%-60%
of the cases. It can be targeted by third-generation TKIs such as osimertinib, which is also now approved in the first-line setting. Other resistance
mechanisms include MET amplification that can be targeted with a MET
inhibitor, HER2 amplification and bypass mutations in BRAF, PI3K or
KRAS. These events can sometimes co-occur, which may influence outcome. In NSCLC harbouring anaplastic lymphoma kinase (ALK) gene
rearrangements, resistance mutations to first-generation TKIs have also
been reported. Interestingly, some mutations that lead to lorlatinib resistance resulted in re-sensitisation to first- or second-generation ALK-TKIs.
In OC, BRCA-mutation reversions were identified under therapeutic
pressure after initial exposure to PARPis or DNA-damaging chemotherapy, and contributed to resistance to these agents. These mutations led
to the reactivation of the BRCA protein function, thus rendering the cell
proficient in homologous recombination.
Blockade of EGFR with the monoclonal antibodies (mAbs) cetuximab or
panitumumab is effective in RAS wild-type CRC. At relapse, the majority of patients develop RAS mutations, while a subset of patients acquires
EGFR extracellular domain mutations.
In breast cancer, oestrogen receptor 1 (ESR1) mutations are a predictive
marker of resistance to hormone therapy.
In GIST, secondary KIT mutations encoding for TKI-resistant proteins
were reported under imatinib treatment. They are known to arise most
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commonly in exons 13/14 (the cytoplasmic ATP-binding domain) or
exons 17/18 (the activation loop), whereas primary KIT mutations predominantly affect the juxtamembrane domain encoded by exon 11.

Molecular Alterations with Matching Targeted Drugs
The main MAs and their matching drugs and indications are summarised
in Table 1. For further details, refer to the dedicated chapters.
Receptor Tyrosine Kinases
Receptor tyrosine kinases (RTKs) share a common structure with an
extracellular ligand-binding domain and an intracellular tyrosine kinase
domain connected to various signalling pathways involved in survival,
growth and proliferation.
HER2
Approximately 20% of breast cancers are driven by ErbB2 amplification, leading to overactive and constitutive HER2 signalling. HER2 overexpression and amplification has also been reported in subsets of gastric,
oesophageal and endometrial cancer patients, but rarely in cancers of the
oropharynx, lung and bladder. HER2 overexpression results in increased
HER2-containing dimers, with HER3 or EGFR (HER1) for example,
which drive signalling pathways towards proliferative and invasive functions. Anti-HER2 targeted drugs have drastically changed the prognosis
of breast cancer patients. Anti-HER2 treatments are divided into three
main categories, including mAbs, TKIs and antibody-drug conjugates
(ADCs). mAbs such as trastuzumab or pertuzumab target the extracellular part of the receptor, interfere with dimerisation and autophosphorylation, and also induce antibody-dependent cellular cytotoxicity (ADCC)
mechanisms. Trastuzumab was combined with chemotherapy to build
ADCs, such as T-DM1 and trastuzumab deruxtecan (T-DXd). Lapatinib,
tucatinib or pyrotinib are small molecules that can interrupt the intercellular connection between HER2 and proliferation pathways such as the
mitogen-activated protein kinase (MAPK) pathway.
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§§

HER2+
HER2+
HER2+
HER2+

Trastuzumab deruxtecan

Lapatinib

Tucatinib

Neratinib

NSCLC

Necitumumab

Mobocertinib

Amivantamab
NSCLC

NSCLC

NSCLC

Dacomitinib

RAS wt CRC

NSCLC

Afatinib

RAS wt CRC

NSCLC

Gefitinib

Pancreas

Panitumumab

NSCLC

Osimertinib

GC

HNSCC

HEAD AND NECK
CARCINOMA

Cetuximab

NSCLC

Erlotinib

HER2+

HER2+

Trastuzumab emtansine

Margetuximab

HER2+

THORACIC
MALIGNANCIES

EGFR

HER2§

HER2+

BREAST

Pertuzumab

GASTROINTESTINAL
MALIGNANCIES

Trastuzumab

EMA approved

FDA approved

Table 1 FDA/EMA Approvals in Solid Tumours for Targeted Therapies.
CNS TUMOURS

GYNAECOLOGICAL
MALIGNANCIES

SARCOMA

SKIN CANCER

GENITOURINARY
MALIGNANCIES

Alpelisib

Everolimus

HR+ BC
NET

NET

BRAF mCRC

BRAF mCRC

RCC

GENITOURINARY
MALIGNANCIES
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NSCLC

Selpercatinib

mTOR°

NSCLC

Pralsetinib

PI3K§§

RET¤

NSCLC

Trametinib

Binimetinib

Cobimetinib

NSCLC

NSCLC

GASTROINTESTINAL
MALIGNANCIES

Encorafenib

Dabrafenib

Tepotinib

Melanoma

Melanoma

Melanoma

Melanoma

Melanoma

SKIN CANCER

MEK§§

NSCLC
NSCLC

NSCLC

Crizotinib
NSCLC

NSCLC

Ceritinib

Capmatinib

NSCLC

Lorlatinib

Entrectinib

NSCLC

Crizotinib

NSCLC

Ceritinib

Thyr

Thyr

Thyr

HEAD AND NECK
CARCINOMA

BRAF§§

MET§§

ROS¤

ALK¤

NSCLC

BREAST

Brigatinib

THORACIC
MALIGNANCIES

Alectinib

EMA approved

FDA approved

Table 1 FDA/EMA Approvals in Solid Tumours for Targeted Therapies. (Continued)
CNS TUMOURS

GYNAECOLOGICAL
MALIGNANCIES

SARCOMA
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Belzutifan

HIF-2α

RET¤§§

RAS G12C§§

FGFR§§

Cabozantinib

NSCLC

NSCLC

Pralsetinib

Selpercatinib

Chol

Erdafitinib
NSCLC

Chol

Sotorasib

Chol

Infigratinib

CRC

CRC/HCC

Pemigatinib

Entrectinib

Larotrectinib

Aflibercept

Bevacizumab

CRC/HCC/GC

GIST

GIST

UC
UC

Tissue agnostic FDA and EMA approval

RCC

RCC

CRC

Regorafenib
NSCLC

RCC

HCC

Sorafenib

Ramucirumab

RCC

RCC

RCC

Tivozanib

VEGF°

NTRK

NSCLC

HCC

Vandetanib

HCC

Lenvatinib

Thyr

Thyr

Thyr

Thyr

Thyr

Thyr

OC/CC

GYNAECOLOGICAL
MALIGNANCIES

¤

BREAST
TNBC

THORACIC
MALIGNANCIES

Cabozantinib

STS

RCC

GIST

HEAD AND NECK
CARCINOMA

VEGFR°

GASTROINTESTINAL
MALIGNANCIES
RCC

SKIN CANCER

RCC

GENITOURINARY
MALIGNANCIES

NET

SARCOMA

VEGFR PDGFR° Sunitinib
targets involved Pazopanib
in angiogenesis
Axitinib

EMA approved

FDA approved

GL

Table 1 FDA/EMA Approvals in Solid Tumours for Targeted Therapies. (Continued)
CNS TUMOURS

Chol

BCC

GIST
GIST
GIST

CNS TUMOURS

Status at June 2022.
§§
mutation, § amplification, ¤ fusion or rearrangement, ° target of the drug, °° tumour profile.
Abbreviations: ALK, anaplastic lymphoma kinase; BCC, basal cell carcinoma; CC, cervical cancer; CDK, cyclin-dependent kinase; Chol, cholangiocarcinoma; CNS, central nervous
system; CRC, colorectal cancer; CRPC, castration-resistant prostate cancer; EFGR, epidermal growth factor receptor; EMA, European Medicines Agency; FDA, Food and Drug
Administration; FGFR, fibroblast growth factor receptor; GC, gastric cancer; GIST, gastrointestinal stromal tumour; GL, glioblastoma; HNSCC, head and neck squamous cell
carcinoma; HR+BC, hormone receptor-positive breast cancer; HCC, hepatocellular cancer; HER2, human epidermal growth factor receptor 2; HER2+, HER2-positive; HIF-2α,
hypoxia-inducible factor 2 alpha; IDH, isocitrate dehydrogenase; m, metastatic; MSI, microsatellite instability; mTOR, mammalian target of rapamycin; NET, neuroendocrine tumour;
NSCLC; non-small cell lung cancer; NTRK, neurotrophic tyrosine receptor kinase; OC, ovarian cancer; P13K, phosphoinositide 3-kinase; Pancreas, pancreatic cancer; PARP,
poly(ADP-ribose) polymerase; PDGFR, platelet-derived growth factor receptor; RCC, renal cell cancer; STS, soft tissue sarcoma; Thyr, thyroid cancer; TMB, tumour mutational
burden; TNBC, triple-negative breast cancer; UC, urothelial carcinoma; VEGF, vascular endothelial growth factor; VEGFR, VEGFR receptor; wt, wild-type.

Ivosidenib

BCC

Sonidegib

HR+BC

Ribociclib

Vismodegib

HR+BC

Abemaciclib

Palbociclib

Ripretinib

Avapritinib

Imatinib

OC

CRPC

OC
OC

THORACIC
MALIGNANCIES

Rucaparib

HEAD AND NECK
CARCINOMA

Niraparib

HR+BC

GASTROINTESTINAL
MALIGNANCIES

IDH§§

Hedgehog°

CDK°

KIT§§, PDGFR°

PARP°

TNBC

Talazoparib

BREAST
CRPC

Tissue agnostic FDA approval

GENITOURINARY
MALIGNANCIES

TNBC

GYNAECOLOGICAL
MALIGNANCIES

Olaparib

SKIN CANCER

Pembrolizumab

SARCOMA

TMB-high°° MSI

EMA approved

FDA approved

Table 1 FDA/EMA Approvals in Solid Tumours for Targeted Therapies. (Continued)
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HER2 activation can also be related to somatic mutations that are present
in, for example, 3% of primary breast carcinomas, predominantly in the
HER2 non-amplified subtype. HER2 mutations occur less frequently de
novo and may be a mechanism of endocrine resistance in breast cancer.
Sensitivity of HER2 mutation to classic anti-HER2 treatment is under
investigation.
EGFR
Mutated EGFR is an oncogenic driver in NSCLC that can confer sensitivity to EGFR inhibitors and significantly improve the prognosis compared
with NSCLCs without this mutation. Global prevalence can be estimated
at 15%-20% in the Caucasian population and can reach 40% in the Asian
population. Young age, female, non-smoker or Asian patients are more
likely to present this MA. Around 90% of the most common mutations
comprise deletions in exons 19 and 21 (L858R substitution). Various
small molecule TKI-EGFR inhibitors of all generations target this specific alteration. Other mutations have been described and their occurrence guides the choice of treatment. For instance, insertions in exon 20
are rare but cause primary resistance to first-generation EGFR inhibitors. New molecules such as mobocertinib target this specific alteration.
T790M mutation usually occurs under the selective pressure of treatment
by first-generation EGFR inhibitors, such as gefitinib or erlotinib, as
a resistance mechanism, but are rarely present de novo. Osimertinib is
indicated in the presence of T790M mutation. Beside EGFR mutations,
EGFR overexpression is common in CRC and head and neck squamous
cell carcinoma (HNSCC), and is efficiently targeted with mAbs directed
to the extracellular portion of the receptor.
ALK
ALK is an RTK that shares some similarities with the insulin receptor
family. For reasons that are not well understood, ALK seems to be a
‘hotspot’ for translocation to a wide variety of loci. The kinase domain
of ALK and the amino-terminal portion of various protein partners
are fused. These translocations lead to the production of ALK fusion
proteins that dimerise to constitutively activate ALK. The resultant
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aberrant ALK activity is dictated by the fusion partner. Such ALK fusions
function as oncogenic drivers in the progression of both haematological
malignancies and solid tumours. In NSCLC, the most frequent fusion
involves EML4 and is detected in 2%-7% of patients. Mutations of ALK
have also been described, especially in neuroblastoma and anaplastic
thyroid cancer, but their role in oncogenesis remains unclear.
ROS1
ROS1 (ROS proto-oncogene 1, RTK) is located on chromosome 6.
It encodes for an RTK protein that is part of the insulin receptors family,
such as ALK. Its expression has been observed mainly in lung tissue, followed by the cervix and colon. The receptor is expressed during development, but little is expressed in adults and its physiological function is
unknown. ROS1 is a so-called ‘orphan receptor’ because the identity of
its activating ligand, if any, is unknown. ROS1 protein-tyrosine kinase
fusion proteins are expressed in 1%-2% of NSCLCs. The most common
fusion is CD74-ROS1. Expression of CD74-ROS1 confers invasiveness
to cells. Another common fusion partner is the SLC34A2 gene, coding
for a protein that is a member of a group of membrane transport proteins.
Several of the ROS1 fusion proteins are implicated in the pathogenesis of
a very small proportion of other cancers including glioblastoma, angiosarcoma and cholangiocarcinoma, as well as ovarian, gastric and colorectal carcinomas.
ALK and ROS1 are phylogenetically related. Several ALK inhibitors
are available and can also target ROS1. They bind in the adenosine
triphosphate (ATP) binding pocket of the intracellular kinase domain.
Crizotinib was the first approved and other, new generations are available or under study such as lorlatinib or entrectinib. Interestingly, these
drugs provide better control of intracranial disease than chemotherapy,
suggesting a central nervous system diffusion of the drug.
RET
The Ret proto-oncogene (RET), located on chromosome 10, encodes for
a glial cell line-derived neurotrophic factor receptor with tyrosine kinase
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activity. The RET gene can acquire oncogenic activity through mutation
or rearrangement. Germline RET mutations cause the multiple endocrine
neoplasia type 2 syndromes. Somatic rearrangements are described in:
n
10%-20% of papillary thyroid cancers (PTCs) (50%-80% in radiation-induced PTCs and more frequent in children; mutually exclusive
with BRAF mutations), and at a much lower prevalence in other types
of thyroid cancer, such as anaplastic thyroid carcinoma, follicular
thyroid carcinoma and medullary thyroid carcinoma
n
1%-2% of NSCLC adenocarcinomas (more frequently in younger
and never-smoker patients)
n
and other cancer types, including but not limited to Spitz tumours and
spitzoid melanomas, chronic myelomonocytic leukaemia, CRC and
breast cancer.
Somatic mutations are described in:
n
43%-65% of medullary thyroid carcinomas, mostly in exon 16 (codon
918). RET mutations are mutually exclusive with RAS mutations
n
a variety of cancer types, such as breast cancer, CRC, GIST, Merkel
cell carcinoma and paraganglioma. However, the functional effect of
RET mutations on tumourigenesis in these tumours remains to be
elucidated.
Specific RET inhibitors, selpercatinib and pralsetinib, are Food and
Drug Administration (FDA)-approved for the treatment of advanced or
metastatic RET fusion-positive thyroid cancer, RET-mutant medullary
thyroid cancer, and other types of cancers that have an alteration (mutation or fusion) in the RET gene. Cabozantinib, vandetanib, alectinib and
sunitinib are multitargeted RET inhibitors that may be useful in certain
circumstances as alternatives but are less potent than the RET inhibitors
discussed above.
NTRK
The tropomyosin receptor kinase (TRK) family comprises three transmembrane receptor proteins (TRKA, TRKB and TRKC) which are encoded
by the neurotrophic tyrosine receptor kinase (NTRK) genes (NTRK1,
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NTRK2 and NTRK3, respectively). These receptors are expressed in neuronal tissue and play a central role in nervous system development during embryogenesis. Structural rearrangements of the NTRK genes result
in a TRK fusion oncoprotein that leads to overexpression of the kinase
domain or constitutive activity of the kinase function, both of which drive
uninterrupted downstream signalling messages and oncogenic transformation and tumour growth. Congenital infantile fibrosarcoma, congenital mesoblastic nephroma (cellular subtype), secretory breast cancer and
mammary analogue secretory carcinoma of the salivary gland are rare
cancers enriched for TRK fusions. TRK fusions are also found in many
common cancers but at a much lower frequency (<1% in most of cancers) and at intermediate frequency (<35%) in thyroid cancer (5%-15%),
paediatric high-grade gliomas, inflammatory myofibroblastic tumour
and spitzoid neoplasms. Due to high response rates (>70%), the European Medicines Agency (EMA) and FDA have approved larotrectinib
and entrectinib, selective inhibitors of TRKA/B/C, for the treatment of
advanced TRK fusion-positive cancer patients.
FGFR
Fibroblast growth factor receptors (FGFRs) are aberrantly activated
in 5%-10% of all human cancers, although this frequency increases to
10%-30% in urothelial carcinoma and intrahepatic cholangiocarcinoma.
Four receptors are described.
The most common genomic alteration in the FGFR family is gene amplification (66%), followed by mutation with a single nucleotide variant
(26%) and gene rearrangement or fusion (8%). Despite amplification of
FGFR being the most frequent alteration, its concordance with messenger RNA (mRNA) expression is low and it is not a good predictor of
anti-FGFR activity.
In urothelial carcinoma, MA mostly affects FGFR3. They are more frequent in low-grade and papillary subtype non-muscle-invasive urothelial carcinoma. Cholangiocarcinoma harbours an increased frequency of
fusions or rearrangements that favour FGFR2 and a diverse group of
partner genes. FGFR4 mutations are found in rhabdomyosarcoma.
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VEGFR
As tumours grow, cells in the centre of the tumour become hypoxic,
leading to the development of its own vascularisation. The dominant
growth factor controlling angiogenesis is vascular endothelial growth
factor A (VEGF-A) via high affinity RTKs, designated vascular endothelial growth factor receptor (VEGFR)-1/2/3. VEGF-A and its receptor
VEGFR2 are upregulated in the vast majority of cancers and are associated with poor prognosis in some tumours. Many multikinase inhibitors
are available in various cancer types such as kidney carcinoma, hepatocellular carcinoma (HCC), differentiated thyroid carcinoma, pancreatic neuroendocrine tumours, GIST and small cell lung cancer. Various anti-VEGF therapies are also prescribed in other cancers to inhibit
tumour endothelial proliferation, normalise the vascularisation and to
treat malignant effusions (OC, CRC, gastric, breast, cervical, endometrial, kidney cancers, sarcoma, mesothelioma, glioblastoma, NSCLC
and HCC), including anti-VEGF antibodies (i.e. bevacizumab), soluble
VEGF ‘decoy’ receptors (i.e. aflibercept) and anti-VEGF receptor antibodies (i.e. ramucirumab).
KIT
Approximately 80% of GISTs have KIT proto-oncogene mutations that
lead to constitutive activation of the KIT receptor. Primary KIT mutations
in GISTs most commonly occur in exons 11 and 9. Imatinib is approved
for the treatment of all KIT-expressing metastatic GISTs (~95%), regardless of the mutational status. For patients with a KIT exon 9 mutation,
guidelines recommend treating patients with a higher imatinib dose.
The overall frequency of activating KIT gene mutations in acral lentiginous/mucosal melanomas is approximately 15%, but they can also arise
in a smaller percentage of cutaneous melanomas (2%-3%). Only around
one third of these patients respond to targeted therapy, especially those
with mutations in exon 11 or 13. Patients with amplifications of KIT
without mutations typically do not respond.
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Molecules of the Intracellular Pathways
KRAS
In mammalian cells, three RAS genes encode four RAS isoforms (HRAS,
KRAS4A, KRAS4B and NRAS). HRAS is a more potent activator of
PI3K, whereas K(B)RAS is a more potent RAF and RAC activator.
Gain-of-function missense mutations promote oncogenesis, with almost
all of these detected in patients clustering in three hotspots at codons 12,
13 and 61. KRAS is the most mutated isoform and is more frequently
mutated in colon, pancreatic or lung carcinoma. It is responsible for 75%
of RAS-mutant cancers. Of note, thyroid cancer subtypes display high levels of mutation in all three RAS isoforms. Five mutations (G12D, G12V,
G12C, G13D and Q61R) account for 70% of all RAS-mutated patients.
G12C mutations are frequently found in lung cancer, especially in smokers. Sotorasib is a recently approved specific inhibitor that blocks the
exchange of guanosine diphosphate (GDP) that maintains RAS activation.
BRAF
The family of RAF kinases (ARAF, BRAF and CRAF [also known as
RAF1]) constitutes core components of the RAS-RAF-MEK-ERK signalling cascade. BRAF is the predominant RAF kinase that is altered in
many different cancer types. BRAF mutations are present in approximately 8% of human tumours. BRAF is commonly mutated in melanoma
(50%), papillary thyroid cancer (45%), CRC (10%) and NSCLC (10%).
Almost 30 distinct mutations of BRAF have been functionally characterised; they can be categorised into three classes according to their dependence on RAS upstream regulation. The most common BRAF mutation is
a substitution in the kinase domain V600E. It is targeted by vemurafenib
or dabrafenib. RAF inhibition can lead to a paradoxical activation of
ERK signalling in cells with no mutation and combination treatment
with MEK inhibitors is required.
MEK
Mechanisms of acquired resistance to BRAF-inhibitor therapy include
reactivation of MAPK signalling in the majority of cases and include MEK
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mutations in some cases. Combining BRAF and MEK inhibitors has the
objective to overcome the development of acquired resistance and suppress paradoxical activation of the MAPK pathway with BRAF inhibitors.
In the clinical setting, the combination improved overall response rate
(ORR), progression-free survival (PFS) and overall survival (OS) compared with single-agent BRAF inhibition in melanoma. In BRAF-mutant
CRC, lack of responsiveness to BRAF inhibitors has been an area of active
investigation. Combining BRAF and MEK inhibitors, an approach that has
been successfully used for BRAF-mutant melanoma, has been only moderately successful. EGFR-mediated re-activation of the MAPK pathway has
appeared as a potential mechanism of resistance. The triplet (EGFR/MEK
and BRAF inhibitors) has shown clinical efficacy compared with standard chemotherapy. Yet, the triplet was not superior to the doublet EGFR/
BRAF inhibitors in terms of OS, leading guidelines to recommend the
doublet combination over the triplet combination.
PI3K
Mutations of PIK3CA are found in 24%-46% of endometrial cancers, 20%32% of breast cancers, 20%-27% of bladder cancers, 14%-23% of cervical cancers, 13%-28% of CRCs and 12%-15% of head and neck cancers.
Three main PIK3CA hotspots are in the coding sequence in exons 9 and
20. Two of these hotspots are located in the helical domain of p110α, the
third one being located in the catalytic domain. In breast and endometrial
cancers, p110α is the most frequently mutated protein. Kinase catalytic
domain mutations account for >50% of breast cancer PIK3CA mutations,
while mutations in the helical domain predominate in HNSCCs. These
PIK3CA mutants stimulate the oncogenic transformation via activation of
p110α phosphorylation of downstream kinases AKT T308 and S473, and
p70 S6 kinase. Genetic amplifications have also been reported.
PI3KCA mutations have been successfully targeted in breast cancer. They
can be a mechanism of endocrine resistance. Alpelisib is an oral α-specific
PI3K inhibitor approved for use in combination with fulvestrant to treat
postmenopausal women with hormone receptor-positive/HER2-negative,
PIK3CA-mutated, advanced or metastatic breast cancer that has progressed following treatment with an endocrine-based regimen.
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Mammalian target of rapamycin (mTOR)
mTOR is composed of two subunits: mTOR complex 1 (mTORC1) and
mTOR complex 2 (mTORC2). mTORC1 can be indirectly activated by
PI3K through Akt. mTORC1 is also responsive to fluctuations of cellular
factors such as DNA damage, intracellular ATP, glucose, amino acids
and oxygen. Among the downstream effectors of mTORC1 is c-myc,
which contributes to the regulation of metabolism and cell growth.
mTOR is aberrantly overactivated in >70% of cancers. mTOR signalling
hyper-activation commonly results from mutations of upstream genes
including oncogenes and tumour suppressor genes. Genetic aberrations in
components of mTOR complexes are reported to have a close relationship
with cancer. RICTOR, a component of mTORC2, was found to be amplified in breast cancer and NSCLC, particularly in the squamous subtype.
Everolimus or temsirolimus are specific inhibitors of mTOR that are
approved in neuroendocrine tumours, RCC and breast cancer in combination with aromatase inhibitors.
Hedgehog (Hh)
The Hh transduction cascade is among the pathways intricately involved
with the primary cilium. Signalling initiated by the cell-surface receptor
smoothened homologue (SMO) leads to tumour growth. SMO is normally inhibited by a transmembrane receptor called patched 1 (PTCH1).
Hh ligands (sonic Hh being the most widely expressed) bind to PTCH1
and prevent this inhibition. The association with cancer was first uncovered in basal cell carcinoma (BCC) naevus syndrome. In BCC, two
mechanisms involved in tumourigenesis have been identified: mutations
of PTCH1 or SMO. Two oral small-molecule inhibitors of SMO, vismodegib and sonidegib, have clinical activity in BCC patients. Glasdegib,
another SMO inhibitor, is approved in acute myeloid leukaemia (AML).
Cyclin-dependent kinases (CDKs)
Cell-cycle progression is regulated by coordinated action of CDKs in
association with specific cyclin proteins. In breast cancers, the activity
of cyclin D and CDK4/6 complexes is considered to play a major role
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in tumour cell proliferation driven by oestrogen. Cyclin D overexpression is frequent in luminal tumours (especially in luminal B tumours,
≥40%) and is associated with endocrine resistance. CDK4/6 inhibitors have therefore been approved for hormone-positive breast cancers
only, mainly because non-luminal cell lines harbour intrinsic resistance
explained partly by the higher frequency of retinoblastoma (Rb) loss.
Cancers that have lost Rb proliferate independently of CDK4/6 and consecutively do not respond to CDK4/6 inhibition.
Isocitrate dehydrogenase (IDH)
Somatic mutations affecting the active site of the Krebs cycle enzymes
IDH1/2 were first identified in a single case of CRC, but are present in
50%-80% of World Health Organization (WHO) grade II and III astrocytic and oligodendroglial tumours and secondary glioblastomas as well
as in ~5 % of primary glioblastomas, ~50% of chondrosarcoma, ~25% of
intrahepatic cholangiocarcinoma and ~20% of AMLs. IDH1/2 mutations
in glioma are associated with good prognosis. IDH1/2 mutations are
involved in the early events of tumourigenesis through two main mechanisms: formation of an oncogenic metabolite, R-2-hydroxyglutarate
(2HG), and induction of the hypoxia-inducible factor 1 alpha (HIF-1α)
pathway. IDH inhibitors are approved in AML and cholangiocarcinoma.
Homologous Recombination Deficiency
Homologous recombination is a DNA repair pathway triggered by DNA
double-strand breaks. It involves various proteins that can be deficient,
among them BRCA1/2. HRD can be exploited to target tumour cells
using the concept of synthetic lethality. The main drugs developed in this
indication are PARPis, which are approved in germline BRCA-mutated
(gBRCAm) advanced breast and pancreatic cancer patients, germline/
somatic mBRCA and HRD advanced OC patients, and homologous
recombination repair (HRR) gene-mutated metastatic castration-resistant prostate cancer patients. Therapy response to PARPis is highest in
mBRCA followed by HRD-positive/non-mBRCA high-grade OC. To
date, no standard HRD testing methods exist, causing confusion for physicians and leading to poor outcomes for missed PARPi-eligible patients.
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To address this issue, a collaborative project was launched by the European Society for Medical Oncology (ESMO) Translational Research and
Precision Medicine Working Group to define best practice for HRD testing. Currently available HRD testing methods fall into three main categories: HRR gene level tests, genomic scars and signatures, and functional assays. Another category may be a clinical phenotype defined as
repeated, durable platinum sensitivity considered likely to be a hallmark
of HRR deficiency.
Tumour Mutational Burden (TMB) and dMMR/MSI-High (MSI-H)
The DNA MMR system is involved in correcting small insertion-deletions that tend to occur at areas of short, repetitive DNA sequences,
termed microsatellites. Defects in the DNA MMR proteins (MLH1, mutS
homologue 2 [MSH2], mutS homologue 6 [MSH6] and PMS2) result in
an MSI-H phenotype. Tumours that lack the MMR system accumulate
many mutations, leading almost invariably (97% of cases) to high TMB
(TMB-H). Conversely, TMB-H tumours are not always MSI-H. TMB is
defined as the number of non-synonymous single nucleotide variants.
Both MSI-H and TMB-H tumours may be immunogenic and responsive to immunotherapy. Consequently, both TMB-H and MSI-H led to
tissue-agnostic approvals for immune checkpoint inhibitors, although
this is debated for TMB-H tumours. High levels of TMB are specified
using the FoundationOne CDx assay, and the threshold of ≥10 mut/Mb
is commonly used, as was assessed int the pivotal KEYNOTE-158 trial.
However, it is uncertain if this is the optimal threshold, as TMB is a continuous variable that differs between tumour types.

Conclusion
Molecular screening of tumour subtypes has revolutionised the development of molecules and highlighted small populations of patients characterised by rare MAs. The future of ‘precision medicine’ will require
improvements in screening and data analysis and better drug-MA pairing. Further developments in the concept of pan-tumour drivers are
likely. Based on phase II and basket studies, the FDA published (2018-
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2020) pan-tumours approvals for pembrolizumab in dMMR or TMB-H
tumours, and for the NTRK inhibitors larotrectinib and entrectinib in
tumours presenting an NTRK fusion. A pan-tumour oncogenic equivalent to the MA is not always true, as co-existing MAs can be involved
in resistance mechanisms, as well as tumour heterogeneity. Examples of
MAs relevant in a specific histology but not relevant in another are common. Thus, progress in processing data sequencing is required to clarify
the whole molecular landscape.
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Economisation of DNA and RNA sequencing has led to an ever-growing
stream of discoveries of novel mutations and fusions and – as a consequence – many novel (and sometimes very effective) biomarker-based
drugs. Tumour profiling has also become routine clinical practice, not
only for cancer-specific approved biomarkers, but also increasingly utilising large gene panels or even exome sequencing. These profiles frequently reveal pathogenic genomic aberrations that still require clinical
validation. The demand for biomarker-based clinical trials remains high
and keeping up with the latest innovations in the field is a constant challenge for every clinical oncologist. In this chapter we report on recent
developments in select areas of drug development (in a non-comprehensive way) and try to focus on trials that use molecular markers for patient
selection. This includes new molecules against both ‘old’ and ‘new’
targets. We remind readers that omissions are unavoidable and selected
compounds and trials serve as examples of general developments.

Targeting Kinases
Tyrosine Kinase Inhibitors – the Frontrunners
Imatinib as treatment for chronic myeloid leukaemia (CML) and gastrointestinal stromal tumours (GISTs) heralded the new age of highly specific, synthetic kinase inhibitors. The success of these ‘magic bullets’ – as
coined by Time magazine [28 May 2001] – was based on several important
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prerequisites for success, which remain important today: constitutive activation of the kinase; activation by mutation or structural aberration; positive
regulation of growth and survival pathways; as well as essentiality during
progression of disease. This is true for numerous oncogenes such as epidermal growth factor receptor (EGFR) in lung cancer, BRAF mutations or neurotrophic tyrosine receptor kinase (NTRK) fusions in other cancers. Current
trials predominantly evaluate improved versions of existing kinase inhibitors, explore rational combinations, or exploit biomarker-dependent downstream pathways to prevent phosphorylation-dependent signal rewiring and
tolerance to treatment.
First-generation tyrosine kinase inhibitors (TKIs) have mostly targeted the
ATP-binding pocket of kinases – replacing ATP and thereby inactivating the
kinase. Resistance to these inhibitors is often mediated by secondary mutations that affect either the ATP-binding pocket itself or areas that change the
conformation and hence interfere with inhibitor binding. Second-generation
inhibitors were subsequently developed against the activity of these resistance mutations. With more patients having received second- or third-generation inhibitors, compound mutations are more frequently found. In contrast
to multiple clones with different resistance mutations, compound mutations
describe multiple mutations found on the same allele (synonym: mutations
in cis). TPX-0131 is a novel, oral anaplastic lymphoma kinase (ALK) inhibitor that is currently in clinical trials for ALK-positive non-small cell lung
cancers. It was designed to not only inhibit double or triple mutations but
is also a vastly improved inhibitor of wild-type ALK – which is the typical
characteristic of kinases activated by fusions.
Several ongoing trials are investigating compounds with greater isoform
specificity than previously approved inhibitors. RLY-4008 is an example
of a specific fibroblast growth factor receptor 2 (FGFR2) inhibitor, currently under investigation in patients with cholangiocellular carcinoma.
Greater specificity often improves the toxicity profile, which in turn provides more opportunities for combination studies.
Serine/Threonine Kinase Inhibitors – Catching Up
Another area of drug development in the kinase inhibitor space involves
allosteric inhibitors. In contrast to drugs that competitively bind the ATP
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pocket, these inhibitors bind an allosteric site, causing a conformational
change of the protein/active site that prevents substrates from binding. The
serine/threonine kinases MEK and AKT are crucial signalling intermediates in many cancers and among the most thoroughly investigated targets
for allosteric inhibitor development. Trametinib, a MEK inhibitor, was
the first small-molecule allosteric inhibitor to receive approval. While the
oncogenic V600E mutation has been a highly useful predictor of response
to BRAF/MEK inhibitor combinations across many cancer entities, the
therapeutic relevance of non-V600E mutations is underexplored. DAY101
is a current example of a pan-RAF kinase inhibitor – likely to inhibit a
broader spectrum of atypical BRAF genomic alterations. Many ongoing
trials are investigating novel inhibitor types and inhibitor combinations that
would prevent compensatory cross-signalling in the RAS/RAF-pathway.
The concept of ‘vertical inhibition’ combines two inhibitors in a (linear)
signalling cascade targeting two different intermediates within that chain to
overcome adaptive feedback resistance. Surprisingly, this concept turns out
to be not only more effective but also less toxic in the context of combined
BRAF and MEK inhibition. Belvarafenib, also a pan-RAF inhibitor, is currently being tested, among other partners, in combination with cobimetinib.
Notably, patients whose tumours harbour RAS mutations can be included
in one of the ongoing belvarafenib trials – exemplifying a biomarker-based
study that tests a combination of two separate target inhibitors (RAF and
MEK, not RAS itself) downstream of the dysregulated protein. ASTX029
is a novel extracellular signal-regulated kinase (ERK) inhibitor with a distinctive ERK binding mode that confers a dual mechanism inhibition. It
inhibits not only the catalytic activity of ERK but also its phosphorylation
by MEK. Another interesting approach to indirectly targeting dysregulated
RAS signalling involves inhibition of SOS1, which plays an essential role
in activating KRAS through the exchange of RAS-bound guanosine diphosphate (GDP) for guanosine triphosphate (GTP). BI 1701963 inhibits KRAS
by binding to SOS1 and is currently being investigated in KRAS-mutant
solid tumours. As with BRAF/MEK inhibition, a vertical inhibition of the
pathway is tested in combination with trametinib.
Regarding the targeting of AKT, only MK-2206 has progressed beyond
phase II. When used as monotherapy, even with selection of patients
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who harbour PIK3CA or AKT1 mutations, MK-2206 has only had limited activity – presumably due to a narrow therapeutic window. Currently, mostly ATP-competitive AKT inhibitors such as capivasertib and
ipatasertib are being tested in trials, usually in combination with chemotherapy and hormonal agents. Proteolysis targeting chimeras may offer a
completely new approach to target activated AKT but have not yet proved
to be effective in patients. Biomarkers that have been used to predict
response were, for example, PI3K and AKT mutations (in breast cancer)
or phosphatase and tensin homologue (PTEN) deficiency in prostate cancer. Another trial using PTEN as a biomarker is NCT04770246, which
investigates TAS-117, an oral AKT inhibitor, in patients with advanced
solid tumours harbouring germline PTEN mutations.
Allosteric Inhibitors for Tyrosine Kinases?
Allosteric inhibitors are now also in development for tyrosine kinases,
including such commonly dysregulated kinases such as EGFR or human
epidermal growth factor receptor 2 (HER2). A potential added value of noncompetitive inhibitors is the specificity to one particular kinase and thereby
the (potentially) more restricted toxicity profile. Asciminib is presumably the
most advanced example of an allosteric TKI, particularly active against compound mutations of ABL by targeting the ABL myristoyl pocket (STAMP).
BDTX-189 is an orally available, irreversible small-molecule inhibitor that
targets undrugged oncogenic driver mutations in EGFR/HER2 kinases (e.g.
allosteric HER2 mutation, or EGFR or HER2 exon 20 insertion mutation).
In clinical practice, identification of patients who qualify for many biomarker-based last-generation TKIs strongly relies on post-progression
biopsies – particularly in patients who show secondary resistance (i.e.
progression after a previous response).

Targeting Phosphatases
A very recent development in modulating oncogenic kinase signalling
involves therapeutic modulation of phosphatases. Similar to kinases,
phosphatases may serve as either oncogenes or tumour suppressors,
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mainly depending on the functional role of their target phosphosites. The
rationale for phosphatase inhibitors thereby includes inhibition of an
oncogenic phosphatase or the reactivation of a tumour suppressor phosphatase (usually with a cancer-specific, constitutive inhibition). Among
the druggable phosphatases are protein phosphatase 2A (PP2A) and Src
homology region 2 domain-containing phosphatase 2 (SHP2), which
have gained particular interest and are currently being investigated in
several early clinical trials. While early trials with active-site inhibitors
have disappointed, novel allosteric inhibitors of SHP2, such as SHP099
or TNO155, have been highly specific and shown promising activity
in various, well-defined cancer models (e.g. KRAS-mutant or plateletderived growth factor receptor alpha [PDGFRA]-amplified tumour cells).
Another therapeutic aspect of SHP2 inhibitors involves their ability to
trigger antitumour immunity and to synergise with immune checkpoint
inhibitors (ICIs). Several first-in-human trials involving SHP2 inhibitors
are currently recruiting patients.

Widening the Diagnostic Net to Capture
Genomic Predictors of Response
For many cancers with dominant oncogenic drivers, such as EGFR in
lung cancer or KIT in GISTs, resistance usually develops in a clonal
fashion. Detection of primary and secondary (or tertiary) mutations
within the same or other genes has direct therapeutic implications. For
patients who have received more than one line of targeted treatment,
tissue biopsy is associated with high sensitivity and specificity. However, the sampled tissue may not always reflect the overall frequency and
spectrum of intra- and interlesional resistance mutations. Liquid biopsies
that use circulating tumour DNA (ctDNA) are an attractive alternative to
tumour tissue profiling, as they are non-invasive and can be performed
repeatedly. In a sub-study of the INVICTUS trial for pretreated patients
with GIST, the concordance rate of liquid biopsies was 94% for the primary KIT/PDGFRA mutation but revealed substantially more resistance
mutations in the plasma compared with a single tissue biopsy.
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In the context of advanced-stage disease, liquid biopsies may have a role
in selecting drugs and monitoring success but also help to identify novel
escape mutations to identify subsequent treatments. In recent years, sensitivity, reliability and also the ability of quantification (as measured by allelic
frequency of cell-free DNA) has greatly improved. Monitoring of specific
mutations with high sensitivity assays such as droplet digital polymerase
chain reaction (ddPCR) has been shown to be as sensitive as tumour-based
assays (90% versus 91% within the PRODIGE-14 trial). Broader assays
that could detect multiple genes, including low-pass whole genome assays,
are less sensitive but can reveal much broader genomic information.
However, very few plasma assays are yet prospectively validated as companion diagnostics and approved for treatment selection. Detection of EGFR
deletions/mutations in exon 19, exon 21 (L858R) or exon 20 (T790M) predicts benefit to osimertinib and allows on-label use of the drug.
In the context of biomarker-based (early) clinical trials, plasma sequencing is incorporated in most protocols, though it is used more frequently for
correlative studies than for patient identification and selection. With the
increasing use of ctDNA assays in clinical practice, more and more protocols accept even local plasma sequencing results for inclusion of patients in
biomarker-based trials. Examples from this chapter are FGFR2 fusions or
mutations in the RLY-4008 trial, KRAS mutations for the BI1701963 trial
but also trials involving EGFR mutations. For ctDNA assays that use gene
panels, copy number alterations, particularly deletions such as PTEN loss,
are challenging, but low-pass whole genome sequencing could prove an
alternative tool for detecting such mechanisms of resistance. TP53 mutations are strong negative predictors of MDM2 inhibitors and have also been
shown to emerge during treatment with MDM2 inhibitors. However, most
trials rely on tissue analyses, as p53 mutations in particular may emerge
through clonal haematopoiesis. With regard to treatments that target DNA
damage response (DDR) pathways, plasma sequencing becomes increasingly important in the identification of patients. Genes frequently tested are
ATM, BRCA1 and 2 and also CHEK2. Challenges in clinical practice are
again clonal haematopoiesis of indeterminate potential (CHIP) and legal
restrictions for assays that can detect germline mutations, but also the lack
of reimbursement for plasma sequencing in many countries.
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DNA Damage Response
DNA Damage Repair as a Cancer’s Achilles’ Heel
Homologous recombination deficiency (HRD), especially when caused
by germline alterations of BRCA1/2 genes, strongly predicts activity
of poly(ADP-ribose) polymerase (PARP) inhibitors (PARPis) in combination with chemotherapy in ovarian cancer. PARP is an essential
protein of the base excision repair (BER) mechanism capable of repairing single-strand DNA breaks (SSBs). PARPis utilise the concept of synthetic lethality, which describes the situation in a cell whereby a defect
in either one of two genes has little or no effect, but the combination in
both genes results in death. In the case of PARP inhibition, unrepaired
SSBs may convert to double-strand breaks (DSBs), which are normally
repaired by a homologous recombination mechanism. Cancer cells with
HRD (such as BRCA1/2-negative cells) are unable to repair the DSBs
created by PARP inhibition, resulting in apoptosis.
Olaparib was the first PARPi to receive approval, first in germline
BRCA-mutant (gBRCAm) ovarian cancers and later for other germline
and somatic BRCA-deficient cancers. Other PARPis (e.g. niraparib,
rucaparib) were later approved and several new PARPis (e.g. pamiparib)
are in drug development to avoid resistance observed in first-generation
PARPis. The full potential of PARPis is likely not yet fully exploited,
with strong monotherapeutic activity mostly seen in gBRCAm cancers.
Currently, numerous combination therapies are being investigated in
early clinical trials, both empirically and to validate biomarkers that
could help predict response. Among those combinations are compounds
targeting other DDR mechanisms (e.g. ataxia telangiectasia and Rad3related protein [ATR] inhibitors such as berzosertib and ceralasertib) or
other oncogenes, ICIs or chemotherapies.
Notably, several DNA damage repair pathways are functionally intertwined and exhibit synthetic lethality when targeted in the presence of
a cancer-specific inactivation of another pathway. Current strategies
involve combinations of DNA damage response inhibitors (DDRis) with
chemotherapy or other DDRis.
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Kinase and
phosphatase
inhibitors

Topic

Comment
Fourth generation, active
against compound
mutations
Higher isoform specific
inhibition
Equipotent against V600E,
WT-BRAF, BRAF fusions
Disrupts RAF dimerisation,
active against upstream
RAS mutations
Inhibits catalytic activity of
ERK and phosphorylation
by MEK
Inhibits exchange of
RAS-bound GDP for GTP

Allosteric inhibitor (STAMP)
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PP2A

Phosphatase inhibitor

Allosteric HER2 mutation,
Irreversible small-molecule
or EGFR or HER2 exon 20
inhibitor
insertion mutation
MAPK pathway alterations
excl. BRAF V600X
RAS/RAF mutations, NF1
loss-of-function mutations
Allosteric phosphatase
inhibitors
EGFR mutations,
KRAS G12 mutant

BCR-ABL

AKT1 (E17K), PTEN deficiency ATP-competitive AKT
inhibitor
Germline PTEN mutation

RAS mutations

Any mutation activating
MAPK pathway

RAS, RAF mutations

BRAF mutations

FGFR2 fusions/mutations

ALK resistance mutations

(Potential) Biomarker

PP2A

SHP2

EGFR/HER2

BCR-ABL

AKT

NCT03520075

TNO155

LB-100

JAB-3312

JAB-3068

Pembrolizumab (PD-L1 inhibitor) / cobimetinib
(MEK inhibitor) / osimertinib (EGFR inhibitor)
Nazartinib (EGFR inhibitor) / ribociclib (CDK4/6
Inhibitor) / spartalizumab (PD-L1 inhibitor)
Toripalimab (PD-L1 inhibitor)
Pembrolizumab (PD-L1 inhibitor) / binimetinib
NCT04720976
(MEK inhibitor)
NCT04560972 Carboplatin / etoposide / atezolizumab

NCT03989115
NCT04418661
NCT03114319
NCT04000529
NCT04721223

NCT04528836

BBP-398
RMC-4630

NCT04209465

BDTX-189

BI1701963

NCT04111458
Trametinib (MEK inhibitor), irinotecan
NCT04627142
NCT04493853 Abiraterone, fulvestrant (anti-endocrine
Capivasertib
NCT04305496 therapies)
TAS-117
NCT04770246
Nilotinib, imatinib, dasatinib (all BCR-ABL, cKIT,
Asciminib
NCT02081378
PDGFR inhibitors)
(ABL001)

Dual ERK inhibition ASTX029
SOS1/RAS

Combination therapy

Belvarafenib NCT04835805 Cobimetinib (MEK inhibitor), cetuximab
(HM95573) NCT03284502 (EGFR inhibitor), atezolizumab (PD-L1 inhibitor)

NCT04775485

DAY101
BRAF/pan-RAF

NCT04526106

RLY-4008

FGFR2

NCT04849273

Clinical trial

TPX-0131

Drug name

ALK

Target

Table 1 Selected Inhibitors for Biomarkers in Early Clinical Trials.
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(Potential) Biomarker

PARP

HRD/PD-L1

p53

MDM2

MDM2/p53

WEE1

CHK1

p53 deficiency, PPP2R2A
deficiency

p53

DNA-PK

MSH3, ATM, BRCA1 and
BRCA2

ATR

RG7112

Olaparib

Ceralasertib
(AZD6738)
Berzosertib
(VX-970)
BAY 1895344
BAY 1895344
RP-3500
M4344
M3541
AZD0156
Peposertib
Nedisartib
(M3814)
AZD7648
Prexasertib
GDC-0575
Adavosertib
(AZD1775)
BI 907828

Drug name
Pamiparib

Target
PARP

ATM

ATR-CHK1 pathway
inhibition

Synthetic lethality,
overcoming PARPi
resistance

Comment
Overcoming PARPi
resistance

pRAD50

ATM deficiency,
PPP2R2A deficiency

BRCA deficiency

Clinical trial

Combination therapy

Gemcitabine
Talazoparib (PARP inhibitor)
Carboplatin
Radiotherapy
Olaparib / 5-FU / irinotecan
Radiotherapy (hypofractionated)

NCT03167619

NCT03907969
NCT03495323
NCT01564251
NCT04590248
NCT04197713
NCT03964233

Durvalumab (PD-L1 inhibitor)

Ezabenlimab (PD-L1 inhibitor)

Olaparib

Pegylated doxorubicin
Lodapolimab (PD-L1 inhibitor)
Gemcitabine

NCT04555577 Temozolomide

NCT03188965
NCT04616534
NCT04497116
NCT02278250
NCT03225105
NCT02588105
NCT04172532

NCT02723864 Veliparib (PARP inhibitor) / cisplatin

NCT04065269 Olaparib (PARP inhibitor)

NCT03933761

NCT00559533
NCT02343172 Ribociclib (CDK4/6 inhibitor), trametinib
NCT03714958 (MEK inhibitor), sabatolimab (TIM-3 inhibitor),
MDM2 inhibition
p53, MDM2, CDK4
MDM2
NCT03940352 venetoclax (BCL2 inhibitor), midostaurin
NCT04496999 (multikinase inhibitor including FLT3 and KIT)
p53
BI 907828
NCT03449381
Abbreviations: 5-FU, fluorouracil; ALK, anaplastic lymphoma kinase; ATR, ataxia telangiectasia and Rad3-related protein; BCL2, B-cell lymphoma 2; BCR, B-cell receptor; CDK4, cyclindependent kinase 4; CHK1, checkpoint 1; DNA-PK, DNA protein kinase; EGFR, epidermal growth factor receptor; ERK, extracellular signal-regulated kinase; FGFR2, fibroblast growth factor
receptor 2; GDP, guanosine diphosphate; GTP, guanosine triphosphate; HER2, human epidermal growth factor receptor 2; HRD, homologous recombination deficiency; MAPK, mitogenactivated protein kinase; NF1, neurofibromin 1; PARP, poly(ADP-ribose) polymerase; PARPi, PARP inhibitor; PDGFR, platelet-derived growth factor; PD-L1, programmed death-ligand 1;
PKC, protein kinase 3; PP2A, protein phosphatase 2A; PTEN, phosphatase and tensin homologue; SHP2, Src homology region 2 domain-containing phosphatase 2; WT, wild type.

Small-molecule
and immune
checkpoint inhibitor
combinations

DNA damage
response

Topic

Table 1 Selected Inhibitors for Biomarkers in Early Clinical Trials. (Continued)

Targets Beyond PARP
In brief, DNA-protein kinases (DNA-PKs) recognise DNA DSBs and
promote non-homologous end joining (NHEJ). ATM is recruited as a
consequence of DSBs and interacts with p53 to stabilise genome integrity. ATR is activated in response to a wider range of DNA damage and
activates checkpoint kinase 1 (CHK1). Several biomarkers have been
discussed to predict response to DDRis but most have yet to be validated
in clinical trials. For example, MSH3, ATM, BRCA1 and BRCA2 inactivation have been shown to be synthetically lethal with DNA-dependent
protein kinase catalytic subunit (DNA-PKcs) inhibition. ATM deficiency,
replicative stress, replication fork instability and PPP2R2A deficiency
have been predictive of response to ATR inhibition. The latter two have
also been suggested as predictors (along with p53 deficiency) for CHK1
and WEE1 inhibitors. Several proof-of-concept trials are ongoing.
Recently, the combination of PARPi veliparib and ATR inhibitor (ATRi)
berzosertib in combination with cisplatin reported first clinical activity,
with partial responses in several patients with refractory solid cancers of
different histologies (5 out of 46 patients). Notably, four of these responders showed genomic alterations in DDR genes (ATM, CHEK2). Another
trial tested berzosertib in combination with carboplatin (NCT02157792),
resulting in stabilisation in 15 out of 40 patients. Notably, one partial
response was seen in a gBRCA1m ovarian cancer that was previously
refractory to both cisplatin and a PARPi. Another trial (NCT03579316)
is testing PARPi olaparib and WEE1 inhibitor adavosertib in PARPirefractory patients. Several trials are investigating DNA-PK inhibitors
such as peposertib, which has shown preliminary activity in various
solid cancers (stable disease [SD] >12 weeks in 12 out of 31 patients)
(NCT02316197). The upcoming years are likely to bring additional reliable markers beyond gBRCAm and result in biomarker-based combinations in many more cancer subtypes.
DNA Damage Repair and Immunotherapy – Two Fields Converge
The association of defective DDR and immunotherapy response has
been a striking example of the relevance of seemingly unrelated biological mechanisms. Patients with mismatch repair deficiency (dMMR)
Molecular Markers in (Early-Phase) Clinical Trials
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almost invariably respond to ICIs regardless of underlying histology.
Combining drugs that target DDR with ICIs therefore appears to be a
natural match and is certainly a rapidly emerging field. Of note, HRD
tumours are characterised by increased immune-cell infiltrates (CD4+
and CD8+), increased programmed cell death protein 1 (PD-1)/programmed death-ligand 1 (PD-L1) expression and an HRD mutational
signature including an increased mutational burden. PARP inhibition
may also lead to an increase of PD-L1 expression, providing another
rationale for PARPi and ICI combinations, which are explored in several
early-stage clinical trials. Of note, a recent phase II trial investigating
olaparib in combination with durvalumab reported partial remissions
in five out of 35 patients. Among those were patients with gBRCA and
somatic BRCA mutations, but also two BRCA wild-type and one homologous recombination-proficient patient. Twelve out of 35 patients showed
a clinical benefit (partial response [PR] + SD >6 months)

Targeting the Guardian of the Genome
The tumour suppressor p53 is a transcription factor that regulates the
expression of a broad spectrum of genes involved in DNA repair, apoptosis and cell-cycle arrest. Under normal conditions, p53 is kept at low
levels in the cell by MDM2 ubiquitination; when DNA damage occurs,
phosphorylation of p53 and MDM2 prevents this interaction, allowing p53 to activate DNA repair and cell-cycle arrest pathways. p53 is
mutated in approximately 50% of all cancers. In addition, wild-type p53
can be dysregulated indirectly by amplification of p53 regulators, such
as MDM2. From a therapeutic standpoint, tumours lacking p53 mutations have been of particular interest for inhibitors of the MDM2-TP53
interaction. Nutlin was the first tool compound to show that cancer cells
can be killed by reactivation of p53 by preventing ubiquitination and
subsequent degradation. p53 inactivating mutations were also shown as
strong negative predictors of response to nutlin-type inhibitors.
The past years have been a bumpy ride in the development of MDM2 inhibitors. Given the central physiological role of MDM2, the therapeutic window of MDM2 inhibitors has proved to be rather narrow. Haematological
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toxicity, namely prolonged and sometimes severe thrombocytopaenia, has
been the main dose-limiting toxicity. Nonetheless, several trials have proved
the concept and shown clinical benefit in patients. Among cancers showing
benefit from MDM2 inhibitors were MDM2-dedifferentiated liposarcomas
harbouring high-level MDM2 amplification (RG7112). Notable responses
were also seen in patients with acute myeloid leukaemia. In general, efficacy
has nonetheless been moderate and responses mostly short-lived. Unsurprisingly, emergence of p53-mutant clones was one of the early mechanisms of
resistance found in on-treatment progressing lesions or cells. Nonetheless,
several monotherapy studies will serve as important references for combination trials, which are expected to increase in number in the coming years. An
example of a biomarker-based combination has been siremadlin (an MDM2
inhibitor formerly known as HDM201) in combination with cyclin-dependant kinase (CDK)4/6-inhibitor ribociclib in MDM2/CDK4 co-amplified
liposarcomas. Combination approaches with innovative, adaptive schedules
as well as various combination partners (including chemotherapy) will be
needed to fully exploit the potential of this class of drugs.
Notably, mouse models treated with the MDM2 inhibitor siremadlin promoted tumour immunity dependent on the presence of functional wildtype p53. MDM2 inhibition (using the second-generation MDM2-inhibitor
HDM201) increased the number of dendritic cells and CD8+ T cells in the
tumour. MDM2 inhibition triggering a response by the adaptive immune
system serves as rationale for using MDM2 inhibitors in combination with
ICIs in p53 wild-type cancers. Currently, NCT03964233 is investigating
MDM2 inhibitor BI 907828 in combination with ICI ezabenlimab.
Predictive biomarkers have been a success story in cancer therapy, particularly in cancers with strong oncogenic dependency on a single oncogene. Targeted monotherapies are nonetheless not curative for patients.
On the other hand, curative chemotherapies invariably use combinations, many times with multiple drugs in different sequences. Future
biomarker-based trials are likely to use multiple markers for selection
of drug combinations and converge different fields of cancer treatment.
The combination of both tissue- and, particularly, plasma-based assays
will further improve the ability to tailor treatments according to the individual tumour characteristics.
Molecular Markers in (Early-Phase) Clinical Trials
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Revolutionary changes have transformed lung cancer management in the
past two decades. With the development of biomarkers, molecular targeted
therapies and immunotherapy, lung cancer is currently one of the most ‘treatable’ malignancies. Physicians can now choose from an extensive list of personalised therapeutic interventions that are associated with higher response
rates (RRs) and longer survival. Recently, using data from the Surveillance,
Epidemiology, and End Results (SEER) Program, a decrease of 3.2% annually in incidence-based lung cancer mortality in the USA (2006-2013) and
further by 6.3% annually (2013-2016) was reported amongst males, with
similar pattern for females (2.3% annually [2006-2014] and 5.9% annually
[2014-2016]). For non-small cell lung cancer (NSCLC), precision medicine
is based on the genomic profile and programmed death-ligand 1 (PD-L1)
expression. Key molecular targets include epidermal growth factor receptor (EGFR) mutation, anaplastic lymphoma kinase (ALK) translocation and
several relatively uncommon oncogenic drivers, while for patients without
an oncogene driver, the key biomarker is PD-L1 expression. Small cell lung
cancer (SCLC) and mesothelioma are also sub-classified by gene signatures,
but similar genomic-based treatment strategies remain to be defined.

Targeting EGFR Mutations
Deletion at exon 19 and point mutation (L858R) at exon 21 are the
most common activating EGFR mutations. Multiple randomised trials
have established the role of EGFR tyrosine kinase inhibitors (TKIs) as
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first-line therapy for advanced/metastatic NSCLC harbouring activating
EGFR mutations. First-generation EGFR TKIs, gefitinib and erlotinib,
are associated with an overall response rate (ORR) of about 70% and
median progression-free survival (mPFS) ranging from 10 to 12 months.
Second-generation EGFR TKIs have the advantage of pan-human epidermal growth factor receptor (HER) inhibition and covalent binding, thus
leading to more potent EGFR inhibition. LUX-Lung 7 (NCT01466660),
a randomised phase II trial comparing afatinib with gefitinib, showed an
improvement in progression-free survival (PFS) but not in overall survival (OS). In contrast, dacomitinib showed superiority for both PFS and
OS in a population without central nervous system (CNS) metastases in
the phase III ARCHER1050 trial (NCT01774721). Potent EGFR inhibition is associated with more severe skin and gastrointestinal toxicities,
resulting in dose reduction for >50% of patients.
Osimertinib, a third-generation EGFR TKI, is designed to inhibit tumours
with exon 20 T790M-resistant mutations. When compared with firstgeneration EGFR TKIs in the FLAURA trial (NCT02296125), mPFS
was 18.9 versus 10.1 months and median OS (mOS) 38.6 versus 31.6
months, respectively. An additional advantage is the significantly higher
ability to penetrate the CNS (approximately 66% CNS RRs for patients
with measurable and non-measurable brain metastases). Efficacy for
EGFR mutations other than exon 19 deletion and L858R (‘uncommon’
mutations) has been best demonstrated with afatinib and, to a lesser
extent, with osimertinib.
Resistance to EGFR TKIs is a consistent phenomenon. About 50% of
patients who fail on first- or second-generation EGFR TKIs harbour the
exon 20 T790M mutation, for which the standard therapy is osimertinib.
Studies of second-line osimertinib confirm an ORR of 70% and mPFS
of 10.1 months. For patients without the exon 20 T790M mutation, the
current standard treatment remains platinum-based chemotherapy. The
role of immunotherapy in combination with chemotherapy is being
investigated in multiple randomised phase III studies (CheckMate 722
[NCT02864251], KEYNOTE-789 [NCT03515837] and IMpower151
[NCT04194203]). Subgroup analysis of IMpower150, combining
chemotherapy with immunotherapy and anti-angiogenesis, reported an
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improvement in response and survival. The mechanism of osimertinib
resistance is more complex: MET amplification accounts for about 20%
of cases while it remains unknown in >50% of cases. A combination
of MET inhibitor and EGFR TKI could potentially reverse resistance,
and phase III trials are ongoing. C797S mutation is another resistance
mechanism, being targeted by a ‘fourth-generation’ EGFR TKI (e.g.
BLU 945) in ongoing clinical trials. For the large portion of patients
without a clear molecular target, patritumab deruxtecan and lazertinib/
amivantamab combination are potential treatment options. The former is
an antibody-drug conjugate (ADC) targeting HER3, and a recent phase
I study reported an ORR of 39%. Lazertinib is a third-generation EGFR
TKI, while amivantamab is a bispecific antibody targeting EGFR and
MET. Early clinical data of this combination in patients with osimertinib
resistance indicated an ORR of 36% and mPFS of 4.9 months, and both
are being investigated in phase III registration studies. These developments mark only the beginning of a personalised approach for EGFR
TKI resistance.

Targeting ALK Translocation
ALK fusions/rearrangements represent the second largest group of targetable oncogene-driven lung adenocarcinomas (after EGFR mutations).
Identification of the EML4-ALK fusion in NSCLC in 2007 and approval
of the first ALK inhibitor crizotinib in 2011 represent the first of many
success stories for precision oncology in NSCLC. Fluorescent in situ
hybridisation (FISH) and immunohistochemistry (IHC; D5F3 clone) are
both approved as independent ALK-testing methods, with preference
for IHC increasing due to shorter laboratory turnover time, lesser tissue requirement and greater sensitivity. At the time of publication, nextgeneration sequencing (NGS) use is limited to cases wherein IHC and/
or FISH show discordant results (estimated at 13% to 15%) but has the
potential to become an independent testing method to select patients for
ALK-inhibitor treatment.
Crizotinib demonstrated superiority (for PFS and RR) over singleagent chemotherapy, initially for relapsed NSCLC (PROFILE 1007;
NCT00932893), and soon after over platinum-doublet chemotherapy
Thoracic Malignancies
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for treatment-naïve patients (PROFILE 1014 [NCT01154140]). Although
statistical significance for OS was not achieved in either PROFILE 1007
or PROFILE 1014 (likely due to the high crossover in chemotherapy
arms post-progression), mOS of approximately 4 years established a
new paradigm of sorts in the treatment of metastatic NSCLC. Within a
decade, several second-/third-generation ALK inhibitors (listed alphabetically below) with higher CNS penetration have received approval
for crizotinib-refractory/intolerant disease and, subsequently, for ALK
inhibitor-naïve disease:
1.	Alectinib (NCT01871805; NCT01801111; ALUR [NCT02604342];
J-ALEX [JapicCTI-132316]; ALEX [NCT02075840])
2. Brigatinib (ALTA [NCT02094573]; ALTA-1L [NCT02737501])
3.	Ceritinib (ASCEND-2 [NCT01685060]; ASCEND-5 [NCT01828112];
ASCEND-4 [NCT01828099])
4.	Ensartinib (NCT03215693; eXalt3 [NCT02767804]). As of March
2022, this drug has received approval in China (from the National
Medical Products Administration) but not in the USA (Food and
Drug Administration [FDA]) or the EU (European Medicines Agency
[EMA])
5. Lorlatinib (NCT01970865; CROWN [NCT03052608])
A mPFS of approximately 3 years, a 63% 5-year OS rate (mOS not
reached), a superior CNS activity, a significantly delayed CNS progression and a better safety profile (compared with crizotinib) established
alectinib as one of the preferred front-line strategies for advanced ALKrearranged NSCLC (ALEX/J-ALEX trials). A recent update of the
CROWN study reported that lorlatinib mPFS was not reached after 37
months of follow-up, and the 3 years PFS rate was 63%.
Of note, pulmonary adverse events (AEs) with brigatinib, gastrointestinal AEs with ceritinib, and neuromuscular AEs and dyslipidaemia with
lorlatinib are specific toxicities that treating oncologists and patients
need to be aware of. Changing ceritinib administration from 750 mg
once-daily (on an empty stomach) to 450 mg once-daily (with low-fat
meal) (ASCEND-8 [NCT02299505]) not only significantly reduced gastrointestinal AEs but also treatment costs.
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As is the case with treatment of EGFR-mutated NSCLC, ‘best treatment
first’ and ‘sequencing of therapies’ continue to be valid approaches, with
decisions for individual patients based on drug availability/cost/reimbursement, patient/physician preferences and toxicity profiles. However,
it is preferrable to use second-/third-generation TKIs for patients with
known CNS metastasis. Determination of ALK resistance mechanisms
(in particular specific ALK mutations) by NGS as a guide to ALK inhibitor selection is not a current standard but this may evolve in the near
future.

Targeting the Uncommon Mutations
The ambit of potentially targetable oncogenic drivers in NSCLC
expanded in the 2010s, and, currently, in addition to EGFR and ALK,
there are seven others (listed alphabetically below). However, in contrast
with EGFR/ALK, targeted drugs for these molecular subgroups have
largely been evaluated/approved after phase I/II trials and in the relapse
setting.
1. BRAF mutations: Dabrafenib+trametinib is approved for BRAF
V600E mutation-positive NSCLC with similar ORRs (63%) in
pretreated (mPFS, 9.7 months) and treatment-naïve (mPFS, 10.9
months) patients (NCT01336634). Vemurafenib (NCT01524978;
NCT02304809) showed inferior efficacy.
2. HER2 (ErbB2) mutations: Trastuzumab deruxtecan (n=91, ORR
55%, mPFS 8.2 months; NCT02675829; under priority review by
the FDA at the time of publication) and pyrotinib (n=60, ORR 30%,
mPFS 6.9 months; NCT03505710; available only in China) have
shown ‘promising’ activity.
3. K
 RAS G12C mutations: Sotorasib (CodeBreaK 100 [NCT03600883]),
approved by the FDA and the EMA as a second-line therapy, is associated with an ORR of 32%, a mPFS of 6.3 months and OS of 12.4
months. Adagrasib (KRYSTAL-1 [NCT03785249]) has also received
FDA ‘breakthrough therapy designation’.
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4. MET exon 14 skipping: Capmatinib (GEOMETRY Mono-1
[NCT02414139]) showed a higher ORR for treatment-naïve patients
(68% versus 41% pretreated), while tepotinib responses (VISION
[NCT02864992]) were similar (44% treatment-naïve, 48% pretreated) for MET exon 14 ‘skipping’ mutations.
5. N
 eurotrophic tyrosine receptor kinase (NTRK) fusions/rearrangements: Given its rarity, efficacy was demonstrated by pooled analysis of
three phase I/II trials involving pretreated and treatment-naïve patients
with NTRK fusion-positive solid tumours for both entrectinib (ORR
70%) (STARTRK-1 [NCT02097810], STARTRK-2 [NCT02568267]
and ALKA-372-001 [EudraCT:2012-000148-88]) and larotrectinib
(ORR 75%) (NCT02122913, NCT02637687, NCT02576431).
6. R
 ET fusions/rearrangements: Selpercatinib (RR 64%; LIBRETTO-001
[NCT03157128]) and pralsetinib (ORR 61%; ARROW [NCT03037385])
are effective for RET-rearranged lung and thyroid cancers.
7. ROS1 fusions/rearrangements: Similar to the ALK timeline, crizotinib was the first ROS1 inhibitor to be approved (phase I trial:
PROFILE 1001 [NCT00585195]; ORR 72%, mPFS 19 months), with
identical outcomes in another, phase II trial (NCT01945021). Unlike
ALK, ceritinib effectiveness was primarily for crizotinib-naïve patients
(NCT01964157). Lorlatinib efficacy was also more pronounced for
crizotinib-naïve than crizotinib-pretreated patients (ORR 62% versus 35%; mPFS 21 versus 8.5 months; NCT01970865). Entrectinib
approval was based on pooled analysis of STARTRK-1, STARTRK-2
and ALKA-372-001 trials (ORR 67%, mPFS 16 months).

Targeting PD-(L)1 and CTLA-4
Anti-PD-(L)1 therapy is a proven standard first-line treatment for patients
without oncogenic drivers, while patient selection is essential for optimal
outcomes. PD-L1 expression is assessed by IHC to determine the tumour
proportion score (TPS). Patients with a TPS ≥50% are considered to have
strongly positive PD-L1 expression, and standard treatment is single-agent
immunotherapy, which may include pembrolizumab, atezolizumab or
cemiplimab. Chemotherapy can be added to immunotherapy for this group
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of patients, especially for those with high disease burden or never smokers,
but the exact role of combination therapy for the strongly positive subgroup
is not yet established. On the other hand, an extensive list of combinations
of chemotherapy and immunotherapy is available for patients with no
(TPS 0%) or weakly positive PD-L1 expression (TPS 1%-49%). This may
include chemotherapy/pembrolizumab (KEYNOTE-189 [NCT02578680],
KEYNOTE-407 [NCT02775435]), chemotherapy/atezolizumab +/- bevacizumab (IMpower131 [NCT02367794], IMpower150 [NCT02366143]),
chemotherapy (× 2 cycles)/nivolumab/ipilimumab (anti-cytotoxic T-lymphocyte associated antigen-4 [CTLA-4]; CheckMate 9LA [NCT03215706])
and chemotherapy/sintilimab (ORIENT-12 [NCT03629925]). Nivolumab
and ipilimumab combination (CheckMate 227 [NCT02477826]) represents
a chemotherapy-free treatment option, especially for PD-L1 >1%. All these
regimens have shown superior PFS and OS over standard platinum-based
chemotherapy. Controversy exists and clinical practice varies geographically
for the population with negative PD-L1 expression (TPS <1%). There is a
potential survival benefit with the addition of immunotherapy as first-line
treatment as per KEYNOTE-189 and CheckMate 9LA studies. In patients
who do not receive immunotherapy as part of first-line treatment but who are
candidates for the same at the time of relapse, second-line immunotherapy
continues to offer the potential benefits of treatment efficacy with simultaneous favourable tolerability profile.
PD-L1 expression by TPS is not applicable to SCLC patients. Only
patients with extensive-stage SCLC may benefit from the combination of
chemotherapy with durvalumab (CASPIAN [NCT03043872]) or atezolizumab (IMpower133 [NCT02763579]). Both studies have demonstrated
marginal but significant improvement in OS. The addition of durvalumab
improves mOS from 10.5 to 12.9 months (hazard ratio [HR] 0.75); and
the addition of atezolizumab from 10.3 to 12.3 months (HR 0.76).

Future Directions
Precision medicine has transformed the management of advanced-stage
NSCLC, and a future direction is to apply precision molecular targeted
therapy/immunotherapy to early-stage lung cancer. The ADAURA
(NCT02511106) trial has confirmed the role of adjuvant osimertinib
Thoracic Malignancies
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for patients with resected EGFR mutation-positive NSCLC, and similar studies are ongoing for those with ALK translocation. IMpower010
(NCT02486718) has shown potential efficacy of adjuvant atezolizumab
in resected stages IB-IIIA NSCLC, and received FDA approval for stages
II-IIIA NSCLC with PD-L1 ≥1%. Neoadjuvant chemotherapy in combination with nivolumab for two cycles induced complete pathological
response in 24% of resectable lung cancers and is associated with an
improvement in event-free survival (CheckMate 816). However, uncertainty remains regarding optimal patient selection. Clinical application
of plasma circulating tumour DNA (ctDNA) for detection of minimal
residual disease may become an important tool for patient selection.
Revolutionary treatment for KRAS mutations is under intensive investigation, and based on this experience, the future direction may focus
on drugging the undruggable. As for management of advanced-stage
NSCLC without a molecular target, new treatment modalities including bispecific-monoclonal antibodies, bispecific T-cell engagers, novel
checkpoint inhibitors plus combination, antibody-drug conjugates and
cell therapy hold promises for a better future.

Conclusion
Targeted therapies and immunotherapy have revolutionised the implementation of precision oncology in advanced/unresectable and metastatic
NSCLC. Accompanied by rapid developments in tissue- and blood-based
molecular diagnostics, a significant proportion of these patients can now
be molecularly selected for highly effective and better-tolerated chemotherapy-free treatments for prolonged time-periods (targeted therapies
for oncogene-driven NSCLC [EGFR, ALK being the most common] and
mono-immunotherapy for high PD-L1 non-oncogene-driven NSCLC).
Targeted- and immunotherapies are also being integrated into management protocols for early-stage NSCLC (adjuvant and/or neoadjuvant setting) and locally advanced NSCLC, while chemo-immunotherapy combinations have become standard of care for extensive-stage SCLC and
low PD-L1 non-oncogene-driven NSCLC.
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Gefitinib
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EGFR mutation-positive advanced/metastatic NSCLC

Indication

Table 1 Key Trials of Important Drugs Used as Targeted Therapy and
Immunotherapy in Lung Cancer.
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Ceritinib

Stage IIIB/IV Rx-naïve
ALK+ non-squamous
NSCLC
Chemotherapy
(pemetrexed + platinum)

Crizotinib

Crizotinib

Platinum doublet
chemotherapy
Platinum doublet
chemotherapy

Stage IIIB/IV Rx-naïve
PD-L1 ≥1%, EGFR- & Pembrolizumab
ALK-negative NSCLC
Stage IIIB/IV Rx-naïve
PD-L1 ≥1%, EGFR- &
ALK-negative NSCLC

Atezolizumab

Platinum doublet
chemotherapy

Pembrolizumab

Stage IV Rx-naïve
PD-L1 ≥50%, EGFR- &
ALK-negative NSCLC

NR
0.67

OS
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34.8 mo
0.43

PFS
HR

83%
NR

RR/
DoR

76%
NR

74%
NR

18.9 mo 5.7 mo
0.85
0.77

29%
NR

16.4 mo 5.5 mo
27%
0.80
1.05 22.3 mo

45%
NR

16.6 mo 73%
0.55 23.9 mo

NR
0.28

24.0 mo
0.49
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0.63
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0.73
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NA
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0.92

Single-agent
27.8 mo 10.9 mo 51%
chemotherapy
0.91
0.20 12.0 mo
(pemetrexed / docetaxel)
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Comparator arm
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Oedema: 55%
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Notable toxicities
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Further Reading
Readers can refer to the articles cited in Table 1.
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Breast cancer is the most common malignancy and the leading cause
of cancer death in women worldwide (GLOBOCAN 2020). Fortunately,
a better understanding of breast cancer biology has resulted in the development of new and more effective therapeutic options that have led to
improved outcomes.

Luminal Breast Cancer
Approximately 70% of breast tumours express oestrogen receptor (ER)/
progesterone receptor (PgR) (staining of ≥1% of tumour cells). These
tumours are classified as luminal breast cancer, and endocrine therapy
(ET) plays a relevant role in their management. Tamoxifen and the aromatase inhibitors (AIs) letrozole, anastrozole and exemestane were the
first targeted therapies used in these patients.
In early breast cancer (EBC), adjuvant ET with tamoxifen (pre-menopausal patients) or AIs (post-menopausal patients) for at least 5 years
has been considered the standard of care. Extended therapy for up to
7-10 years should be considered in node-positive or high-risk node-negative patients. Additionally, in high-risk pre-menopausal patients, ovarian
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suppression with a gonadotropin-releasing hormone analogue should be
offered, especially in younger patients with stage II or III disease who
are receiving (neo)adjuvant chemotherapy.
Cyclin-dependent kinase (CDK)4/6 inhibitors (CDKis) are being evaluated in combination with ET in the adjuvant setting, with conflicting
results. Palbociclib failed to improve invasive disease-free survival
(iDFS) in the PALLAS and PENELOPE-B phase III trials, whereas abemaciclib significantly improved iDFS in node-positive EBC at high risk
of early recurrence in the monarchE phase III study (hazard ratio [HR]
0.75; p = 0.01). With longer follow-up, iDFS benefit was maintained
(HR 0.71; p < 0.0001).
In the metastatic setting, ET is the preferred treatment in the absence
of visceral crisis. Three phase III studies have shown that the CDKis
palbociclib, ribociclib or abemaciclib, with an AI in endocrine-sensitive,
post-menopausal patients, significantly improves median progressionfree survival (mPFS) from 14.5-16.0 to 25.0-28.3 months, with HR ranging from 0.54 to 0.58, and an overall response rate (ORR) of 42%-59%,
without a negative impact on global quality of life. Ribociclib has also
shown benefit in overall survival (OS) (63.9 versus 51.4 months, HR
0.76; p = 0.004). Currently, the combination of CDKis plus non-steroidal
AIs is the standard front-line regimen for this patient population. Ribociclib has also been specifically evaluated in pre-menopausal patients in
the MONALEESA-7 phase III trial in combination with tamoxifen or an
AI plus goserelin. The addition of ribociclib improved mPFS and showed
significantly longer OS. Moreover, three phase III trials have confirmed
the benefit of adding a CDKi to fulvestrant among AI-pretreated patients
in terms of PFS (HR ranges from 0.46 to 0.59) and ORR. Two of these
trials have also demonstrated OS benefit.
The optimal treatment after progression on a CDKi remains unknown
in luminal metastatic breast cancer (MBC); available options include
exemestane ± everolimus and fulvestrant ± alpelisib. Around 40% of
patients with luminal tumours harbour PIK3CA mutations. Alpelisib
is an alpha-speciﬁc PI3K inhibitor that has been shown to signiﬁcantly
increase mPFS when combined with fulvestrant in patients with
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PIK3CA-mutated luminal MBC who had failed on a prior AI in the
SOLAR-1 trial (11.0 versus 5.7 months; HR 0.65; p < 0.001). The number of patients with prior treatment with a CDKi in this trial was too
limited to draw definitive conclusions regarding the activity of alpelisib
in CDKi-pretreated patients. More recently, results from the phase II
BYLieve trial have confirmed the antitumour activity of alpelisib and ET
in patients previously treated with a CDKi. No efficacy data are available
from prospective studies with everolimus after CDKi progression.

Triple-negative Breast Cancer
These tumours are characterised by the absence of the expression of ER
and PgR, and low or undetectable levels of human epidermal growth
factor receptor 2 (HER2), and account for ~15%-20% of all breast cancers. Chemotherapy remains the mainstay treatment for triple-negative
breast cancer (TNBC) with disappointing results because, despite the
high sensitivity of early-stage TNBC, in the metastatic setting this treatment achieves relatively low rates of response, with an mPFS of ~5-6
months for first-line treatment and a median OS ≤18 months. Therefore,
numerous efforts are currently being undertaken to develop more effective therapeutic strategies.
Immunotherapy
Immune markers have significant prognostic value in TNBC. The
presence of tumour-infiltrating lymphocytes (TILs) is associated with
improved survival and pathological response to (neo)adjuvant chemotherapy. Additionally, immune markers (programmed cell death protein
1 [PD-1] and its ligand programmed death-ligand 1 [PD-L1]) identify
patients more sensitive to various treatments, particularly to immune
checkpoint inhibitors.
In the neoadjuvant setting, the KEYNOTE-522 phase III study compared
neoadjuvant chemotherapy ± pembrolizumab, followed by adjuvant
pembrolizumab versus placebo. Results showed that the combination
with pembrolizumab increased the likelihood of achieving a pathological complete response (pCR) at the time of surgery (64.8% versus
51.2%; p < 0.001), irrespective of PD-L1 expression and, also, increased
Breast Cancer
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event-free survival (HR 0.63; p = 0.00031). Similar results in terms of
pCR have been reported with atezolizumab when combined with an
anthracycline- and taxane-based chemotherapy regimen in the IMpassion031 study. The addition of atezolizumab to a non-anthracycline-containing regimen did not demonstrate benefit on pCR (NeoTRIP study).
In the metastatic setting, the IMpassion130 phase III trial evaluated the
efficacy of immunotherapy as first-line treatment. Adding atezolizumab
to nab-paclitaxel significantly improved mPFS in the intention-to-treat
population (7.2 versus 5.5 months; HR 0.80; p = 0.002) and the PDL1-positive subgroup defined by the SP142 assay (HR 0.62; p < 0.001).
The trial failed to demonstrate an OS benefit in the ITT population, precluding further subgroup analyses. A meaningful divergence of the OS
curves was noted in the PD-L1-positive subgroup (HR 0.62).
The KEYNOTE-355 phase III trial evaluated the efficacy and safety of
pembrolizumab plus chemotherapy (paclitaxel, nab-paclitaxel and carboplatin plus gemcitabine) as front-line treatment. The addition of pembrolizumab significantly increased mPFS (9.7 versus 5.6 months; HR
0.65; p = 0.0012) and OS (23.0 versus 16.1 months; HR 0.73; p = 0.0093)
compared with chemotherapy alone in patients with a PD-L1 combined
positive score (CPS) ≥10 (22C3 assay), who were the ‘primary’ target
population for the two co-primary endpoints of PFS and OS.
Intriguingly, the combination of paclitaxel plus atezolizumab failed to
demonstrate any benefit in the IMpassion131 study.
Antibody-Drug Conjugates
Antibody-drug conjugates (ADCs) are complex molecules composed of
a targeting antibody, a cleavable or non-cleavable linker and a payload
which is an active cytotoxic agent (Figure 1). ADCs combine the targeting capabilities of monoclonal antibodies with the cancer-killing ability
of cytotoxic drugs.
Sacituzumab govitecan (IMMU-132) is an ADC that combines the active
metabolite of irinotecan (SN-38) with an antibody against human trophoblast cell-surface antigen 2 (Trop-2) present in most TNBCs. Encouraging preliminary data from a phase I/II trial were reported in heavily
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pretreated patients. In the confirmatory phase III ASCENT trial, patients
who had received at least two prior lines of chemotherapy in the advanced
setting were randomised to sacituzumab govitecan or physician’s choice of
therapy (PCT) (eribulin, vinorelbine, gemcitabine or capecitabine). mPFS
was 5.6 months with sacituzumab govitecan versus 1.7 months with physician’s choice of single-agent chemotherapy (HR 0.41; p < 0.0001), which
met the study’s primary endpoint in patients without brain metastases.
Sacituzumab govitecan also demonstrated a significant benefit in median
OS (12.1 versus 6.7 months; HR 0.48; p < 0.001).
Cytotoxic agent

Antibody

Linker

Antibody: Specific for a tumour antigen
Linker: Important for drug stability
Cytotoxic agent: It exerts its function
after internalisation

Figure 1 Antibody-drug conjugate schema.

Poly(ADP-ribose) polymerases inhibitors
Poly(ADP-ribose) polymerases (PARPs) play an important role in DNA
damage repair. Patients with germline BRCA1- or BRCA2-mutated
tumours have defective homologous recombination DNA repair and can
be targeted with PARP inhibitors (PARPis) by the synthetic lethality
mechanism, whereby two genes altered together result in cell death.
In patients with EBC, adjuvant olaparib after local treatment and neoadjuvant or adjuvant chemotherapy significantly improved the 3-year
iDFS among patients with high-risk, HER2-negative and germline
Breast Cancer
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BRCA1 or BRCA2 pathogenic or likely pathogenic mutation (HR 0.57;
p < 0.001) in the OlympiA phase III trial.
In the metastatic setting, the OlympiAD phase III trial evaluated olaparib
compared with PCT (capecitabine, eribulin or vinorelbine) in germline
BRCA-mutated/HER2-negative MBC patients who had received no
more than two previous regimens. mPFS was significantly longer
in the olaparib group than in the standard-therapy group (7.0 versus
4.2 months; HR 0.58; p < 0.001).
Talazoparib was assessed in a similar population in the EMBRACA
phase III trial. Patients were randomly assigned to receive talazoparib
or PCT (capecitabine, eribulin, gemcitabine or vinorelbine). Talazoparib
also showed a statistically significant improvement in mPFS (8.6 versus
5.6 months; HR 0.54; p < 0.001).
Antiangiogenics
Bevacizumab, an anti-vascular endothelial growth factor (VEGF)
antibody, in combination with first-line chemotherapy, has shown an
improvement in mPFS and ORR in both TNBC and non-TNBC patients
(E2100, AVADO and RIBBON 1 trials).
Another interesting study, the IMELDA phase III trial, enrolled patients
after first-line therapy with docetaxel plus bevacizumab to receive
capecitabine ± bevacizumab as maintenance therapy. The combination
with bevacizumab improved mPFS (11.9 versus 4.3 months; HR 0.38;
p < 0.0001) and OS (39.0 versus 23.7 months; HR 0.43; p = 0.0003). The
impact of this trial is uncertain as ‘maintenance chemotherapy’ is not
part of routine practice.

HER2-positive Breast Cancer
This tumour subtype accounts for 15%-20% of all breast cancers.
In the EBC setting, for patients with tumours greater than 2 cm in diameter or node-positive (N+), neoadjuvant treatment with chemotherapy and
anti-HER2 blockade with trastuzumab/pertuzumab (HP) is the preferred
option. In these patients, adjuvant treatment must be guided according to
the pathological response. In patients with pCR, HP should be adminis-
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tered up to 1 year, while in patients without pCR, trastuzumab emtansine
(T-DM1) is recommended (KATHERINE trial).
Overall, for cT1N0 tumours, upfront surgery remains the recommended approach. In patients with pT1b/pT1c pN0, adjuvant treatment
with weekly paclitaxel and 1 year of trastuzumab is a very reasonable
approach. Systemic therapy must be discussed case by case in pT1aN0
tumours. If pN+, chemotherapy in combination with HP would be the
preferred option according to the results of the APHINITY phase III trial.
Neratinib, an irreversible pan-HER tyrosine kinase inhibitor (TKI), is
approved for the extended adjuvant treatment of patients with hormone
receptor-positive, HER2-overexpressed/amplified breast cancer who
have completed adjuvant trastuzumab-based therapy within the previous
12 months. Nevertheless, its toxicity profile and the lack of data after HP
and/or T-DM1 should be considered in clinical practice.
In the metastatic setting, first- and second-line therapy are well-established. HP in combination with a taxane is currently the standard of care
for first-line treatment for this population according to the results of
the CLEOPATRA phase III study. T-DM1 is the preferred second-line
for patients previously treated with trastuzumab and a taxane (EMILIA
phase III trial).
This treatment algorithm may change based on the management of
patients with HER2-positive EBC and the introduction of new HER2targeted therapies such as the TKI tucatinib and the ADC trastuzumab
deruxtecan (T-DXd).
The HER2CLIMB study enrolled HER2-positive MBC patients with
or without baseline brain metastasis previously treated with trastuzumab, pertuzumab and T-DM1. Patients were randomly assigned to
receive either tucatinib or placebo, plus capecitabine and trastuzumab.
mPFS was significantly longer in the tucatinib group (7.8 versus
5.6 months; HR 0.54; p < 0.001). The 2-year OS from the time of treatment
initiation was 44.9% for the tucatinib group and 26.6% for the placebo
group (p = 0.005). The antitumour activity of tucatinib was also
documented in patients with stable and active brain metastasis.
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T-DXd initially showed promising results in heavily pretreated HER2-positive MBC patients in the DESTINY Breast-01 trial. Among 184 T-DM1
refractory patients treated with the recommended dose of T-DXd (5.4 mg/kg),
a response was reported in 112 patients (60.9%) with a median duration of
response (DoR) of 14.8 months and a mPFS of 16.4 months. More recently,
the DESTINY Breast-03 phase III trial has confirmed the superiority of
T-DXd over T-DM1 in HER2-positive MBC patients previously treated with
trastuzumab and a taxane (mPFS; HR 0.28; p = 7.8 × 10-22) with a strong
trend towards improved OS (HR 0.56; p = 0.007172). Based on these results,
T-DXd should replace T-DM1 as the new standard of care for second-line
therapy in HER2-positive MBC. Although the overall toxicity profile of
T-DXd was manageable, the possible occurrence of severe interstitial lung
disease events requires special attention and monitoring.
Neratinib in combination with capecitabine, and margetuximab (a novel
chimeric Fc-engineered anti-HER2 antibody) in combination with chemotherapy, are also approved by the Food and Drug Administration (FDA)
for the treatment of refractory HER2-positive MBC patients, although
not yet approved in Europe.

HER2-low Breast Cancer
In recent years, the concept of subgrouping HER2-low expressing
tumours has emerged, introducing a new separate entity among HER2negative tumours with potential clear therapeutic implications. HER2low expression is defined as immunohistochemistry 1+ or 2+ with negative fluorescent in situ hybridisation (FISH) assay.
T-DXd has also demonstrated encouraging antitumour activity in heavily
pretreated patients with HER2-low expressing MBC in a phase Ib trial.
An ORR of 37.0% and a disease control rate of 87.0% were reported.
Median DoR was 10.4 months and mPFS, 11.1 months.
Presented at the 2022 American Society of Clinical Oncology (ASCO)
Annual Meeting, the DESTINY-Breast04 phase III trial (NCT03734029)
included patients with HER2-low expressing MBC who had progressed
after one or two lines of chemotherapy in the advanced setting. Patients
were randomly assigned to receive T-DXd or physician’s choice of standard
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single-agent chemotherapy. T-DXd conferred a 50% reduction in the risk of
disease progression or death (median PFS: 9.9 versus 5.1 months; HR 0.50,
p < 0.0001), along with a 36% reduction in the risk of death (median OS:
23.4 versus 16.8 months; HR 0.64, p = 0.0010).

Conclusions
The introduction of new targeted agents to the armamentarium of breast
cancer has dramatically changed the prognosis of patients with either
metastatic or local disease. To optimise the best treatment options,
consideration of both patient-based and tumour-based features will be
required. The upcoming new drugs and optimising technology (such as
liquid biopsy) will be key to improve the rate of curability or transform
breast cancer to a chronic disease.
Table 1 Targeted Therapies for Breast Cancer.
Target

Drug and trial

CDK 4/6 ET+ palbociclib
ER/PgR PALOMA-2
PALOMA-3

Breast cancer subtype

Indication

HR-positive/HER2-negative tumours

Stage IV: First-line/second-line/further lines
(FDA/EMA-approved)

ET + ribociclib
MONALEESA-2
MONALEESA-3
MONALEESA-7
ET + abemaciclib
MONARCH-3
MONARCH-2
monarchE*

*Early stage: Adjuvant therapy with ET +
abemaciclib for high-risk node-positive
patients
(FDA/EMA-approved)

mTOR

Exemestane + everolimus
BOLERO-2

HR-positive/HER2-negative tumours

Stage IV. Progression after ET
(FDA/EMA-approved)

PIK3CA

Fulvestrant + alpelisib
SOLAR-1

HR-positive/HER2-negative tumours
PIK3CA-mutated

FDA/EMA-approved

PD-1
PD-L1

Chemotherapy +
pembrolizumab
KEYNOTE-355

TNBC PD-L1 + (CPS score ≥10)

Stage IV. First-line
(FDA-approved/EMA approval pending)

KEYNOTE-522

TNBC regardless of PD-L1 status

Early stage. (Neo)adjuvant therapy for
high-risk patients
(FDA-approved/EMA approval pending)

Abraxane + atezolizumab
IMpassion-130

TNBC PD-L1 + (SP142 ≥1%)

Stage IV. First-line
(FDA approval withdrawn/EMA-approved)
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Table 1 Targeted Therapies for Breast Cancer. (Continued)
Target

Drug and trial

Breast cancer subtype

Indication

Trop-2

Sacituzumab govitecan
ASCENT

TNBC

Stage IV. Progression after two lines of
chemotherapy
(FDA/EMA-approved)

HER2

Chemotherapy +
HER2-positive tumours
trastuzumab ± pertuzumab

Early stage. (Neo)adjuvant therapy for
high-risk patients

NeoSphere
TRYPHAENA
APHINITY
CLEOPATRA

Stage IV. First-line
(FDA/EMA-approved)

T-DM1
KATHERINE
EMILIA

HER2-positive tumours

Early stage. Residual disease after
neoadjuvant therapy
(FDA/EMA-approved)
Stage IV. After taxane + trastuzumab
(FDA/EMA-approved)

Capecitabine +
trastuzumab + tucatinib
HER2CLIMB

HER2-positive tumours

Stage IV. Progression after two lines of
anti-HER2 therapy
(FDA/EMA-approved)

Neratinib
ExteNET

HR-positive/HER2-positive tumours

Early stage. Extended adjuvant treatment
after trastuzumab
(FDA/EMA-approved)

NALA

HER2-positive tumours

Stage IV. Progression after two lines of
anti-HER2 therapy
(FDA-approved/Not EMA-approved)

Trastuzumab deruxtecan HER2-positive tumours
DESTINY-Breast01

Stage IV. Progression after two lines of
anti-HER2 therapy
(FDA-approved/Not EMA-approved)

DESTINY-Breast03*

Stage IV. Progression after two lines of
anti-HER2 therapy
(FDA/EMA-approved)

HER2-positive tumours

*Pending evaluation for second-line
treatment before T-DM1
DNA
damage
repair
(BRCA1/2mutated)

Olaparib
OlympiA
OlympiAD
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Talazoparib
EMBRACA

HER2-negative tumours

Early stage. Adjuvant therapy for high-risk
patients
(Not FDA/Not EMA-approved)
Stage IV. Patients previously treated with an
anthracycline and/or a taxane in any setting.
If HR-positive, progression after ET
(FDA/EMA-approved)

Table 1 Targeted Therapies for Breast Cancer. (Continued)
Target

Drug and trial

Breast cancer subtype

Indication

VEGF

Chemotherapy +
bevacizumab
E2100
AVADO
RIBBON-1

HER2-negative tumours

Stage IV. First-line
(Not FDA/EMA-approved)

Abbreviations: CDK 4/6, cyclin-dependent kinases 4 and 6; CPS, combined positive score; EMA, European Medicines
Agency; ER, oestrogen receptor; ET, endocrine therapy; FDA, Food and Drug Administration; HER2, human epidermal
growth factor receptor 2; HR, hormone receptor; mTOR, mammalian target of rapamycin; PD-1, programmed cell
death protein 1; PD-L1, programmed death-ligand 1; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit alpha; PgR, progesterone receptor; T-DM1, trastuzumab emtansine; TNBC, triple-negative breast cancer; Trop-2,
trophoblast cell surface antigen 2; VEGF, vascular endothelial growth factor.
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In recent years, remarkable progress has been made in the development
of biomarker-driven therapies for multiple cancer types, including metastatic colorectal cancer (mCRC), gastric cancer (GC) and oesophageal
cancer, and hepatocellular carcinoma (HCC). Advances in cancer biology knowledge and sequencing technology have enabled the identification of targeted and more effective treatments for individual patients with
various types of solid tumours. This chapter is focused on the management of the metastatic setting in CRC, GC/oesophageal cancer and HCC.

Colorectal Cancer
Overcoming RAS Mutations in mCRC
RAS mutations occur in 40% of mCRCs. They play a critical role in clinical practice as a predictor of negative response to epidermal growth factor
receptor (EGFR) inhibitors, and are one of the main acquired mechanisms
of resistance during anti-EGFR treatment. Despite extensive efforts, the
RAS oncogene has remained an elusive target for the past decade. Fortunately, several agents targeting the KRAS G12C mutation (which is found
in 3% of mCRC) have recently been developed. The mutant cysteine of
KRAS G12C resides adjacent to a pocket that is present in the inactive
guanosine diphosphate (GDP)-bound form of KRAS and can be targeted
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by sotorasib (AMG 510), which is a novel, first-in-class small molecule
that specifically and irreversibly blocks the kinase by locking it in an
inactive GDP-bound site. Overall response rate (ORR) among mCRC
patients was 7.1% (NCT03600883). Described mechanisms of resistance
to KRAS G12C inhibitors include acquired alterations or high-level amplification of the KRAS G12C allele, MET amplification, activating mutations (NRAS, BRAF, mitogen-activated protein kinase kinase 1 [MAP2K1]
and RET), oncogenic fusions (anaplastic lymphoma kinase [ALK], RET,
BRAF, RAF1 and fibroblast growth factor receptor 3 [FGFR3]) or loss-offunction mutations in neurofibromin 1 (NF1) and phosphatase and tensin
homologue (PTEN). EGFR signalling mutations are behind the dominant
mechanism of mCRC resistance to KRAS G12C inhibitors. The concomitant inhibition of both EGFR and KRAS G12C has been demonstrated to
overcome intrinsic resistance to KRAS G12C blockade in mCRC. Among
patients treated in the KRYSTAL-1 trial with the combination of adagrasib
and cetuximab, the response rate was 43% and the disease control rate
(DCR) 100%. Regarding sotorasib-panitumumab efficacy (CodeBreak
101 trial), ORR was up to 17% with a DCR of 83.3%.
On the other hand, circulating tumour DNA (ctDNA) analyses have
shown that the number of RAS-mutant clones increases under anti-EGFR
pressure, due to the expansion of RAS-mutant clones originally present at
subclonal levels, and declines after anti-EGFR withdrawal. This clonal
decay leads to a potential restoration of sensitivity to anti-EGFR agents.
The CHRONOS trial (NCT03227926) is the first interventional trial
evaluating the reintroduction of anti-EGFR treatment guided by liquid
biopsy among patients with RAS/BRAF-wild-type tumours who previously had responded to anti-EGFR therapy. If liquid biopsy confirmed
RAS/BRAF/EGFR-ectodomain wild-type mutation, panitumumab was
administered until progression. The ORR was 30% with a DCR of 59%,
suggesting that liquid biopsy is a useful tool that can be implemented in
the metastatic setting to improve patient selection.
Targeting the BRAF V600E Mutation in mCRC
BRAF V600E mutations occur in up to 12% of mCRCs and are nearly
always mutually exclusive with KRAS mutations. This mutation is associated
Gastrointestinal Malignancies

145

with worse prognosis and predicts a poorer response to anti-EGFR treatment. Monotherapy with the BRAF inhibitor vemurafenib did not achieve
disease control (NCT01524978). This is probably related to suboptimal
blockade of the mitogen-activated protein kinase (MAPK) pathway, resulting in adaptive feedback re-activation of MAPK signalling, often mediated
by EGFR activation. In clinical trials in mCRC, combinations of BRAF
inhibitors with EGFR and/or MEK inhibitors achieved response rates of
15%-25% (NCT01750918). Several combinations including a BRAF
inhibitor plus an anti-EGFR with or without a PI3K inhibitor or MEK
inhibitor have been tested, showing modest improvement in terms of clinical outcomes. However, the BEACON CRC study (NCT02928224) evaluated encorafenib (BRAF inhibitor) and cetuximab (anti-EGFR), with or
without the MEK inhibitor binimetinib (triplet or doublet combinations),
versus irinotecan-based chemotherapy in BRAF V600E-mutated refractory mCRC. Recent long-term follow-up updates from the trial showed
that patients treated with either the doublet or the triplet achieved better
overall survival (OS) and progression-free survival (PFS) compared with
the control arm. Based on the similar OS rates for doublet and triplet combinations, encorafenib/cetuximab is currently recommended in the chemotherapy-refractory setting of BRAF V600E-mutated mCRC.
HER2 Amplifications in mCRC
Human epidermal growth factor receptor 2 (HER2) amplifications have
been found in ~3%-4% of patients with mCRC and in 6%-8% of patients
with KRAS-wild-type mCRC. Extensive retrospective data have demonstrated that HER2 amplification represents a negative predictive biomarker for anti-EGFR therapies. Three prospective phase II clinical trials have investigated dual HER2 blockade, the HERACLES trial (cohort
A: trastuzumab/lapatinib, cohort B: trastuzumab emtansine (T-DM1)/
pertuzumab; NCT03225937), the non-randomised phase IIa multiple
basket trial MyPathway (NCT02091141; trastuzumab/pertuzumab) and
the MOUNTAINEER trial (trastuzumab/tucatinib; NCT03043313). In
the HERACLES trial, patients receiving trastuzumab plus lapatinib had
an ORR of 30% whereas patients receiving T-DM1/pertuzumab had an
ORR of 9.7%. In the MyPathway study, patients received pertuzumab
plus trastuzumab, achieving an ORR of 38%. Initial results from the
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MOUNTAINEER trial, testing the combination of tucatinib (an antiHER2 tyrosine kinase inhibitor [TKI]) plus trastuzumab, has provided
the best results to date in patients with HER2-amplified mCRC, reporting
an ORR of 55%. Finally, the DESTINY-CRC01 trial (NCT03384940),
testing trastuzumab deruxtecan in HER2-positive mCRC, showed a
meaningful improvement in terms of ORR, PFS and OS; 30% of these
patients had previously received anti-HER2 treatment.
MSI and NTRK Fusions in mCRC
Microsatellite instability (MSI) is found in 5% of mCRC and is a biomarker of response to immunotherapy in the metastatic setting. The
anti-programmed cell death protein 1 (PD-1) agent pembrolizumab has
been tested in mCRC in several clinical trials. Across studies, the ORR
was 40%. In the CheckMate 142 study (NCT02060188), patients with
previously treated MSI-mCRC received immunotherapy. ORR with
nivolumab was 31%, and median PFS was 14.3 months. Combined treatment with nivolumab and ipilimumab resulted in a higher ORR but also
a higher rate of immune-related adverse events. After 13.4 months of
follow-up, median PFS and OS had not been reached. Finally, the phase
III KEYNOTE-177 trial (NCT02563002) tested frontline immunotherapy for mismatch repair deficient (dMMR)-mCRC patients, and provided statistically significant and clinically meaningful improvements in
terms of PFS for pembrolizumab versus chemotherapy (16.5 versus 8.2
months, respectively) in patients with MSI-high (MSI-H) mCRC.
Neurotrophic tyrosine receptor kinase (NTRK) fusions have been reported
in 1.5% of mCRC patients. In mCRC, rearrangements in NTRK genes
are more commonly detected in MSI-H tumours and wild-type BRAF/
KRAS/NRAS. Larotrectinib and entrectinib have produced dramatic and
prolonged responses in gastrointestinal malignancies with NTRK fusions
(NCT02576431, NCT02097810). Both entrectinib and larotrectinib have
been granted Food and Drug Administration (FDA) and European Medicines Agency (EMA) tissue-agnostic approval for solid tumours with
NTRK gene fusions.
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Gastric and Oesophageal Tumours
Advances in cancer biology and sequencing technology have led to the
classification of gastric and oesophageal (mainly adenocarcinoma histology) tumours into four subtypes (Epstein-Barr virus [EBV]-positive,
MSI, chromosomal-instability or genomic-stability). However, despite
major advances in cancer biology, only three genomic biomarkers have
thus far been demonstrated to be predictive: HER2 (or ErbB2), MSI and
programmed death-ligand 1 (PD-L1). In GC, previous approaches with
targeted therapy demonstrated that antiangiogenic therapy improved
clinical outcomes. Ramucirumab (an anti-vascular endothelial growth
factor receptor 2 [VEGFR2] antibody) significantly improved ORR and
OS when combined with paclitaxel compared with paclitaxel alone, in
the second-line setting (NCT01170663).
Precision Medicine Based on Biomarker Development
The first biomarker to show clinical impact in adenocarcinomas was
HER2, which is overexpressed in 15%-20% of patients with gastric/
oesophageal adenocarcinomas. The ToGA trial (NCT01041404) demonstrated that the addition of trastuzumab to a fluoropyrimidine/cisplatin combination significantly improved both ORR and OS. Following
the broad success of trastuzumab, several randomised phase III trials
evaluated other anti-HER2 agents, including pertuzumab/trastuzumab
with chemotherapy, lapatinib/paclitaxel or T-DM1. None of these trials demonstrated an OS benefit. However, new drug combinations have
attempted to overcome resistance. In the DESTINY-Gastric 01 trial, trastuzumab deruxtecan (T-DXd), an antibody-drug conjugate (ADC), demonstrated an impressive response rate of 51% and improved survival in
the HER2-positive gastric/oesophageal adenocarcinoma setting, including in patients who had received prior trastuzumab (NCT03329690).
Interestingly, anti-HER2 agents might upregulate PD-1 and PD-L1
expression and increase immune cell infiltration. These studies led to an
evaluation of the pembrolizumab/trastuzumab combination with chemotherapy (NCT02954536), which has shown promising results.
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The Development of Immunotherapy in Gastric and Oesophageal
Carcinoma
In third or later lines, both nivolumab and pembrolizumab
(NCT02267343, NCT02335411) have demonstrated improved OS and
ORR in PD-L1-positive patients (defined as a combined positive score
[CPS] ≥1, using the 22C3 pharmDx immunohistochemistry assay),
respectively. In the second-line setting, pembrolizumab did not significantly improve PFS or OS compared with paclitaxel in PD-L1-positive
GC patients. Similarly, pembrolizumab demonstrated non-inferiority to
paclitaxel in terms of OS. However, a clear trend towards better clinical
outcomes in patients with MSI-H, high PD-L1 expression (CPS >10)
and a high tumour mutational burden (TMB; ≥10 mut/Mb) suggests
that these biomarkers may help with better patient selection. In this scenario, the CheckMate 649 trial (NCT02872116) evaluated the addition
of nivolumab to standard chemotherapy in the first-line setting. The trial
demonstrated a superior OS, along with a PFS benefit, in HER2-negative
gastric/oesophageal cancer. This benefit was consistent among tumours
with PD-L1 CPS ≥5 and tumours with PD-L1 CPS ≥1. Nivolumab in
combination with chemotherapy represents a new standard first-line
treatment for these patients.
Furthermore, the FDA and EMA also approved pembrolizumab in combination with a platinum- and fluoropyrimidine-based chemotherapy,
for patients with metastatic or locally advanced oesophageal or gastroesophageal carcinoma and CPS of ≥10, who are not candidates for
radical treatment, based on the results of the KEYNOTE-590 study
(NCT03189719). In this trial, pembrolizumab plus chemotherapy demonstrated an OS improvement over chemotherapy alone. CheckMate 648
demonstrated the superiority of chemotherapy plus nivolumab compared
with chemotherapy alone in first-line oesophageal squamous cell carcinoma (OSCC) patients with tumour cell PD-L1 expression ≥1%, as well
as in the all-randomised population. In the same trial, the combination of
nivolumab and ipilimumab demonstrated superiority over chemotherapy.
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Future Approaches and Biomarkers
New approaches in this indication include the TKIs lenvatinib or
regorafenib in combination with immunotherapy with nivolumab or
pembrolizumab, while promising new biomarkers are under evaluation. Claudin18.2 is a component of intercellular junctions that is not
expressed in non-malignant tissues. Zolbetuximab, a chimeric immunoglobulin G1 (IgG1) antibody targeting Claudin18.2, has been investigated in a randomised phase II study (FAST trial, NCT01630083)
with encouraging results. Fibroblast growth factor receptor 2 (FGFR2)
amplifications have been described in up to 5% of gastric/oesophageal
cancers and might be associated with poor prognosis. Bemarituzumab,
a non-fucosylated monoclonal antibody (mAb) for antibody-dependent
cellular cytotoxicity (ADCC) enhancement against an FGFR2b splice
variant, has demonstrated improved clinical outcomes (NCT02318329).

Hepatocellular Carcinoma
First Steps Towards Personalised Medicine in HCC
HCC is the most common form of liver cancer and accounts for up to
90% of cases. Although our knowledge of the molecular pathogenesis of
HCC has increased in recent years, most of these molecular alterations
remain undruggable, such as TERT, TP53 and CTNNB1. Currently, the
main treatment strategies for HCC are not based on molecular alterations,
with the TKIs sorafenib and lenvatinib taking centre stage. Sorafenib has
been the standard of care for first-line treatment over the last decade,
after demonstrating its superiority against placebo in the SHARP trial
(NCT00105443), representing a breakthrough in HCC management.
Subsequently, the TKI lenvatinib demonstrated non-inferiority for OS,
and improvements in ORR and PFS, compared with sorafenib. Unlike
sorafenib, lenvatinib is a type V TKI, with more potent activity against
VEGFRs and the FGFR family.
Table 1 shows the most relevant clinical trials across several tumour
types and their clinical outcomes.
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Table 1 Clinical Trials of Relevant Tumour Types and Clinical Outcomes.
Tumour
type
CRC

Trial

Setting

Phase

Biomarker

BEACON CRC ≥2 previous
(NCT02928224)
lines

III

BRAF V600E

DESTINY-CRC01 ≥3 previous
(NCT03384940)
lines

II

HER2-positive

KEYNOTE-177
(NCT02563002)

III

MSI

First line

Treatment

ORR

PFS

OS

Encorafenib + 27% vs 4.5 mo 9.3 mo
19% vs vs 4.3 mo vs 9.3 mo
cetuximab +
2% vs 1.5 mo vs 5.9 mo
binimetinib vs
encorafenib +
cetuximab vs ChT
Trastuzumab
deruxtecan

45%

6.9 mo

15.5 mo

Pembrolizumab 43.8% vs 16.5 mo NR vs
vs ChT
33.1% vs 8.2 mo 36.7 mo

CHRONOS
≥3 previous
(NCT03227926)
lines

II

KRYSTAL-I
(NCT03785249)

≥1 previous
lines

I/II

GC/OC CheckMate 648
(NCT03143153)

First line

III

CheckMate 649
(NCT02872116)

First line

III

CPS ≥5

Nivolumab + ChT 60% vs
vs ChT
45%

KEYNOTE-590
(NCT03189719)

First line

III

CPS ≥10

Pembrolizumab + 45% vs 7.5 mo 13.9 mo
ChT vs ChT
29.3% vs 5.5 mo vs 8.8 mo

Attraction-3 Second line
(NCT02569242)

III

RAINBOW
(NCT01170663)

Second line

III

ToGA
(NCT01041404)

First line

≥3 previous
DESTINYlines
Gastric01
(NCT03329690)

RAS/BRAF/EGFR Panitumumab
-ED wild-type
KRAS G12C

30%

16 weeks

Adagrasib 22% / 43% 5.6 mo
/ NA
(phase I/II)
and adagrasibcetuximab
(phase Ib)

NA
NA/NA

PD-L1
Nivolumab + ChT 53% vs 6.9 mo 15.4 mo
expression ≥1% vs nivolumab 35% vs vs 4 mo vs 13.7 mo
20% vs 4.4 mo vs 9.1 mo
+ ipilimumab
vs ChT
7.7 mo 14.4 mo
vs 6 mo vs 11.1 mo

Regardless Nivolumab vs ChT 19% vs 1.7 mo 10.9 ms
22% vs 3.4 mo vs 8.4 mo
of PD-L1
expression
Ramucirumab
+ paclitaxel vs
paclitaxel alone

28% vs 4.4 mo 9.6 mo
16% vs 2.9 mo vs 7.4 mo

III

HER2-positive Trastuzumab +
ChT vs ChT

47% vs 6.7 mo 13.8 mo
35% vs 5.5 mo vs 11.1 mo

II

HER2-positive

-

Trastuzumab
51% vs 5.6 mo 12.5 mo
deruxtecan vs ChT 14% vs 3.5 mo vs 8.4 mo
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Table 1 Clinical Trials of Relevant Tumour Types and Clinical Outcomes. (Continued)
Tumour
type
HCC

Trial

Setting

Phase

Biomarker

Treatment

ORR

SHARP
(NCT00105443)

First line

III

-

Sorafenib vs
placebo

2% vs
1%

REFLECT
(NCT01761266)

First line

III

-

Lenvatinib vs
sorafenib

IMbrave150
(NCT03434379)

First line

III

-

Atezolizumab + 30% vs
bevacizumab vs 11%
sorafenib

HIMALAYA
(NCT03298451)

First line

III

-

Durvalumab + 20.1% vs 3.8 mo vs 16.4 mo vs
tremelimumab 17% vs 3.7 mo vs 16.6 mo vs
4.1 mo 13.8 mo
5.1%
vs durvalumab
vs sorafenib

REACH-2
Second line
(NCT02435433)

III

-

Ramucirumab vs
placebo

5% vs
1%

2.8 mo vs 8.5 mo
1.6 mo vs 7.3 mo

CELESTIAL
(NCT01908426)

III

-

Cabozantinib vs
placebo

4% vs
1%

5.2 mo vs 10.2 mo
1.9 mo vs 8 mo

III

-

Regorafenib vs
placebo

11% vs 3.1 mo 10.6 mo
4% vs 1.5 mo vs 7.8 mo

≤2
previous
lines

RESORCE
Second line
(NCT01774344)

PFS

OS

5.5 mo vs 10.7 mo
2.8 mo vs 7.9 mo

24.1% vs 7.4 mo vs 13.6 mo
9.2%
3.7 mo
vs
12.3 mo
6 mo vs 19 mo
4 mo vs 13 mo

Abbreviations: ChT, chemotherapy; CPS, combined positive score; CRC, colorectal cancer; ED, ecto-domain;
EGFR, epidermal growth factor receptor; GC/OC, gastric cancer/oesophageal carcinoma; HCC, hepatocellular carcinoma;
HER2, human epidermal growth factor receptor 2; mo, months; MSI, microsatellite instability; NA, not available;
NR, not reached; ORR, overall response rate; OS, overall survival; PD-L1, programmed death-ligand 1; PFS, progressionfree survival.

Changing the Therapeutic Paradigm for HCC
The IMbrave150 trial (NCT03434379) compared the combination of
atezolizumab (an anti-PD-L1 antibody) and bevacizumab (an anti-VEGF
antibody) with sorafenib. This combination improved clinical outcomes
compared with sorafenib alone. As a result, the atezolizumab/bevacizumab combination is the new first-line standard of care for advanced
HCC. In the refractory setting, regorafenib (NCT01774344), cabozantinib (NCT01908426) and ramucirumab (NCT02435433), the latter
restricted to patients with baseline alpha-foetoprotein levels ≥400 ng/dL,
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are all approved by the FDA for the treatment of advanced HCC after
progression on sorafenib, having demonstrated improved PFS and OS
against placebo. In addition, clinical activity has been demonstrated in
phase Ib/II studies with nivolumab monotherapy, nivolumab/ipilimumab
and pembrolizumab monotherapy. However, phase III clinical trials testing nivolumab in first line and pembrolizumab in second line failed to
demonstrate OS benefit compared with sorafenib or placebo, respectively. In the HIMALAYA study (NCT03298451), both durvalumab
(anti-PD-L1) plus tremelimumab (anti-cytotoxic T-lymphocyte associated antigen 4 [CTLA-4]) and durvalumab monotherapy demonstrated
improved clinical outcomes compared with sorafenib (ORR: 20.1%,
17% and 5.1%; PFS: 3.8 months, 3.7 months and 4.1 months; OS: 16.4
months, 16.6 months and 13.8 months, respectively) as first-line therapy
for unresectable HCC. Furthermore, the anti-PD-1 camrelizumab has
also shown antitumour activity in Chinese patients with refractory HCC.

Conclusions
While outcomes for patients with gastrointestinal malignancies have
improved with chemotherapy combined or not with mAbs, clinical benefits with standard treatments are still limited. Nonetheless, for today’s
clinicians there have been substantial advances in treatment options. Our
better understanding of the molecular biology of these cancers as well as
an improvement of the technologies able to identify such alterations has
allowed researchers to identify new targets that have proven to be predictive and prognostic indicators of response to targeted therapies. This
biomarker-based approach not only optimises outcomes, but also limits
toxicity exposure. The culmination of this reality lies in the approval of
tissue-agnostic drugs.
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Targeted therapies, especially small molecules, have revolutionised the
treatment of genitourinary (GU) malignancies since the early 2000s.
Particularly in metastatic renal cell cancer (mRCC), the development of
drugs targeting vascular endothelial growth factor (VEGF) or its receptor (VEGFR), a target strongly upregulated in a tumour environment of
hypoxia-inducible factor (HIF) accumulation due to the loss of function of the von Hippel-Lindau (VHL) gene, significantly improved the
prognosis of patients. Over the years, several additional multi-tyrosine
kinase inhibitors (TKIs) have demonstrated activity in clinical trials and
are now part of the treatment recommendations in every line of mRCC,
either as monotherapy or in combination with immune checkpoint inhibitors (ICIs).
Urothelial cancer (UC) is a solid tumour that responds well to classic
platinum-based chemotherapy, although most advanced or metastatic
patients will relapse or progress after initial response. ICIs expanded
treatment options in metastatic UC (mUC) and improved the generally dismal prognosis. With the knowledge of fibroblast growth factor
receptor (FGFR) as an important driver of disease progression, small
molecules targeting the FGFR receptors 1-4, active when alterations
in FGFR2/3 are present, were also approved in this GU tumour entity.
Antibody-drug conjugates (ADCs) targeting Nectin-4 and Trop-2 were
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recently introduced into the treatment landscape in advanced muscleinvasive UC and are currently used in third-line.
In prostate cancer (PC), the androgen receptor (AR), the oldest target
of all GU cancers, still represents the gold standard treatment-target in
several stages of the disease. Other targets in subgroups of patients have
also recently been recognised, such as DNA-repair genes with a focus
on BRCA1/2, the prostate-specific membrane antigen (PSMA) and the
PI3K/AKT pathway.
However, in testicular cancer there is currently no targeted therapy
approved as standard of care.

Renal Cell Cancer (RCC): A Prime Example for
Targeted Therapies
Clear Cell RCC – Multiples Kinases Involved in the Angiogenesis Pathway
n
VEGF: VEGF-C and its receptor, VEGFR-3, are involved in lymphangiogenesis. Expression of these receptors is seen in endothelial and
tumour cells. VEGF-C can induce lymphangiogenesis, lymphovascular
invasion and metastasis.
n
Platelet-derived growth factor (PDGF): PDGF promotes tumour
neoangiogenesis, which plays a role in tumour progression. PDGF
is induced by inactivation of the VHL pathway. High expression
of PDGF-β in tumour tissue is associated with poor prognosis for
patients with clear cell RCC (ccRCC).
n
Fibroblast growth factors (FGFs): FGFs and FGFR2 regulate cellular proliferation, survival, migration and differentiation, but also
promote the formation of blood vessels and are upregulated upon
resistance to VEGF-targeted treatment. Endothelial cells respond to
FGFs via integrins (cell adhesion) and promote cell adhesion and proliferation. FGF/FGFR signalling plays a role in angiogenesis, mitosis
and proliferation in the RCC pathway.
n
Mammalian target of rapamycin (mTOR): PI3K/AKT/mTOR

pathway activation is a result of signal transduction by growth factors.
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It is one of the signalling pathways characteristic of most cells. Phosphatase and tensin homologue (PTEN) is a key suppressor of the
PI3K/AKT/mTOR signalling cascade. Its mutations and deletion in
primary RCC have been associated with an increased risk of metastasis.
HIF 2 alpha (HIF-2α): The VHL protein (pVHL) is closely related to
ccRCC carcinogenesis, as is its function as a subunit of the E3 ubiquitin ligase complex, which mediates the degradation of HIF-2α. Under
hypoxic conditions, HIF-2α forms an active transcription factor (by
binding to HIF-1b) that upregulates expression of hypoxia-inducible
genes, such as VEGF.

Until 2006, the systemic treatment of advanced RCC mainly consisted of
cytokines with low efficacy and an unfavourable side effect profile. The
discovery of the role of angiogenesis in proliferation and cell growth as a
main driver in RCC has led to the development of drugs targeting tyrosine
kinases (TKs) and a monoclonal antibody (bevacizumab) involved in this
pathway. The most important targets, primarily for ccRCC, are VEGF
and its receptor VEGFR, PDGF receptor (PDGFR), FGFR, HIF-2α and
pathways involving AKT, RAS/RAF/MEK/ERK and mTOR. The first
phase III trial published in 2006 by Motzer and colleagues, investigating sunitinib versus interferon-α (IFN-α) in first-line advanced RCC,
demonstrated that sunitinib improved progression-free survival (PFS)
and overall survival (OS) compared with IFN-α, with a median of 11
and 26 months, respectively. The side-effect profile of these ‘new’ drugs
was particular and oncologists had to adapt and learn how to manage it.
With the implementation of ICIs into the RCC treatment landscape and
the knowledge that combining targeted agents with ICIs is beneficial,
side effect management and maintaining quality of life in this disease is
crucial. Table 1 summarises the development and approval of targeted
agents in advanced RCC as monotherapy and in combination with ICIs.
A new drug class of interest currently under investigation is HIF-2α
inhibitors, including belzutifan (MK-6482).
Non-ccRCC
MET: Overexpression of cMET and its hepatocyte growth factor (HGF)
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Table 1 Reported Phase III Trials in First-line mRCC including Targeted Agents.
Trial

Experimental
therapy
Sunitinib vs IFN-α Sunitinib
n=750
NCT00083889

Control
arm
IFN-α

Primary
endpoint
PFS

PFS

OS

11 vs 5 mo
(HR 0.42, 95% CI
0.32-0.54, p < 0.001)

26.4 vs 21.8 mo
(HR 0.821, 95% CI
0.673-1.001, p = 0.05)
28.4 vs 29.3 mo
(HR 0.91, 95% CI 0.76-1.08,
p = 0.28)

Sunitinib vs
pazopanib
n=1110
NCT00720941

Pazopanib

Sunitinib PFS (noninferiority)

8.4 vs 9.5 mo
(HR 1.05, 95% CI
0.90-1.22)

Tivozanib vs
sorafenib
n=517
NCT01030783

Tivozanib

Sorafenib PFS

28.8 vs 29.3 mo
11.9 vs 9.1 mo
(HR 1.245, 95% CI 0.954(HR 0.797, 95% CI
0.639-0.993, p = 0.042) 1.624, p = 0.105)

CheckMate 214
n=1096
NCT02231749

Ipilimumab +
nivolumab

55.7 vs 38.4 mo
11.6 vs 8.3 mo
Sunitinib PFS, OS
IMDC risk score: (HR 0.75, 95% CI 0.62- (HR 0.72, 95% CI 0.62-0.85,
p < 0.0001)
intermediate/ 0.90, p = 0.0015)
poor risk

KEYNOTE-426
n=961
NCT02853331

Pembrolizumab + Sunitinib PFS, OS
axitinib

45.7 vs 40.1 mo
15.7 vs 11.1 mo
(HR 0·68, 95% CI 0.58- (HR 0.73, 95% CI 0.60-0.88),
p < 0.001)
0.8, p < 0·0001)

CheckMate 9ER
n=651
NCT03141177

Nivolumab +
cabozantinib

37.7 vs 34.3 mo
16.6 vs 8.3 mo
(HR 0.51, 95% CI 0.41- (HR 0.7, 95% CI 0.55-0.9,
0.64, p < 0.001)
p = 0.001)

CLEAR
n=1069
NCT04704219

Pembrolizumab + Sunitinib PFS
lenvatinib vs
lenvatinib +
everolimus

Sunitinib PFS

24 mo: 79.2% vs 70.4%
23.9 vs 9.2 mo
(HR 0.39, 95% CI 0.32- (HR 0.66, 95% CI 0.49-0.88,
0.49, p < 0.001)
p = 0.005)

Abbreviations: CI, confidence interval; HR, hazard ratio; IFN-α, interferon alpha; IMDC, International Metastatic RCC
Database Consortium; mo, months; mRCC, metastatic renal cell carcinoma; OS, overall survival; PFS, progression-free survival.

ligand, together with HGF/cMET signalling pathway activation, has been
reported in ccRCC and papillary RCC (PRCC). cMET plays a major role
in papillary type 1 tumours.
Approximately two thirds of RCCs diagnosed are ccRCCs or have a predominant component of clear cell (cc) histology. Therefore, large randomised clinical trials have included exclusively these RCC histologies, and
guidelines and recommendations for non-cc histologies are based on small
trials. The main driver for type 1 PRCC is cMET; however, a phase II trial
Genitourinary Malignancies
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investigating the MET-inhibitors savolitinib and crizotinib showed negative
results for this class of drugs in metastatic PRCC, while in the phase III
SAVOIR trial savolitinib had difficulty showing superiority over sunitinib
due to small patient numbers and limited follow-up. In contrast, the multikinase inhibitor cabozantinib, targeting MET but also the classic target of
angiogenesis, showed superior OS compared with sunitinib in the SWOG
1500 trial, and can be considered a new standard of care for advanced PRCC.

Urothelial Cancer: Molecular Targets and Treatments
FGFR
The FGFR tyrosine kinase family members (FGFR1-4) play roles in cell
proliferation and migration and are known as proto-oncogenes. Genetic
aberrations such as amplifications and fusions of FGFR3 are frequent in
UC compared with other localisations, and are mainly associated with
non-muscle invasive bladder cancer (NMIBC) and the luminal papillary molecular subtype (reported in up to 74% of pTa and 20% of pT1
NMIBC, whereas in only about 15% of muscle-invasive bladder cancer [MIBC]). The most frequent alterations of FGFR3 are targetable:
S249C, Y373C, R249C (all targetable by erdafitinib), and the most common fusion is FGFR3-TACC3.
Erdafitinib, a small-molecule TKI targeting FGFR1-4, has shown activity in patients with fusions or mutations in FGFR2 or 3 and has been
approved based on a positive phase II trial (NCT02365597) enrolling 99
patients presenting pre-specified FGFR alterations measured by a standardised test. At the time of publication, all FGFR inhibitor (FGFRi)published trials were phase I or II (NCT02365597, NCT03410693,
NCT02872714) with low patient enrollment due to the at-best 20% of
patients presenting FGFR alterations. As the molecular selection criteria
for the FGFRi trials with erdafitinib, pemigatinib or rogaratinib were not
uniform, results may differ due to slight differences in patient selection.
An ongoing phase III trial (NCT02365597) with OS as the primary endpoint is comparing erdafitinib with chemotherapy (docetaxel or vinflunine) or pembrolizumab (two cohorts depending on pretreatment) after
failure on platinum-based chemotherapy.
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The toxicity profile of FGFRis includes hypophosphataemia, stomatitis,
diarrhoea, elevated creatinine, fatigue, hand-foot syndrome and decreased
appetite. FGFRis are also under investigation in combination with programmed cell death protein 1 (PD-1)/programmed death-ligand 1 (PD-L1)
inhibitors. Promising early results have been reported for their combination in first-line with atezolizumab and rogaratinib in cisplatin-ineligible
patients, with an overall response rate (ORR) of 54% (NCT03473756).
Moreover, a phase III trial is investigating another pan-FGFRi, infigratinib,
as adjuvant treatment in cisplatin-ineligible patients with FGFR3 alterations, compared with placebo (NCT04197986) (Table 2).
Although FGFRis are undoubtedly becoming a valuable component of
mUC treatment, a greater understanding of how best to combine and
sequence these drugs is needed. In daily clinical practice, outside the
clinical trial setting, testing for FGFR alterations should be standard for
patients with advanced or metastatic muscle-invasive UC.
Inhibitors of the ErbB Receptor Family
Overactivity in the ErbB family (such as EGFR and human epidermal
growth factor receptor 2 [HER2/neu]), which is associated with luminal and
basal/squamous classifications, has been used as a drug target or predictive
marker in a small proportion of clinical trials. Immunohistochemical HER2
overexpression must be confirmed with chromogenic or fluorescent in situ
hybridisation (CISH or FISH) techniques and is seen in 12%-30% of UCs
(up to 39% in the micropapillary subtype), although tumour heterogeneity
must be taken into consideration. In contrast to other solid tumours such
as breast and gastric cancer, targeting the ErbB pathway with either classic
monoclonal antibodies or small molecules has not been successful in UC, so
far. However, data from early phase trials investigating anti-HER2 ADCs,
trastuzumab deruxtecan (T-DXd) and disitamab vedotin (RC48-ADC), as
monotherapy and in combination with a PD-1/PD-L1 inhibitor in patients
with HER2-expressing advanced/mUC (NCT03523572, NCT04264936,
NCT03507166, NCT03809013) have shown encouraging ORRs of up to
75%. Disitamab vedotin was granted Food and Drug Administration (FDA)
breakthrough designation for second-line HER2-positive mUC in August
2021 and is also under investigation in HER2-negative (IHC 0 or 1+) UC
(NCT04073602).
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FGFR1-3

Infigratinib
Phase III
NCT04197986
218

631

n

100

172

99

n

PFS

nr

ORR

ORR

Docetaxel, vinflunine,
pembrolizumab

DFS

OS

01/2024

10/2022

Primary Primary completion date
endpoint

No

No

Failure of platinum-based
ChT, FGFR3 mutation or
FGFR2/3 fusion alterations
(FDA)

Primary Approval
endpoint

Cohort A = 25% ORR in
Cohort B = 1
cohort A
unconfirmed PR

19.5% (52.4%
FGFR3 DNA
alteration)

40%

ORR

Active comparator

nr

2.7 mo

Adjuvant after cystectomy Placebo
Ineligible for cisplatin

Cisplatin-based ChT

Pre-treatment

1 platinumbased ChT or
cisplatinineligible

Failure of 1
8.3 mo
platinum-based
ChT

Failure of 1
13.8 mo 5.5 mo
platinum-based
ChT

Pre-treatment OS

Abbreviations: ChT, chemotherapy; DFS, disease-free survival; EMA, European Medicines Agency; FDA, Food and Drug Administration; FGFR, fibroblast growth factor receptor;
mo, months; mRNA, messenger RNA; nr, not reported; ORR, overall response rate; OS, overall survival; PFS, progression-free survival; PR, partial remission.

FGFR3 alterations

Any FGFR alteration

FGFR1-4

Cohort A = FGFR3
fusions/mutations
Cohort B = other
FGF/FGFR genetic
alterations

Erdafitinib
Phase III
NCT03390504

FGFR1-3

Pemigatinib
(FIGHT-201)
Phase II
NCT02872714

High FGFR1/3 mRNA
expression levels

Alteration

FGFR1-4

Rogaratinib
(FORT-1)
Phase II/III
NCT03410693

Any FGFR alteration

Alteration

Ongoing phase Target
III trials

FGFR1-4

Target

Erdafitinib
Phase II
NCT02365597

Trials with
results

Table 2 Reported Results From Phase II/III Trials and Ongoing Trials Including FGFR
Inhibitors in Muscle-invasive Urothelial Cancer.

Nectin-4 and Trop-2: Targets for ADCs
Nectin-4 is expressed almost ubiquitously in UC and heterogeneously
in histological subtypes of UC. While its normal function involves formation and maintenance of adherens junctions, in cancer it has been
associated with promoting proliferation and metastasis via activation
of the Wnt–β-catenin and PI3K–AKT signalling pathways. Enfortumab
vedotin, an ADC of a human Nectin-4-specific antibody linked to the
cytotoxic microtubule-disrupting agent monomethyl auristatin E, demonstrated impressive efficacy in mUC patients. Enfortumab vedotin
was approved by the FDA in December 2019 based on a phase II trial
(NCT03219333). The phase III data (NCT03474107) confirmed the
impressive efficacy and showed a significant OS benefit with a hazard
ratio (HR) of 0.70 (95% confidence interval [CI] 0.59-0.85) compared
with investigator’s choice chemotherapy (docetaxel, paclitaxel or vinflunine) after a median follow-up of 24 months (Table 3). Approval was
granted by the European Medicines Agency (EMA) at the end of 2021.
Another FDA-approved emerging drug is sacituzumab govitecan, which
targets Trop-2 and is currently under investigation in a phase III trial
(NCT04527991) in pretreated UC patients following the encouraging
results of the phase II trial.
These new drugs will widen our armamentarium of treatment options
in patients with UC. Current trials are also investigating these drugs in
first-line mUC as monotherapy and in combinations, as well as in the
perioperative setting.

Prostate Cancer (PC)
AR
AR is a steroid hormone receptor, and, together with several cofactors,
regulates gene transcription after activation and subsequent nuclear
translocation. Regulated genes are located downstream of the androgen response element, including fusion genes (TMPRSS2–ERG) and
transcription factors (FOXP1, NKX3.1) that promote tumour-cell proliferation and survival, and prostate-specific antigen (PSA) expression.
Genetic variants of the AR due to genomic alterations (point mutations)
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Table 3 Reported Phase II/III Trials of Antibody-drug Conjugates in Advanced
Muscle-invasive Urothelial Cancer.
Trial

Trial
Phase Setting
Patient
numbers
III
Platinum-based
EV-301
Nectin-4
ChT and
Enfortumab NCT03474107
PD-1/PD-L1
n=608
vedotin
inhibitor-pretreated

Comparator Primary
endpoint
Docetaxel
Paclitaxel
Vinflunine

Results

OS

OS (24 mo follow-up):
12.91 mo
(HR 0.704, 95% CI
0.58-0.85)

II
EV-201
NCT03219333
n=91

Cisplatin-ineligible Single arm
PD-1/PD-L1
inhibitor-pretreated

ORR

ORR: 52% (95% CI 41-62)
CR: 20%
PR: 31%

TROPHY U-01 II
Trop-2
Sacituzumab NCT03547973
n=321
govitecan
(Arm A=112)

Platinum-based
Arm A:
ChT and
single arm
PD-1/PD-L1
inhibitor-pretreated

ORR
(centrally
reviewed)

ORR: 27.7% (95% CI
19.6-36.9); CR: 5.4%;
PR: 22.3%
DoR: 7.2 mo (95% CI
4.7-8.6)
PFS: 5.4 mo (95% CI
3.5-7.2)
OS: 10.9 mo (95% CI
9.0-13.8)

Abbreviations: ChT, chemotherapy; CI, confidence interval; CR, complete remission; DoR, duration of response;
HR, hazard ratio; mo, months; ORR, overall response rate; OS, overall survival; PD-1, programmed cell death protein 1;
PD-L1, programmed death-ligand 1; PFS, progression-free survival; PR, partial response.

affect patient outcomes. Since the discovery of castration as a treatment for PC targeting the AR pathway by testosterone suppression (by
orchiectomy, luteinising hormone-releasing hormone receptor agonists
or antagonists), this treatment remains the gold standard for treatment
of PC in various disease settings. The development of novel hormonal
agents targeting the AR pathway, either by inhibiting steroid synthesis
(abiraterone) or by AR antagonists (enzalutamide, darolutamide, apalutamide), has extended the treatment options and significantly prolonged
OS in metastatic hormone-sensitive PC, and non-metastatic and metastatic castration-resistant prostate cancer (CRPC).
DNA Repair Deficiency Gene Mutations/Alterations: BRCA1/2
Alterations in DNA repair genes, such as BRCA1 and BRCA2, are found
in a significant number of PC patients and serve as a treatment target.
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Somatic mutations in metastatic CRPC (mCRPC) were recently reported
in the literature to be 9% for BRCA1 and 2% for BRCA2. Germline mutations are more common in patients with advanced PC (11.8%) than in
the general PC population, as reported by Pritchard et al in a cohort of
692 PC patients. Heterozygous germline mutation in these tumour suppressor genes can generate aggressive forms of PC via somatic loss of
function in the wild-type allele, leading to defective homologous recombination. Although pathogenic BRCA germline variants are rare, BRCA2
appears to be associated with high Gleason scores and worse outcomes.
In case of mutations in BRCA1 and BRCA2, inhibitors of poly(adenosine
diphosphate-ribose) polymerase (PARP) are successful. In the context
of BRCA defects, concomitant PARP inhibition interferes with tumour
cells’ capability to repair single-strand DNA breaks, resulting in chromosomal instability, cell-cycle arrest and apoptosis. Olaparib is one of
the PARP inhibitors (PARPis) that has shown OS benefit in mCRPC
after failure of one AR-targeted agent and one taxane-based chemotherapy (not mandatory). It has received EMA approval in patients with
BRCA1/2 alterations, and FDA approval for patients in this setting with
alterations in any of 15 homologous recombination repair (HRR) genes.
The efficacy of other PARPis such as rucaparib and niraparib (approved
by the FDA for patients with mCRPC and BRCA1/2 gene alterations) has
been reported in the phase II TRITON2 and GALAHAD studies (Table
4). PARPis are being further investigated in mCRPC in phase III trials
and in combinations with novel hormonal agents and ICIs. The phase
III MAGNITUDE study (NCT03748641), investigating the addition of
niraparib to abiraterone and prednisone versus placebo plus abiraterone
and prednisone, was reported at the American Society of Clinical Oncology Genitourinary Cancers Symposium (ASCO GU 2022). It showed
promising results for radiographic PFS (rPFS) in first-line mCRPC in
HRR-mutated patients, and especially in the BRCA1/2-altered patient
subgroup, reducing the risk of progression or death by 47%. The PROpel
study (NCT03732820) was reported at the same meeting and interestingly a significant benefit in rPFS independent of HRR mutational status
was shown for the addition of olaparib to abiraterone plus prednisone in
first-line mCRPC.
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PROpel
n=796
Phase III
NCT03732820

BRCA1/2; ATM; BRIP1; CDK12; CHEK2;
FANCA; HDAC2; PALB2; BARD1; FANCL;
RAD51B; RAD51C; RAD51D; RAD54L
mutations

Tumour tissue and plasma ctDNA

Not prospectively assessed,
stratification for HRR+/HRR-

Cohort B: mono- or bi-allelic BARD1,
BRIP1, CDK12,CHEK1, CHEK2, FANCL,
PALB2, PPP2R2A, RAD51C, RAD51B,
RAD51D, RAD54L mutations

Cohort A: mono- or bi-allelic BRCA1,
BRCA2, ATM mutations

PROfound
Cohort A: n=235
Randomised,
open-label
Phase III
Cohort B: n=145
NCT02987543

Treatment-naïve in
mCRPC setting and
no prior abiraterone

Abiraterone or
enzalutamide

Germline or somatic BRCA1, BRCA2, ATM, ≥1 taxane-based ChT
BARD1, BRIP1, CDK12, CHEK2, FANCA,
and ≥1 ARTA
NBN, PALB2, RAD51, RAD51B, RAD51C,
RAD51D, RAD54L mutations

n=115
TRITON2
Phase II
Single-arm
NCT02952534

≥1 taxane-based ChT
and ≥1 ARTA

≥1 taxane-based ChT
and ≥1 ARTA

Pre-treatment

Mono- or bi-allelic ATM, ATR, BRCA1,
BRCA2, CHEK2, FANCA, MLH1, MRE11A,
NBN, PALB2, RAD51C mutations

n=223 screened
Bi-allelic mutations in BRCA1/2, ATM,
n=165 enrolled
FANCA, PALB2, CHEK2, BRIP1, HDAC2 or
n=81 biallelic DNA repair germline BRCA alteration
defects (n=46 BRCA,
n=35 non-BRCA)

Qualifying mutations/alterations

TALAPRO-1
n=128
Phase II
Single-arm
NCT03148795

GALAHAD
Phase II
Single-arm
NCT02854436

Patient characteristic

Phase II/III trials with results in mCRPC including PARP inhibitors

Abiraterone/
prednisone +
olaparib 300 mg
BID vs abiraterone/
prednisone + placebo

Olaparib 300 mg BID
vs
Enzalutamide 160 mg
daily or Abiraterone
1000 mg daily
(2:1 randomisation)

Rucaparib
600 mg BID

Talazoparib 1 mg
once daily

Niraparib 300 mg
once daily

rPFS: 24.8 vs 16.6 mo (HR 0.66, 95% CI 0.54-0.81,
p < 0.001)
OS: immature
ORR: 58.4% vs 48.1% (HR 1.6, 95% CI 1.02-2.53,
p = 0.0409)

Cohort A (BRCA1/2, ATM+):
rPFS: 7.4 vs 3.6 mo (HR 0.34, 95% CI 0.25-0.47,
p < 0.001)
OS: 19.1 vs 14.7 (HR 0.69, 95% CI 0.5-0.97, p = 0.02)
Cohort B (other 12 genes):
rPFS: 5.8 vs 3.5 mo (HR 0.49, 95% CI 0.38-0.63,
p < 0.001)
OS: 14.1 vs 11.7 mo (HR 0.96, 95% CI 0.63-1.49)

ORR: 43.5% (95% CI 31-56.7)
PSA-RR: 54.8% (95% CI 45.2-64.1)
rPFS: 9 mo (95% CI 8.3-13)

ORR: 29.8% (95% CI 21.2-39.6)
Results BRCA1/2 (n=46):
ORR: 41.5%
rPFS: 8.2 mo (95% CI 5.6-19.2)

BRCA1/2-mutated:
ORR: 41%
rPFS: median 8.2 mo (95% CI 5.2-11.1)
Median duration of response 6.7 mo (range: 2 27)
PSA50 (%): 50

Study interventional Primary endpoint
Results
method/drug

Table 4 Phase II/III Trials Including PARP Inhibitors in Metastatic Prostate Cancer.

BRCA1/2, ATM, BRIP1, CDK12, CHEK2,
FANCA, HDAC2, PALB2 mutations

Plasma, tissue, saliva or whole blood

Qualifying mutations/alterations

n=400
mCRPC

n=793
mCRPC

TRITON3
Phase III
NCT02975934

KEYLYNK-010
Phase III
NCT03834519

Patient
characteristic

Unselected for HRR defects

Deleterious mutation somatic or
germline in BRCA1/2 or ATM

Qualifying mutations/alterations

Phase III trials ongoing in metastatic prostate cancer including PARP inhibitors

MAGNITUDE Cohort 1 (HRR BM+):
Phase III
n=823
NCT03748641
Cohort 2 (HRR BM-):
n=233

Patient characteristic

Phase II/III trials with results in mCRPC including PARP inhibitors

Pembrolizumab 200 mg
+ olaparib 300 mg
BID vs abiraterone or
enzalutamide

OS and rPFS
03/2022
Stopped for futility

Rucaparib vs abiraterone or rPFS
enzalutamide or docetaxel 06/2022
(physician’s choice)

Primary endpoint/estimated
primary completion date
(according to ClinicalTrials.gov)

Results HRR BM+:
rPFS: 16.5 vs 13.7 mo (HR 0.73, 95% CI 0.56-0.96,
p = 0.0217)
OS: immature
ORR: 60% vs 28% (RR 2.13, p < 0.001)

Results HRR BM-: (HR 1.09, 95% CI 0.75-1.59),
recruitment stopped after 233 patients according
to futility analysis

rPFS by central review

Study interventional
method/drug

Niraparib 200 mg
+ abiraterone +
prednisone vs
abiraterone +
prednisone + placebo

Study interventional Primary endpoint
Results
method/drug

Failed prior treatment with one ARTA
and ChT
No prior enzalutamide or apalutamide
in mHSPC
No prior enzalutamide or
darolutamide

1 ARTA for mCRPC
No prior ChT for mCRPC

Prior treatment

No prior abiraterone
in mHSPC or mCRPC
(≤4 mo),
no prior ARTA or
docetaxel in mCRPC

Pre-treatment

Table 4 Phase II/III Trials Including PARP Inhibitors in Metastatic Prostate Cancer.
(Continued)
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n=1002
mCRPC

n=550
mHSPC

n=788
mHSPC

CASPAR
Phase III
NCT04455750

TALAPRO-3
Phase III
NCT04821622

AMPLITUDE
Phase III
NCT04497844

Cohort 1: all-comers cohort

Qualifying mutations/alterations

Study interventional
method/drug
Dose confirmation of talazoparib
(part 1 - completed)
rPFS by BICR in unselected and
HRR+ patients (part 2)
08/2022

Primary endpoint/estimated
primary completion date
(according to ClinicalTrials.gov)

ADT >14 days, no prior systemic
treatment in mHSPC (45 days of
abiraterone + prednisone allowed)

≤3 mo of ADT (chemical or surgical)
with or without approved NHT in
mHSPC (abiraterone + prednisone,
apalutamide or enzalutamide)

Niraparib + abiraterone
+prednisone vs placebo +
abiraterone + prednisone

rPFS
11/2024

Talazoparib + enzalutamide rPFS
vs placebo + enzalutamide 12/2024

mCRPC treatment-naive
Rucaparib + enzalutamide rPFS
Prior docetaxel and/or ARTA allowed in vs placebo + enzalutamide 05/2023
mHSPC except for enzalutamide

Talazoparib 0.5 mg +
Treatment-naïve in mCRPC
(only abiraterone allowed)
enzalutamide vs placebo +
enzalutamide
ChT in mHSPC allowed
No prior enzalutamide, apalutamide or
darolutamide in any setting
Exclusion: lymph node metastasis
below aortic bifurcation only

Prior treatment

Abbreviations: ADT, androgen deprivation therapy; ATM, ataxia telangiectasia mutated; ARTA, androgen receptor-targeted agent; ATR, ataxia telangiectasia and Rad3-related
protein; BARD-1, BRCA-associated RING domain 1; BICR, blinded independent central review; BID, twice daily (bis in die); BM, biomarker; BRIP1, BRCA1 interacting protein 1;
CDK 12, cyclin dependent kinase 12; CHEK 1/2, checkpoint kinase 1/2; ChT, chemotherapy; CI, confidence interval; ctDNA, circulating tumour cell DNA; DDR, DNA damage
response; FANCA, FA complementation group A; HDAC2, histone deacetylase 2; HR, hazard ratio; HRR, homologous recombinant repair; mCRPC, metastatic castration-resistant
prostate cancer; mHSPC, metastatic hormone-sensitive prostate cancer; MLH1, MutL homologue 1; NBN, nibrin gene; NHT, neoadjuvant hormonal therapy; ORR, overall
response rate; OS, overall survival; PALB2, partner and localiser of BRCA2; PARP, poly(ADP-ribose) polymerase; PSA, prostate-specific antigen; PSA 50, prostate-specific antigen
decline of >50%; rPFS, radiographic progression-free survival; RR, response rate.

Deleterious germline or somatic HRR
gene-mutated

HRR-deficient prospective or historical
analysis (with sponsor pre-approval) of
blood (liquid biopsy) and/or de novo or
archival tumour tissue

Unselected for HRR defects

Cohort 2: HRR alterations (BRCA1, BRCA2,
PALB2, ATM, ATR, CHEK2, FANCA, RAD51C,
NBN, MLH1, MRE11A and CDK12) assessed
from a blood sample or the most recent
Part 2: DDR mutation tumour tissue sample completed prior to
randomisation
status

n=1037 mCRPC
asymptomatic or
mildly symptomatic
life expectancy ≥12
months

TALAPRO-2
Phase III
NCT03395197

Patient
characteristic

Phase III trials ongoing in metastatic prostate cancer including PARP inhibitors

Table 4 Phase II/III Trials Including PARP Inhibitors in Metastatic Prostate Cancer.
(Continued)

Prostate-specific Membrane Antigen
PSMA is highly expressed in many PCs. It is used for positron emission
tomography (PET) imaging for PC staging and as a treatment target.
Radioligand therapy with 177Lutetium-PSMA-617 delivers targeted
radiation to PSMA-expressing tumour cells and their microenvironment
and is an additional treatment option in pretreated mCRPC patients. In
the phase III VISION trial, this therapy in combination with protocolpermitted standard of care (SoC) prolonged rPFS and OS, when compared with protocol-permitted SoC alone. Other compounds targeting
PSMA, such as bispecific T-cell engagers (BiTEs), are under development.
PTEN/AKT
Loss of PTEN is seen in 15%-40% of PCs (depending on the detection method) and can occur as a homozygous deletion in early disease.
PTEN loss is associated with aggressive metastatic disease and other
adverse outcomes. A phase III trial (NCT03072238) in mCRPC patients
compared ipatasertib (AKT inhibitor) plus the novel AR-targeted agent
abiraterone and prednisone, versus placebo plus abiraterone and prednisone. Results reported a significantly prolonged rPFS by immunohistochemistry in the population with tumour PTEN loss.

Conclusion
A variety of therapeutic targets has been discovered in GU cancers and
targeted therapies will help to improve the prognosis of these cancers,
having already contributed markedly in the past. Further research will
focus on how to combine and in what sequence to use these targeted
treatments.
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The discovery of mutations of the mitogen-activated protein kinase
(MAPK) pathway has led to the development of targeted therapy (TT)
for melanoma. Today, combined inhibition of BRAF and MEK is one
of the two key strategies of melanoma treatment, along with immunotherapy.

The MAPK Pathway and Associated Mutations
The most common mutation, present in about 50% of cutaneous melanomas, is a single nucleotide substitution in the BRAF oncogene. This
mutation leads to constitutive activation of MEK and extracellular
signal-regulated kinase (ERK), resulting in uncontrolled cellular proliferation. In 90% of cases a BRAF V600E mutation is present, followed
by BRAF V600K (5%) and other less common mutations such as BRAF
V600D and BRAF V600R.
Activating NRAS mutations can be found in approximately 28% of cutaneous melanomas. Neurofibromin 1 (NF1) mutations are the third most
common (14%). Melanomas without BRAF, NRAS or NF1 mutation are
referred to as triple wild-type.
KIT amplifications and activating mutations occur more frequently in
acral and mucosal melanoma and chronically sun-damaged skin, while
mutations of GNAQ and GNA11 can be found in uveal melanoma. Neurotrophic tyrosine receptor kinase (NTRK) gene fusions are very rare in
melanoma (<1%).
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Combined BRAF/MEK Inhibition
Due to the high rate of acquired resistance and the lower efficacy, neither
BRAF nor MEK inhibitors should be used as monotherapy in BRAFmutated melanoma (Table 1).
MEK inhibition was also explored in NRAS-mutated melanoma. Results
of the NEMO trial (NCT01763164) were disappointing (Table 1). MEK
inhibitors may be an option for NRAS-mutated patients with progressive disease (PD) after frontline immune checkpoint inhibitors (ICIs),
in the absence of other targetable mutations or a clinical trial, and are
currently being investigated for uveal melanoma with GNAQ mutations
(NCT01143402 and NCT03947385).
Advanced Metastatic Melanoma
The three approved combination treatments dabrafenib/trametinib,
encorafenib/binimetinib and vemurafenib/cobimetinib confirmed their
superiority to BRAF-inhibitor monotherapy in four pivotal phase III trials for advanced BRAF-mutated melanoma patients as first-line therapy
(Table 1).
Two trials investigated dabrafenib (150 mg twice a day [bd]) and
trametinib (2 mg once a day [qd]). While COMBI-d (NCT01584648)
compared the combination with dabrafenib monotherapy, COMBI-v
(NCT01597908) compared the combination with vemurafenib. Efficacy
results from both trials were similar; the overall response rate (ORR) was
64%-69% for the combination, 53% for dabrafenib alone in COMBI-d
and 51% for vemurafenib alone in COMBI-v (Table 1). The 5-year
overall survival (OS) rate of the pooled data was 34% for the combination arm.
Vemurafenib (960 mg bd) together with the MEK inhibitor cobimetinib
(60 mg qd) was assessed in the coBRIM trial (NCT01689519). The ORR
was 68% for vemurafenib/cobimetinib and 45% for vemurafenib alone
(Table 1). Extended follow-up demonstrated a 5-year OS rate of 31% in
the combination group versus 26% in the control group.
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III

BREAK-3
(NCT01227889)

Dabrafenib 150 mg bd Metastatic, untreated, Planned
vs DTIC (3:1)
BRAF V600E-mutant 2-year
(N=250)
follow-up

Vemurafenib 960 mg
bd vs DTIC (1:1)

III

NEMO
(NCT01763164)

Carvajal et al.
(NCT00470470)

II

KIT inhibitor monotherapy

III

METRIC
(NCT01245062)

Imatinib 400 mg bd

Advanced
unresectable
melanoma arising
from acral, mucosal
and chronically
sun-damaged sites
with KIT mutation or
amplification (N=51)
n.a.

Binimetinib 45 mg bd Metastatic, untreated 1.7
vs dacarbazine (2:1)
(or progressed after
first-line IT), NRASmutant (N=402)

Trametinib 2 mg qd vs Metastatic, BRAF
14.7 vs 8.7
chemotherapy (DTIC V600E/K-mutant, 1
or paclitaxel) (2:1)
prior chemotherapy
line allowed (N=322)

MEK inhibitor monotherapy

III

BRIM 3
(NCT01006980)

16

15 vs 7

29 vs 9

50 vs 6

48 vs 5

12 weeks

n.a.

2.8 vs 1.5
n.a.
(0.62 [0.47–0.80])

4.9 vs 1.5
n.a.
(0.54 [0.41-0.73])

6.7 vs 2.9
n.a.
(0.35 [0.20-0.61])

46.3 weeks

11.0 vs 10.1
(1.00 [0.75-1.33])

15.6 vs 11.3
(0.84 [0.63-1.11])

20.0 vs 15.6
(0.82 [0.57-1.18])

13.6 vs 9.7
(0.81 [0.67-0.98])

5-year Median OS
PFS, % in months
(HR [95% CI])a

6.9 vs 1.6
n.a.
(0.38 [0.32–0.46])

Median
ORR, % Median PFS
follow-up in
in months
months
(HR [95% CI])a

Metastatic, untreated, 49.9 vs 42.8
BRAF V600E-mutant
(N=675)

Phase Treatment arms
Patients
(randomisation rate) (patient number)

BRAF inhibitor monotherapy

Trial name
(NCT)

n.a.

n.a.

13.3 vs 17.0
(crossover
allowed)

24 vs 22
(crossover
allowed)

Only 4-year OS
available: 17 vs
16 (crossover
allowed)

5-year OS, %

Table 1 Trial Landscape of TT and ICI Treatment for Comparison.
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III
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COMBI-v
(NCT01597908)

coBRIM
(NCT01689519)

COLUMBUSd
(NCT01909453)

Melanoma

20 vs 16

Ipilimumab 3 mg/kg
+ nivolumab 1 mg/kg
vs nivolumab 3 mg/kg
vs ipilimumab 3 mg/
kg (1:1:1)

Encorafenib 450 mg
qd + binimetinib 45
mg qd vs encorafenib
300 mg qd vs
vemurafenib 960 mg
bd (1:1:1)

Vemurafenib 960 mg
bd + cobimetinib
60 mg qd d1-21 vs
vemurafenib 960 mg
bd (1:1)

Unresectable stage
IIIC/IV, untreated;
subgroup of BRAFmutated patients
(N=301)

Unresectable stage
IIIB–IV, untreated
(or progressed after
first-line IT), BRAF
V600E/K-mutant
(N=577)

Unresectable stage
IIIB–IV, untreated,
BRAF V600-mutant
(N=495)

19b
NR vs 17.2
(0.69 [0.53-0.69])

25.1 vs 18.7
(0.71 [0.55-0.92])

5-year Median OS
PFS, % in months
(HR [95% CI])a

64.1 vs
51.5 vs
40.8

NR vs 35.5 vs 24.6
(ipilimumab/
nivolumab vs
ipilimumab
0.44 [0.30-0.60])

23 vs 19 33.6 vs 23.5 vs 16.9
vs 10
(encorafenib +
binimetinib vs
vemurafenib 0.64
[0.50-0.81])

16.8 vs 5.6 vs 3.4 36 vs 29
(ipilimumab/
vs 7
nivolumab vs
ipilimumab
0.44 [0.31-0.62])

14.9 vs 9.6 vs 7.3
(encorafenib/
binimetinib vs
vemurafenib
0.51 [0.40-0.67])

14 vs 10 22.3 vs 17.4
68 vs 45 12.3 vs 7.2
(0.58 [0.46–0.72])
(0.70 [0.55-0.90])

64 vs 51 11.4 vs 7.3
(0.56 [0.46–0.69])

69 vs 53 11.0 vs 8.8
(0.67 [0.53–0.84])

Minimum
58 vs
follow-up of 45 vs
77 months 19f

5-year
update
ASCO 2021

14.2 vs 18.5

Dabrafenib 150 mg bd Metastatic, untreated, 11 vs 10
+ trametinib 2 mg qd BRAF V600E/Kvs vemurafenib
mutant (N=704)
960 mg bd (1:1)

Dabrafenib 150 mg bd
+ trametinib 2 mg qd
vs dabrafenib
150 mg bd (1:1)

Median
ORR, % Median PFS
follow-up in
in months
months
(HR [95% CI])a

60 vs 46 vs 13
(LDH ≤ ULN 60f
LDH > ULN 38f)

34.7 vs 23.5 vs 16.9
(LDH ≤ ULN 45e
LDH > ULN 9e)

30.8 vs 26.3
(LDH ≤ ULN 43c
LDH > ULN 16c)

34b
(LDH ≤ ULN 43b
LDH > ULN 16b)

5-year OS, %

f

a

unless stated differently; bpooled data, result only for dabrafenib plus trametinib; cvemurafenib + cobimetinib arm; dupdated data presented at ASCO 2021; eencorafenib + binimetinib arm;
BRAF-mutated and BRAF wild type.
Abbreviations: bd, twice daily; CI, confidence interval; DTIC, dacarbazine; HR, hazard ratio; ICI, immune checkpoint inhibitor; IT, immunotherapy; LDH, lactate dehydrogenase;
n.a., not available; NR, not reached; ORR, overall response rate; OS, overall survival; PFS, progression-free survival, qd, once daily; TT, targeted therapy; ULN, upper limit of normal.

CheckMate 067d III
(NCT01844505)

Immunotherapy

III

COMBI-d
(NCT01584648)
Unresectable stage
IIIC/IV, untreated,
BRAF V600E/Kmutant (N=423)

Phase Treatment arms
Patients
(randomisation rate) (patient number)

Combined BRAF and MEK inhibitor therapy

Trial name
(NCT)

Table 1 Trial Landscape of TT and ICI Treatment for Comparison. (Continued)
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In the three-arm COLUMBUS trial (NCT01909453), patients received
either encorafenib (450 mg qd) plus binimetinib (45 mg bd), encorafenib
monotherapy or vemurafenib monotherapy. Updated 5-year efficacy data
showed an ORR of 64% and a 5-year OS rate of 35% for the combination
treatment.
Indirect numerical comparisons of the three combination treatments
show higher 5-year OS results for dabrafenib/trametinib and encorafenib/
binimetinib compared with vemurafenib/cobimetinib, but they have not
been tested head-to-head in any clinical trial. Due to the lack of direct
comparison data, choice of combination treatment in clinical routine is
based on availability and adverse event profiles.
BRAF inhibitors can induce off-target effects such as nausea, vomiting,
skin changes (e.g. rash, hyperkeratotic papules and hand-foot syndrome,
cutaneous squamous cell carcinoma), arthralgia, nephritis and increased
transaminases. Class-specific adverse events of MEK inhibitors include
serous retinopathy, left ventricular ejection fraction (LVEF) reduction,
skin changes (acneiform exanthema, paronychia), hypertension, blood
creatine phosphokinase (CPK) increase and diarrhoea. Combined BRAF/
MEK inhibition can reduce certain adverse events, e.g. hyperkeratotic skin
lesions and arthralgia. Some adverse events occur more frequently with
a particular combination (pyrexia and chills for dabrafenib/trametinib,
photosensitivity and skin rash for vemurafenib/cobimetinib or increased
transaminases and constipation for encorafenib/binimetinib).
The success of combined TT with its rapid and high rate of treatment
response is diminished by the development of secondary resistance.
Results from the CheckMate 067 trial (NCT01844505) underscore the
more durable efficacy of ICIs as first-line treatment (Table 1). At 6.5 years,
49% of patients in the combined treatment arm (ipilimumab/nivolumab)
were alive. In the subgroup of BRAF-mutated patients, 57% of the combined arm were alive at 6.5 years and 37% were progression-free.
Currently, there are no validated biomarkers to predict treatment
response to TT other than BRAF mutational status. Patients with normal
lactate dehydrogenase (LDH) at baseline and metastases in fewer than
three organ sites achieve the best and most durable responses, reaching a
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5-year OS rate of 55% (pooled analysis of COMBI-d/COMBI-v). Patients
achieving complete response (CR) can have a profound and durable
response with a 5-year OS rate of 71%.
The European Society for Medical Oncology (ESMO) consensus conference panel recommends that first-line decisions between BRAF/MEK
inhibitors or ICIs should be individualised and based on performance
status, organs involved, LDH level, tumour burden, tumour progression
kinetics, comorbidities, patient preference and treatment goals.
Due to the fast and high rate of tumour response, TT should be considered as first-line therapy in symptomatic patients with rapid PD and
in patients for whom ICIs are not a preferred option (e.g. active
autoimmune disease, organ transplant recipient, ongoing immunosuppressive therapy).
Treatment with BRAF/MEK inhibitors is recommended until disease
progression or unacceptable toxicity. In case of unacceptable toxicity,
a switch to another BRAF/MEK combination can be considered.
Data for patients who stopped TT for reasons other than progression
are limited. In contrast to ICIs, recurrence after cessation of TT is high
(>50%) and often occurs shortly after cessation, even if patients stopped
at CR. Discontinuation of BRAF/MEK inhibitor therapy in the absence
of progression cannot be recommended due to the of lack of evidence.
If considered, our own experience suggests discontinuation only after
a prolonged TT treatment duration of 2-3 years and a risk-benefit evaluation with the patient.
In patients who stopped TT, rechallenge is a valid choice, especially if
clinical trials or ICIs are not an option. BRAF-inhibitor rechallenge in
patients who previously progressed on TT was associated with a 28%50% ORR, 57%-72% disease control rate and a 4-5-month median
progression-free survival (PFS).
Adjuvant and Neoadjuvant Treatment
Dabrafenib plus trametinib is the only approved TT in the adjuvant
situation. The COMBI-AD trial (NCT01682083) investigated the relapseMelanoma
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free survival (RFS) of dabrafenib/trametinib versus matched placebo in
resected stage III cutaneous melanoma with BRAF V600E/K mutations.
The 5-year RFS rate was 52% for dabrafenib/trametinib compared with
36% in the placebo arm (hazard ratio [HR] 0.51). A first interim OS
analysis reported a 3-year estimate of 83% for the combination therapy
versus 77% for placebo. Statistically significant difference, however, was
not reached. Updated OS data are pending.
No trials have compared adjuvant TT directly to ICIs. The subgroup of
BRAF-mutated patients from the KEYNOTE-054 trial, in which completely resected stage III patients received adjuvant pembrolizumab,
showed an HR of 0.51 – identical to the RFS HR of COMBI-AD. OS
data from KEYNOTE-054 have not yet been reported. Adjuvant treatment decisions must be made individually with the patient, taking into
account patient preferences, adverse event profiles and mode of application of TT and ICIs, as well as comorbidities.
To date, neoadjuvant clinical trials involved only small patient numbers.
Response to short courses of neoadjuvant TT of 8-12 weeks was high,
with pathological CR (pCR) rates around 50%. In a pooled analysis of
TT and ICI neoadjuvant trials, TT-treated patients with a pCR had a very
low rate of recurrence (2-year RFS rate of 79%). However, in patients
with pathological partial response (PR) or no response, almost all experienced progression. In contrast, in patients treated neoadjuvantly with
ICIs who achieved pathological PR, near complete and CR, recurrence
rates at 2 years were <5%. At this stage, neoadjuvant treatment should
only be considered in the context of a clinical trial for easily resectable
stage III disease with acceptable surgical morbidity.

KIT Inhibition
In a clinical trial of c-KIT-mutated and/or c-KIT-amplified melanoma
patients, 16% (4/25 evaluable patients) achieved a durable response
(NCT00470470) (Table 1). Additional trials confirmed the efficacy of
KIT inhibitors (imatinib, dasatinib and nilotinib), especially in the presence of a KIT mutation. ORR ranges are around 17%-29%, but most
patients eventually progress.
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Several studies of other novel KIT inhibitors in melanoma are
ongoing (pexidartinib [NCT02071940, NCT02975700]; regorafenib
[NCT02501551]). Ripretinib, a KIT- and platelet-derived growth factor
receptor A (PDGFRA) switch-control kinase inhibitor approved for gastrointestinal stromal tumours, showed activity in KIT-mutated tumours
(NCT02571036).

Tebentafusp
Tebentafusp (formerly IMCgp100) belongs to a new class of molecules
called immune-mobilising monoclonal T-cell receptors against cancer
(ImmTACs). It is a T cell-redirecting bispecific fusion protein that consists
of a soluble affinity-enhanced HLA-A*02:01-restricted T-cell receptor
that is specific for the glycoprotein 100 (gp100) peptide YLEPGPVTA
and an anti-CD3 single-chain variable fragment. After binding to gp100
on melanoma cells, tebentafusp can redirect and activate T cells through
CD3. In a phase III trial, treatment-naïve, HLA-A*02:01-positive metastatic uveal melanoma patients received tebentafusp or the investigator’s
choice (pembrolizumab, ipilimumab or dacarbazine) in a 2:1 randomised
ratio. Patients treated with tebentafusp had a significantly better OS (OS
at 1 year 73% in the tebentafusp group and 59% in the investigator’s
choice group) despite a low, albeit statistically significant PFS benefit
and tumour response. The dissociated OS benefit that was seen even in
patients with PD is not yet understood. Tebentafusp is currently available through expanded access programmes for patients with metastatic
uveal melanoma (NCT04960891). Results from a phase Ib/II study on
the combination of tebentafusp with an ICI are awaited (NCT02535078).

Potential Future Developments
Treatment Combinations
With the aim of combining the advantages of a fast and high response
rate to TT and the sustained and deep responses that ICIs can induce, TT
plus ICIs was tested in two phase III trials (Table 2).
In the IMspire150 trial (NCT02908672), atezolizumab, an anti-programmed
death-ligand 1 (PD-L1) monoclonal antibody, plus vemurafenib/cobimetinib
Melanoma
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III

Cobimetinib 60 mg qd, d1-21 +
atezolizumab 840 mg q2w vs
pembrolizumab 200 mg q3w

36.6

Unresectable or
7.1 vs 7.2
metastatic
melanoma negative for
BRAF V600 mutations
(N=446)

Unresectable stage
IV, untreated, BRAF
V600E/K-mutant
(N=120)

1-year
PFS, %

26.0 vs 32.6 5.5 vs 5.7
n.a.
(1.15 [0.88–1.50])

63.3 vs 71.7 16.9 vs 10.7
62 vs 47
(0.53 [0.34–0.83])

58 vs 50
68.5 vs 64.2 16.2 vs 12.0
(0.82 [0.66–1.03])

NR vs NR
(1.06 [0.69–1.61])

NR vs 26.3
(0.64 [0.38–1.06])

NR vs NR
(0.79 [0.59–1.05])

28.8 vs 25.1
(0.85 [0.64–1.11])

Median OS
in months
(HR [95% CI])a

a
unless stated differently
Abbreviations: bd, twice daily; CI, confidence interval; HR, hazard radio; ICI, immune checkpoint inhibitor; n.a., not available; NR, not reached; ORR, overall response rate; OS, overall
survival; PFS, progression-free survival; q3w, every 3 weeks; qd, once daily; TT, targeted therapy.

IMspire170
(NCT03273153)

BRAF wild type

Pembrolizumab 2 mg/kg q3w +
dabrafenib 150 mg bd + trametinib
2 mg qd vs placebo + dabrafenib
150 mg bd + trametinib 2 mg
qd (1:1)

II

KEYNOTE-022
(NCT02130466)

27.2

Median PFS
in months
(HR [95% CI])a

66.3 vs 65.0 15.1 vs 10.6
54 vs 45
(0.78 [0.63–0.97])

Median
ORR, %
follow-up in
months

Atezolizumab 840 mg d1,15
Untreated, BRAF-mutant 18.9
+ vemurafenib 720 mg bd +
(N=514)
cobimetinib 60 mg qd d1-21 vs
placebo + vemurafenib 960 mg bd
+ cobimetinib 60 mg qd d1-21 (1:1)

Treatment arms (randomisation Patients
rate)
(patient number)

III
Spartalizumab 400 mg +
Unresectable stage
(Part 3) dabrafenib 150 mg bd + trametinib IIIB-IV, untreated, BRAF
2 mg qd vs placebo + dabrafenib V600-mutant (N=532)
150 mg bd + trametinib 2 mg
qd (1:1)

Phase

COMBI-i
(NCT02967692)
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III

BRAF mutation
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IMspire150
(NCT02908672)

Trial name
(NCT)

Table 2 Combined TT and ICI Treatment.

was investigated versus placebo plus vemurafenib/cobimetinib as first-line
therapy in patients with BRAF V600-mutated metastatic melanoma. The
study met its primary endpoint of PFS, but triplet therapy did not increase the
ORR or OS at the first interim OS analysis.
The COMBI-i trial (NCT02967692) compared spartalizumab, a novel
anti-programmed cell death protein 1 (PD-1) antibody, in combination
with dabrafenib/trametinib, with placebo plus dabrafenib/trametinib as
first-line therapy in patients with BRAF V600E/K-mutated advanced
melanoma. The trial did not meet its primary endpoint of investigatorassessed PFS, although median PFS for the triplet was 4.2 months longer
than for the doublet.
Other triplet combinations have been investigated in phase I and II trials,
and the phase III STARBOARD trial (NCT04657991), in which triplet
treatment with pembrolizumab plus encorafenib/binimetinib is compared with pembrolizumab monotherapy, has started recruitment.
To date, triplet therapy has not truly fulfilled expectations. The ORR
is not higher than with BRAF/MEK inhibition alone and PFS is only
moderately improved. Yet, triplet therapy comes at the cost of increased
toxicity. Long-term data will demonstrate whether upfront triplet therapy
is superior in terms of survival and/or if selected patient groups require
triplet therapy versus ICI monotherapy.
In BRAF-wild type melanoma, MEK inhibition together with ICIs was
investigated in the IMspire170 trial (NCT03273153). Patients received
cobimetinib plus the anti-PD-L1 antibody atezolizumab or pembrolizumab
alone. The trial was negative; the median PFS was 5.5 months for cobimetinib plus atezolizumab versus 5.7 months with pembrolizumab alone.
Given the dominant role that mutations in the MAPK pathway play in the
development of melanoma, there is reason to combine agents that target
different kinases within the signalling pathway. Combinations of a novel
BRAF/CRAF inhibitor with an ERK inhibitor, MEK inhibitor or cyclindependent kinase 4/6 (CDK 4/6) inhibitor are currently being investigated in BRAF V600- and/or NRAS-mutated melanoma (NCT04417621,
NCT02974725).
Melanoma
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Treatment Sequencing
Preclinical findings showed that short-term BRAF/MEK inhibition can
induce strong T-cell infiltration, thus theoretically preparing the basis for
successful ICI treatment. Several trials are testing TT and ICI treatment
sequencing. Results reported to date are from small trials and/or are preliminary (SECOMBIT [NCT02631447], DREAMseq [NCT02224781]).
Other ongoing trials include COWBOY (NCT02968303), EBIN
(NCT03235245) and ImmunoCobiVem (NCT02902029). As it is currently still uncertain whether an early switch from TT to ICI treatment in
the absence of PD is beneficial, sequencing with switch for reasons other
than PD or toxicity should not be pursued outside clinical trials.

Conclusion
Combined BRAF and MEK inhibition should be considered as first-line
therapy in symptomatic BRAF-mutated patients with rapidly progressing
disease and in patients for whom ICI therapy is not a preferred option
(e.g. active autoimmune disease, organ transplant recipient or ongoing
immunosuppressive therapy).
MEK inhibitors and KIT inhibitors can be considered in patients with
NRAS and KIT mutations, respectively, when ICI treatment failed or was
excluded and if no clinical trial is available.
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The biological landscape of head and neck squamous cell carcinoma
(HNSCC) encompasses two main entities: human papillomavirus
(HPV)-negative and HPV-positive cancers.
HPV-negative HNSCCs are often smoking- and alcohol-related, and are
usually copy number alteration (CNA)-high. The most relevant tumour
mutations involve oncosuppressor genes, notably TP53 (mutation frequency 72%) and CDKN2A (22%). More recently, a specific HPV-negative HNSCC subgroup was found to be CNA-silent and bear frequent
mutations in HRAS or CASP8 genes.
HPV-positive HNSCCs usually arise from the oropharynx and have a
better prognosis than HPV-negative ones. In this setting, PIK3CA is the
most frequently mutated gene (28%-35%), but other focal hotspot alterations and mutations of chromatin regulators are also observed. Moreover, the interaction between the virus and the infected host may lead to
specific biological features.
All these entities hint at distinct clinical characteristics, although these
do not imply significant differences in therapeutic management.

Treatment Strategy in Each Tumour Type
Cisplatin is still the chemotherapy treatment mainstay both in locally
advanced (LA)-HNSCC, as a systemic agent in concurrent chemoradiotherapy, and in the recurrent/metastatic (R/M) setting. In PD-L1
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positive R/M disease (defined as combined positive score [CPS] ≥1), antiprogrammed cell death protein 1 (PD-1) pembrolizumab with or without
chemotherapy (cisplatin + 5-fluorouracil) is the current standard of care.
In platinum-resistant disease, nivolumab is currently the most active
therapeutic option independent of programmed death-ligand 1 (PD-L1)
CPS.

LA-HNSCC
Among hypoxic radiosensitisers, one of the first non-chemotherapy
drugs in LA-HNSCC was nimorazole, which showed a better locoregional control rate (49% versus 33% at 5 years, p = 0.002) when compared with placebo in a randomised phase III study.
Another radioenhancer is Debio 1143, an antagonist of the inhibitors
of apoptosis proteins (IAPs). In a randomised phase II study, its combination with high-dose cisplatin-based chemoradiotherapy improved
the 18-month locoregional control over chemoradiotherapy alone (54%
versus 33%, p = 0.026 with Debio 1143 and placebo, respectively).
In 2006, the anti-epidermal growth factor receptor (EGFR) monoclonal
antibody cetuximab combined with radical radiotherapy prolonged the
duration of locoregional disease control of LA-HNSCC compared with
radiotherapy alone. However, bioradiotherapy was found to be inferior
to cisplatin-based chemoradiotherapy in terms of overall survival (OS)
in HPV-positive oropharyngeal cancers (RTOG1016 study: 5-year OS
77.9% with cetuximab versus 84.6% with cisplatin, p = 0.0163, noninferiority criteria not met; De-ESCALaTE HPV study: 2-year OS
89.4% with cetuximab versus 97.5% with cisplatin, p = 0.001). According to these results, cetuximab plus radiotherapy is considered an option
in patients unfit for platinum.

R/M HNSCC
Until the approval of first-line immunotherapy, the EXTREME study
regimen (cisplatin/5-fluorouracil/cetuximab) was the first-line approach
in R/M disease. In this setting, cetuximab has also shown activity with
alternative platinum-based regimens, independent of EGFR alterations:

188

Cavalieri and Licitra

either in triplets with taxanes instead of 5-fluorouracil or in doublets with
platinum salts. These regimens are still the first option for PD-L1-negative R/M HNSCC.
Before the immunotherapy era, in the second-line setting, the BERIL
trial showed that the addition of the PI3K inhibitor buparlisib to paclitaxel improved progression-free survival (PFS) over paclitaxel alone (4.6
versus 3.5 months, p = 0.011 for buparlisib and placebo, respectively).
Unexpectedly, no predictive biomarkers (i.e. PIK3CA mutation, phosphatase and tensin homologue [PTEN] loss) were identified in this setting.
Additionally, approximately 5% of HNSCCs have HRAS mutations.
A recent phase II study (KO-TIP-001) showed a promising overall
response rate (55%) with tipifarnib, a farnesyltransferase inhibitor, in
HRAS-mutated HNSCC patients with a high variant allele frequency.

Clinical Trials
Table 1 includes a selection of phase II and III clinical studies assessing
targeted therapies in HNSCCs registered in the ClinicalTrials.gov portal
(date of search 15 June 2021).

Potential Future Developments
For LA-HNSCC, the next steps for precision oncology include the development of radiosensitisers as add-on or chemotherapy-free approaches
in the curative setting.
For R/M HNSCC, currently, we lack effective post-immunotherapy
options, and targeted therapies are still in development (see Table 1).
In HPV-positive HNSCCs, one of the most promising precision therapies
is HPV therapeutic vaccination-based strategies (see Table 1).
Furthermore, gene expression profiling will allow further in-depth
dissection of HNSCC biology with the aim of finding novel targets
for precision treatment.
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Table 1 Phase II and III Clinical Studies Assessing Targeted Therapies in HNSCCs.
Setting Mechanism
Biomarker-driven

Anti-EGFR

R/M
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Study
Biomarker-based study in R/M HNSCC (UPSTREAM)
MRG003 in R/M HNSCC
Cetuximab + monalizumab vs cetuximab + placebo in
R/M HNSCC (INTERLINK-1)
Cetuximab + NKTR 255 in solid tumours including R/M
HNSCC
Cetuximab + pembrolizumab in R/M HNSCC
Cetuximab + durvalumab in R/M HNSCC

Cetuximab + paclitaxel after first-line checkpoint
inhibitor failure
Cetuximab after immunotherapy in R/M HNSCC
Lenvatinib + pembrolizumab vs standard
chemotherapy + lenvatinib in R/M HNSCC after
Antiangiogenic
platinum therapy and immunotherapy (LEAP-009)
multikinase
Pembrolizumab ± lenvatinib as first-line in PD-L1inhibitor
selected R/M HNSCC (LEAP-010)
Cabozantinib + pembrolizumab in R/M HNSCC
Apatinib + camrelizumab in R/M HNSCC (IMplus)
Antiangiogenic
Regorafenib + nivolumab in advanced solid tumours
selective
including R/M HNSCC
Bevacizumab + atezolizumab in R/M HNSCC (ATHENA)
Farnesyltransferase Tipifarnib in HNC with HRAS mutations (AIM-HN/
SEQ-HN)
inhibitor
PI3K inhibitor
Buparlisib in R/M HNSCC (BURAN)
Induction and maintenance PARP inhibitor +
immunotherapy in HPV-negative HNSCC (PRIME)
PARP inhibitor
Niraparib + dostarlimab in R/M HNSCC
Bruton kinase
Ibrutinib + nivolumab or cetuximab in R/M HNSCC
inhibitor
Tazemetostat + pembrolizumab in anti-PD-1-resistant
EZH2 inhibitor
R/M HNSCC
Aurora A kinase
Alisertib + pembrolizumab in Rb-deficient R/M HNSCC
NBTXR3 + radiotherapy + pembrolizumab in R/M
HNSCC
Radioenhancer
Re-irradiation with NBTXR3 + pembrolizumab in
inoperable locoregionally recurrent HNSCC
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Phase ClinicalTrials.gov
identifier
II
NCT03088059
II
NCT04868162
III

NCT04590963

I/II

NCT04616196

II
II

NCT03082534
NCT03691714

II

NCT04278092

II

NCT04375384

II

NCT04428151

III

NCT04199104

II
II

NCT03468218
NCT04440917

II

NCT04704154

II

NCT03818061

II

NCT03719690

III

NCT04338399

II

NCT04681469

II

NCT04313504

II

NCT03646461

I/II

NCT04624113

I/II

NCT04555837

II

NCT04862455

II

NCT04834349

Table 1 Phase II and III Clinical Studies Assessing Targeted Therapies in HNSCCs.
(Continued)
Setting Mechanism

PI3K inhibitor
IAP inhibitor

LA

Viral protease
inhibitor
JAK inhibitor
CDK 4/6 inhibitor

Radioenhancer

HPV vaccination

Study
IPI-549 in LA HPV-positive and HPV-negative HNSCC
Alpelisib in transorally resectable HPV-positive stage
I-IVA oropharyngeal cancer
Xevinapant + platinum-based definitive
chemoradiotherapy in LA HNSCC
Nelfinavir + platinum-based definitive
chemoradiotherapy in HPV-negative LA HNSCC
Ruxolitinib in operable HNSCC
Palbociclib + cetuximab and IMRT for LA HNSCC
Neoadjuvant palbociclib, definitive chemoradiotherapy,
adjuvant palbociclib in HPV-negative LA HNSCC
PEP503 + platinum-based definitive
chemoradiotherapy in HPV-negative LA HNSCC
Nimorazole + radiotherapy for HNSCC (DAHANCA30)
ISA101b + cemiplimab vs cemiplimab alone for HPV16positive R/M oropharyngeal SCC
ISA101b + cemiplimab for HPV16-positive R/M
oropharyngeal SCC progressing on anti-PD-1
immunotherapy
ISA101b + cemiplimab for HPV16-positive R/M
oropharyngeal SCC progressing on first-line
chemotherapy
ISA101b + pembrolizumab + cisplatin-based
chemoradiotherapy for intermediate risk HPV16positive LA HNSCC
UCPVax + atezolizumab in HPV-positive R/M cancers
(VolATIL)
BNT113 + pembrolizumab vs pembrolizumab alone
for HPV16-positive and PD-L1-positive R/M HNSCC
(AHEAD-MERIT)
TheraT® vectors expressing HPV16 in HPV16-positive
cancers
PDS0101 + pembrolizumab in HPV16-positive R/M HNSCC
(VERSATILE-002)

Phase ClinicalTrials.gov
identifier
II
NCT03795610
II

NCT03601507

III

NCT04459715

II

NCT02207439

II
I/II

NCT03153982
NCT03024489

II

NCT03389477

I/II

NCT02901483

III

NCT02661152

II

NCT03669718

II

NCT04398524

II

NCT04646005

II

NCT04369937

II

NCT03946358

II

NCT04534205

I/II

NCT04180215

II

NCT04260126

Abbreviations: CDK 4/6, cyclin-dependent kinase 4/6; EGFR, epidermal growth factor receptor; HNC, head and neck
cancer; HNSCC, head and neck squamous cell carcinoma; HPV, human papillomavirus; IAP, inhibitor of apoptosis protein;
IMRT, intensity-modulated radiotherapy; JAK, Janus kinase; LA, locally advanced; PI3K, phosphoinositide 3-kinase;
PARP, poly(ADP-ribose) polymerase; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1;
Rb, retinoblastoma; R/M, recurrent/metastatic; SCC, squamous cell carcinoma.
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Conclusion
Apart from some immunological advances (e.g. vaccination with HPVpeptides in R/M HPV-positive HNSCCs), a precision oncology approach
in HNSCC is still limited, since, at present, druggable mutations are rare.
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Improved knowledge of molecular biology and a better understanding
of the crosstalk between malignant cells and the microenvironment have
led to significant therapeutic advances in different haematological malignancies.
Although chemotherapy still represents the standard of care for many
patients, targeted therapies have entered clinical practice, mainly for
patients with relapsed or refractory (R/R) disease, either as single agents
or in combination with chemotherapy, while others are in preclinical and
clinical development.
Haematological malignancies represent a wide and heterogeneous
group of diseases and it would be difficult to cover all targeted therapies
developed for the different entities in a single chapter. We will therefore address the most relevant ones for lymphoid malignancies, acute
myeloid leukaemia (AML) and multiple myeloma (MM).

Recent Advances in Mature B-Cell Neoplasms
The 2016 World Health Organization (WHO) classification of lymphoid
malignancies distinguishes more than 60 subtypes. Interestingly for
some entities, significant advances have been made in their molecular
characterisation, which may open new possibilities for the deployment
of targeted therapies in the near future.
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The introduction of the anti-CD20 monoclonal antibody (mAb) rituximab in 1997, for the treatment of B-cell non-Hodgkin lymphomas
(NHLs), has significantly improved outcomes for patients with indolent
and aggressive lymphomas. Since then, several new targeted therapies
(small molecules and mAbs) have been developed.
Diffuse large B-cell lymphoma (DLBCL) is an aggressive lymphoma and
the most common type of NHL. The combination of CHOP (cyclophosphamide, doxorubicin, vincristine and prednisone) chemotherapy with
rituximab (R-CHOP) is the standard of care and can cure approximately
50%-60% of patients. Several attempts have been made to improve treatment outcomes by modulating the first-line therapy. The distinction of
different subtypes of DLBCL based on the cell of origin supported the
development of several phase III clinical trials evaluating the addition of
small molecules to the standard R-CHOP therapy. Unfortunately, none
of them has shown superiority over standard therapy.
For patients with R/R disease, several targeted agents have shown activity, mostly in phase II trials (Table 1). These include both antibodydrug conjugates (ADCs) such as polatuzumab vedotin (anti-CD79b) in
combination with bendamustine and rituximab; loncastuximab tesirine
(anti-CD19); and small molecules such as selinexor, the first selective
inhibitor of nuclear export (SINE) compound (inhibitor of exportin 1
[XPO1]), and the immunomodulating agent lenalidomide in combination
with the mAb tafasitamab (anti-CD19). Recently, CD19 has emerged
as an important therapeutic target in DLBCL, due to the development
of anti-CD19-directed chimeric antigen receptor (CAR)-T cells that are
now standard of care for patients with R/R disease. Finally, significant
activity has been observed with new bispecific antibodies, and results of
larger trials are awaited.
Moving from aggressive to indolent lymphomas, follicular lymphoma
(FL) is the most common indolent NHL. While most patients have a
survival of 15-20 years, ~20% of patients experience disease progression
within 2 years of first-line treatment, associated with more aggressive
disease and worse outcomes. According to clinical presentation, stage
of disease and histological grade, first-line management of FL can vary
Haematological Malignancies
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Table 1 New Small Molecules and Monoclonal Antibodies in Non-Hodgkin Lymphomas.
Drug

Indication

Approval

Target

Trial

Primary endpoint

Copanlisib

R/R FL >2 prior
therapies

FDA 2017

PI3K

CHRONOS-1
Phase II
(NCT01660451)

ORR: 59%; CR: 14%

Acalabrutinib

R/R MCL >1 prior FDA 2017
therapy

BTK

ACE-LY-004
Phase II
(NCT02213926)

ORR: 81%; CR: 40%

Mogamulizumab- R/R MF and SS FDA 2018
kpkc
>1 prior therapy EMA 2018

CCR4

Median PFS: 7.7 mo
MAVORIC
(mogamulizumab) vs 3.1
Phase III
mogamulizumab vs mo (vorinostat)
vorinostat
(NCT01728805)

Duvelisib

R/R FL >2 prior
therapies

FDA 2018
EMA 2021

PI3K

DYNAMO
Phase II
(NCT01882803)

ORR: 42%

Polatuzumab
vedotin-piiq

R/R DLBCL >2
prior therapies

FDA 2019
EMA 2020

CD79b

GO29365
Phase II
P+BR vs BR
(NCT02257567)

CR: 40% (P+BR) vs 18% (BR)

Zanubrutinib

R/R MCL >1 prior FDA 2019
therapy

BTK

BGB-3111-206
Phase II
(NCT03206970)

ORR: 84%; CR: 59%

Selinexor

R/R DLBCL >2
prior therapies

FDA 2020

XPO1

SADAL
Phase II
(NCT02227251)

ORR: 29%; CR: 13%

Tafasitamab-cxix

R/R DLBCL >1
prior therapy

FDA 2020
EMA 2021

CD19

L-MIND
Phase II
(NCT02399085)

ORR: 55% (tafasitamab +
lenalidomide); CR: 37%
(tafasitamab-cxix)

Tazemetostat

R/R FL >2 prior
therapies

FDA 2020

EZH2

E7438-G000-10Z
Phase II
(NCT01897571)

ORR: 69%; CR: 12%; median
DoR: 10.9 mo

Loncastuximab
tesirine-lpyl

R/R DLBCL >2
prior therapies

FDA 2021

CD19

LOTIS-2
Phase II
(NCT03589469)

ORR: 48.3%; CR: 24%

Abbreviations: BR, bendamustine plus rituximab; BTK, Bruton’s tyrosine kinase; CR, complete response; DLBCL, diffuse large
B-cell lymphoma; DoR, duration of response; EMA, European Medicines Agency; FDA, Food and Drug Administration; FL,
follicular lymphoma; MCL, mantle cell lymphoma; MF, mycosis fungoides; mo, months; ORR, overall response rate; P, polatuzumab
vedotin; PFS, progression-free survival; PI3K, phosphoinositide 3-kinase; R/R relapsed/refractory; SS, Sézary syndrome; XPO1,
exportin 1.
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significantly, going from rituximab in combination with chemotherapy,
to rituximab alone or a watch-and-wait approach in patients with small
masses and asymptomatic presentation.
Different small molecules have shown significant activity for patients
with symptomatic R/R FL. The phosphoinositide 3-kinase (PI3K)/AKT/
mammalian target of rapamycin (mTOR) pathway plays a key role in
signal transduction, and dysregulation of this pathway may result in
uncontrolled cell growth and the development of cancer. Several PI3K
inhibitors have been developed and have shown very high response rates.
Idelalisib, a delta isoform-specific PI3K inhibitor, was the first to receive
Food and Drug Administration (FDA) approval in R/R patients, based on
the results of a phase II trial (NCT01282424). The main challenge with
idelalisib derived from the emergence of non-haematological adverse
events limiting its chronic use (e.g. colitis, pneumonitis, increased infection rate, hepatic toxicity, etc.). New PI3K inhibitors with different inhibitory activity among the different PI3K isoforms have been developed,
with the aim of reducing toxicity and improving efficacy. Examples are
copanlisib and duvelisib, which have also been shown to be effective
in chronic lymphocytic leukaemia (CLL) and small lymphocytic lymphoma (SLL), but other active molecules can also be included. While
results of these trials show significant activity in FL, specific adverse
events have emerged and must be taken into consideration when planning chronic treatment in FL patients.
A more recent therapeutic achievement in FL is represented by tazemetostat, an oral EZH2 inhibitor. Activating mutations of EZH2 are present
in ~20% of FL patients. Interestingly, responses were also obtained in
patients not harbouring this mutation (35%), but rates are much higher in
EZH2-mutated patients (69%).
While in DLBCL and FL new targeted agents have shown activity in
patients with relapsed disease, in CLL there have been significant therapeutic advances which have also impacted the initial management of
patients, resulting in changes in the treatment paradigm of this disease.
CLL is the most frequent adult leukaemia, and treatment with rituximab and chemotherapy was for many years the standard of care for most
Haematological Malignancies
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patients. Discovery and development of the Bruton’s tyrosine kinase
(BTK) inhibitor ibrutinib is one of the major recent therapeutic achievements in the management of this disease. Following the approval of
ibrutinib, several second- and third-generation inhibitors, with increased
BTK selectivity, have recently been developed, with the aim of increasing activity and/or reducing toxicity.
BTK also plays a central role in B-cell receptor (BCR) signalling in
other NHLs, and significant activity with BTK inhibitors has also been
obtained in mantle cell lymphoma, marginal zone lymphoma and Waldenström’s macroglobulinaemia.
Another important therapeutic achievement in CLL is represented by
the BCL2 protein-inhibitor venetoclax. BCL2 is a member of the BCL2
family of apoptosis regulators, which plays a central role in the development of malignancies. Following the establishment of a safe mode of
administration of the drug, with the use of an initial ramp-up schedule to
avoid clinically significant tumour lysis syndrome, venetoclax became
an important therapeutic option for patients with CLL. It was initially
approved as monotherapy in R/R CLL patients, and, more recently, a
fixed-duration combination of venetoclax with an anti-CD20 antibody
has become the standard of care in several countries.

Acute Myeloid Leukaemia
Despite significant improvements in our knowledge of the molecular
landscape of AML, there were no major therapeutic changes for several decades. However, since 2017, numerous classes of drugs have been
approved, including small molecule inhibitors (tyrosine kinase inhibitors
[TKIs] and isocitrate dehydrogenase [IDH] inhibitors), ADCs and cytotoxic agents (CPX-351) (Table 2). Among TKIs, midostaurine in combination with standard chemotherapy is the new therapeutic approach in
previously untreated FLT3-mutated AML patients, while in R/R patients,
single-agent gilteritinib (a second-generation TKI) can be used.
IDH1/2 inhibitors (ivosidenib and enasidenib) have been shown to be
effective in terms of complete response (CR) and CR duration, as monotherapy in R/R IDH1/2-mutated AML patients. Gemtuzumab ozogamicin
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Table 2 Targeted Therapies in AML.
Drug

Indication

Approval Target

Trial

Midostaurine +
standard ChT

AML FLT3-mut

FDA 2017 FLT3
EMA 2017

Median OS: 74.7 mo
RATIFY
(midostaurine)
Phase III
midostaurin + ChT (n=360) vs vs 25.6 mo (placebo)
placebo + ChT (n=357)
(NCT00651261)

Gilteritinib

R/R AML
FLT3-mut

FDA 2018 FLT3
EMA 2019

ADMIRAL
Phase III
gilteritinib (n=247) vs salvage
ChT (n=124)
(NCT02421939)

Median OS: 9.3 mo
(gilteritinib)
vs 5.6 mo (control)

Ivosidenib

R/R IDH1-mut AML FDA 2018

Phase I/II
ivosidenib monotherapy
(n=174 R/R; n=28 newly
diagnosed)
(NCT02074839)

R/R:
CR: 22% (16%-29%)
CR or CRh: 30% (24%-38%)

Phase I/II
enasidenib monotherapy
(n=238)
(NCT01915498)

CR: 19.3% (13.8%-25.9%)
CRi/CRp: 6.8%

IDH1

IDH1-mut AML
adults ≥75 years

Primary endpoint

Newly diagnosed:
CR: 21% (9%-38%)
CR + CRh: 35% (20%-54%)

Enasidenib

R/R IDH2-mut
AML

FDA 2017

Venetoclax +
hypomethylating
agent (azacitidine,
decitabine)

Adults ≥75
years ineligible
for intensive
induction ChT

FDA 2018 BCL2
EMA 2021

VIALE-A
Phase III
azacitidine + venetoclax
(n=286) vs azacitidine +
placebo (n=145)
(NCT02993523)

Median OS: 14.7 mo
(venetoclax + azacitidine)
vs 9.6 mo (azacitidine +
placebo)

FDA 2018

VIALE-C
Phase III
LDAC + venetoclax vs LDAC
+ placebo
(NCT03069352)

Median OS: 17.5 mo
(LDAC + venetoclax) vs
8.4 mo (LDAC + placebo)

Venetoclax + LDAC

IDH2

Newly diagnosed FDA 2017 CD33
GO + standard
EMA 2018
ChT with AraC and CD33-positive
daunorubicin (7+3 AML in adults
ChT)
Glasdegib + LDAC Adults ≥75
years ineligible
for intensive
induction ChT

EFS: 17.1% (control) vs
ALFA-0701
40.8% (GO)
Phase III
GO + 7+3 (n=135) vs 7+3 alone
(n=136)
(NCT00927498)

Median OS: 8.8 mo
FDA 2018 Hedgehog BRIGHT AML 1003
(glasdegib/LDAC)
EMA 2020 inhibitor Phase Ib/II
glasdegib + LDAC vs glasdegib vs 4.9 mo (LDAC)
+ placebo
(NCT01546038)

Abbreviations: AML, acute myeloid leukaemia; AraC, cytarabine; ChT, chemotherapy; CR, complete response; CRh, CR with
partial haematological recovery; CRi, CR with incomplete haematological recovery; CRp, CR with incomplete platelet counts;
EFS, event-free survival; EMA, European Medicines Agency; FDA, Food and Drug Administration; GO, gemtuzumab ozogamicin;
IDH, isocitrate dehydrogenase; LDAC, low-dose cytarabine; mo, months; mut, mutated; OS, overall survival; R/R, relapsed/
refractory; 7+3, 7 days of standard-dose cytarabine + 3 days of daunorubicin.
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is an ADC consisting of a CD33-targeting mAb linked to a cytotoxic derivative of calicheamicin, which is approved for CD33-positive AML patients
in combination with chemotherapy.
Finally, the BCL2 inhibitor venetoclax has shown improved overall survival (OS) in AML, where the combination of venetoclax with the DNA
methyltransferase inhibitors azacitidine or decitabine is a new standard
approach in elderly patients ineligible for autologous stem cell transplantation.

Multiple Myeloma
Several mAbs such as daratumumab (anti-CD38), isatuximab (antiCD38) and elotuzumab (anti-SLAMF7) and small molecules inhibitors
such as first-in-class oral SINE selinexor, the oral proteasome inhibitor
ixazomib and the BCL2 inhibitor venetoclax have shown activity in MM.
Daratumumab, initially approved as a single agent in 2015 for patients
with R/R MM previously treated with a proteasome inhibitor and an
immunomodulatory agent, was subsequently evaluated in different combinations including first-line regimens (Table 3). In Table 4, results of
recent phase III trials evaluating new drugs in patients with R/R disease
are reported.
Although MM is still an incurable disease, there is no doubt that it is also
a disease with a high number of active new treatments.
B-cell maturation antigen (BCMA) is a specific biomarker of normal
and malignant plasma cells and has been regarded as a target for the
development of new therapies in MM, including ADCs, CAR-T cells
and bispecific T-cell engagers (BiTEs). Among them, belantamab mafodotin-blmf, a BCMA-targeted ADC, and idecabtagene vicleucel, a firstin-class BCMA CAR-T cell therapy, have been approved by the FDA for
patients with MM after at least four prior lines of treatment.
Future studies will provide additional information on the best regimens
to use for patients with R/R disease, taking into account also prior treatments, toxicities and comorbidities.
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Table 3 Daratumumab (anti-CD38)-based regimens in MM.
Drug

Indication

Approval

Trial

Primary endpoint

Daratumumab +
pomalidomide +
dexamethasone
(DaraPd)

R/R >1 prior therapy
including lenalidomide
and a PI

FDA 2021
EMA 2021

APOLLO
Phase III
DaraPd vs Pd
(NCT03180736)

PFS: 12.4 mo (DaraPd) vs
6.9 mo (Pd)

Daratumumab
+ bortezomib +
thalidomide +
dexamethasone
(DaraVTD)

Newly diagnosed eligible FDA 2019
for ASCT
EMA 2020

CASSIOPEIA
Phase III
DaraVTD vs VTD
(NCT02541383)

sCR: 29% (DaraVTD) vs
20% (VTD)

Daratumumab
+ bortezomib +
melphalan
(DaraVMP)

Newly diagnosed
ineligible for ASCT

FDA 2018
EMA 2019

ALCYONE
Phase III
DaraVMP vs VMP
(NCT02195479)

ORR: 91% (DaraVMP)
vs 74% (VMP); sCR:18%
(DaraVMP) vs 7% (VMP)

Daratumumab +
lenalidomide and lowdose dexamethasone
(DRd)

Newly diagnosed
ineligible for ASCT

FDA 2019
EMA 2019

MAIA
Phase III
DRd vs Rd
(NCT02252172)

PFS at 30 mo: 70.6%
(DRd) vs 55.6% (Rd)

Daratumumab +
lenalidomide and lowdose dexamethasone
(DRd)

R/R >1 prior therapy

FDA 2016
EMA 2017

POLLUX
Phase III
DRd vs Rd
(NCT 02076009)

Median PFS at 44.3 mo:
44.5 mo (DRd) vs
17.5 mo (Rd)

Daratumumab +
bortezomib and
dexamethasone
(DVd)

R/R >1 prior therapy

CASTOR
Phase III
DVd vs Vd
(NCT02136134)

PFS: 60.7% (DVd) vs
26.9% (Vd)

Daratumumab
+ carfilzomib +
dexamethasone
(DKd)

R/R >1 prior therapy

CANDOR
Phase III
DKd vs Kd
(NCT 03158688)

PFS: NR (DKd) vs
15.8 mo (Kd);
CR: 28.5% vs 10.4%

FDA 2020
EMA 2020

Abbreviations: ASCT, autologous stem cell transplantation; CR, complete response; EMA, European Medicines Agency;
FDA, Food and Drug Administration; Kd, carfilzomib and dexamethasone; MM, multiple myeloma; mo, months; NR, not reached;
ORR, overall response rate; Pd, pomalidomide and dexamethasone; PFS, progression-free survival; PI, proteasome inhibitor;
R/R, relapsed/refractory; Rd, lenalidomide and low-dose dexamethasone; sCR, stringent complete remission; Vd, bortezomib
and dexamethasone; VMP, bortezomib and melphalan; VTD, bortezomib, thalidomide, dexamethasone.
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Table 4 New Combinations in MM.
Drug

Indication

Trial

Primary endpoint

Elotuzumab (Elo) +
pomalidomide +
dexamethasone
(EloPd)

FDA 2019
R/R >2 prior therapies
(including lenalidomide EMA 2019
and PI)

ELOQUENT-3
Phase II
EloPd vs Pd
(NCT02654132)

PFS: 10.3 mo (EloPd) vs
4.7 mo (Pd)
ORR: 53% vs 26%

Elotuzumab (Elo)
+ lenalidomide +
dexamethasone
(EloRd)

R/R >1 prior therapy

FDA 2015
EMA 2016

ELOQUENT-2
Phase III
EloRd vs Rd
(NCT01239797)

Median PFS: 19.4 (EloRd)
vs 14.9 (Rd)
ORR: 78.5% vs 65.5%

Isatuximab + carfilzomib R/R >1 prior therapy
+ dexamethasone
(IsaKd)

FDA 2021
EMA 2021

IKEMA
Phase III
IsaKd vs Kd
(NCT03275285)

Median PFS: NR (IsaKd) vs
19.15 mo (Kd)

FDA 2020
R/R >2 prior therapies
(including lenalidomide EMA 2020
and PI)

ICARIA-MM
Phase III
IsaPd vs Pd
(NCT02990338)

PFS at median FU (11.6
mo): 11.53 mo (IsaPd) vs
6.47 mo (Pd)
ORR: 60.4% vs 35.3%

Isatuximab +
pomalidomide +
dexamethasone
(IsaPd)

Approval

Ixazomib + lenalidomide R/R >1 prior therapy
+ dexamethasone
(IxaRd)

FDA 2015
EMA 2015

TOURMALINE-MM1 PFS: 20.6 mo (IxaRd) vs
Phase III
14.7 mo (Rd)
IxaRd vs Rd
(NCT01564537)

Carfilzomib +
lenalidomide +
dexamethasone
(KRd)

R/R >1 prior therapy

FDA 2015
EMA 2015

ASPIRE
Phase III
KRd vs Rd
(NCT01080391)

Median PFS: 26.3 mo
(KRd) vs 17.6 mo (Rd)

Selinexor + bortezomib R/R >1 prior therapy
+ dexamethasone
(SVS)

FDA 2020

BOSTON
Phase III
SVS vs Vd
(NCT03110562)

PFS: 13.9 mo (SVS) vs
9.5 mo (Vd)

Idecabtagene vicleucel

R/R >4 prior therapies

FDA 2021

KarMMa
Phase II
(NCT03361748)

Median PFS: 8.8 mo
ORR: 73% with 33% CR

Belantamab

R/R >4 prior therapies

FDA 2020

DREAMM-2
Phase II
(NCT03525678)

ORR: 31%
DoR: NR

Abbreviations: CR, complete response; DoR, duration of response; EMA, European Medicines Agency; FDA, Food and Drug
Administration; FU, follow-up; Kd, carfilzomib, dexamethasone; MM, multiple myeloma; mo, months; NR, not reached;
ORR, overall response rate; Pd, pomalidomide and dexamethasone; PFS, progression-free survival; PI: proteasome inhibitor;
R/R: relapsed/refractory; Rd, lenalidomide and dexamethasone; Vd, bortezomib and dexamethasone.

202

Esposito et al.

Potential Future Developments
Despite the considerable progress made in recent years with drug development, many patients still do not benefit. In addition, with only a few
exceptions, no predictive markers of response have been identified.
Therefore, a lot of work is still needed. A better molecular characterisation of the different haematological malignancies will help in selecting
the most appropriate targeted therapy for each patient. In addition, the
availability of new and active drugs with different mechanisms of action
can support the development of new treatment combinations that could
overcome resistance to single-agent therapy in patients with R/R disease.

Conclusion
Several targeted agents have been developed and entered clinical practice for patients with different haematological malignancies. Small
molecules have shown significant activity in patients with R/R disease
and are increasingly being studied as first-line combination regimens.
In addition to small molecules, new mAbs (either naked or conjugated)
targeting ‘old’ (e.g. CD20) or ‘new’ targets (e.g. CD19, CD79ab, CD38)
have also been developed and may represent new treatment options.
The explosion in the number of new targeted therapies together with
the advent of new and active immunotherapies (such as CAR-T cells,
immune checkpoint inhibitors and bispecific antibodies) give a lot of
hope for better treatment outcomes across the different haematological
malignancies.
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Ovarian Cancer
Ovarian cancer (OC) is a heterogeneous disease grossly divided into
epithelial and non-epithelial subtypes (Figure 1). These malignancies
can be further classified based on their histopathological features and
molecular aberrations. Expanding knowledge of underlying molecular
pathways has led to the development of targeted therapy in the treatment
of epithelial ovarian cancer (EOC).
Targeting Angiogenesis
Bevacizumab has shown efficacy in the treatment of advanced EOC.
As yet, no biomarkers exist to predict response to this targeted therapy.
In the first-line treatment of advanced EOC, the GOG-0218
(NCT00262847) and ICON7 (NCT00483782) trials demonstrated that
bevacizumab combined with carboplatin and paclitaxel chemotherapy,
followed by maintenance, improved progression-free survival (PFS)
in all comers: hazard ratio (HR) 0.72 (95% confidence interval [CI]
0.63–0.83), p < 0.001 and HR 0.81 (95% CI 0.70–0.94), p = 0.004,
respectively. Improved overall survival (OS) was not seen in the intention-to-treat groups: HR 0.915 (95% CI 0.727–1.152), p = 0.45 and HR
0.99 (95% CI 0.85–1.14), p = 0.99, respectively. Exploratory subgroup
analyses found that bevacizumab increased median OS in high-risk
patients (stage IV or R1 resection): HR 0.75 (95% CI 0.59–0.95), p = 0.02
and HR 0.78 (0.63–0.97), p = 0.01, respectively.
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Figure 1 Histological subtypes of ovarian carcinoma, associated molecular aberrations
and potential targeted therapies.
Adapted from: Banerjee S, Kaye SB. New strategies in the treatment of ovarian cancer: current clinical
perspectives and future potential. Clin Cancer Res 2013; 19:961–968.
Abbreviations: ATR, ataxia telangiectasia and Rad3-related protein; BRCA1/2, breast cancer 1/2 gene; DDR, DNA damage
response; FRα, folate receptor alpha; HER2, human epidermal growth factor receptor 2; HRR, homologous recombination
repair; MAPK, mitogen-activated protein kinase; MMR, mismatch repair; NF1, neurofibromin 1; PARP, poly(ADP-ribose)
polymerase; PTEN, phosphatase and tensin homologue; RB1, retinoblastoma 1; VEGF, vascular endothelial growth factor.

For recurrent platinum-sensitive EOC, the OCEANS (NCT00434642)
and GOG-0213 (NCT00565851) trials investigated bevacizumab with
chemotherapy, and as maintenance. In both trials, the addition of bevacizumab demonstrated a PFS benefit: HR 0.48 (95% CI 0.39–0.61),
p < 0.0001 and HR 0.63 (95% CI 0.53–0.74), p < 0.0001, respectively.
Neither trial demonstrated a significant improvement in OS.
In the platinum-resistant setting, the AURELIA trial (NCT00976911)
demonstrated that bevacizumab with chemotherapy significantly
improved PFS: HR 0.48 (95% CI 0.38–0.6), p = 0.001.
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Table 1 Pivotal Phase III Trials of PARP Inhibitors in OC.
NCT Trial
number

Trial
name

Patients

Treatment

N

mPFS (months)
Arm A vs Arm B
HR (95% CI)
p-value

First-line maintenance phase III trials
537 ITT
Arm A:
Bev 15 mg/kg
(15 mo) + olaparib
300 mg BD (24 mo)
BRCA1/2-mut
269 (HRD)*
NED/CR/PR post-plat + Arm B:
Bev 15 mg/kg
taxane + bev
BRCA-wt and
(15 mo) + placebo
HRDP
HRD£
(24 mo)
BRCA-wt*

NCT02477644 PAOLA-1 Stage IIIB-IV
BRCA-mut and BRCA-wt
HGSOC
HGEOC

NCT02655016 PRIMA

Arm A:
Stage III-residual
disease or inoperable Niraparib 300 mg
OD (24 mo)
All stage IV
BRCA-mut and
BRCA-wt
HGSOC
HGEOC

Arm B:
Placebo (24 mo)

CR/PR post-plat
HRD£
NCT02470585 VELIA$

Stage III-IV
BRCA-mut and
BRCA-wt
HGSOC

Arm A:
Carbo/pac/
placebo ->
placebo (30 mo)

HRD&

Arm B:
Carbo/pac/
veliparib ->
placebo (30 mo)
Arm C:
Carbo/pac/
veliparib ->
veliparib 400 mg
BD (30 mo)
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22.1 vs 16.6
HR 0.59 (0.49–0.72)
p < 0.001
37.7 vs 21.7
HR 0.31 (0.2–0.47)
19.6 vs 8.2
HR 0.31 (0.2–0.47)
18.9 vs 16
HR 0.71 (0.58–0.88)
16.9 vs 16
HRPP
HR 0.92 (0.72–1.17)
487 ITT
13.8 vs 8.2
HR 0.62 (0.5–0.76)
p < 0.001
246 BRCA1/2-mut 21.9 vs 10.4
(HRD)
HR 0.62 (0.5–0.76)
p < 0.001
BRCA-wt and 19.6 vs 8.2
HRDP
HR 0.50 (0.31–0.83)
8.1 vs 5.4
HRPP
HR 0.68 (0.49– 0.94)
Arm C vs Arm A
23.5 vs 17.3
HR 0.68 (0.56–0.83)
p < 0.001
34.7 vs 22
383 BRCA-mut
HR 0.44 (0.28–0.68)
p < 0.001
375

ITT

HRD
382
BRCA-wtp
HRPP

31.9 vs 20.5
HR 0.57 (0.43–0.76)
p < 0.001
18.2 vs 15.1
HR 0.80 (0.64–1.0)
15.0 vs 11.5
HR 0.81 (0.6–1.09)

Table 1 Pivotal Phase III Trials of PARP Inhibitors in OC. (Continued)
NCT Trial
number

Trial
name

Patients

NCT01844986 SOLO-1

Stage III-IV
BRCA-mut
HGSOC
HGEOC
CR/PR post-plat

Recurrent maintenance phase III trials
NCT Trial
Trial
Patients
number
name
NCT01874353 SOLO-2 Relapsed BRCA-mut
HGSOC
HGEOC
CR/PR post-plat

NCT01847274 NOVA

NCT01968213 ARIEL3

Treatment

Arm A:
Olaparib 300 mg
BD (24 mo)
Arm B:
Placebo (24 mo)

Treatment

N

260

131

N

Arm A:
Olaparib 300 mg
BD (until PD/tox)
Arm B:
Placebo (until
PD/tox)

196

Relapsed BRCA-mut
and BRCA-wt
HGSOC
CR/PR post-plat
HRD£

Arm A:
Niraparib 300 mg
OD (until PD/tox)
Arm B:
Placebo (until
PD/tox)

372

Relapsed BRCA-mut
and BRCA-wt
HGSOC
HGEOC

Arm A:
Rucaparib 600 mg
BD (until PD/tox)

375

Arm B:
Placebo (until
PD/tox)

189

CR/PR post-plat
HRD^

99

181

mPFS (months)
Arm A vs Arm B
HR (95% CI)
p-value
3-year PFS
Arm A vs Arm B
27% vs 60%
HR 0.30 (0.23–0.41)
p < 0.0001
5-year PFS
21% vs 48%
HR 0.33 (0.25–0.43)
mPFS (months)
Arm A vs Arm B
19.1 vs 5.5
HR 0.30 (0.22–0.41)
p < 0.0001
mOS
51.7 vs 38.8
HR 0.74 (0.54–1.00)
p = 0.054
gBRCA
21 vs 5.5
HR 0.27 (0.17–0.41)
p < 0.001
gBRCA-wt
12.9 vs 3.8
and HRD
HR 0.38 (0.24–0.59)
p < 0.001
gBRCA-wt
9.3 vs 3.9
HR 0.45 (0.34–0.6)
p < 0.001
6.9 vs 3.8
HRPP
HR 0.58 (0.36–0.92)
p = 0.02
ITT
10.8 vs 5.4
HR 0.36 (0.3-0.45)
p < 0.0001
HRD
13.6 vs 5.4
HR 0.32 (0.24–0.42)
p < 0.0001
BRCA-mut
16.6 vs 5.4
HR 0.23 (0.16–0.34)
p < 0.0001
6.7 vs 5.4
HRP
(LOH low)*
HR 0.50 (0.40–0.85)
p = 0.0049
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Table 1 Pivotal Phase III Trials of PARP Inhibitors in OC. (Continued)
Monotherapy Phase III Trial
NCT Trial
Trial
Patients
number
name
NCT02855944 ARIEL4 Relapsed BRCA-mut
HGSOC
HGEOC
Plat-resistant or
sensitive

Treatment

N

mPFS (months)

Arm A:
Rucaparib 600 mg
BD (until PD/tox)

233

7.4 vs 5.7
HR 0.64 (0.49–0.84)
p = 0.001

Arm B:
ChT

116

≥2 prior ChT regimens
NCT02282020 SOLO-3 Relapsed gBRCA-mut Arm A:
Olaparib 300 mg BD
HGSOC
(until PD/tox)
HGEOC
Plat-sensitive
≥2 prior plat ChT

Arm B:
ChT (non-platinum)

151

13.4 vs 9.2
HR 0.62 (0.43–0.91)
p = 0.013

72

Footnote: $Veliparib is not yet licensed in this setting; HRD£ = MyChoice® GIS-score ≥42, HRD& = MyChoice® GIS-score ≥33,
HRD^ = LOH score ≥16%, *predefined exploratory analysis, ppost hoc exploratory analysis.
Abbreviations: BD, bis in die; bev, bevacizumab; BRCA, breast cancer gene; carbo, carboplatin; ChT, chemotherapy; CI, confidence
interval; CR, complete response; gBRCA, germline BRCA; GIS, genomic instability score; HGEOC, high-grade endometrioid
ovarian cancer; HGSOC, high-grade serous ovarian cancer; HR, hazard ratio; HRD, homologous recombination deficiency;
HRP, homologous repair proficiency; ITT, intention to treat; LOH, loss of heterozygosity; mo, months; mOS, median overall
survival; mPFS, median progression-free survival; plat, platinum; mut, mutated; NED, no evidence of disease; OC, ovarian cancer;
OD, once daily; pac, paclitaxel; PARP, poly(ADP-ribose) polymerase; PD, progressive disease; PFS, progression-free survival;
PR, partial response; tox, toxicity; wt, wild-type.

Targeting Homologous Recombination Deficiency
Approximately 15% of patients with high-grade serous ovarian cancer
(HGSOC) have an underlying germline mutation in BRCA1/2. A further
7% of HGSOC patients have somatic alterations in BRCA1/2. BRCA1
and BRCA2 are integral proteins involved in homologous recombination, a method of repairing double strand DNA breaks. Approximately
50% of HGSOCs exhibit homologous recombination deficiency (HRD).
HRD tumours utilise more error-prone means of DNA repair, leaving them more susceptible to DNA damage caused by platinum or
poly(ADP-ribose) polymerase (PARP) inhibitors (PARPis). HRD status can be assessed by germline/somatic testing of BRCA1/2 and HRD
assays. HRD causes characteristic genomic scar signatures, including
loss of heterozygosity (LOH), telomeric allelic imbalance and largescale state transitions.
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Commercial assays to date provide a genomic instability score (GIS)
or LOH score by testing for mutations in homologous recombinationrelated genes and the genomic scar signatures that occur as a consequence of HRD. Academic assays are also under development.
PARPis in Ovarian Cancer
The development of PARPis (see Chapter 8) has transformed the treatment
of advanced OC. The presence of BRCA1/2 mutations or HRD affects
the choice of PARPi and is predictive of response. Although patients without HRD benefit from PARPis, the benefit is less pronounced. Table 1
summarises the results of the pivotal clinical trials of PARPis in OC.
The European Medicines Agency (EMA) has approved PARPis for the
treatment of OC in the following settings at the time of writing (July 2021):
First-line maintenance – following a partial response (PR) or complete
response (CR) to platinum-based chemotherapy:
n
BRCA-mutated: olaparib, olaparib in combination with bevacizumab,
niraparib
n
BRCA wild-type and HRD-positive: niraparib, olaparib in combination
with bevacizumab
n
BRCA wild-type and HRD-negative: niraparib
Second-line or later maintenance – following a PR or CR to platinumbased chemotherapy, having not received a PARPi previously:
n
Irrespective of BRCA/HRD status: olaparib, niraparib, rucaparib
Third-line or later monotherapy – following two or more lines of platinum-based chemotherapy, and unable to tolerate further platinum-based
chemotherapy:
n
BRCA-mutated: rucaparib

Cervical Cancer
Targeting Angiogenesis
The GOG-0240 trial (NCT00803062) demonstrated an OS benefit of 3.5
months (HR 0.77 [95% CI 0.62–0.95], p = 0.007) when bevacizumab
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was added to cisplatin-based chemotherapy in persistent, recurrent or
metastatic cervical cancer (CC).
Immune Checkpoint Inhibition
It is estimated that human papillomavirus (HPV) infection is responsible for 90% of CC development. The subsequent viral-induced inflammation leads to antigen production and immune escape, supporting
the use of immune checkpoint inhibitors (ICIs) as a treatment strategy.
Programmed death-ligand 1 (PD-L1) is commonly expressed in CC
(35%–84%), and 15% are estimated to have high (≥10 mut/Mb) tumour
mutational burden.
The KEYNOTE-158 phase II basket trial (NCT02628067) investigated
pembrolizumab in a cohort of recurrent or metastatic CC. An ORR of
12.2% was seen in all CCs. In the cohort of CC patients with PD-L1-positive tumours, the overall response rate (ORR) was 14.6%. No responses
were observed in patients with PD-L1-negative CC tumours.
The programmed cell death protein 1 (PD-1) inhibitor cemiplimab has
been shown to improve survival in the second-line treatment of recurrent
or metastatic CC. The EMPOWER-Cervical/GOG-3016/ENGOT-cx9
study (NCT03257267) was the first phase III trial to report the use of an
ICI in the treatment of recurrent or metastatic CC that had progressed
following first-line platinum-based chemotherapy. A 3.5-month survival
benefit was observed in patients who received cemiplimab versus chemotherapy (HR 0.69 [95% CI 0.56-0.84], p < 0.001). The ORR was 16.4%
versus 6.3% for the cemiplimab arm and chemotherapy arm, respectively.
The randomised, placebo-controlled, KEYNOTE-826 trial (NCT
03635567) investigated the addition of pembrolizumab to first-line platinum-based chemotherapy, with or without bevacizumab, in the treatment
of persistent, recurrent or metastatic CC. In the intention-to-treat group, the
24-month OS was 50.4% in the pembrolizumab arm versus 40.4% in the
placebo arm, HR 0.67 (95% CI 0.54–0.84; p < 0.001). In an exploratory
subgroup analysis of the 11.2% patients with PD-L1-negative tumours, the
OS benefit of pembrolizumab was not seen (HR 1.0 [95% CI 0.53–1.89]).
In March 2022, the EMA Committee for Medicinal Products for Human
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Use (CHMP) adopted a positive opinion for the use of pembrolizumab
in combination with chemotherapy with or without bevacizumab for the
treatment of persistent, recurrent or metastatic CC in adults whose tumours
express PD-L1 with a combined positive score (CPS) ≥1.

Endometrial Cancer
The current recommended first-line treatment of metastatic or recurrent
advanced endometrial cancer (EC) is platinum-based chemotherapy. For
recurrent disease, chemotherapy, hormonal therapy and, most recently,
targeted therapy are the available treatment options.
Immune Checkpoint Inhibition Monotherapy
Alterations in the mismatch repair (MMR) genes and DNA polymerase epsilon catalytic subunit (POLE) are found in approximately 30%
and 7% of ECs, respectively. These tumours have high mutational burden and microsatellite instability (MSI-H). Dostarlimab, a PD-1 inhibitor, was approved by the EMA in 2021 for the treatment of deficient
MMR (dMMR)/MSI-H EC (patients must have received a prior platinum-containing regimen) following the results of the phase I GARNET
study (NCT02715284). An ORR of 42% was observed in the cohort
of 104 dMMR/MSI-H EC patients. Basket studies of nivolumab
(NCT02465060) and pembrolizumab (NCT02628067) have also demonstrated the efficacy of ICIs in recurrent dMMR/MSI-H EC, with ORRs
of 45% and 48%, respectively.
Immune Checkpoint Inhibition and Anti-angiogenesis Therapy
Regardless of MMR and MSI status, co-inhibition of vascular endothelial
growth factor (VEGF) and PD-1 signalling has been shown to be efficacious in the treatment of advanced EC. The combination of pembrolizumab and lenvatinib (an oral multikinase inhibitor) was investigated in
the phase III KEYNOTE-775 study (NCT03517449). A 6.9-month OS
benefit was seen in all comers (HR 0.62), and a 5.4-month OS improvement was demonstrated in the MMR-proficient subgroup (HR 0.68), when
compared with chemotherapy. This regimen was approved by the EMA
Gynaecological Malignancies
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in November 2021 for the treatment of advanced EC patients following
progression post platinum and who are not candidates for curative surgery
or radiation.

Future Developments
Mitogen-Activated Protein Kinase Pathway
The mitogen-activated protein kinase (MAPK) pathway can be targeted in the treatment of recurrent low-grade serous ovarian cancer
(LGSOC). The ENGOT-ov11/MILO (NCT01849874) and GOG-0281
(NCT02101788) studies investigated the use of MEK inhibitors in previously treated LGSOC. In both studies, patients had disease recurrence or
progression following at least one platinum-based chemotherapy regimen. There was no PFS improvement seen in MILO which compared
binimetinib with chemotherapy; however, the ORR was 3.4 times higher
in patients with KRAS mutations treated with binimetinib. In GOG-0281,
the median PFS was 13.0 months for trametinib versus 7.2 months for
physician’s choice of chemotherapy (HR 0.48; p < 0.001). Studies are
ongoing (e.g. ENGOTov60/GOG3052 [NCT04625270]) investigating
the use of dual RAF/MEK inhibition alone and in combination with FAK
inhibitors in LGSOC according to KRAS mutation status.
HER2
In human epidermal growth factor receptor 2 (HER2)-positive uterine
serous carcinoma, a phase II study (NCT01367002) reported a PFS benefit of 4.6 months (HR 0.44 [90% CI 0.26–0.76)], p = 0.005) when trastuzumab plus chemotherapy was compared with chemotherapy alone.
Studies are ongoing investigating the efficacy of HER2-targeted therapies in gynaecological malignancies.
Folate Receptor Alpha
Folate receptor alpha (FRα) is overexpressed in 76%-89% of EOCs and
20%-50% of ECs. The FORWARD-1 phase III trial (NCT02631876)
assessed mirvetuximab soravtansine, a FRα-targeting antibody-drug
conjugate (ADC), in platinum-resistant HGSOC. The trial did not meet
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its primary endpoint; however, subgroup analysis demonstrated an
improvement in PFS in tumours with high FRα expression. A phase
III study is ongoing investigating this agent in high FRα expressors
(NCT04209855).
ARID1A
Loss of function mutations in ARID1A, a tumour suppressor gene, have
been reported in clear cell carcinomas (approximately 50% ovarian) and
other gynaecological malignancies. This genetic alteration can be targeted
through inhibition of the ataxia telangiectasia and Rad3-related protein (ATR) pathway. Cells that are ARID1A-deficient have impaired
DNA damage regulation and increased sensitivity to PARPis. Studies
assessing ATR inhibitors in combination with PARPis in clear cell carcinomas and other gynaecological cancers are ongoing (NCT04239014,
NCT04065269, NCT03462342). Additionally, a randomised phase II
trial reported that the addition of the ATR inhibitor berzosertib to gemcitabine improved PFS in platinum-resistant HGSOC (NCT02595892).
Tissue Factor
Tissue factor (TF) plays a role in tumour-associated angiogenesis and is
overexpressed in CC. Tisotumab vedotin, a TF-directed ADC, achieved
an ORR of 24% in pretreated recurrent or metastatic CC in a phase II
study (NCT03438396). A phase III study comparing this ADC with
chemotherapy is ongoing (NCT04697628).
WEE1
TP53 mutations are present in 97% of HGSOC. p53 is a key regulator of
the G1/S checkpoint of the cell cycle; TP53 mutations impair p53 function, resulting in the cells’ reliance on the later G2/M checkpoint. WEE1
kinase is a serine-threonine kinase that regulates G2-M checkpoint transition. WEE1 inhibition in the presence of a TP53 mutation can result in
synthetic lethality and potentially enhance chemotherapy cytotoxicity.
The addition of adavosertib to gemcitabine improved response rate from
6% to 23% and median PFS by 1.6 months in the platinum-resistant setting (HR 0.55 [95% CI 0.35–0.90]; p = 0.015), and OS from 7.2 to 11.4
Gynaecological Malignancies
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months (NCT02151292). WEE1 inhibitors are also under investigation
in uterine serous carcinoma (NCT04590248 and NCT03668340).
Advanced Cellular Therapy
A challenge of cellular therapy in gynaecological malignancies is appropriate antigen selection. Several antigens have been explored as targets in
OC including NKG2D receptor, mesothelin and FRα, with little success.
In CC, HPV is under investigation as a target for chimeric antigen receptor and T-cell receptor therapy.

Conclusion
The availability of broad genomic sequencing and improved understanding of the immunological and molecular basis of gynaecological malignancies has revolutionised treatment. Promising new strategies include
molecularly targeted treatment as monotherapy or in combination with
chemotherapy and/or ICIs.
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Bone and soft tissue sarcomas, including gastrointestinal stromal tumours
(GISTs), are a family of rare tumours, both as a whole and considering
each individual histological type, that includes approximately 100 different entities. Each histotype has specific morphological, molecular and
clinical characteristics and a different sensitivity to systemic treatment.
This makes a correct pathological diagnosis and molecular characterisation of fundamental importance to define the correct treatment for each
patient. The genetic alterations observed in sarcomas can be categorised
into three groups: chromosomal translocations, point mutations without
alteration of the karyotype, and presence of a variable and complex karyotype. They can be important for differential diagnosis and/or to select
targeted agents.
A multidisciplinary approach is mandatory to treat all sarcoma patients,
involving pathologists, radiologists, surgical oncologists, orthopaedic
oncologists, radiation oncologists, medical oncologists and paediatric
oncologists, as well as nuclear medicine specialists and organ-based specialists, as applicable. Sarcoma patients should always be managed in
reference centres for sarcomas and/or within reference networks, starting
from disease onset, since this has been shown to impact patient outcome.
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Treatment Strategy
Soft Tissue Sarcomas
Surgery consisting of en bloc excision with R0 margins is the standard
treatment for all patients with an adult-type, localised soft tissue sarcoma
(STS). It must be carried out by a sarcoma expert surgeon. Wide
excision and radiotherapy are the standard treatment of high-grade
lesions. Formally, (neo)adjuvant chemotherapy is not a standard treatment in localised STS. However, (neo)adjuvant chemotherapy consisting
of three cycles of full-dose anthracycline in combination with ifosfamide
can be proposed to fit patients affected by the most common STS types
and a disease at high risk of death, defined as a 10-year predicted survival
<60% based on the nomogram Sarculator. Neoadjuvant chemotherapy
with regional hyperthermia is another individualised option in patients
at high risk of death.
Surgery is the standard treatment of metachronous and completely
resectable lung metastases without extrapulmonary disease.
Standard front-line chemotherapy in advanced STS consists of anthracyclines, as monotherapy or in combination with ifosfamide or dacarbazine, based on histology and treatment goal. Based on histology, alternative regimens from second line are gemcitabine, as monotherapy or in
combination with docetaxel, trabectedin, pazopanib, high-dose ifosfamide, dacarbazine and eribulin, the latter only in adipogenic STS.
A widely used targeted therapy for unresectable STS is treatment with
antiangiogenic agents. In a randomised phase III study (PALETTE
[NCT00753688]), pazopanib, a multitargeted tyrosine kinase inhibitor (TKI), demonstrated statistically meaningful improvement of progression-free survival (PFS) versus placebo (hazard ratio [HR] 0.31,
95% confidence interval [CI] 0.24–0.40; p < 0.0001) in patients with
metastatic non-adipocytic STS. Partial responses (PRs) by RECIST
(Response Evaluation Criteria In Solid Tumours) were rare (6%), but
stable disease was observed in 67% of patients. Pazopanib has also been
found active in some ultra-rare histological subtypes such as alveolar soft
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part sarcoma, extraskeletal myxoid chondrosarcoma (CS; NCT02066285)
and solitary fibrous tumour (NCT02066285). The recent discovery of
neurotrophic tyrosine receptor kinase (NTRK) gene fusions and development of tyrosine receptor kinase (TRK) inhibitors also provide a new
targeted therapeutic option for a subset of patients with sarcoma. ETV6NTRK3 fusion occurs in >90% of infantile fibrosarcomas, but in other
adult and paediatric sarcomas, NTRK fusions are present at a frequency
of <1%. Nevertheless, the efficacy of TRK inhibitors makes them a valuable therapeutic option in these patients. Two NTRK inhibitors, larotrectinib (TRK inhibitor) and entrectinib (pan-TRK, ROS1 and anaplastic
lymphoma kinase [ALK] inhibitor), have been approved for treatment in
solid tumours with NTRK gene fusions.
In an analysis of phase I/II trials (NCT02122913, NCT02637687,
NCT02576431), larotrectinib induced PR in 74% (95% CI 52%–90%)
of adult sarcoma patients and 94% (95% CI 82%–99%) of paediatric
sarcoma patients. Median PFS and overall survival (OS) were 28.3
(95% CI 16.8–not estimable [NE]) and 44.4 (95% CI 44.4–NE) months,
respectively. In an integrated analysis of phase I/II trials (EudraCT:
2012-000148-88, NCT02097810, NCT02568267), entrectinib demonstrated an overall response rate (ORR) of 46% and a median duration of
response of 10.3 (95% CI 4.6–15.0) months. Median PFS and OS were
11.0 (95% CI 6.5–15.7) and 16.8 (95% CI 10.6–20.9) months, respectively.
The rare types of mesenchymal tumours in which targeted therapy plays
an important role are listed below.
Dermatofibrosarcoma protuberans (DFSP)
DFSP is a locally invasive and slow-growing dermal soft-tissue tumour
with low metastatic potential. Characteristic chromosomal t(17;22)
(q22;q13) translocation, resulting in a collagen type I alpha 1 chain
(COL1A1)–platelet-derived growth factor beta chain (PDGFB) fusion
transcript, is found in more than 90% of cases. Imatinib, which acts
against platelet-derived growth factor receptor beta (PDGFRB), was suc-
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cessfully studied for the systemic treatment of patients with advanced
DFSP and fibrosarcomatous DFSP in a pooled analysis of two phase II
trials (NCT00084630, NCT00085475), with a response rate of 45.9%
and median time to progression (TTP) of 1.7 years. Imatinib may also be
an option in neoadjuvant therapy of locally advanced DFSP.
Malignant perivascular epithelioid cell tumour (PEComa)
PEComas are ultra-rare mesenchymal neoplasms arising at diverse visceral sites, with a tendency for local invasion and/or metastatic spread.
The mammalian target of rapamycin (mTOR) pathway deregulation
is critical for their pathogenesis, and is often associated with a loss of
function of the tuberous sclerosis complex subunits 1 and 2 (TSC1 and
TSC2). TSC1 and TSC2 gene mutations are both found in patients with
TSC-associated and sporadic PEComas. The introduction of mTOR
inhibitors for the treatment of PEComa patients has resulted in a substantial clinical benefit. Retrospective analyses of patients with advanced
PEComas treated with the mTOR inhibitors sirolimus, temsirolimus or
everolimus showed ORRs ranging from 41% to 73%. Recently, the antitumour activity of a new derivative of sirolimus, nab-sirolimus, has been
assessed in the single-arm AMPECT study of 31 patients with malignant PEComa (NCT02494570). Median PFS and OS were 10.6 and
40.8 months, respectively. Objective responses were observed in 39% of
patients, the majority seen in patients with the presence of mutations in
the TSC2 gene.
Inflammatory myofibroblastic tumour (IMT)
IMT is an ultra-rare sarcoma characterised by ALK rearrangement in at
least 50% to 60% of cases. The ALK gene is rearranged with various
gene partners, resulting in a persistently activated protein and positive
immunostaining. This is the rationale to therapeutically target ALK in
this disease. Two clinical trials (phase Ib [NCT00585195] and phase II
[NCT01524926]) have demonstrated ORRs of 66.7% and 50% in
patients with ALK-rearranged paediatric/adult IMTs treated with crizotinib. There are also limited reports showing robust tumour responses to
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treatment with second-generation ALK inhibitors (brigatinib, ceritinib,
alectinib). In IMT ALK-negative cases, fluorescent in situ hybridisation
(FISH) analysis for the detection of ROS1 and NTRK should be performed, as they can be alternative druggable rearrangements in IMT.
Epithelioid sarcoma
Epithelioid sarcoma is an ultra-rare sarcoma. Over 90% of epithelioid
sarcomas have lost integrase interactor 1 (INI1, encoded by SMARCB1)
expression, an essential component of the SWItch/Sucrose-Non-Fermentable (SWI/SNF) chromatin remodelling complex. INI1 dysfunction results in constitutive EZH2 activation and downstream oncogenic
activity. Tazemetostat is a first-in-class and selective inhibitor of both
wild-type and mutated EZH2. The efficacy and safety of tazemetostat in
epithelioid sarcoma patients with loss of INI1 expression was evaluated
in a phase II basket study (NCT02601950). PR was achieved in 15% of
patients. Median PFS and OS were 5.5 months (95% CI 3.4–5.9) and
19.0 (95% CI 11.0–NE) months, respectively.
Tenosynovial giant cell tumour (TGCT)
TGCT, also known as pigmented villonodular synovitis (PVN), is a rare,
locally aggressive, mesenchymal neoplasm arising from the synovium
of joints, bursae or tendon sheaths. TGCT is genetically characterised
by recurrent genomic aberration involving often, but not exclusively, the
colony-stimulating factor 1 (CSF-1) in a subpopulation of tumour cells.
CSF-1 receptor (CSF-1R) inhibition may lead to tumour shrinkage. In
the phase III ENLIVEN trial (NCT01004861), evaluating the efficacy of
pexidartinib, a selective inhibitor of CSF-1R in patients with TGCT, the
ORR at week 25 was 39%.
Several other systemic agents have shown activity in selected rare sarcoma types, but are not formally approved for treatment of advanced
STS; therefore their use varies a lot across countries (Table 1).
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Table 1 Targeted Therapies Used in Clinical Practice but not Formally Approved by EMA.
Sarcoma type

Drug

Molecular target

ASPS

Sunitinib, cediranib,
PD-1/PD-L1 inhibitors

VEGFR

TGCT/PVNS

Imatinib, nilotinib

CSF-1R

PEComa

mTOR inhibitors (everolimus, sirolimus, temsirolimus) mTOR pathway

Aggressive fibromatosis

Imatinib, pazopanib, sorafenib

Unknown

Inflammatory myofibroblastic tumour Crizotinib, ALK inhibitors

ALK

Solitary fibrous tumour

Antiangiogenic drugs (bevacizumab, sunitinib,
sorafenib, axitinib)

Unknown

Epithelioid haemangioendothelioma

Sirolimus

Unknown

Abbreviations: ALK, anaplastic lymphoma kinase; ASPS, alveolar soft-part sarcoma; CSF-1R, colony-stimulating factor 1 receptor;
EMA, European Medicines Agency; mTOR, mammalian target of rapamycin; PD-1, programmed cell death protein 1; PD-L1,
programmed death-ligand 1; PEComa, perivascular epithelioid cell tumour; PVNS, pigmented villonodular synovitis; TGCT,
tenosynovial giant cell tumour; VEGFR, vascular endothelial growth factor receptor.

GISTs
GISTs comprise a heterogeneous group of the most common mesenchymal neoplasms of the gastrointestinal tract, with different risks of relapse
after radical surgery. Advances in the understanding of the molecular
mechanisms of GIST pathogenesis (including the role of oncogenes
KIT and PDGFRA) resulted in the development of systemic treatments,
which made GIST a model for the use of targeted therapy in oncology.
Mutational testing is instrumental in GIST patients for appropriate decision-making. Surgery is the treatment of choice in primary, resectable,
localised disease.
Imatinib mesylate was the first systemic agent to be introduced for the
treatment of GIST in the early 2000s, and has revolutionised treatment
of the disease, which is otherwise refractory to cytotoxic chemotherapy.
In the localised setting, adjuvant imatinib for 3 years after resection of
high-risk primary GIST is associated with relapse-free survival (RFS)
and OS benefits in comparison with 1 year of therapy and is currently the
standard of care. Neoadjuvant imatinib is the standard treatment strategy
in locally advanced and/or marginally resectable GIST with sensitive
mutations. Imatinib 400 mg/day is also the first-line treatment in inoperable and/or metastatic cases.
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GIST

Subtype

KIT, FGFR,
PDGFR,
VEGFR

NTRK

KIT,
PDGFRA

Effectiveness

Standard adjuvant treatment, 400 mg/day
for 3 years in high-risk patients

ORR: 8%–19%
SD: 58%–70%
mOS: 1.5 years
mPFS: 6-8 mo
(NCT00075218)

ORR: 80%–100%
(EudraCT: 2012-000148-88, NCT02097810,
NCT02568267, NCT02122913, NCT02576431)

Adjuvant setting and high-risk patients:
Significant RFS improvement with imatinib
Standard first-line treatment for advanced 3 years vs imatinib 1 year (5-year RFS: 65.6% vs
patients, except for KIT/PDGFR-WT GIST and 47.9% [HR 0.46, 95% CI 0.32–0.65; p < 0.0001];
5-year OS: 92.0% vs 81.7% [HR 0.60, 95% CI
GIST harbouring PDGFRA exon 18 D842V
0.37–0.97; p = 0.036]; 10-year OS: 79.0% vs
mutations, 400 mg/day (for KIT exon 9
65.3% [HR 0.45, 95% CI 0.22–0.89; p = 0.019])
mutations, 800 mg/day)
(NCT00116935)
Standard first-line treatment for completely
Advanced disease:
resected metastatic patients whose
ORR 54%–70%
tumour harbours an imatinib-sensitive
mOS: 57 mo
genotype
Better activity in KIT exon 11 mutations, not
effective in tumours harbouring PDGFRA
D842V mutation
ORR: 95%
Standard first-line treatment for patients
with PDGFRA exon 18 D842V mutations, mDoR: 22 mo
300/400 mg/day
mPFS: 24 mo
mOS: not reached
(NCT02508532)

Registration / indications

Larotrectinib Standard first-line treatment for patients
Entrectinib with NTRK-rearranged GIST
Entrectinib 600 mg/day
Larotrectinib 200 mg/day
Sunitinib
Standard second-line treatment in the
case of conﬁrmed progression or rare
intolerance on imatinib, 50 mg/day
4 weeks on/2 weeks off or, as an alternative
schedule, 37.5 mg/day

Avapritinib

Molecular Drug
target
KIT,
Imatinib
PDGFRA

Nausea, anaemia, diarrhoea, fatigue, memory
impairment/cognitive disturbances, periorbital
oedema, decreased appetite, increased
lacrimation, abdominal pain, vomiting,
peripheral oedema, hypokalaemia and
increased bilirubin (doses of 300/400 mg/day;
21% of patients)
Neurotoxicity, dizziness, fatigue,
hypoalbuminaemia, oedema, diarrhoea,
nausea, vomiting, hepatotoxicity, low
blood counts
Fatigue, arterial hypertension, hand-foot
syndrome, hypothyroidism, discoloration
of hair, skin rash, diarrhoea, mucositis,
anaemia, neutropaenia

Usually mild: oedema, nausea, diarrhoea,
musculoskeletal pain, muscle cramps,
fatigue, skin rash, anaemia

Most common adverse events

Table 2 Approved Targeted Therapies for the Systemic Treatment of
Mesenchymal Tumours.

Mesenchymal Tumours

225

226

Rutkowski et al.

EZH2

Epithelioid
sarcoma

CSF-1R

RANKL

TGCT/
PVNS

GCTB

STS excluding VEGFR,
liposarcoma PDGFR

PDGFRB

KIT,
PDGFRA

Effectiveness
DCR: ~50%
mPFS: 4.8 mo
(NCT01271712)

Registration / indications

Standard third-line therapy for patients
progressing on or intolerant to imatinib
and sunitinib, 160 mg/day 3 out of every
4 weeks
Standard fourth-line treatment in patients
progressing on or intolerant to imatinib,
sunitinib and regorafenib, 150 mg/day

Ripretinib

ORR: 9.4%
mPFS: 6.3 mo
mOS: 15.1 mo
12 mo OS rates: 65.4%
(NCT03353753)
Imatinib
Unresectable DFSP and recurrent and/or
ORR: 45.9 %
1-year PFS rate: 57.18%
metastatic DFSP not eligible for surgery,
800 mg/day
(NCT00084630, NCT00085475)
Tazemetostat* Metastatic/unresectable epithelioid
ORR: 15%
sarcoma, 800 mg/day
mPFS: 5.5 mo
mOS: 19.0 mo
(NCT02601950)
Pazopanib Metastatic/unresectable non-adipocytic
PR: 6%
STS after chemotherapy failure, 800 mg/day SD: 67%
mPFS: 4.6 mo
mOS: 12.5 mo
(NCT00753688)
Pexidartinib* Symptomatic TGCT associated with severe ORR at week 25: 39%
morbidity or functional limitations and not Best ORR: 53%
amenable to improvement with surgery,
mDoR: not reached
800 mg/day
(NCT01004861)
Denosumab Unresectable GCTB, or when surgical
Tumour response (defined as elimination of
resection is likely to result in severe
at least 90% of giant cells or no radiological
morbidity, 120 mg every 4 weeks with
progression of the target lesion up to week
additional 120 mg doses on days 8 and 15 25) in 86% of patients (NCT00396279)
the first month

Molecular Drug
target
KIT, FGFR, Regorafenib
PDGFR,
VEGFR

DFSP

GIST
(continued)

Subtype

Hair colour changes, fatigue, aspartate
aminotransferase increase, nausea, alanine
aminotransferase increase, dysgeusia,
arthralgia, diarrhoea
Bone pain, fatigue, headache, nausea,
hypocalcaemia, hypophosphataemia,
osteonecrosis of the jaw, atypical femoral
fractures

Fatigue, diarrhoea, nausea, weight
loss, hypertension, anorexia, hair
hypopigmentation, vomiting, dysgeusia,
rash, mucositis

Alopecia, fatigue, nausea, myalgia,
diarrhoea, hand-foot syndrome,
asymptomatic lipase increases, anaemia,
arterial hypertension, diarrhoea,
hypophosphataemia
Leukopaenia, anaemia, fatigue, nausea,
diarrhoea, oedema, hepatotoxicity, rash,
weight loss
Fatigue, nausea, cancer pain, decreased
appetite, vomiting and constipation, cough,
headache, diarrhoea

Arterial hypertension, hand-foot syndrome,
diarrhoea, weakness

Most common adverse events

Table 2 Approved Targeted Therapies for the Systemic Treatment of
Mesenchymal Tumours. (Continued)

mTOR

Locally advanced unresectable or
metastatic malignant PEComa, 100 mg/m2
on days 1 and 8 of each 21-day cycle

Nausea, vomiting, diarrhoea, increase in
the creatine phosphokinase level,
acneiform rash, paronychia, mucositis,
pruritus, dry skin, fatigue, headache

Mucositis, fatigue, nausea, weight loss,
diarrhoea, anaemia, thrombocytopaenia,
pneumonitis

Constipation, dizziness, abdominal pain,
fatigue, nausea, dysgeusia, myalgia,
headache, oedema, hepatotoxicity,
cognitive impairment

Larotrectinib:
PR: 74% of adult sarcoma patients
mPFS: 28.3 mo
mOS: 44.4 mo
(EudraCT: 2012-000148-88, NCT02097810,
NCT02568267)
Entrectinib:
ORR: 46%
mPFS: 11 mo
mOS: 16.8 mo
(NCT02122913, NCT02637687, NCT02576431)
ORR: 39%
mPFS: 10.6 mo
mOS: 40.8 mo
(NCT02494570)
ORR: 68%
3-year PFS rate: 84%
(NCT01362803)

Most common adverse events

Effectiveness

* FDA-approved only.
Abbreviations: CI, confidence interval; CSF-1R, colony-stimulating factor 1 receptor; DCR, durable complete response; DFSP, dermatofibrosarcoma protuberans; FDA, Food and Drug
Administration; FGFR, fibroblast growth factor receptor; GCTB, giant cell tumour of bone; GIST, gastrointestinal stromal tumour; HR, hazard ratio; mDoR, median duration of response;
mo, months; mOS; median overall survival; mPFS, median progression-free survival; mTOR, mammalian target of rapamycin; NF1, neurofibromin 1; NTRK, neurotrophic tyrosine receptor
kinase; ORR, overall response rate; OS, overall survival; PDGFRA, platelet-derived growth factor receptor alpha; PDGFRB, platelet-derived growth factor receptor beta; PEComa,
perivascular epithelioid cell tumour; PFS, progression-free survival; PR, partial response; PVNS, pigmented villonodular synovitis; RANKL, receptor activator of nuclear factor-kappa B
ligand; RFS, relapse-free survival; SD, stable disease; STS, soft tissue sarcoma; TGCT, tenosynovial giant cell tumour; VEGFR, vascular endothelial growth factor receptor; WT, wild type.

Selumetinib* Symptomatic, inoperable plexiform
neurofibromas in paediatric patients with
NF1, 50 mg/m2/day

Nabsirolimus*

Molecular Drug
Registration / indications
target
NTRK
Entrectinib Advanced/unresectable sarcoma with
larotrectinib NTRK gene fusions
Entrectinib 600 mg/day
Larotrectinib 200 mg/day

NF1–related MEK
neurofibroma

Malignant
PEComa

NTRKrearranged
sarcomas

Subtype

Table 2 Approved Targeted Therapies for the Systemic Treatment of
Mesenchymal Tumours. (Continued)
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In case of progression on imatinib, there are currently several therapeutic
strategies, such as the multi-targeted TKIs with antiangiogenic properties sunitinib malate, approved in second line; regorafenib, for third line;
and the switch-control TKI ripretinib for fourth line (Table 2). Escalation
of the dose of imatinib to 800 mg/day is another option in case of resistance to imatinib 400 mg/day. In patients with an imatinib-resistant PDGFRA D842V mutation, the standard first-line treatment is avapritinib, a
highly selective oral PDGFRA inhibitor. Avapritinib demonstrated clinical activity against PDGFRA D842V-mutant GIST (NCT02508532),
with a 91% ORR and 13% of patients achieving a complete response.
The median PFS was 34.0 months (95% CI 22.9–NE).
In rare cases, an NTRK gene rearrangement or a BRAF mutation may be
present. It has been shown that entrectinib and larotrectinib provide significant clinical benefit in patients with NTRK-rearranged GISTs, while
BRAF/MEK inhibitors can be active in BRAF-mutated GISTs.
Table 2 summarises approved molecular targeted therapeutic agents for
mesenchymal tumours.
Bone Sarcomas (BSs)
Osteosarcoma and Ewing sarcoma (ES) are the most common BSs in children, but they can also affect adults, while conventional CS is the most
frequent BS in adults. Dedifferentiated chondrosarcoma (DCS), mesenchymal chondrosarcoma (MCS) and clear-cell CS are ultra-rare CS subtypes. Other ultra-rare BSs are chordomas, round cell sarcomas (RCSs)
with Ewing sarcoma breakpoint region 1 (EWSR1)-non-ETS fusions,
CIC-rearranged sarcomas, sarcomas with BCOR alteration and high-grade
spindle/pleomorphic BS. Finally, giant cell tumour of bone (GCTB) is
a locally aggressive BS, rarely metastasising. Each of these tumours is
treated with a disease-specific approach. Curative treatment of primary,
high-grade osteosarcoma consists of surgery combined with multimodal
chemotherapy including doxorubicin, cisplatin, high-dose methotrexate
and ifosfamide, followed by wide surgery. High-dose radiotherapy can
be considered in patients with unresectable disease; second-line chemotherapy includes ifosfamide or cyclophosphamide, possibly in association
with etoposide and/or carboplatin, gemcitabine and docetaxel.
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Curative treatment of primary ES (skeletal and extraskeletal cases) also
consists of multimodal chemotherapy including vincristine, doxorubicin,
cyclophosphamide, ifosfamide and etoposide followed by wide surgery;
radiotherapy is an option to complement surgery, or when surgery is too
morbid. In case of disease relapse, if surgery with curative intent is not
feasible, systemic options include alkylating agents in combination with
topoisomerase inhibitors, irinotecan with temozolomide, gemcitabine
and docetaxel, high-dose ifosfamide or carboplatin with etoposide.
The best treatment approach for RCS with EWSR1-non-ETS fusions,
CIC-rearranged sarcoma and sarcoma with BCOR alterations is still
under refinement. Multiagent chemotherapy including anthracycline
and alkylating agents combined with wide surgery is the current mostfavoured approach.
Surgery is the standard treatment of primary CS and chordoma. Highdose radiotherapy with protons or carbon ions, alone with curative intent
or combined with debulking surgery, can be considered for unresectable
disease or where surgical resection is too morbid, in particular for skullbase and cervical spine locations. Adjuvant chemotherapy is not indicated,
the only exception being MCS and DCS. For relapsed patients, treatment
options consist of surgery and/or radiotherapy and/or systemic therapies.
Primary GCTB is treated with en bloc resection or intralesional curettage. Histologically, GCTB is characterised by the presence of neoplastic mesenchymal stromal cells surrounded by mononuclear osteoclast
precursors and osteoclast-like giant cells. It has been shown that the
osteoclast-like giant cells and their precursors express receptor activator of nuclear factor-kappa B (RANK), whereas stromal cells express
RANK ligand (RANKL), which is an important mediator of osteoclastic bone resorption. Denosumab, a fully human monoclonal antibody
against RANKL, represents the standard treatment for unresectable or
metastatic GCTB. In a phase II study (NCT00396279) of denosumab in
patients with recurrent or unresectable GCTB, tumour response, defined
as elimination of at least 90% of giant cells or no radiological progression of the target lesion up to week 25, was observed in 86% of patients
(95% CI 70%–95%).
Mesenchymal Tumours
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Potential Future Developments
New developments in the recognition of molecular pathogenesis, epigenetic mechanisms and immune profiles of different sarcoma types is
leading to the discovery of new therapeutic targets in this heterogeneous group of tumours. Several novel drugs are undergoing clinical trials,
including MDM2 and cyclin-dependent kinase 4/6 (CDK 4/6) inhibitors
in dedifferentiated liposarcoma (DDLPS), isocitrate dehydrogenase 1
(IDH1) inhibitors in IDH1-mutant CS, BRD9 inhibitors or targeted-cell
therapy in synovial sarcoma, death receptor 5 (DR5) agonists in CS and
gamma-secretase inhibitors in aggressive fibromatosis.
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Precise diagnostic assessment based on histological as well as molecular
markers is the basis of personalised therapy. The World Health Organization (WHO) classification of central nervous system (CNS) tumours was
revised in 2021 and defines over 120 different CNS tumour types.
The diagnostic assessment of glioma includes histological evaluation
and the analysis of molecular alterations. Given the high variability in
survival prognosis, accurate diagnosis as a basis for personalised treatment is gaining increasing importance in neuro-oncology. This will
allow a balance to be achieved between maximum disease control and
the prevention of long-term toxicity such as neurocognitive decline.

Targeted Therapies in Primary CNS Malignancies
So far, only a few molecular targeted therapies have entered clinical practice in neuro-oncology. Although several generations of targeted therapies have been tested, clinically relevant efficacy has only been shown
for some of them, so far. Importantly, efficacy data are mostly based on
data from case series, as adequately powered prospective trials are missing. Some examples are highlighted in the text below.

Neurotrophic Tyrosine Receptor Kinase (NTRK)
Oncogenic NTRK fusions are primarily described in paediatric gliomas of
all grades, ependymoma, glioneuronal tumours and adult glioblastoma.
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Although only a small subpopulation of tumours harbour NTRK fusions,
they represent a viable target for personalised treatment approaches.
Intracranial activity of NTRK inhibitors was shown in paediatric and
adult primary brain tumours with an acceptable safety profile (Table 1).
Table 1 Overview on NTRK Inhibitor Trials in Glioma.
Disease entity

Drug

Response rate

Glioma, glioblastoma, astrocytoma,
not otherwise specified

Larotrectinib ORR: 11%
DCR: 100%

Survival/DoR
DoR: 2.8-9.2 mo

NCT trial
number
NCT02637687
NCT02576431

High-grade glioma, low-grade
Larotrectinib ORR: 30%
glioma, glioneuronal tumours,
DCR: 73%
neuroepithelial tumours, CNS
neuroblastoma, small round blue cell
tumours

Median PFS: 18.3 mo
DoR: not reached

NCT02637687
NCT02576431

CNS tumours (paediatric), not
otherwise specified

Not reported

NCT02650401

Entrectinib

ORR: 75%

Abbreviations: CNS, central nervous system; DCR, disease control rate; DoR, duration of response; mo, months;
NTRK, neurotrophic tyrosine receptor kinase; ORR, overall response rate; PFS, progression-free survival.

BRAF
The BRAF V600E mutation is primarily found in brain tumours of younger
patients, including paediatric glioma, ganglioglioma or pleomorphic xanthoastrocytoma. In contrast, KIAA1549-BRAF fusions are characteristic of pilocytic astrocytoma and are generally linked to better prognosis
(Table 2). Of note, BRAF inhibition leads to paradoxical mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK)
pathway activation in tumours with BRAF fusions, underscoring the need
for downstream inhibition in this specific patient population.

Isocitrate Dehydrogenase (IDH)
Gain-of-function mutations in the IDH1/2 genes are a defining hallmark
for the classification of diffuse gliomas. While they occur in only 10%
of grade 4 gliomas, they are detected in >80% of WHO grade 2/3 gliomas. Biologically, IDH mutation confers global DNA hypermethylation
and thereby a deregulation of cellular differentiation and transcriptional
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Table 2 Overview of Trials in BRAF-mutant Brain Tumours.
Disease entity

Drug

Response rate

Survival/DoR

BRAF V600E-mutant gliomas
(diffuse glioma, glioblastoma,
pleomorphic xanthoastrocytoma,
anaplastic ganglioglioma, pilocytic
astrocytoma, not otherwise
specified, high-grade glioma)

Vemurafenib

ORR: 25%

NCT trial
number
Median PFS: 5.5 mo NCT01524978

BRAF V600E-mutant paediatric
low-grade glioma

Dabrafenib

ORR: 41%

Not reported

BRAF V600E-mutant high-grade
glioma

Dabrafenib +
ORR: 26%
trametinib (MEK
inhibitor)

Papillary craniopharyngioma
(BRAF-mutant)

Vemurafenib
+ cobimetinib
(MEK inhibitor)

NCT01677741

Median PFS: 1.9 mo NCT02034110
DoR: ≥12 mo in
62.5% of patients

ORR: 93%
Median PFS:
(central review), not reached
93.75% (local
review)

NCT03224767

Abbreviations: DoR, duration of response; mo, months; ORR, overall response rate; PFS, progression-free survival.

Table 3 Overview of Trials in IDH-mutant Gliomas.
Disease entity

Drug

Response rate

Diffuse glioma,
IDH-mutant

Ivosidenib

Non-contrast enhancing Non-contrast enhancing
glioma:
glioma:
ORR: 2.9%
Median PFS: 13.6 mo
DCR: 85.7%
Contrast enhancing glioma:
Contrast enhancing
Median PFS: 1.4 mo
glioma:
DCR: 45.2%

Diffuse glioma,
IDH-mutant

Vorasidenib

ORR: 13.6%
SD: 77.3%

60.5% of patients were
progression-free and alive
at 24 mo

NCT02481154

Peripheral immune
response: 93.3%

63% 3-year PFS

NCT02454634

Astrocytoma,
IDH1-vac
WHO grade 3 or 4,
IDH-mutant

Survival/DoR

NCT trial
number
NCT02073994

Abbreviations: DCR, disease control rate; DoR, duration of response; IDH, isocitrate dehydrogenase; IDH1-vac, IDH1 (R132H)
peptide vaccine; mo, months; ORR, overall response rate; PFS, progression-free survival; SD, stable disease; WHO, World Health
Organization.
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processes. Clinically, IDH mutations are linked to better prognosis and
improved response rates towards chemotherapy and may represent a targetable Achilles’ heel in IDH-mutant glioma.
In other malignancies such as cholangiocarcinoma and acute myeloid
leukaemia, IDH inhibitors have already shown clinical efficacy and are
approved for use in specific settings. Similarly, early-phase data suggested clinical activity of the IDH inhibitors ivosidenib and vorasidenib
and an anti-IDH1 (R132H) peptide vaccine (IDH1-vac) in IDH-mutant
glioma, especially in non-contrast-enhancing tumours (Table 3). Still,
data of randomised controlled phase III trials are awaited to corroborate
these findings.

Conclusion
Some targeted therapy options are available for patients with selected
CNS tumours. Platform trials allowing the inclusion of patients based
on molecular predictive markers in several arms investigating targeted
therapy approaches are currently underway and may lead to an increase
in targeted treatment options for primary CNS tumours.
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Toxicities induced by targeted agents are frequent and highly heterogeneous. These include both ‘on-target’ and ‘off-target’ side effects. The
former refers to the pharmacodynamic effect on normal tissues expressing the target of interest, whereas the latter refers to adverse effects
occurring as a result of modulation of other targets or the structure of
the drug itself.
The aim of this chapter is to outline those which are most common, along
with their general management. Patient communication and education
are of paramount importance to successfully manage toxicity induced
by these agents, and referral to experts/specialists is crucial in case of
severe presentations.

Skin Toxicity
Dermatological adverse events (AEs) are among the most frequent toxicities induced by targeted therapies (TTs), reported in up to 75%-90% of
cases (Lacouture et al, 2021). This category includes a variety of clinical
presentations, ranging from mild toxicities to severe life-threatening AEs.
Drugs targeting epidermal growth factor receptor (EGFR), RAS/
RAF/MAPK (mitogen-activated protein kinase), PI3K/AKT/mTOR
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(mammalian target of rapamycin) and vascular endothelial growth factor
receptor (VEGFR) pathways, along with multikinase inhibitors (MKIs),
are responsible for the majority of skin toxicities observed. Of note, most
of them are directly caused by the inhibition of the targeted pathway in
the skin, and are thus defined as ‘on-target’ toxicities.
Papulopustular Rash
Papulopustular exanthema is an acneiform rash typically caused by antiEGFR agents, MEK inhibitors (MEKis, e.g. selumetinib, trametinib),
mTOR inhibitors (mTORis, e.g. everolimus) and human epidermal
growth factor receptor 2 (HER2)-targeted agents (e.g. pertuzumab, lapatinib, tucatinib) (Lacouture et al, 2021; Dy et al, 2013). It is characterised by papules and pustules, generally developing on an erythema, and
primarily located in zones rich in sebaceous glands such as face, scalp
and upper trunk. Notably, its severity is dose-dependent and has been
positively correlated to therapy response.
Preventive management of acneiform rash consists of general measures
for skin care (skin hydration, avoidance of frequent washing with hot
water, and sun protection). Skin irritants should be avoided, preferring
alcohol-free and perfume-free, urea-containing skin moisturisers. Prophylactic administration of oral tetracyclines (6-8 weeks) can be considered, with or without concomitant topical steroids.
Reactive management depends on rash severity. For grade (G)1 or G2
rash, oral tetracycline along with topical steroids is recommended. For
G3 toxicity, anticancer agents must be temporarily interrupted, and cultures (bacterial/viral/fungal) should be obtained when a concomitant
infection is suspected. Specific management includes administration/
continuation of oral tetracyclines and topical steroids, along with a short
course of systemic corticosteroids. Additional antibiotics can be prescribed in case of superinfection.
Maculopapular Rash
Maculopapular rash, also referred to as morbilliform rash, is characterised by the presence of macules (flat) and papules (elevated) red lesions
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(Common Terminology Criteria for Adverse Events [CTCAE] version
5, 2017). It frequently affects the upper trunk, spreading centripetally
and is associated with pruritus. Many targeted agents may cause maculopapular rash, including but not limited to MKIs (e.g. vandetanib, sunitinib), PI3KCA inhibitors (e.g. alpelisib), mTORis (e.g. everolimus),
RET inhibitors (RETis, e.g. selpercatinib), poly(ADP-ribose) polymerase inhibitors (PARPis, e.g. rucaparib) and BRAF inhibitors (BRAFis,
e.g. vemurafenib, encorafenib) (Table 1). As for acneiform rash, preventive measures include skin moisturising and sun protection. Reactive
management relies on administration of oral antihistamines and topical agents, such as menthol cream, to relieve pruritus. For patients with
moderate-to-severe rash, use of topical high-potency corticosteroids can
be considered.
Hand-Foot Skin Reaction
Hand-foot skin reaction (HFSR) is a common AE caused by tyrosine
kinase inhibitors (TKIs), such as MKIs (e.g. cabozantinib, sunitinib),
BRAFis (e.g. dabrafenib) and fibroblast growth factor receptor inhibitors (FGFRis, e.g. erdafitinib, pemigatinib) (Lacouture et al, 2021). It
is characterised by focal, hyperkeratotic, callus-like lesions in areas of
pressure or friction, such as the fingertips, heels and metatarsal areas,
and over joints. Typically, callus-like lesions are preceded by bullae or
blisters. These lesions are usually painful and can be associated with
other symptoms like paraesthesia, burning, tingling and soreness of the
palms and soles. Notably, HFSR must be distinguished from the classic
hand-foot syndrome induced by chemotherapy.
Preventive management includes avoidance of skin irritants and mechanical stress, treatment of predisposing factors, such as pre-existing hyperkeratosis, and application of urea-based topical keratolytics. A referral
for medical pedicure by a specialised podiatrist before starting therapy
should also be considered, if indicated. For G1 AEs, keratolytic emollients are usually the only measure needed and dose modifications are
not required. For G2 and refractory G1 HFSR, use of topical steroids,
lidocaine 4%-6% cream and analgesics is recommended in addition to
urea-based emollients. For G3 and intolerable G2 HFSR, TKIs should be
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withheld for at least 7 days or until HFSR resolution, while treatment is
the same as for G2. TKIs should then be resumed at a lower dose even
if, in case of worsening or absence of improvement, dose interruption or
discontinuation may be necessary.
Pruritus
Pruritus has been described with many TTs (e.g. anti-EGFR, MEKis,
BRAFis, mTORis), with variable incidence and severity. Pruritus can
occur along with other skin manifestations, or as an isolated symptom.
Other potential causes should also be considered, such as concomitant
medications. Given its frequent association with xerosis, use of highly
hydrating moisturiser is essential to prevent and treat pruritus. For mildto-moderate symptoms, topical antipruritic agents containing menthol
0.5% or topical steroids should be used. For G2-3 pruritus, oral antihistamines or gamma aminobutyric acid (GABA) agonists (pregabalin/
gabapentin) are recommended in addition to topical steroids. Targeted
agents should be interrupted in patients with G3 pruritus.
Nail Changes (Paronychia)
Paronychia is an inflammation of the skin around a fingernail or toenail,
frequently occurring in patients receiving agents targeting EGFR (e.g.
dacomitinib, cetuximab, osimertinib), MEK (e.g. selumetinib) or mTOR
(e.g. everolimus) pathways. As for other skin toxicities, preventive management is crucial. Patients should be educated about gentle skin care
and appropriate nail care. Trauma and irritation should be avoided, and
clothing adapted to prevent them (gloves for cleaning, comfortable shoes,
cotton socks). Patients should be referred to a podiatrist for proper nail
care. Application of topical emollients to cuticles and periungual tissues
is also recommended. For G1-2 paronychia, topical povidone iodine 2%
and/or topical antibiotics/corticosteroids are recommended. Oral antibiotics can be administered for G2-3 paronychia, and partial nail avulsion
should be considered for more severe presentations. Bacterial/viral/fungal cultures should be obtained when infections are suspected (Lacouture et al, 2021).
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Figure 1 Word cloud representing the 100 most frequently described adverse
events across 55 FDA-approved target agent drugs with available monotherapy
data. Data is abstracted from FDA labels. Font size is directly proportional to
adverse event prevalence; font colour reflects affected system.
Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; aPTT, activated partial thromboplastin time;
AST, aspartate aminotransferase; CPK, creatine phosphokinase; FDA, Food and Drug Administration; GGT, gamma-glutamyl
transferase; INR, international normalised ratio; LDH, lactate dehydrogenase.

Drug-induced Pneumonitis/Interstitial Lung Disease
Drug-induced pneumonitis/interstitial lung disease (ILD) has been associated with many targeted agents. Most cases have been described in
patients receiving mTORis and EGFR inhibitors (EGFRis), even if rare
cases of pneumonitis have been associated with many other TTs. Clinical
presentation is variable, ranging from asymptomatic radiographic findings to life-threatening respiratory failure. Diffuse ground-glass opacity is the typical finding on computed tomography (CT) scan but also
isolated areas of interstitial thickening can appear. The most frequent
symptoms are cough and dyspnoea.
Management of ILD induced by TT is not standardised. In general, the
decision to continue treatment or not, and eventually to switch to an
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alternative agent, must be discussed individually, considering the clinical
circumstances and the severity of ILD. In case of severe ILD (G3 or 4),
permanent drug discontinuation is usually recommended. For asymptomatic patients with radiographic changes alone (G1), some agents (e.g.
everolimus, temsirolimus) can be continued with close monitoring for
respiratory symptoms and CT scan follow-up, while others need to be
interrupted until resolution (e.g. pralsetinib, trastuzumab deruxtecan
[T-DXd], cyclin-dependent kinase 4/6 inhibitors [CDK4/6is]) or even
permanently (trastuzumab, trastuzumab emtansine [T-DM1], panitumumab, EGFR-TKIs, anaplastic lymphoma kinase inhibitors [ALKis],
trametinib, alpelisib). Treatment is mainly supportive and includes
administration of steroids after excluding other potential aetiologies,
along with oxygen and ventilation support if indicated. For severe presentations, hospitalisation, bronchoscopy and bronchoalveolar lavage are
strongly recommended, to rule out other causes such as infection or progressive malignancy.

Cardiovascular Toxicity
Cardiovascular AEs from targeted agents may have a variety of clinical
presentations, including but not limited to left ventricular systolic dysfunction (LVSD)/heart failure (HF), systemic hypertension, QT prolongation and thromboembolic events. Many of these are rare syndromes,
while others are quite common. All patients candidate to receive a potentially cardiotoxic drug must undergo a baseline cardiological evaluation
including physical examination, blood pressure (BP) measurement, electrocardiogram (ECG) and transthoracic echocardiography (TTE) with
measurement of left ventricular ejection fraction (LVEF) and global longitudinal strain (GLS). Baseline assessment of cardiac biomarkers (troponin and N-terminal [NT] pro-hormone BNP [B-type natriuretic peptide] [NT-proBNP]) is not routinely recommended, whereas it should be
considered in high-risk patients, and is recommended in patients receiving proteasome inhibitors.
Monitoring of patients receiving cardiotoxic agents generally consists
of a cardiological evaluation every 3 months including ECG and TTE,
and home BP measurement for patients receiving drugs known to cause
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hypertension. High-risk patients should be followed with a more frequent
and personalised re-evaluation, and monitoring of cardiac biomarkers
after each treatment cycle may be also considered. In these patients, initiation of cardioprotective drugs such as angiotensin-converting enzyme
inhibitors (ACEis), angiotensin receptor blockers (ARBs) or selected
beta-blockers (BBs) is recommended.
Left Ventricular Systolic Disfunction/Heart Failure
Targeted agents more frequently associated with LVSD and HF include
anti-HER2 agents, MEKis, VEGFR TKIs, MKIs and proteasome inhibitors. Given the risk of cardiotoxicity of trastuzumab and other anti-HER2
agents, these drugs should not be used in patients with LVEF <40%,
unless there is no effective alternative cancer treatment. Cardioprotective drugs such as ACEis, ARBs and/or BBs should be administered to
patients with baseline LVEF of 40%-50%.
Management of patients experiencing LVSD depends on the symptoms
developed, the severity of LVEF drop and the ongoing anticancer treatment. Treatment must be interrupted in patients with an LVEF <40%
and in symptomatic patients, and an ACEi or ARB started. All patients
should then undergo close cardio-oncology monitoring, including cardiac biomarkers. Resuming treatment may be considered only in patients
with complete symptom resolution and LVEF increase to complete or
partial recovery. Asymptomatic patients that maintain an LVEF value
>40% can instead continue the ongoing treatment, with closer monitoring and cardioprotective drugs.
Hypertension
Arterial hypertension is a common AE of drugs targeting the VEGF
pathway, mTORis, MKIs, proteasome inhibitors, and RETis, ALKis and
MEKis. All patients candidate to receive these agents should be educated
on home BP monitoring and followed up periodically (every 3 months
for 1 year, then every 6 months). Patients developing hypertension (BP
>140/90 mmHg) or with worsening of pre-existing hypertension should
undergo a cardiology evaluation, along with urine analysis to exclude
proteinuria or other renal damage. Conventional anti-hypertensive drugs
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can be used, and non-dihydropyridine calcium channel blockers should
preferably be avoided because of potential drug-drug interactions. Anticancer treatment should be continued, except in case of hypertensive
emergency or any organ damage. Dose reduction or temporary discontinuation should be considered when BP is not controlled. Patients with
proteinuria >1 g/d, haematuria or acute renal failure should undergo a
nephrology consultation.
QT Prolongation
QT prolongation is a well-known AE of many drugs, including some
anticancer targeted agents. TTs with the highest frequency of QT prolongation are ribociclib (7%) and vandetanib (8%); others are reported
in Table 1.
Cut-offs for corrected QT (QTc) prolongation are 450 ms in men and
460 ms in women, measured with the Fridericia formula. Nevertheless,
cancer treatment may be continued as long as QTc interval is ≤500 ms
and QTc prolongation is <60 ms from baseline (G3), considering that
torsade de pointes rarely occurs when QTc is <500 ms and there is no
occurrence of any ventricular arrhythmias or syncope. Cancer treatment
must indeed be temporarily interrupted in all patients with QTc >500
ms. Other potential causes of QTc prolongation should be investigated
and corrected, including electrolyte abnormalities and cardiac risk factors, with discontinuation of non-cancer treatment drugs that induce QTc
prolongation, whenever possible. Restarting of cancer treatment may be
done at a reduced dose after QTc normalisation.
Thromboembolic Events
A variety of anticancer targeted agents have been shown to increase the
risk of thromboembolic events (TEs), including anti-EGFR antibodies,
agents targeting the VEGF pathway and CDK4/6is. Routine thromboprophylaxis is not recommended, except in patients with other risk factors and after considering the patient’s bleeding risk and life expectancy.
No specific recommendations exist about treatment of acute venous and
arterial TEs in patients receiving TT, which should be managed according to international guidelines for TEs in patients with cancer.
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Ocular Toxicity
Many systemic treatments can variably affect the innerworkings and
homeostasis of eyes and periocular structures. Since toxicity, severity and
pathogenic mechanisms vary widely across agents and patients, attention
should be paid to any new or unusual finding, especially considering that
rare, but severe, AEs such as retinal vein occlusion can occur unpredictably. Scheduled routine examinations must be followed, when applicable, and in any case consultation of safety warnings and precautions is
encouraged. MEKis, EGFRis and FGFRis display class-specific toxicities. MEKis have been classically linked to eyesight disturbances, serous
retinopathy and, rarely, to retinal vein occlusion. Although the former
two are reversible and can be managed with treatment interruption,
the latter requires discontinuation and emergency treatment. EGFRis
are known to variably cause conjunctivitis and corneal abnormalities.
FGFRis can variably cause ocular xerosis. On the other hand, although
frequent, visual disturbances caused by crizotinib do not require specific
intervention.

Gastrointestinal/Hepatobiliary Toxicity
Mucositis/Stomatitis
Many TTs can affect the entire digestive tract. Mucosal inflammation
and stomatitis are common events observed with PIK3CA/AKT/mTORis,
MKIs, EGFRis, VEGFR inhibitors (VEGFRis) and FGFRis, as these
drugs impair the rapid turnover of the mucosal cells. Management of
mucositis and stomatitis depends on their grade: local application of
dexamethasone 0.1 mg/mL mouthwashes and/or anaesthetic rinses for
pain relief are suggested for G1 and G2 toxicities. If G2 events do not
resolve or worsen, treatment interruption and administration of intralesional corticosteroids is required until symptom improvement. For
G3 mucositis, systemic corticosteroids are indicated, and dose reduction should be considered. Permanent discontinuation is conversely suggested in case of life-threatening events. Antimycotic treatment should
be started if there is evidence of infection.

246

Morganti et al.

Diarrhoea
Any agent causing damage to the mucous membranes could potentially
lead to diarrhoea. This AE is frequent with the previously cited class
of drugs, along with some anti-HER2 agents, primarily neratinib, and
antibody-drug conjugates (ADCs) such as sacituzumab govitecan. Management of treatment-related diarrhoea relies on rehydration and antimotility drugs, such as loperamide, from its first presentation. Treatment
should be withheld in case of a prolonged G2 event or G3 toxicity and
resumed at a lower dose in case of G3 diarrhoea. Octreotide should be
considered for refractory diarrhoea.
Nausea/Vomiting
Defining the aetiology of nausea and vomiting can be challenging, as
these AEs are usually due to the coadministration of chemotherapy
with TT and/or to neoplastic disease. Nevertheless, they commonly
occur during treatment with different TTs, mainly PARPis, BRAFis,
MEKis, MKIs and T-DXd. Management relies on the administration of
antiemetic drugs: prokinetics (targeting primarily dopamine 2-receptors),
dexamethasone, serotonin antagonists (anti-5-hydroxytryptamine [5-HT3])
or anti-neurokinin 1 (NK1) are usually employed. If an AE ≥G3 occurs,
the targeted drug should be stopped until recovery to baseline or G1, and
dose reduction should be considered.
Liver Toxicity
Aspartate transaminase (AST) and/or alanine aminotransferase elevation,
a marker of hepatic damage, is frequently reported in clinical trials investigating targeted agents, as many of them undergo hepatic metabolism
and/or excretion. Angiogenesis MKIs, EGFRis, BRAFis, mTORis and
ALKis, and T-DM1 are the drugs that more often lead to transaminase
elevation. Treatment should be withheld in case of G3 toxicity and can
be restarted when it improves to G1 (AST and alanine aminotransferase
<3× upper limit of normal [ULN]). A drug-induced liver injury (DILI)
should be suspected if transaminase levels are >3× ULN, especially if
total bilirubin is >2× ULN in absence of cholestasis. Unfortunately, no
treatment has been shown to be effective in treating DILI, but N-acetyl
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cysteine (NAC) is routinely used in case of acute liver failure. Grade ≥3
hyperbilirubinaemia occurs in 13% of patients treated with regorafenib,
and less frequently with bevacizumab (8%) and pemigatinib (6%). Its
management consists of suspending TT until bilirubin decreases to G1
level. Corticosteroids are helpful for drug-induced cholestatic hepatitis.

Endocrine/Metabolic Toxicity
Hyperglycaemia
Hyperglycaemia is a common AE of TT addressing the PIK3CA/AKT/
mTOR pathway, which is a downstream mediator of insulin receptor
signalling. In case of G1-2 hyperglycaemia, an appropriate antidiabetic
therapy should be introduced without modifying the posology of antineoplastic treatment, which should be withheld for ≥G3 events and reintroduced at a lower dose level when the toxicity reverses to <G2. Permanent discontinuation should be considered for G4 events.
Lipid Alterations
Hypertriglyceridaemia has been associated with some TTs, including
mTORis and lorlatinib. A comprehensive intervention including physical
activity and diet should be initiated, coupled with pharmacological treatment if triglyceride levels remain high. The TT dose should be reduced
in case of G3 hypertriglyceridaemia (>500 mg/dL) and interrupted if G4
(>1000 mg/dL), due to the risk of pancreatitis.
Hypercholesterolaemia occurs in patients taking mTORis, lorlatinib or
Janus kinase (JAK) inhibitors. The first intervention is to modify the
patient's lifestyle, increasing physical exercise and reducing caloric
intake. If ineffective, a pharmacological treatment should be started.
Dose reduction is required for G3 events, and treatment should be withheld for G4 toxicity.
Hypothyroidism
MKIs such as sunitinib, tivozanib, axitinib, cabozantinib and vandetanib
have been shown to potentially impair thyroid function. The underlying
mechanism is probably due to the regression of thyroid capillaries and to
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RET inhibition. Thyroid-stimulating hormone (TSH) and free thyroxine
(fT4) values should be assessed at baseline, then every 1/2 months and
when clinically indicated by symptoms. Replacement therapy is recommended for hypothyroidism.
Electrolyte Disorders
FGFRis frequently cause hyperphosphataemia, due to increased phosphate reabsorption in proximal tubules of the kidney because of fibroblast growth factor (FGF)-23 functional impairment. Volume expansion
is indicated for intermediate and severe toxicities if renal function is
conserved.
FGFRis and capmatinib may also lead to hypophosphataemia. Oral phosphate supplementation is indicated for mild and intermediate hypophosphataemia, while intravenous administration should be considered in
severe cases (phosphate <1 mg/dL).
Hyponatraemia can occur during treatment with several TTs, mainly
capmatinib, erdafitinib, bevacizumab, cetuximab and pemigatinib. The
management is represented by cautious sodium reintegration, not excessively rapid to avoid demyelination syndrome.
Potassium homeostasis could be impaired by various TTs, most commonly capmatinib (23% of patients develop ≥G3 hypokalaemia), dacomitinib, alpelisib and lenvatinib.
Refer to specific guidelines for the management of sodium and potassium imbalance.
Moreover, VEGFRis and EGFRis are described to cause hypomagnesaemia; for instance, 12.2% of patients receiving bevacizumab developed
this AE, which can be worsened in patients taking proton pump inhibitors concomitantly.

Haematological Toxicity
Haematological toxicity is common with targeted agents. Multilinear
cytopaenia is frequently seen in patients treated with PARPis, CDK4/6is
Toxicity Management

249

and MKIs. In most cases these manifestations are reversible and do
resolve after treatment interruption or dose reductions.
Particular attention should be paid to neutropaenia and leukopaenia,
given the associated increased risk of infection. Treatment discontinuation at the earliest sign of infection is crucial, along with a complete
diagnostic work-up and proper treatment.
Patients with thrombocytopaenia should instead be screened for other
concomitant potential causes of haemorrhage, given the increased risk
carried by these patients. In case of severe thrombocytopaenia, treatment
discontinuation and platelet re-integration should be considered according to local guidelines and if clinically needed.

Neurotoxicity and Musculoskeletal Toxicity
Even if rare, neurotoxicity is variably observed with many targeted
agents, and usually displays a specific pathogenic mechanism. While
peripheral nervous system toxicity can be observed for a broader number of drugs, central nervous system neurotoxicity is usually attributable to drugs able to cross the blood-brain barrier. Early identification of
neurotoxicity is crucial for proper treatment interruption and avoidance
of potential damage worsening. Early referral to a neurologist is recommended.
Musculoskeletal AEs tend instead to be frequent, with low-severity
myalgia, arthralgia and creatine phosphokinase elevations being the
most prevalent. Skeletal muscle mass wasting and sarcopaenia are commonly observed to various degrees in patients receiving VEGFRis and
MKIs, and this finding has been linked to a worse tolerance to treatment.
While general weight reduction and mobility exercises might be beneficial for low-grade events, it is imperative to follow safety label indications on treatment interruption and dose reductions. Caution should
be employed for patients undergoing concomitant treatment with agents
known to cause muscular toxicity.
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Table 1 Summary of Most Common Toxicities Induced by Targeted Agents,
with Related Frequency as Reported in Drug Labels.
DRUG CLASS/ SPECIFIC DRUGS AND FREQUENCY OF TOXICITY (all grades, G3-4)
TARGET
SKIN TOXICITY
RASH°°°
Anti-EGFR

Cetuximab (95%, 16%)
Erlotinib (85%, 14%)

Afatinib (70%, 7%)
Dacomitinib (69%, 23%)

mTORi

Everolimus (59%, 0.5%)

Temsirolimus (47%, 5%)

MEKi

Selumetinib (80%, 6%)

Trametinib (57%, 8%)

PI3KCAi

Alpelisib (52%, 20%)

MKI

Vandetanib (53%, 5%)
Sunitinib (29%, 2%)

Pexidartinib (28%, 1.6%)
Regorafenib (26%, 6%)

Panitumumab (57%, 7%)
Necitumumab (44%, 4%)

Gefitinib (37%, 2%)
Osimertinib (40%, 0.6%)

Avapritinib (23%, 2%)
Imatinib (40%, 2.9%)

Cabozantinib (23%, 0.5%)

Anti-Nectin-4 ADC Enfortumab vedotin (52%, 13%)
PARPi

Rucaparib (43%, 1%)

ALKi

Brigatinib (40%, 2.9%)

Ceritinib (21%, 1.1%)

BRAFi

Vemurafenib (37%, 8%)

Encorafenib (22%, 1%)

Anti-HER2

Pertuzumab (34%, 0.7%)

Lapatinib (28%, 2%)

RETi

Selpercatinib (27%, 0.7%)

MKI

Cabozantinib (42%, 8%)
Lenvatinib (21%, 3%)

Sunitinib (29%, 8%)
Axitinib (27%, 5%)

FGFRi

Erdafitinib (26%, 6%)

Pemigatinib (15%, 4%)

BRAFi

Dabrafenib (20%, 2%)

Anti-EGFR

Panitumumab (58%, 3%) Cetuximab (47%, 2%)

MEKi

Selumetinib (26%, 0%)

Tucatinib (20%, 0.7%)

HAND-FOOT SKIN REACTION
Ripretinib (21%, 0%)

Sorafenib (21%, 8%)

Dacomitinib (21%, 0.9%)

Osimertinib (19%, 0%)

PRURITUS

Anti-Nectin-4 ADC Enfortumab vedotin
(26%, 2%)
BRAFi

Vemurafenib (23%, 1%)

mTORi

Everolimus (21%, 0%)

ALKi

Brigatinib (20%, 0.7%)

Anti-VEGF

Bevacizumab (19%, 0%)

PI3KCAi

Alpelisib (18%, 0.7%)

Anti-EGFR

Dacomitinib (64%, 8%)
Osimertinib (37%, 1%)

MEKi

Selumetinib (48%, 6%)

FGFRi

Pemigatinib (43%, 2%)

Erdafitinib (17%, 3%)

mTORi

Everolimus (22%, 0.5%)

Temsirolimus (14%, 0%)

Temsirolimus (19%, 1%)

NAIL CHANGES (PARONYCHIA)
Cetuximab (31%, 0%)
Panitumumab (25%, 2%)

Erlotinib (14%, 0%)

Afatinib (11%, 1%)
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Table 1 Summary of Most Common Toxicities Induced by Targeted Agents,
with Related Frequency as Reported in Drug Labels. (Continued)
DRUG CLASS/ SPECIFIC DRUGS AND FREQUENCY OF TOXICITY (all grades, G3-4)
TARGET
PULMONARY TOXICITY
INTERSTITIAL LUNG DISEASE°°
mTORi

Everolimus (17%, 4%)

RETi

Pralsetinib (17%, 8%)

ALKi

Brigatinib (15%, 5%)

METi

Tepotinib (11%, 3.9%)

HER2 ADC

T-DXd (9%, 2.6%)

Lorlatinib (7.4%, 2%)

CARDIAC TOXICITY
DECREASED EJECTION FRACTION/LEFT VENTRICULAR SYSTOLIC DISFUNCTION (LVSD)°°,§
Anti-HER2

Trastuzumab (3%-8%,
Lapatinib (1.5%-4%, <1%)
1%-2%)
Pertuzumab (7-8%, 1%-2%)

T-DM1 (0.5%-2%, <1%)

MKI

Sunitinib (4%-10%, <1%)
Sorafenib (NR, 1.9%)

Ponatinib (6%-15%, 2%-11%) Pazopanib (13%, 0.5%)

Proteasome
inhibitor

Carfilzomib (NR, 8%)

Bortezomib (NR, 5%)

MKI

Ponatinib (53%-71%,
26%-39%)
Lenvatinib (45%-73%,
24%-44%)
Tivozanib (44%, 24%)

Axitinib (40%, 16%)
Pazopanib (40%, 4%-7%)
Cabozantinib (36%, 17%)

Vandetanib (33%, 9%)
Sunitinib (34%, 13%)
Regorafenib (30%, 8%)

Anti-VEGF(R)

Aflibercept (41%, 19%)

Bevacizumab (12%-42%,
5%-18%)

Ramucirumab (11%-26%,
6%-15%)

Proteasome
inhibitor

Carfilzomib (11%-42%,
3%-13%)

PARPi

Niraparib (18%, 6%)

RETi

Pralsetinib (28%, 14%)

Selpercatinib (35%, 18%)

ALKi

Brigatinib (32%, 13%)

Lorlatinib (18%, 10%)

METi

Cobimetinib (15%, 4%)

T-DXd (1%-8%, <1%)

Lenvatinib (6.5%, 3%)

HYPERTENSION

Trametinib (15%, 12%)

Sorafenib (17%, 3%)
Pexidartinib (15%, 4.9%)

Binimetinib (11%, 6%)

QTC PROLONGATION (G3: >500 ms)°°
MKI

Vandetanib (8%)
Lenvatinib (2%)

Pazopanib (2%)
Nilotinib (5%)

ALKi

Ceritinib (2.6%)

Crizotinib (2%)

RETi

Selpercatinib (4%)

CDK4/6i

Ribociclib (7%)
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Sorafenib (NR)
Dasatinib (1%)

Sunitinib (NR)
Bosutinib (<1%)

Table 1 Summary of Most Common Toxicities Induced by Targeted Agents,
with Related Frequency as Reported in Drug Labels. (Continued)
DRUG CLASS/ SPECIFIC DRUGS AND FREQUENCY OF TOXICITY (all grades, G3-4)
TARGET
VENOUS THROMBOEMBOLIC EVENTS°°
Anti-VEGF

Bevacizumab (3%-17%, 8%-15%)

CDK4/6i

Abemaciclib (5%, NR)

Anti-EGFR

Necitumumab (9%, 5%)

MKI

Ponatinib (3%, NR)

Anti-VEGF

Bevacizumab (4%-11%, NR)

Anti-EGFR

Necitumumab (5%, 4%)

MKI

Ponatinib (11%, NR)

MKI

Sunitinib (37%, 4%)
Imatinib (29%, 2%)

Regorafenib (21%, 2%)

Tivozanib (17%, 3%)

MEKi

Binimetinib (19%, 3%)

Cobimetinib (13%, 1%)

Trametinib (13%, <1%)

RETi

Selpercatinib (15%, 2%)

Anti-HER2

T-DM1 (32%, 1.8%)

ARTERIAL THROMBOEMBOLIC EVENTS°°

HAEMORRHAGE
Sorafenib (15%, 2%)

OCULAR TOXICITY°°
CONJUNCTIVITIS
Anti-EGFR

Erlotinib (18%, 0%)

Necitumumab (7%, 0.4%) Dacomitinib (19%, 0%)

FGFRi

Erdafitinib (11%, 0%)

ALKi

Crizotinib (71%, 1%)

Brigatinib (40%, 2.9%)

MEKi

Cobimetinib (15%, 0.5%)

Binimetinib (20%, 0%)

Others

Erdafitinib (17%, 0%)

Entrectinib (21%, 0.8%)

Anti-HER2

Pertuzumab (14%, 0%)

T-DXd (11%, 0.4%)

FGFRi

Erdafitinib (28%, 6%)

Pemigatinib (35%, 0.7%)

VISION IMPAIRMENT
Alectinib (4%, 0%)

Lorlatinib (18%, 0%)

LACRIMATION DISORDERS

Anti-Nectin-4 ADC Enfortumab vedotin
(40%, 0%)

MISCELLANEA
MKI

Vandetanib (13%, 0%)
Corneal abnormalities

Pexidartinib (30%, 1.6%)
Eye oedema

MEKi

Cobimetinib (15%, 0.5%)
Chorioretinopathy

Cobimetinib (12%, 2%)
Retinal detachment

Binimetinib (20%, 3%)
Serious retinopathy

Trametinib (NR)
Retinal detachment
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Table 1 Summary of Most Common Toxicities Induced by Targeted Agents,
with Related Frequency as Reported in Drug Labels. (Continued)
DRUG CLASS/ SPECIFIC DRUGS AND FREQUENCY OF TOXICITY (all grades, G3-4)
TARGET
GASTROINTESTINAL/HEPATOBILIARY TOXICITY
MUCOSITIS/STOMATITIS
mTORi

Everolimus (70%, 7%)

PI3KCAi

Alpelisib (30%, 2.5%)

Temsirolimus (41%, 3%)

MKI

Axitinib (15%, 1%)
Lenvatinib (41%, 5%)

Tivozanib (21%, 2%)
Regorafenib (33%, 4%)

Cabozantinib (19%-22%,
0.5%-2%)

Anti-EGFR

Afatinib (30%, 4%)
Cetuximab (32%, 1%)

Osimertinib (32%, 1.8%)
Dacomitinib (45%, 4.4%)

Erlotinib (18%, 1%)
Necitumumab (11%, 1%)

FGFRi

Erdafitinib (56%, 9%)

Pemigatinib (35%, 5%)

METi

Cobimetinib (14%, 1%)

Selumetinib (50%, 0%)

Trametinib (15%, 2%)

Anti-HER2

Lapatinib (14%, 0%)
Neratinib (14%, 0.6%)

Pertuzumab (28%,
1% mucositis; 19%,
0.5% stomatitis)

T-DXd (14%, 0.9%)
Tucatinib (32%, 2.5%)

CDK4/6i

Abemaciclib (14%, 0%)

Palbociclib (28%, 1%)

Ribociclib (10%, 0%)

Others

Brigatinib (13%, 0.7%)

Rucaparib (28%, 1%)

mTORi

Everolimus (50%, 6%)

Temsirolimus (27%, 1%)

PI3KCAi

Alpelisib (58%, 7%)

MKI

Axitinib (55%, 11%)
Pazopanib (52%, 3%)
Vandetanib (57%, 11%)

Regorafenib (43%, 8%)
Cabozantinib (74%, 11%)
Imatinib (45.4%, 3.3%)

FGFRi

Erdafitinib (47%, 2%)

Pemigatinib (47%, 2.7%)

PARPi

Olaparib (21%, 1%)

Rucaparib (32%, 0.5%)

Talazoparib (22%, 1%)

MEKi

Cobimetinib (60%, 6%)

Binimetinib (36%, 3%)

Selumetinib (70%, 16%)

Trametinib (43%, 0%)

ALKi

Ceritinib (85%, 4.8%)

Crizotinib (61%, 2%)

Lorlatinib (21%, 1.3%)

Brigatinib (53%, 2.2%)

Anti-HER2

Neratinib (95%, 40.1%)
Lapatinib (65%, 14%)

Tucatinib (81%, 12.5%)
Pertuzumab (67%, 8%)

Margetuximab (25%, 2.3%) T-DM1 (24%, 1.6%)
Trastuzumab (25%, 0%)
T-DXd (29%, 1.7%)

BRAFi

Encorafenib (36%, 3%)

Vemurafenib (28%)

Anti-EGFR

Afatinib (75%, 11%)
Dacomitinib (87%, 8%)

Cetuximab (42%, 2%)
Panitumumab (21%, 2%)

CDK4/6i

Abemaciclib (90%, 20%)

Palbociclib (24%, 0%)

TRKi

Entrectinib (35%, 2%)

Larotrectinib (22%, 2%)

RETi

Selpercatinib (37%, 3.4%) Pralsetinib (24%, 3.2%)

Others

Enfortumab-vedotin
(42%, 6%)
Vismodegib (29%, 0.7%)

T-DM1 (14%, 0.2%)

DIARRHOEA°°°
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Tepotinib (26%, 0.4%)

Lenvatinib (67%, 9%)
Sorafenib (55%, 10%)
Ripretinib (28%, 1.2%)

Tivozanib (43%, 2%)
Sunitinib (66%, 10%)
Avapritinib (37%, 4.9%)

Osimertinib (47%, 2.4%)
Gefitinib (27%, 3%)

Erlotinib (62%, 5%)

Sonidegib (32%)

Sacituzumab-govitecan
(59%, 11%)

Table 1 Summary of Most Common Toxicities Induced by Targeted Agents,
with Related Frequency as Reported in Drug Labels. (Continued)
DRUG CLASS/ SPECIFIC DRUGS AND FREQUENCY OF TOXICITY (all grades, G3-4)
TARGET
NAUSEA/VOMITING
mTORi

Everolimus
(32%, 2%/29%, 1%)

Temsirolimus
(37%, 2%/19%, 2%)

PI3KCAi

Alpelisib (45%, 2.5%/27%,
0.7%)

MKI

Axitinib (32%, 3%/24%, 3%)
Pazopanib (26%,
0.5%/21%,2%)
Imatinib (49%, 5%/22%, 2%)

Cabozantinib (50%,
4%/32%, 2%)
Tivozanib (30%, 0%/18%, 1%)
Ripretinib (39%, 3.5%/21%,
3.5%)

FGFRi

Erdafitinib (21%,
1%/13%, 2%)

Pemigatinib (40%,
2%/27%, 1.4%)

PARPi

Olaparib (58%, 0%/30%,
0%)

MEKi

Cobimetinib (41%,
1%/24%, 1%)

ALKi

Brigatinib (30%, 2.2%/21%, Crizotinib (56%, NR/46%,
<1%)
2%)
Lorlatinib (15%, 0.7%/13%,
<1%)

Alectinib (14%, 0.7%/7%,
NR)

Ceritinib (69%, 3%/67%,
5%)

Anti-HER2

Lapatinib (44%, 2%/26%,
2%)
Margetuximab (33%,
1%/21%, <1%)

T-DM1 (40%, 0.8%/19%,
1%)
Neratinib (43%, 2%/26%,
3%)

Pertuzumab (42%,
1%/24%, 1%)
Trastuzumab (33%,
0%/23%, 0%)

T-DXd (79%, 7%/47%,
4%)
Tucatinib (58%, 4%/36%,
3%)

BRAFi

Encorafenib
(41%, 2%/30%, 2%)

Vemurafenib
(35%, 2%/18%, 1%)

Anti-EGFR

Afatinib (21%, 2%/13%, 1%) Necitumumab (NR/29%,
Cetuximab (64%, 6%/40%, 3%)
5%)

Gefitinib (17%, 1%/14%,
1%)
Dacomitinib (19%, 1.3%)

Panitumumab (23%,
0.5%/19%, 3%)

CDK4/6i

Abemaciclib
(64%, 5%/35%, 2%)

Palbociclib (34%, 0%/19%, Ribociclib (31%, 0%)
1%)

TRKi

Entrectinib
(34%, 0.3%/24%, 1%)

Larotrectinib
(29%, 1%/26%, 1%)

RETi

Selpercatinib (23%, <1%/15%, <1%)

Others

Enfortumab-vedotin
(45%, 3%/18%, 2%)
Sacituzumab-govitecan
(57%, 3%/33%, 2%)

Lenvatinib (47%,
2%/36%, 2%)
Sorafenib (24%, 1%/15%,
2%)
Avapritinib (64%,
2.5%/38%, 2%)

Sunitinib (58%, 6%/39%,
5%)
Vandetanib (33%,
1%/15%, 1%)

Rucaparib (76%, 4%/37%,
4%)

Talazoparib (49%,
<1%/25%, 2%)

Niraparib (57%, 1%/22%,
1%)

Binimetinib (41%, 2
%/30%, 2%)

Selumetinib
(66%, 2%/82%, 6%)

Sonidegib (39%, 1%/11%,
NR)
Pexidartinib (NR/20%, 1.6%)
Capmatinib (44%, 3%/28%,
2.4%)

Tepotinib (27%, <1%/13%,
1.2%)
Tazemetostat
(36%, 0%/24%, 0%)

Vismodegib
(30%, 0.7%/14%, 0%)
Bevacizumab
(12%, 0%/10%, 0%)
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Table 1 Summary of Most Common Toxicities Induced by Targeted Agents,
with Related Frequency as Reported in Drug Labels. (Continued)
DRUG CLASS/ SPECIFIC DRUGS AND FREQUENCY OF TOXICITY (all grades, G3-4)
TARGET
ALANINE TRANSAMINASE INCREASED
mTORi

Everolimus (48%, 2%)

PI3KCAi

Alpelisib (44%, 5.5%)

MKI

Axitinib (22%, 0.5%)

Tivozanib (30%, 4%)

MEKi

Cobimetinib (68%,11%)

Binimetinib (29%, 6%)

ALKi

Brigatinib (52%, 2.2%)

Crizotinib (79%, 15%)

Alectinib (40%, 6%)

Lorlatinib (44%, 2.7%)

Anti-HER2

Lapatinib (37%, 2%)

T-DM1 (82%, 5.2%)

Tucatinib (43%, 6%)

Margetuximab (32%, 2%)

TRKi

Entrectinib (38%, 2.9%)

Larotrectinib (45%, 3%)

Others

Bevacizumab (62%, 8%)
Encorafenib (29%, 6%)

Tepotinib (44%, 4.1%)
Rucaparib (38%, 11%)

Capmatinib (37%)
Erdafitinib (41%, 1%)

Pralsetinib (49%, 2.3%)

Cabozantinib (68%, 3%)

ENDOCRINE/METABOLIC TOXICITY
HYPERGLYCAEMIA
PI3KCAi

Alpelisib (79%, 39%)

MKI

Axitinib (28%, 2%)
Ripretinib (26%, 2.4%)

Cabozantinib (37%,2%)

mTORi

Everolimus (75%, 17%)

Temsirolimus (89%, 16%)

ALKi

Brigatinib (56%, 7.5%)

Ceritinib (53%, 10%)

FGFRi

Pemigatinib (36%, 0.7%)

Erdafitinib (10%, 0%)

Others

Tazemetostat (33%, 1.6%) Selpercatinib (44%, 2.2%)
Dabrafenib (50%, 6%)

ALKi

Lorlatinib (95%, 22%)

mTORi

Everolimus (39%, 0%)

Other

Tazemetostat (36%, 3%)

Ripretinib (26%, 2.4%)

ALKi

Brigatinib (52%, 6.8%/
59%, 17%)

Lorlatinib (20%, 1.4%/28%, Ceritinib (37%, 8%/13%, 6%)
7%)

PI3KCAi

Alpelisib (NR/42%, 7%)

MKI

Tivozanib (23%, 2%/
32%, 9%)

Others

Entrectinib (26%, 5%/28%, Capmatinib (31%,
4.4%/26%, 7%)
10%)

MKI

Axitinib (19%, 0.5%)
Vandetanib (6%, 0%)

Tivozanib (50%, 3%)

Sunitinib (23%, 6%)

Lorlatinib (48%, 7%)
Talazoparib (54%, 2%)

Dacomitinib (36%, 1%)

HYPERTRIGLYCERIDAEMIA

AMYLASE/LIPASE INCREASED

Axitinib (25%, 2%/27%, 5%)
Tepotinib (23%, 4.6%/NR)

HYPOTHYROIDISM
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Cabozantinib (21%, 0%)

Tivozanib (24%, 1%)

Sunitinib (16%, 2%)

Table 1 Summary of Most Common Toxicities Induced by Targeted Agents,
with Related Frequency as Reported in Drug Labels. (Continued)
DRUG CLASS/ SPECIFIC DRUGS AND FREQUENCY OF TOXICITY (all grades, G3-4)
TARGET
ELECTROLYTE DISORDERS°°°
HYPOPHOSPHATAEMIA
mTORi

Everolimus (40%, 10%)

Temsirolimus (49%, 18%)

MKI

Pazopanib (34%, 4%)
Regorafenib (57%, 32%)

Sorafenib (35%, 11%)

FGFRi

Pemigatinib (68%, 38%)

Erdafitinib (24%, 9%)

ALKi

Brigatinib (41%, 3.7%)

Crizotinib (32%, 10%)

Ceritinib (38%, 3.7%)

Others

Cobimetinib (68%,12%)
Tucatinib (57%, 8%)
Pralsetinib (35%, 11%)

Dabrafenib (37%, 6%)
Entrectinib (30%, 7%)
Tazemetostat (28%, 1.7%)

Necitumumab (31%, 8%) Ribociclib (14%, 2%)
Bevacizumab (26%, 4.7%) Ripretinib (26%, 4.9%)
Pexidartinib (25%, 3.3%)

FGFRi

Erdafitinib (NR/40%, 16%) Pemigatinib (NR/39%, 12%)

MKI

Tivozanib (NR/36%, 9%) Sunitinib (NR/20%, 8%)
Pazopanib (NR/31%, 5%)

EGFRi

Osimertinib (NR/20%,
1.8%)

RETi

Pralsetinib (NR/29%, 7%) Selpercatinib (NR/27%, 7%)

METi

Capmatinib (NR/23%, 6%) Tepotinib (NR/31%, 8%)

Others

Bevacizumab
(NR/54%, 13%)

MKI

Regorafenib (26%, 4%/NR) Tivozanib (26%, 3%/NR)

RETi

Pralsetinib (26%, 1%/NR) Selpercatinib (26%,1%/NR)

mTORi

Everolimus (NR/23%, 4%) Temsirolimus (NR/21%, 1.3%)

Anti-EGFR

Necitumumab (NR/28%, Dacomitinib (NR/29%, 7%)
5%)

Anti-HER2

T-DXd (NR/26%, 3%)

MEKi

Selumetinib (27%, 4%/NR) Cobimetinib (26%, 3%/25%,
5%)

ALKi

Brigatinib (24%, 1.5%/NR) Lorlatinib (21%, 1.3%/NR)

METi

Capmatinib (NR/23%, 3 %) Tepotinib (25%, 1.6%/NR)

Others

Bevacizumab (23%, 2%/NR) Entrectinib (25%, 1.5%/NR) Pemigatinib (NR/26%, 5%)

MKI

Regorafenib (NR/59%,
1.5%)

FGFRi

Pemigatinib (43%, 4%/NR) Erdafitinib (22%, 3%/NR)

Tivozanib (38%, 5%)

Cabozantinib (48%, 8%)

INCREASED/DECREASED SODIUM
Cabozantinib (NR/30%, 8%) Regorafenib (NR/30%, 8%)

Dacomitinib (NR/26%, 3%)

Tazemetostat
(NR/30%, 1.7%)

Tucatinib (NR/28%, 2.5%)

Entrectinib (35%, 1%/NR)

INCREASED/DECREASED POTASSIUM

Tucatinib (NR/36%, 6%)

T-DM1 (NR/33%, 6%)

INCREASED/DECREASED CALCIUM
Axitinib (NR/39%, 1%)

Sorafenib (NR/27%, 2.4%) Ripretinib (NR/23%, 0%)
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Table 1 Summary of Most Common Toxicities Induced by Targeted Agents,
with Related Frequency as Reported in Drug Labels. (Continued)
DRUG CLASS/ SPECIFIC DRUGS AND FREQUENCY OF TOXICITY (all grades, G3-4)
TARGET
RETi

Selpercatinib
(NR/41%, 3.8%)

Pralsetinib (NR/39%, 2%)

Others

Necitumumab (NR/45%, 6%) Everolimus (NR/37%, 0.5%) Entrectinib (NR/34%, 1.8%) Cobimetinib (NR/24%,
Dacomitinib (NR/33%, 1.4%) Alectinib (NR/29%, 0%)
0.4%)

HAEMATOLOGICAL TOXICITY
ANAEMIA
mTORi

Everolimus (86%, 15%)

Temsirolimus (94%, 20%)

MKI

Axitinib (35%, 0.5%)

Cabozantinib (17%, 5%)

Regorafenib (79%, 6%)

Tivozanib (16%, 1%)

PARPi

Olaparib (40%, 16%)

Rucaparib (39%, 21%)

Talazoparib (53%, 39%)

Niraparib (64%, 31%)

MEKi

Cobimetinib (69%, 2.5%)

Binimetinib (36%, 3.6%)

Trametinib (38%, 2%)

ALKi

Brigatinib (41%, 2.3%)

Ceritinib (67%, 4.2%)

Lorlatinib (48%, 2%)

Anti-HER2

Lapatinib (56%, 0.5%)
T-DXd (31%, 3%)

Margetuximab (52%, 3.2%) T-DM1 (14%, 4.1%)
Tucatinib (21%, 3.7%)

BRAFi

Dacomitinib (44%, 0.9%)

Osimertinib (30%, 0%)

CDK4/6i

Palbociclib (30%, 4%)

Ribociclib (19%, 3%)

TRKi

Entrectinib (67%, 9%)

Larotrectinib (42%, 10%)

Others

Bevacizumab (58%, 3.1%) Sonidegib (32%, NR)
Sacituzumab-govitecan Erdafitinib (35%, 3%)
(40%, 9%)

mTORi

Everolimus (30%, 4%)

Temsirolimus (19%, 5%)

MKI

Pazopanib (34%, 1%)

Cabozantinib (31%, 2%)

PARPi

Olaparib (27%, 9%)

Rucaparib (20%, 8%)

MEKi

Binimetinib (13%, 3.1%)

Selumetinib (33%, 4%)
Crizotinib (52%, 11%)

Alectinib (62%, 7%)
Pertuzumab (23%, 2%)

Abemaciclib (25%, 5%)
Tepotinib (27%, 2%)
Alpelisib (42%, 4.2%)

Encorafenib (36%, 3.6%)

Talazoparib (35%, 21%)

Niraparib (42%, 21%)

NEUTROPAENIA

ALKi

Brigatinib (12%, 0%)

Alectinib (14%, 0%)

Ceritinib (27%, 2.1%)

Anti-HER2

Lapatinib (22%, 3%)
T-DM1 (39%, 6%)
Margetuximab (34%, 9%)

Pertuzumab (53%, 49%)

T-DXd (62%, 16%)

CDK4/6i

Abemaciclib (37%, 24%)

Palbociclib (83%, 66%)

Ribociclib (78%, 65%)

TRKi

Entrectinib (28%, 7%)

Larotrectinib (23%, 7%)

Others

Sacituzumab-govitecan
(64%, 52%)

Bevacizumab (23%, 2.3%) Osimertinib (26%, 0.6%)
Pralsetinib (61%, 16%)

MKI

Sorafenib (46%, 4%)
Tivozanib (19%, 0%)

Regorafenib (41%, 2%)
Axitinib (15%, 0.5%)

Pazopanib (32%, 0.5%)

Anti-HER2

T-DM1 (31%, 14.5%)

T-DXd (37%, 3.4%)

Lapatinib (18%, 0.5%)

mTORi

Everolimus (45%, 3%)

Temsirolimus (40%, 1%)

CDK4/6i

Abemaciclib (20%, 4%)

Palbociclib (23%, 3%)

Encorafenib (13%, 3.1%)

THROMBOCYTOPAENIA
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Ribociclib (26%, 0.5%)

Cabozantinib (25%, 0.5%)

Table 1 Summary of Most Common Toxicities Induced by Targeted Agents,
with Related Frequency as Reported in Drug Labels. (Continued)
DRUG CLASS/ SPECIFIC DRUGS AND FREQUENCY OF TOXICITY (all grades, G3-4)
TARGET
PARPi

Rucaparib (29%, 5%)

Olaparib (33%, 3%)

ALKi

Lorlatinib (23%, 0%)

Ceritinib (16%, 1%)

Others

Bevacizumab (68%, 7%)
Cobimetinib (18%, 0%)

Osimertinib (47%, 0%)

Talazoparib (27%, 15%)

Niraparib (66%, 39%)

Alpelisib (14%, 1%)

Erdafitinib (19%, 1%)

NEUROTOXICITY AND MUSCULOSKELETAL TOXICITY
COGNITIVE EFFECTS/MOOD DISORDERS
ALKi

Lorlatinib (21%, 2%/16%, 2%)

KITi

Avapritinib (48%, 5%/13%, Imatinib (NR/14.9%, 0.5%)
1%)

TRKi

Entrectinib (27%,
4.5%/10%, 1%)

Anti-EGFR

Cetuximab (NR/14%, 0%)

ALKi

Brigatinib (11%, 0.70%)

Lorlatinib (34%, 2%)

HER2

Trastuzumab (1%, NA)
Tucatinib (13%, 0.5%)

Pertuzumab (32%, 3%)

T-DM1 (21%, 2.2%)

Margetuximab (16%, 1.1%)

Others

Pexidartinib (10%, 0%)

Enfortumab-vedotin
(56%, 4%)

Entrectinib (18%, 1.1%)

Cetuximab (45%, 1%)

mTORi

Temsirolimus (8%, 1%)

Everolimus (11%, 1%)

MKI

Cabozantinib (13%, 0%)

Vandetanib (6%, 0%)

Imatinib (49.2%, 2.2%)

Ripretinib (32%, 1.2%)

ALKi

Brigatinib (28%, 0%)

Lorlatinib (15%, 0.7%)

Alectinib (23%, 0%)

Ceritinib (11%, 0.5%)

Anti-HER2

T-DM1 (36%, 1.8%)

Neratinib (11%, 0.1%)

BRAFi

Vemurafenib (13%, 0.5%) Dabrafenib (11%, 0%)

Anti-EGFR

Dacomitinib (12%, 0.9%)

Osimertinib (18%, 0.3%)

SMOi (muscle
spasm)

Vismodegib (72%, 3.6%)

Sonidegib (54%, 3%)

NEUROPATHY

MUSCULAR WEAKNESS AND MYALGIA°°

Others

Tepotinib (24%, 2.4%)
Pralsetinib (32%, 0%)
Selumetinib (58%, 0%)
Erdafitinib (20%, 0%)
AEs observed in ≥10% of patients are here outlined, unless otherwise specified.

Niraparib (39%, 1%)

°°°only frequencies >20% here reported; °°frequencies <10% also reported; §only G3 or 4, as per Common Terminology Criteria
for Adverse Events (CTCAE).
Abbreviations: ADC, antibody-drug conjugate; AE, adverse event; ALKi, anaplastic lymphoma kinase inhibitor; BRAFi, BRAF
inhibitor; CDK4/6i, CDK4/6 inhibitor; EGFR, epidermal growth factor receptor; FGFRi, fibroblast growth factor receptor inhibitor;
HER2, human epidermal growth factor receptor 2; KITi, KIT inhibitor; MEKi, MEK inhibitor; METi, MET inhibitor; MKI, multikinase
inhibitor; mTORi, mammalian target of rapamycin inhibitor; NR, not reported; PARPi, poly(ADP-ribose) polymerase inhibitor;
PI3KCAi, PI3KCA inhibitor; RETi, RET inhibitor; SMOi, SMO inhibitor; T-DM1, trastuzumab emtansine; T-DXd, trastuzumab
deruxtecan; TRKi, tropomyosin receptor kinase inhibitor; VEGF(R), vascular endothelial growth factor (receptor).
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A
Abemaciclib
FDA/EMA approvals, tumour types,
89t
in luminal breast cancer, 89t, 132, 139t
Abiraterone, in prostate cancer, 166,
167, 168t, 169t, 170t, 171
ABL, BCR-ABL rearrangement, 1
Acalabrutinib, 196t
ACE-LY-004 trial, 196t
N-acetyl cysteine (NAC), 247–248
Acneiform rash, 229t, 239, 240
Activator protein 1 (AP-1), 42
Acute liver failure, 247–248
Acute lymphoblastic leukaemia
(ALL), CD19-directed CAR-T cells,
57
Acute myeloid leukaemia (AML),
198–200
FLT3-mutated, 198, 199t
IDH1/2-mutated, 198, 199t, 200
targeted therapy/inhibitors
		IDH inhibitors, 98, 198, 199t,
200, 236
		 MDM2 inhibitors, 113
		SMO inhibitor (glasdegib), 97,
199t
		trials, 199t
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Acute promyelocytic leukaemia
(APL), 65
Acute renal failure, 245
Adagrasib, 123, 145
in colorectal cancer, 145, 151t
ADAURA trial, 83, 125–126
Adavosertib, 110t, 111
in ovarian cancer, 215
Adenosine triphosphate (ATP), 30–31
ADMIRAL trial, 199t
Adverse events (AEs) see Toxicities/
adverse events
Aerobic glycolysis, 30, 31
inhibition, therapeutic mechanism,
31
Afatinib, 44
EGFR-mutated NSCLC, 86t, 120,
127t
FDA/EMA approvals, tumour types,
86t
toxicities, due to. 253t-256t
Aflibercept, 94
FDA/EMA approvals, tumour types,
88t
AKT, 46, 104
actions/function, 23, 46, 47f, 104,
159
		 mTOR inhibition, 46, 47f
activation, 23, 46, 47f

see also PI3K/AKT growth
signalling pathway
AKT gene mutations, 46, 105
AKT1 mutation, 105 109t
in breast cancer, 105
E17K mutation, 48, 109t
AKT inhibitors, 47f, 48, 104–105
AZD6363, 48
capivasertib, 105, 109t
clinical trials, 109t
ipatasertib see Ipatasertib
MK-2206, 104–105
in prostate cancer, 171
TAS-117, 105
toxicity
		 hyperglycaemia due to, 248
		mucositis and stomatitis due to,
246
Alanine aminotransferase , 242t, 247,
256t
ALCYONE phase III trial, 201t
Alectinib, 73, 76f, 92
FDA/EMA approvals, tumour types,
87t
in inflammatory myofibroblastic
tumour, 223
in NSCLC, 74, 122
		crizotinib vs, 74
see also ALK inhibitors (ALKis)
ALEX trial, 74, 122, 128t
ALFA-0701 trial, 199t
Alisertib, in HNSCC, 190t
ALK (anaplastic lymphoma kinase),
40
aberrant activity, 90–91, 103
		 by ALK fusion proteins, 90
actions/functions, 40
FISH and IHC testing, 121
NGS testing, 121

ALK gene
fusions, 73–74, 76f, 77, 90, 91
		EML4-ALK, 73, 91, 121
		 in NSCLC, 91
		 as oncogenic drivers, 91
mutations, 91
rearrangements, 121
		
inflammatory myofibroblastic
tumour, 222
		 NSCLC, 121, 122
ROS1 relationship, 91
translocation, 90, 121–123
		'hotspot', 90
		 NSCLC, 119, 121–123, 126
ALK inhibitors (ALKis), 73–74, 76f,
87t, 90–91, 103, 121–123
for ALK gene fusions in solid
tumours, 73
clinical trials, 74, 109t, 121–122
FDA/EMA approvals, tumour types,
74, 87t
		NSCLC, 76t
first (crizotinib), 73, 91, 121–122
		see also Crizotinib
in inflammatory myofibroblastic
tumour, 222–223
in NSCLC see Non-small cell lung
cancer (NSCLC)
resistance, 74, 123
		 lorlatinib for, 74
second-generation, 73–74, 122
		see also Alectinib; Ceritinib
targeting ROS1, 91, 124
third-generation, 74, 122
		see also Brigatinib; Lorlatinib
toxicity/adverse events, 122
		 hypertension due to, 244, 252t
		 interstitial lung disease, 243
		 liver toxicity, 247
		 skin toxicity, 251t
Index
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TPX-0131, 103
see also specific drugs
(see page 87t)
ALKA trial, 74
ALKA-372-001 trial, 124
Allosteric inhibitors, 103–104
clinical trials, 109t
of phosphatases, 106
of serine/threonine kinases, 103–104
of tyrosine kinases, 105
All-trans-retinoic acid (ATRA), 65
Alpelisib (PI3Kα inhibitor), 47f, 48,
96, 132
FDA/EMA approvals, tumour types,
87t
in HNSCC, 191t
in luminal breast cancer, 96,
132–133, 139t
toxicity/adverse events
		 interstitial lung disease, 243
		
potassium homeostasis
impairment, 249
		 skin toxicity, 240, 251t
ALTA-IL trial, 122, 128t
'Alternative lengthening of telomeres'
(ALT) pathway, 26–27
ALUR trial, 128t
Alveolar soft part sarcoma
pazopanib in, 220–221
targeted therapies, 224t
American College of Medical Genetics
and Genomics (ACMG), 10
AMG 510 (sotorasib), 145
Amivantamab, 121
FDA/EMA approvals, tumour types,
86t
lazertinib/amivantamab
combination, 121
'Amoeboid invasion', 29
AMPECT study, 222
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AMPLITUDE phase III study, 170t
Amylase, increased, 256t
Anaemia, 128t–129t, 225t–227t, 242f,
258t
Anaplastic lymphoma kinase (ALK) see
ALK (anaplastic lymphoma kinase)
Anastrozole, 131
Androgen(s), 65–66
Androgen receptor (AR), 62, 65
actions/functions, 67
antagonists, 166
AR-A and AR-B isoforms, 67
gene, 67
genetic variants, 165–166
prostate cancer, therapeutic target,
159, 165–166
Androgen response element, 165
Angiogenesis, 20f
cancer stem cell transdifferentiation,
28
FGFs role, 27, 159
hallmark of cancer, 20f, 27–29
		 dysregulated nature of, 28–29
hypoxia promoting, 31, 94
induction by tumours, 20f, 27–29
intussusceptive ('inverse sprouting'),
28
PDGF role, 159
sprouting, 27–28
targeting
		 in cervical cancer, 211–212
		 in clear cell RCC, 159–160
		 in endometrial cancer, 213–214
		 in GISTs, 228
		 in ovarian cancer, 206–207
		 in renal cell carcinoma, 159, 160
		in soft tissue sarcomas, 220–221,
224t
		 in triple-negative breast cancer, 136
		

		
see also Antiangiogenic therapy;
Anti-VEGF antibodies
targets involved
		FDA/EMA approvals, tumour
types, 88t, 94
		see also PDGFR; VEGF; VEGFR
tissue factor (TF) role, 215
vascular mimicry, 28
vasculogenesis, 28
VEGF role see VEGF (vascular
endothelial growth factor)
'Angiogenic switch', 27
Angiosarcoma, ROS1 fusion proteins,
91
Angiotensin receptor blockers (ARBs),
244
Angiotensin-converting enzyme
inhibitors (ACEis), 244
Anthracyclines, 134, 140t, 220, 229,
231
Antiangiogenic therapy, 28–29
anti-VEGF antibodies see AntiVEGF antibodies; Bevacizumab
anti-VEGF receptor antibodies, 94
		see also Ramucirumab
FDA/EMA approvals, tumour types,
88t, 94
multikinase inhibitor, 94
		 in HNSCC, 190t
in specific tumours
		 in GISTs, 228
		in soft tissue sarcomas, 220–221,
224t
		in triple-negative breast cancer, 136
		see also under Angiogenesis
VEGF 'decoy' receptor therapy
(aflibercept), 94
see also Angiogenesis;
Bevacizumab; VEGF; VEGFR
inhibitors

Antibiotics
microbiota modulation, 34
oral, in skin toxicity, 239, 241
Antibody-dependent cellular
cytotoxicity (ADCC), 85, 150
Antibody-drug conjugates (ADCs)
anti-HER2, 85, 121
		 in urothelial cancer, 163
BCMA-targeted, in multiple
myeloma, 200
enfortumab vedotin, 165, 166t
FRα-targeting, ovarian cancer,
214–215
mechanism of action, 134
Nectin-4 and Trop-2 targets,
urothelial cancer, 165, 166t
patritumab deruxtecan, 121
sacituzumab govitecan see
Sacituzumab govitecan
in specific tumours
		 in acute myeloid leukaemia, 198
		in diffuse large B-cell lymphoma,
195
		in gastric/oesophageal cancer,
148
		in HER2-positive breast cancer,
137, 140t
		 in lung cancer, 121
		 in multiple myeloma, 200
		 in ovarian cancer, 214–215
		in triple-negative breast cancer,
85, 134–135, 135f
		in urothelial cancer, 158–159,
163, 165, 166t
structure, 135f
toxicity/adverse events
		 diarrhoea due to, 247
		 skin toxicity, 251t
trastuzumab deruxtecan see
Trastuzumab deruxtecan (T-DXd)
Index
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trastuzumab emtansine see
Trastuzumab emtansine (T-DM1)
Anti-EGFR treatment see EGFR
inhibitors/targeted therapy (EGFRis)
Antiemetic drugs, 247
Antigen downregulation, by cancer
cells, 53
Antigen presentation
reduced, tumours, 32
to T cells, 52
Anti-HER2 agents see HER2 targeted
drugs/inhibitors
Antihistamines, 240, 241
Anti-hypertensive drugs, 244–245
Anti-neurokinin 1 (NK1), 247
Anti-PD-1 therapy see under PD-1
(programmed cell death protein 1)
Anti-PD-L1 therapy see under PD-L1
(programmed death-ligand 1)
Antipruritic agents, topical, 241
Anti-VEGF antibodies, 94
in hepatocellular carcinoma, 152,
152t
in triple-negative breast cancer, 136
see also Bevacizumab;
Ramucirumab
Apalutamide, prostate cancer, 166
Apatinib, in HNSCC, 190t
APHINITY trial, 83, 137, 140t
APOLLO phase III trial, 201t
Apoptosis, 25
control, PI3K/AKT pathway, 46, 47f
evasion/resistance by tumour cells,
20f, 25
		 BCL2 overexpression, 25
		see also BCL2 (protein)
regulation, 25, 198
Apoptosis proteins, inhibitors of see
Inhibitors of apoptosis proteins
(IAPs)
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Index

AR gene, 67
see also Androgen receptor (AR)
ARAF, 23, 42, 95
see also RAF proteins
ARCHER 1050 trial, 120, 127t
ARID1A gene mutations, 215
ARIEL3 phase III trial, 209t
ARIEL4 phase III trial, 210t
Aromatase inhibitors, 97, 131, 132,
133
ARROW trial, 75, 124
Arterial thromboembolic events, 245,
253t
Artifacts, nuclear truncation, FISH, 12
ASCEND-2 trial, 122
ASCEND-4 trial, 74, 122, 128t
ASCEND-5 trial, 122
ASCEND-8 trial, 122
ASCENT phase III trial, 135, 140t
Asciminib, 105, 109t
Aspartate transaminase (AST), 247
ASPIRE phase III trial, 202t
Astrocytic tumours, IDH1/2, mutations
affecting, 98
Astrocytoma
NTRK inhibitors, 234t
pilocytic, 234
ASTX029, 104, 109t
Ataxia telangiectasia and Rad3-related
protein see ATR
Atezolizumab
in hepatocellular carcinoma, 152,
152t
in HNSCC, 190t, 191t
in melanoma, targeted therapy with,
181, 182t, 183
in NSCLC, 124, 125, 126, 128t
		 chemotherapy with, 125
PD-L1 targeted by, 124, 125

in triple-negative breast cancer, 134,
139t
in urothelial cancer, 163
see also PD-L1 (programmed deathligand 1)
ATM gene, 107, 110t, 111
deficiency, 111
ATP pathway, inhibitors (therapeutic),
ovarian cancer, 207f
ATR (ataxia telangiectasia and Rad3related protein), 111
inhibitors, 108, 110t, 111
		 ceralasertib, 108, 110t
		 in ovarian cancer, 207f, 215
		 response prediction, 111
		see also Berzosertib
Attraction-3 study, 151t
AURA3 trial, 127t
AURELIA trial, 207
Auristatin E, 165
Aurora A kinase, in HNSCC, 190t
Autophagy, 25
Autophagy-promoting genes,
inactivation, 25
AVADO trial, 136
Avapritinib, 228
FDA/EMA approvals, tumour types,
89t
in GISTs, 225t, 228
Axitinib
FDA/EMA approvals, tumour types,
88t
hypothyroidism due to, 248
in metastatic RCC, 161t
Azacitidine, in acute myeloid
leukaemia, 199t, 200
AZD6363, 48
AZD7648, 110t

B
B cells
regulatory (Bregs), 35
see also entries beginning B-cell
BAK gene, 20f, 25
BAP1 loss of expression, 81
Basal cell carcinoma (BCC) naevus
syndrome, 97
Base excision repair (BER), 108
Basket trials, 3
BAX gene, 20f, 25
BAY 1895344, 110t
BBP-398, 109t
B-cell lymphoma 2 (BCL2) see
BCL2 (protein)
B-cell malignancies, 194–198
DLBCL see Diffuse large B-cell
lymphoma (DLBCL)
follicular lymphoma, 195, 197
relapsed/refractory, CD19-directed
CAR-T cells, 57, 195
B-cell maturation antigen (BCMA),
57, 200
CAR-T cells directed against, 57,
200
as target in multiple myeloma, 200
B-cell non-Hodgkin lymphomas, 195
see also Diffuse large B-cell
lymphoma (DLBCL)
B-cell receptor (BCR) signalling, 198
BCL2 (protein), 25, 198
inhibitor
		in acute myeloid leukaemia, 199t,
200
		in chronic lymphocytic
leukaemia, 198
		 in multiple myeloma, 200
		see also Venetoclax
BCL2 gene, 20f
Index
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BCOR alterations, 228, 229
BCR-ABL rearrangement, imatinib
for, 1
see also Imatinib
BDTX-189, 105, 109t
BEACON CRC study, 146, 151t
BECN1 gene, inactivation, 25
Belantamab, 202t
Belantamab mafodotin-blmf, 200
Belvarafenib, 104, 109t
Belzutifan
in clear cell renal cell cancer, 160
FDA/EMA approvals, tumour types,
88t
Bemarituzumab, in gastric/
oesophageal cancer, 150
Bendamustine, 195, 196t
BERIL trial, 189
Berzosertib, 108, 110t, 111
in high-grade serous ovarian cancer,
215
Beta-blockers (BBs), 244
Beta-carotene, 65
Bevacizumab, 28, 94
in cervical cancer, 211–212
in clear cell renal cell cancer, 160
FDA/EMA approvals, tumour types,
88t
in hepatocellular carcinoma, 152,
152t
in HER2-negative breast cancer,
141t
in HNSCC, 190t
in ovarian cancer, 206, 207, 208t,
211
PD-L1 expression targeted and, 125
toxicity/adverse events
		 hyperbilirubinaemia due to, 248
		 hypomagnesaemia due to, 249
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Index

		 hyponatraemia due to, 249
in triple-negative breast cancer, 136
see also VEGF (vascular endothelial
growth factor)
BGB-3111-206, 196t
BI 907828, 110t
BI1701963 trial, 107, 109t
Biliary tract cancer, FGFR2 fusions,
75, 76f
Binimetinib
in BRAF-mutated melanoma, 175,
176t, 177t, 178
		 combination therapy, 183
in colorectal cancer, 146, 151t
FDA/EMA approvals, tumour types,
87t
in ovarian cancer, 214
toxicity/adverse events, 178
see also MEK inhibitors
Bioinformatics, 14
advanced methodologies, 14
Biomarker
liquid biopsies, 14
see also Liquid biopsy; specific
biomarkers
Biomarker-driven therapy
FDA and EMA approvals, 3,
86t–89t
IHC and FISH use for molecular
testing, 15
impact, 3
susceptibility, IHC use for
determining, 10–11
trial types, 3
see also specific biomarkers/targets
Biopsy
liquid see Liquid biopsy
tissue types see Tissue types, for
testing

Bioradiotherapy, in LA-HNSCC, 188
Bispecific T-cell engagers (BiTEs),
171, 200
Bladder cancer
FGFR3 amplification/fusion, 162
muscle-invasive (MIBC), 162
non-muscle invasive (NMIBC), 162
PIK3CA mutations, 47, 96
Blood pressure, monitoring, 243, 244
Blood-brain barrier, 58, 250
BLU 945, 121
BOLERO-2 trial, 139t
Bone metastases, prevention,
denosumab, 30
Bone sarcomas (BSs), 219, 228–229
EWS-FLI1 fusion, 81
see also Ewing sarcoma (ES)
Bortezomib, 201t
BOSTON phase III trial, 202t
BRAF (kinase), 23, 95
signalling as monomer, melanoma,
43
see also RAF proteins/kinases
BRAF gene, 20f, 95
fusions, KIAA1549-BRAF, 234
mutations see BRAF mutations
BRAF inhibitors, 87t, 95, 103
in colorectal cancer, 146
EGFR inhibitors with, 96, 146
FDA/EMA approvals, tumour types,
87t, 95
in gliomas, 234, 235t
MEK and EGFR inhibitors with, 96,
146
MEK inhibitors with see under
MEK inhibitors
in melanoma, 87t, 175, 177t,
178–179
		MEK inhibitors with, 96, 175,
177t, 178–179, 184

		 monotherapy, 175, 176t, 178
paradoxical activation of MAPK/
ERK pathway, 234
resistance, 95, 96, 175
toxicity/adverse events, 178
		 liver toxicity, 247
		 nausea/vomiting, 247, 255t
		 skin toxicity, 240, 251t
see also Dabrafenib; Encorafenib;
Vemurafenib
BRAF mutations, 45, 83, 95, 103
biomarker in clinical trials, 109t
bypass, resistance mechanism, 84
in colorectal cancer, 83, 84, 95,
145–146
in GISTs, 228
in melanoma see Melanoma
(cutaneous)
in NSCLC, 95, 123
		targeting, 123
in thyroid cancer, 23, 95
tumours with, 95
V600 mutation, 23, 177t, 182t, 183
V600D, 174
V600E, 43, 95, 104
		 in colorectal cancer, 145–146
		 in gliomas, 234, 235t
		in melanoma, 43, 44, 95, 174,
176t, 180, 183
		 in NSCLC, 123
		vemurafenib and dabrafenib
targeting, 95, 123, 176t, 177t
V600K, 174, 176t, 180
V600R, 174
Brain tumours see CNS malignancies;
Glioblastoma; Glioma
BRCA deficiency, clinical trials, 110t
BRCA mutations, 81–82, 83
family member risk, 82
marker, clinical trials, 110t
Index
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olaparib with durvalumab, trial, 112
reversions, resistance to PARPis, 82
testing, 81–82
see also BRCA1 gene; BRCA2 gene
BRCA1 gene, 20f
alterations in prostate cancer,
166–167
biomarker in clinical trials, 110t,
111
DNA damage response role, 24,
111, 135
germline mutations, 24, 81, 98, 108,
111, 112
		
ovarian cancer see Ovarian cancer
(OC)
		 prostate cancer, 167
		 triple-negative breast cancer,
PARPis in, 98, 135, 136, 140t
growth suppressor evasion, 20f, 24
plasma sequencing, 107
somatic mutations, 81, 83, 112, 167
		 ovarian cancer, 83, 211
BRCA1 protein, 98, 210
BRCA2 gene, 20f
alterations in prostate cancer,
166–167
biomarker in clinical trials, 110t,
111
DNA damage response role, 24,
111, 135
germline mutations, 24, 81, 98, 108,
112
		
ovarian cancer see Ovarian cancer
(OC)
		 prostate cancer, 167
		triple-negative breast cancer,
PARPis in, 98, 135, 136, 140t
growth suppressor evasion, 20f, 24
plasma sequencing, 107
somatic mutations, 81, 83, 112, 167
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BRCA2 protein, 98, 210
BRD9 inhibitors, 230
BREAK-3 trial, 176t
'Breakthrough therapy designation',
123, 163
Breast cancer, 131–143
AKT mutations, 105
'amoeboid invasion', 29
BRCA testing, 82
BRCA-mutated, PARPis in, 98,
135–136, 140t
CDK4/6 inhibitors, 98, 132, 139t
cyclin-dependent kinases (CDKs),
97–98
		 inhibitors, 97, 98, 132, 139t
DNA damage repair (BRCA1/2mutated), 98, 135–136, 140t
EGFR gene amplification/mutations,
23
endocrine therapy resistance, 84, 90
ER (oestrogen receptor) as
therapeutic target, 139t
ER-negative, 133
ER-positive, 67, 131–133, 139t
		
cyclin-dependent kinase
inhibitors, 132
		 drug resistance, 44
		 endocrine therapy, 131, 132, 139t
		endocrine therapy with
tamoxifen, 131–132
		everolimus and endocrine therapy,
48, 97
		metastatic, 132
ER-positive/PgR (progesterone
receptor)-negative, 67
ER-positive/PgR-positive see Breast
cancer, luminal
FDA/EMA approvals for targeted
therapies, 86t–89t, 96
HER2 activation, 90

HER2 amplification, 48, 81, 83, 85,
137
		metastatic cancer, therapy guided
in, 84
		 trastuzumab treatment, trials, 83
HER2 as therapeutic target, 140t
HER2 mutations, 90
HER2 non-amplified type, 90
HER2-low, 138–139
HER2-negative, 133, 138
		hormone receptor-positive, 96,
139t
		 targeted therapy, 139t, 140t, 141t
HER2-positive, 84, 136–138, 140t
		 anti-HER2 blockade, 83,
136–137, 140t
		 early, 136–137, 140t
		 metastatic, 84, 137, 138, 140t
		 surgery and adjuvant therapy, 137
		T-DXd vs T-DM1, 138
high-risk patients, 131–132
hormone receptor-positive/HER2negative, 96, 139t
luminal (ER-positive/PgR-positive),
67, 131–133, 139t
		 early, 131–132, 139t
		 metastatic, 132, 139t
		optimal treatment after
progression, 132–133
metastatic, 132
		bone metastases prevention,
denosumab, 30
		brain, 137
		 HER2-low breast cancer, 138
		HER2-positive cancer, 84, 137,
138, 140t
		
luminal (ER-positive/PgRpositive) cancer, 132, 139t
		 PI3K inhibitor, 96
		 triple-negative cancer, 133, 136

molecular markers to guide adjuvant
therapy, 83
mortality, 131
mTOR inhibitors, 97, 139t
oestrogen receptor 1 (ESR1)
mutations, 84
PARPis for, 98, 135–136, 140t
		 HER2-negative tumours, 140t
		triple-negative tumours, 135–136,
140t
PD-1 and PD-L1 as therapeutic
target, 139t
PgR as therapeutic target, 139t
PgR-negative, 133
PgR-positive, 131–133, 139t
		 endocrine therapy, 131, 132, 139t
PIK3CA mutations, 47, 96, 132,
133, 139t
		targeted therapy, 96, 132–133,
139t
prognostic gene signatures, 82, 83
PTEN mutations, 48
RET mutations, 92
RICTOR (mTORC2 component)
amplification, 97
secretory, tropomyosin receptor
kinase (TRK)-fusion oncoprotein, 93
targeted therapies
		FDA/EMA approvals for,
86t–89t, 96
		 summary (by target), 139t–141t
		see also specific entries above/
below
triple-negative, 82, 133–136, 139t
		antiangiogenics, 136
		
antibody-drug conjugates,
134–135, 135f
		 anti-HER drugs, 85
		
chemotherapy and
pembrolizumab, 133–134, 139t
Index
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		 early, PARPis in, 135–136
		immunotherapy, 133–134
		 'maintenance chemotherapy', 136
		 metastatic, 133, 136
		 PARPis, 98, 135–136
Trop-2, as therapeutic target, 140t
VEGF as therapeutic target, 141t
Brigatinib, 74, 76f
adverse events, 122
FDA/EMA approvals, tumour types,
74, 87t
in inflammatory myofibroblastic
tumour, 223
in NSCLC, 76f, 122, 128t
see also ALK inhibitors (ALKis)
BRIGHT AML 1003 trial, 199t
BRIM 3 trial, 176t
Bruton's tyrosine kinase (BTK), 190t,
196t
inhibitor, 198
in non-Hodgkin lymphomas, 196t,
198
B-type natriuretic peptide, 243
Buparlisib, 189
in HNSCC, 190t
BYLieve trial, 133

C
Cabozantinib, 92
FDA/EMA approvals, tumour types,
88t, 92
in hepatocellular carcinoma, 152,
152t
in HNSCC, 190t
in metastatic RCC, 161t
in papillary RCC, 162
targets for (RET and VEGFR/
PDGFR), 88t
toxicity/adverse events
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		hand-foot skin reaction due to,
240, 251t
		 hypothyroidism due to, 248
Cadherin(s)
E-cadherin, loss of expression,
24–25, 29
N-cadherin, overexpression, 25, 29
'Cadherin switching', 24–25
Calcium, increased/decreased,
257t–258t
Calcium channel blockers, 245
Calicheamicin, 200
Callus-like lesions, 240
Camrelizumab
in hepatocellular carcinoma, 153
in HNSCC, 190t
Cancer, 19
characteristics, 19–35
hallmarks see Hallmarks of cancer
stepwise evolution, 19
Cancer cell growth, sustaining
strategies, 20f, 22–24
Cancer stem cells, transdifferentiation,
28
Cancer-associated fibroblasts (CAFs),
35
Cancer/testis antigens, 54
re-expression in tumour cells, 54
CANDOR phase III trial, 201t
Capecitabine, in breast cancer, 136,
137, 138, 140t
Capillary blood vessels, growth,
angiogenesis, 27
Capivasertib, 105, 109t
see also AKT inhibitors
Capmatinib
FDA/EMA approvals, tumour types,
87t
MET exon 14 skipping in NSCLC,
124

toxicity/adverse events
		 electrolyte disorders due to, 249
		 hyponatraemia due to, 249
		
potassium homeostasis
impairment, 249
see also MET inhibitors
Carboplatin
berzosertib with, 111
bevacizumab with, ovarian cancer,
206
paclitaxel with, NSCLC, 127t, 129t,
131t, 134
Carcinoembryonic antigen (CEA), 54
TCR-T cells specific for, 54
Cardiac biomarkers, 243, 244
Cardioprotective drugs, 244
Cardiotoxic drugs
cardiological evaluation before, 243
monitoring of patients, 243–244
Cardiovascular toxicity, 243–245,
252t–253t
heart failure, 243, 244
hypertension, 243, 244–245, 252t
left ventricular systolic dysfunction
(LVSD), 243, 244, 252t–253t
QT prolongation, 243, 245, 252t
thromboembolic events, 243, 245,
253t
Carfilzomib, 201t, 202t
Carotenoids, 63
CAR-T cells, 51, 53f, 56–58, 203
advances/new strategies, 58
antigens recognised, 53f, 56–57
BCMA-directed, 57, 200
CD19-directed, 57, 195
characteristics, 52t
clinical trials, 55t, 57
decoy receptor expression, 58
design, 53f, 56
in diffuse large B-cell lymphoma, 195

efficacy, enhancing, 58
evasion, 53
in haematological malignancies, 57
HER2-directed, 57
limitations, 57–58
mechanism of action, 53f, 56
migration into solid tumours, 57
'on-target, off-tumour' toxicity, 57
proliferation, 51
in solid tumours, 57
structure, 53f, 56
target antigen selection, 55t, 57
		 two antigens, 58
TCR-T cell comparison, 52t, 53
toxicity, 57, 58
CASP8 gene, mutations, 187
CASPAR trial, 170t
Caspases, 25
CASPIAN trial, 125
CASSIOPEIA phase III trial, 201t
CASTOR phase III trial, 201t
β-Catenin/Wnt pathway, 39, 49, 165
CCL2, 28
CCL5, 28
CCR4, target, non-Hodgkin
lymphoma, 196t
CD19, 203
antibody-drug conjugate targeting,
195
therapeutic target in DLBCL, 195,
196t
therapeutic target in non-Hodgkin
lymphomas, 196t
CD19-directed CAR-T cells, 57, 195
CD20, antibody, 195, 198, 203
CD33, target in acute myeloid
leukaemia, 199t, 200
CD38, monoclonal antibodies, 200,
203, 205
CD74-ROS1 fusion, 91
Index

273

CD79b, antibody-drug conjugate
targeting, 195, 196t, 203
CDK (cyclin-dependent kinase), 97–98
inhibitors (CDKis), 97–98
		 in breast cancer, 97, 98, 132
		
CDK4/6 see CDK4/6 inhibitors
(CDK4/6is)
		FDA/EMA approvals, tumour
types, 89t, 98
		
see also Abemaciclib;
Palbociclib; Ribociclib
CDK4, biomarker in clinical trials,
110t
CDK4/6 complexes, 97, 98
CDK4/6 inhibitors (CDK4/6is), 98
combination therapy in melanoma,
183
in HNSCC, 191t
in luminal breast cancer, 98, 132,
139t
toxicity/adverse events
		 haematological toxicity, 249
		 interstitial lung disease, 243
		thromboembolic events due to,
245, 253t
see also Abemaciclib; Palbociclib;
Ribociclib
CDKN2A gene, 20f, 24
mutations, HPV-negative HNSCC,
187
cDNA (complementary DNA), 11
Cediranib, in soft tissue sarcomas, 224t
CELESTIAL trial, 152t
Cell adhesion, loss, 24–25, 29
Cell cycle
constant active, alterations in cancer
causing, 20f, 22–24
control, PI3K/AKT pathway, 46, 47f
Cell death
apoptosis, 25
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autophagy, 25
necrosis, 26
tumour cells resisting, 20f, 25–26
Cell growth
control, PI3K/AKT pathway, 46, 47f
mitogenic signals produced by
tumour cells, 22
normal, Hayflick limit, 26
Cellular energetics, dysregulation, 21f,
30–31
Cellular metabolism of tumours, 30–31
Cemiplimab
in cervical cancer, 212
in HNSCC, 191t
PD-L1 targeted by, 124
Ceralasertib, 108, 110t
Ceritinib, 73, 74, 76f
FDA/EMA approvals, tumour types,
87t
in inflammatory myofibroblastic
tumour, 223
in NSCLC, 122, 124, 128t
toxicity/adverse events, 122
see also ALK inhibitors (ALKis)
Cervical cancer (CC), 211–213
HPV as therapeutic target, 216
HPV pathogenic role, 212
immune checkpoint inhibitors,
212–213
metastatic, 212
PD-L1 expression, 212
PIK3CA mutation, 96
recurrent/metastatic, 211–212, 213
targeting angiogenesis, 211–212,
215
tissue factor overexpression, 215
Cetuximab, 84, 145
in colorectal cancer, 146, 151t
FDA/EMA approvals, tumour types,
86t

in LA-HNSCC, 188, 191t
in R/M HNSCC, 188–189
in R/M-HNSCC, 190t
toxicity/adverse events
		 hyponatraemia due to, 249
		 nail changes, 241
see also EGFR inhibitors/targeted
therapy (EGFRis)
CheckMate 9ER trial, 161t
CheckMate 9LA trial, 125, 129t
CheckMate 067 trial, 177t, 178
CheckMate 142 trial, 147
CheckMate 214 trial, 161t
CheckMate 227 trial, 125
CheckMate 648 trial, 149, 151t
CheckMate 649 trial, 149, 151t
CheckMate 722 trial, 120
CheckMate 816 trial, 126
Checkpoint kinase 1 (CHK1), 111
CHEK2 gene, 111
plasma sequencing, 107
Chemokine receptors, CARs inducing,
CAR-T cell efficacy, 58
Chemokines, 28, 35
Chemotherapy, 113
in acute myeloid leukaemia, 198
adjuvant, molecular alterations to
guide, 83
in chronic lymphocytic leukaemia,
197
conditioning, 51
in diffuse large B-cell lymphoma,
195
erdafitinib with, urothelial cancer,
162
Ewing sarcoma, 229
in gastric/oesophageal cancer, 148,
149, 151t
in haematological malignancies, 194
in HER2-positive breast cancer,

136–137, 140t
immunotherapy with see under
Immunotherapy
neoadjuvant, in soft tissue sarcomas,
220
in NSCLC, without exon 20 T790M
mutation, 120
in soft tissue sarcomas, 220
in triple-negative breast cancer, 133,
134, 135–136, 139t
Chimeras, proteolysis targeting, 105
Chimeric antigen receptor (CAR),
CD19-targeting, 52
Chimeric antigen receptor (CAR)T cells see CAR-T cells
Chimeric proteins, 70
identification methods, 71
oncogenic activity, mechanisms,
70–71
see also Gene fusions
CHIP (clonal haemopoiesis of
indeterminate potential), 107
CHK1 (checkpoint kinase 1), 111
Cholangiocarcinoma
FGFR activation, 93
FGFR2 fusions, 75, 76f
FGFR2 inhibitor, 103
IDH inhibitors, 236
intrahepatic, IDH1/2, mutations
affecting, 98
ROS1 fusion proteins, 91
tumour multigene NGS use in, 15
Cholestatic hepatitis, 248
Chondrosarcoma, 228, 230
clear-cell, 228
IDH1/2, mutations affecting, 98
treatment, 228, 229
Chordoma, 228, 229
Chromogenic in situ hybridisation
(CISH), 163
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Chromosomal instability
gastric/oesophageal cancer, 148
telomere length and, 26, 27
Chromosomal translocations
dermatofibrosarcoma protuberans,
221
sarcomas, 219
Chronic lymphocytic leukaemia
(CLL), 197–198
targeted therapy, 197, 198
venetoclax (BCL2 inhibitor), 198
Chronic myeloid leukaemia (CML)
BCR-ABL rearrangement, 1
imatinib in, 1, 102
Chronic myelomonocytic leukaemia,
92
CHRONOS trial, 145, 151t
CHRONOS-1 trial, 196t
Circulating tumour cells (CTCs),
liquid biopsy, 14
Circulating tumour DNA see ctDNA
'Circulome', 14
Cisplatin, HNSCC, 187, 188
c-KIT mutations, melanoma, 180
Claudin 18.2, 150
immunoglobulin targeting, 150
CLEAR trial, 161t
CLEOPATRA phase III study, 137,
140t
Clinical trials
allosteric inhibition, 103–104
biomarker-based, 102, 104
		 list of trials, 109t–110t
		separate targets downstream of
dysregulated protein, 104
liquid biopsy role, 106–107
molecular markers in see Molecular
markers
plasma sequencing, for inclusion,
107
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protocols, types, 3
vertical inhibition, 104
see also specific types of targeted
therapy
Clonal haemopoiesis of indeterminate
potential (CHIP), 107
Clustered regularly interspaced short
palindromic repeats see CRISPR
gene editing
cMET, 161
drugs targeting, 87t
		
see also Capmatinib; MET
inhibitors
overexpression, renal cell cancer,
160–161
in papillary RCC, 161
see also MET
c-myc, 97
CNS malignancies, 233–237
FDA/EMA approvals for targeted
therapies, 86t–89t
primary, targeted therapies, 233–236
WHO classification, 233
see also Glioblastoma; Glioma
Cobimetinib, 45, 104
belvarafenib with, 104
in BRAF-mutated gliomas, 235t
in BRAF-mutated melanoma, 45,
175, 177t
		 atezolizumab with, 181, 182t, 183
		 ICIs with targeted therapy, 182t
in BRAF-wild type melanoma, 183
FDA/EMA approvals, tumour types,
87t
toxicity/adverse events, 178
see also MEK inhibitors
CoBRIM trial, 175, 177t
CodeBreak 101 trial, 145
Cognitive effects, 259t
'Collective invasion', 29

Colon cancer see Colorectal cancer
(CRC)
Colony-stimulating factor 1 (CSF-1),
223
Colony-stimulating factor 1 receptor
(CSF-1R), 223
Colorectal cancer (CRC), 144–147
BRAF inhibitors, 95, 96, 145–146,
151t
BRAF mutations, 83, 84, 95, 96, 145
disrupted differentiation, 33
EGFR blockade, 84, 145, 146
EGFR overexpression, 90, 145
gut microbiome role, 34
HER2 amplification, 146–147
		 targeted therapy, 146–147, 151t
KRAS-mutant, 81, 84, 95, 144–145
localised
		molecular markers to guide
adjuvant therapy, 83
		 prognostic molecular markers, 83
MEK inhibitor, 96, 146
metastatic
		 anti-PD-1 (pembrolizumab), 147
		BRAF V600E mutation, 145–146
		HER2-positive, 146–147
		KRAS G12C inhibitors, 145
		microsatellite instability (MSI),
147
		NTRK fusions, targeting, 147
		
resistance to KRAS G12C
inhibitors, 145
		sotorasib, 145
microsatellite instability (MSI), 147,
151t
MMR deficiency tumours, 83, 147
molecularly-driven targeted
oncology, 3
NRAS mutation, 84, 145
PIK3CA mutations, 47, 96

prognosis
		BRAF mutations, 83, 145–146
		BRAF V600E mutation, 145–146
		RAS mutations, 83
RAS mutations, 83, 84, 144–145
		 anti-EGFR effect, 145
		frequency, 144
		negative response to EGFR
inhibitors, 144
		overcoming, targeted therapy,
144–145, 151t
		prognosis, 83
		relapse, 84
		
resistance to KRAS G12C
inhibitors, 145
RET fusions, 75, 145
RET mutations, 92
ROS1 fusion proteins, 91
targeted therapy, 144–147, 151t
		BRAF inhibitors, 95, 96,
145–146, 151t
		
in BRAF V600E mutations, 95,
145–146, 151t
		 clinical trials (summary), 151t
		EGFR blockade, 84, 145, 146
		
in HER2 amplification, 146–147,
151t
		KRAS G12C, 144–145, 151t
		 MEK inhibitor, 96, 146
		microsatellite instability (MSI)
and NTRK fusions, 147, 151t
		RAS mutations, 144–145, 151t
COLUMBUS trial, 177t, 178
COMBI-AD trial, 179–180
COMBI-d trial, 175, 177t, 179
COMBI-i trial, 182t, 183
COMBI-v trial, 175, 177t, 179
Common Terminology Criteria for
Adverse Events (CTCAE), 240,
259t
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Communication, oncologists and
molecular pathologists, 9
Community medical education, 3
Conditioning chemotherapy, 51
Congenital infantile fibrosarcoma, 93
Congenital mesoblastic nephroma, 93
Conjunctivitis, 246, 253t
Contact inhibition, 24
tumours unresponsive to, 24–25
Copanlisib, 47f, 48, 196t
in follicular lymphoma, 197
Corticosteroids
mucositis/stomatitis management,
246
topical, 239, 240, 241
Cost(s), global oncology spending, 3
Cost-effectiveness of new registrations, 3
CPX-351, 198
CRAF (RAF1), 23, 95
see also RAF proteins
Craniopharyngioma, papillary, 235t
CRISPR gene editing, 51, 56
CAR-T cells, 58
Crizotinib, 73, 76f, 91
FDA/EMA approvals, tumour types,
87t
as first ALK inhibitor approved, 73,
91, 121–122
in inflammatory myofibroblastic
tumour, 222–223
in NSCLC, 73, 76f, 121, 124, 127t,
128t
		alectinib vs, 74, 128t
in papillary RCC, 162
resistance, 73, 122
ROS1 kinase inhibition, 74, 124
visual disturbances due to, 246
see also ALK inhibitors (ALKis)
CROWN trial, 122, 128t
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CSF-1R, inhibitor (pexidartinib), 223,
224t
ctDNA (circulating tumour DNA), 14,
106
assays, limitations, 107
gene fusion analysis, 72
minimal residual disease in NSCLC,
126
RAS mutations in colorectal cancer,
145
strengths and limitations, 13t, 107
see also Liquid biopsy
CTLA-4, 21f
antibodies
		in hepatocellular carcinoma, 152t,
153
		 in NSCLC, 124-125, 129t
		
see also Ipilimumab;
Tremelimumab
		upregulation, 33
Cyclin D, 97, 98
Cyclin inhibitors, 24, 89t, 98
Cyclin-dependent kinases (CDKs),
97–98
FDA/EMA approvals, tumour types,
89t, 98
inhibitors (CDKis) see under CDK
(cyclin-dependent kinase)
Cysteine-aspartic proteases, 25
Cytarabine, low-dose, in acute myeloid
leukaemia, 199t
Cytokine(s)
enhancing CAR-T cell efficacy, 58
secretion by tumours, 32–33
Cytokine release syndrome (CRS), 58
management, 58
Cytopaenia, multilinear, 249
Cytology biopsy/cell block, 13t
Cytotoxic agents, in acute myeloid
leukaemia, 198

Cytotoxic T cells (CD8+), 35, 113
Cytotoxic T-lymphocyte associated
antigen 4 see CTLA-4

D
Dabrafenib, 41f, 44, 95
BRAF mutations in melanoma, 83,
95, 175, 176t
		 adjuvant therapy, 179–180
		 combined therapy, 175, 177t, 178
		 ICIs with targeted therapy, 182t
		 monotherapy, 175, 176t
BRAF mutations in NSCLC, 123
BRAF-mutated gliomas, 235t
FDA/EMA approvals, tumour types,
87t
skin toxicity, 240
see also BRAF inhibitors
Dacarbazine, soft tissue sarcomas, 220
Dacomitinib
EGFR-mutated NSCLC, 120, 127t
FDA/EMA approvals, tumour types,
86t
toxicity/adverse events
		 nail changes, 241
		
potassium homeostasis
impairment, 249
see also EGFR inhibitors/targeted
therapy (EGFRis)
DAPK gene, inactivation, 25
DaraPD, 201t
Daratumumab (anti-CD38), in multiple
myeloma, 200, 201t
DaraVMP, 201t
DaraVTD, 201t
Darolutamide, in prostate cancer, 166,
169t
Dasatinib, in melanoma, 180
DAY101, 104, 109t

Death receptor 5 (DR5) agonists, 230
Death-inducing signals, 25
Debio 1143, 188
Decitabine, in acute myeloid
leukaemia, 199t
Decoy receptors, 58, 94
Dedifferentiated liposarcoma
(DDLPS), 230
Dedifferentiation, 33
Deep machine-learning algorithms, 14
De-ESCALaTE HPV study, 188
Dendritic cells, increase, MDM2
inhibitors, 113
Denosumab, 30
giant cell tumour of bone, 226t, 229
Dermatofibrosarcoma protuberans
(DFSP), 221–222, 226t
Dermatological adverse events (AEs),
238
see also Skin toxicity
DESTINY Breast-01 trial, 138, 140t
DESTINY Breast-03 trial, 138, 140t
DESTINY Breast-04 phase III trial,
138–139
DESTINY-CRC01 trial, 147, 151t
DESTINY-Gastric 01 trial, 148, 151t
Dexamethasone, 201t, 202t, 246
Diagnosis of tumour, 81
molecular marker use, 81–82
Diarrhoea, targeted therapy causing,
247, 254t
management, 247
Diffuse large B-cell lymphoma
(DLBCL), 197
R-CHOP therapy, 195
relapsed/refractory, targeted therapy,
195, 196t
Digital barcode technologies, 72
Direct sequencing, 10
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Disitamab vedotin, in urothelial cancer,
163
DNA
circulating tumour see ctDNA
complementary (cDNA), 11
damage, 108, 111
		 G2-M checkpoint, 215
		 p53 phosphorylation, 112
double-strand breaks (DSBs), 108,
111
hypermethylation, 34, 234
mismatch repair (MMR) see
Mismatch repair (MMR) system
non-homologous end joining
(NHEJ), 111
repair see DNA repair
single-strand breaks (SSBs), 108
DNA damage response inhibitors
(DDRis), 108
biomarkers predictive of response
to, 110t, 111
DNA damage response (DDR)
pathways, 108, 111
treatment targeting, 107, 108, 111
		 clinical trials, 110t
		 combining with ICIs, 112
DNA polymerase epsilon catalytic
subunit, 213
DNA repair, 108
as cancer's Achilles' heel, 108
defective, 111–112
genes involved, 24
		
see also BRCA1 gene; BRCA2 gene
homologous recombination, 98, 99,
210
		
deficiency see Homologous
recombination deficiency (HRD)
		
repair see Homologous
recombination repair (HRR)
immunotherapy and, 111–112
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MMR system see Mismatch repair
(MMR) system
p53 activating, 111, 112
DNA-protein kinases (DNA-PKs), 111
catalytic subunit (DNA-PKcs), 111
inhibition, 111
Docetaxel, 127t, 128t, 136, 162, 164t,
165, 166t, 169t, 170t, 220, 228, 229
Dostarlimab
in endometrial cancer, 213
in HNSCC, 190t
DREAMM-2 phase II trial, 202t
Droplet digital polymerase chain
reaction (ddPCR), 107
Drug registrations
monitoring impact of new drugs, 3
targeted therapies approved by
FDA/EMA, 4t–7t, 86t–89t
Drug resistance (targeted therapy
resistance), 36
ALK inhibitors, 74, 123
BRAF inhibitors, 95, 96, 175
crizotinib, 73, 122
detection, whole genome
sequencing, 107
EGFR inhibitors, 90, 106
imatinib, 83, 84–85, 228
lorlatinib, 84
MEK inhibitors, 44, 96, 175, 178
osimertinib, 120–121
PARPis (PARP inhibitors), 82, 108
sotorasib, 145
TKIs see Tyrosine kinase inhibitors
(TKIs)
Drug-induced liver injury (DILI), 247
Drug-induced pneumonitis/interstitial
lung disease, 242–243, 252t
Durvalumab
in hepatocellular carcinoma, 152t, 153
in HNSCC, 190t

olaparib with, 112
PD-L1 expression in SCLC, 125
see also PD-L1 (programmed deathligand 1), antibodies/inhibitors
Duvelisib, 47f, 48
in follicular lymphoma, 197
in non-Hodgkin lymphoma, 196t
DYNAMO trial, 196t
Dyskeratosis congenita, 27

E
E2100 trial, 136
E-cadherin, loss of expression, 24–25,
29
Education, community medical, 3
EGFR (epidermal growth factor
receptor), 40, 85
HER2-containing dimers with, 85
EGFR family, 40
HER1 (EGFR) see EGFR; EGFR
gene
HER2 see HER2
HER3, 40, 85
HER4, 40
EGFR gene, 20f, 23
amplification, 23, 44, 81
blockade, monoclonal antibodies
see under EGFR inhibitors/targeted
therapy (EGFRis)
functions/role, 23
in lung cancer, 23, 44, 81, 103, 106
		
see also Non-small cell lung
cancer (NSCLC)
mutations, 23, 44, 90, 105
		C797S, 121
		in colorectal cancer, KRAS G12C
inhibitor resistance, 145
		exons 19, 20 or 21, 90, 107, 119,
120

		 L858R, 43, 90, 107, 119, 120
		 most common, 119
		
in NSCLC see Non-small cell
lung cancer (NSCLC)
		 plasma assays, 107
		T790M, 84, 90, 107, 120
		uncommon, EGFR-TKI efficacy,
120
NGS of liquid biopsy, 16
overexpression, 23, 48
		 in colorectal cancer, 90
		 in head and neck SCC, 90
		 MAPK pathway activation, 23, 48
		 in urothelial cancer, 163
transcriptional activation, 23
EGFR inhibitors/targeted therapy
(EGFRis), 86t, 90, 120–121
antibody-drug conjugates, 121
bispecific antibody (amivantamab),
121
in colorectal cancer, 144, 145, 146
		negative response in RAS
mutations, 144
combination therapy
		BRAF inhibitors with, in CRC,
146
		 in HNSCC, 190t
		MEK and BRAF inhibitors with,
96, 146
drugs targeting (EGFR-TKIs), 44,
90, 119–121
		 clinical trials, 109t, 120t
		FDA/EMA approvals, tumour
types, 86t
		new therapeutic agents
(mobocertinib), 90
		toxicities, 120
		see also under Tyrosine kinase
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inhibitors (TKIs)
in LA-HNSCC, 188, 190t
monoclonal antibodies, 44, 84, 86t,
90
		 in colorectal cancer, 84
		 in LA-HNSCC, 90, 188, 190t
		 in R/M-HNSCC, 190t
		thromboembolic events due to,
245, 253t
		
see also Amivantamab;
Cetuximab; Panitumumab
RAS-mutant clones after, 145
resistance, 44, 90, 106
TKI-EGFR inhibitors see above;
under tyrosine kinase inhibitors
(TKIs)
toxicity/adverse events, 120
		
drug-induced pneumonitis/
interstitial lung disease (ILD), 242
		 electrolyte disorders, 249
		 liver toxicity, 247
		mucositis and stomatitis, 246,
254t
		 nail changes, 241
		 ocular toxicity, 246, 253t
		 skin toxicity, 238, 239, 251t
see also Tyrosine kinase inhibitors
(TKIs)
EGFR-tyrosine kinase inhibitors (TKIs)
see under EGFR inhibitors/targeted
therapy (EGFRis); Tyrosine kinase
inhibitors (TKIs)
Electrocardiography (ECG), 243
Electrolyte disorders, targeted therapyinduced, 249, 257t
ELOQUENT-2 phase III trial, 202t
ELOQUENT-3 phase II trial, 202t
Elotuzumab (anti-SLAMF7), in
multiple myeloma, 200, 202t
EMBRACA phase III trial, 136, 140t
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EMILIA phase III trial, 137, 140t
EML4-ALK fusion, 73, 91, 121
Emollients, 240
EMPOWER-Cervical/GOG-3016/
ENGOT-cx9 study, 212
Enasidenib, in acute myeloid
leukaemia, 198, 199t
Encorafenib, 44
in BRAF-mutated melanoma, 175,
177t, 178
		 combination therapy, 183
in colorectal cancer, 146, 151t
FDA/EMA approvals, tumour types,
87t
toxicity/adverse events, 178
		 skin toxicity, 240
see also BRAF inhibitors
Endocrine therapy
ER (oestrogen receptor)-positive
breast cancer, 131, 139t
		 everolimus with, 48
ER-positive/PgR (progesterone
receptor)-positive breast cancer, 67,
131–132, 133, 139t
resistance
		ESR1 mutations, breast cancer, 84
		HER2 gene mutations, 44, 90
		
L755S and V777L HER2
mutations, 44
Endocrine/metabolic toxicity,
248–249, 256t
Endometrial cancer (EC), 213–214
folate receptor alpha (FRα),
214–215
HER2 gene mutation, 214
immune checkpoint inhibitors
		with antiangiogenesis therapy,
213–214
		monotherapy, 213
MMR gene alterations, 213

PIK3CA mutation, 96
EndoPredict assay, 82
Endothelial cells
interactions, tumour invasion, 29
response to FGFs, 159
sprouting angiogenesis, 27–28
transdifferentiation of cancer stem
cells, 28
tumour, influence on
microenvironment, 35
Endothelial progenitor cells (EPCs), 28
Energetics, cellular, dysregulation, 21f,
30–31
Energy metabolism, regulation, genes,
31
Enfortumab vedotin, 165, 166t
ENGOT-ov11/MILO study, 214
ENLIVEN phase III trial, 223
Ensartinib, in NSCLC, 122
Entrectinib, 74, 75, 91
in colorectal cancer, 147
FDA/EMA approvals, tumour types,
87t, 88t
in GISTs, 225t, 228
in gliomas, 234t
mechanism of action, 221
in NSCLC, 74, 76f, 124
NTRK fusions/rearrangements, 75,
76f, 93, 100, 124
ROS1 fusions/rearrangements, 74,
76f, 91, 124
in sarcomas, 221, 227t
in soft tissue sarcomas, 221
TRKA/B/C inhibitor, 93
Enzalutamide, prostate cancer, 166,
169t, 170t
Ependymoma
NTRK fusions, 233
paediatric, hypoxia effect, 34

Epidermal growth factor receptor
(EGFR) family see EGFR
Epidermal growth factor receptor
(EGFR) gene see EGFR gene
Epigenetic reprogramming, nonmutational, 21f, 33–34
Epigenome, regulation by AKT, 46
Epithelial-mesenchymal transition
(EMT), 29
induction, SNAI1 upregulation, 34
Epithelioid haemangioendothelioma,
224t
Epithelioid sarcoma, 223, 226t
Epstein-Barr virus (EBV)
antigens, target for TCR-T cells, 56
gastric/oesophageal cancer, 148
ErbB family
ErbB1 see EGFR
overactivity, urothelial cancer, 163
ErbB2 amplification, 85
ErbB2 mutations see HER2 gene,
mutations
Erdafitinib, 162
FDA/EMA approvals, tumour types,
88t
FGFR1-4 targeted by, 162, 163,
164t
for FGFR3 alterations, 162
toxicity/adverse events
		 hyponatraemia due to, 249
		 skin toxicity, 240
in urothelial cancer, 162, 164t
see also FGFR inhibitors (FGFRis)
Eribulin, 135, 136, 220
ERK gene, mutations, 45
ERK pathway, 39, 41f, 42
activation, 42
		constitutive, in melanoma, BRAF
mutation, 174
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		paradoxical, by BRAF inhibition,
234
		paradoxical, by RAF inhibition,
95
ERK1 and ERK2 phosphorylation,
42
inhibitor, 45, 104
		ASTX029, 104
		combination therapy in
melanoma, 183
		ulixertinib, 45
MAPK pathway regulation, 42–43
negative feedback mechanisms,
42–43
RSK1/RSK2 kinases activation, 43
Erlotinib, 44, 90
EGFR mutations in NSCLC, 86t,
90, 120, 127t
FDA/EMA approvals, tumour types,
86t
ERs see Oestrogen receptors (ERs)
ESMO Scale for Clinical Actionability
of molecular Targets (ESCAT), 15
ESR1 and ESR2 genes, 66
ESR1 mutations, 84
ETV6-NTRK3 fusion, 221
European Medicines Agency (EMA)
biomarker-driven therapy approval, 3
		 molecular testing methods, 15
CHMP, 213
targeted therapy approvals, 86t–89t,
93
		 ADCs in urothelial cancer, 165
		 KRAS-inhibitor (sotorasib), 44
		NTRK fusions, tumours with, 147
		 olaparib in prostate cancer, 167
		 PARPis in ovarian cancer, 211
		pembrolizumab and lenvatinib in
endometrial cancer, 213
		pembrolizumab in cervical
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cancer, 213
		pembrolizumab in gastric/
oesophageal cancer, 149
European Society for Medical
Oncology (ESMO)
Handbook of Targeted Therapies
and Precision Oncology, concept
behind, 4
homologous recombination
deficiency (HRD) testing, 99
melanoma treatment
recommendations, 179
Scale for Clinical Actionability of
molecular Targets (ESCAT), 15
Translational Research and
Precision Medicine Working Group,
3, 99
tumour multigene NGS in NSCLC,
15
EURTAC trial, 127t
Everolimus, 47f, 48, 97
in breast cancer, 48, 97, 132, 139t
FDA/EMA approvals, tumour types,
87t
mechanism of action, 47f, 48
in metastatic RCC, 97, 161t
in PEComas, 222
toxicity/adverse events
		 interstitial lung disease, 243, 252t
		 skin toxicity, 239, 240
see also mTOR (mammalian target
of rapamycin) inhibitors
Ewing sarcoma (ES), 228–229
EWS-FLI1 fusion, 81, 228
treatment, 229
EWS-FLI1 fusion, 81, 228
EWSR1-non-ETS fusions, 228, 229
eXalt2 trial, 122
Exanthema, papulopustular, 239
Exemestane, 131, 132

in breast cancer, 139t
Exportin 1, inhibitor, 195
ExteNET study, 140t
Extracellular signal-regulated kinase
(ERK) see ERK pathway
Extraskeletal myxoid chondrosarcoma,
pazopanib in, 221
EXTREME study, 188–189
Ezabenlimab, 113
EZH2 gene
constitutive activation, in epithelioid
sarcoma, 223
mutations, 197, 223
EZH2 inhibitor
in epithelioid sarcoma, 223, 226t
in follicular lymphoma, 197
in HNSCC, 190t
in non-Hodgkin lymphomas, 196t

F
Faecal microbiota transplants,
melanoma, 34
FAK inhibitors, 214
Farnesyltransferase inhibitors (FTIs), 44
in HNSCC, 189, 190t
Fas death receptor, 25
FAST trial, 150
FGF (fibroblast growth factors), 29,
159
in clear cell RCC, 159
FGF2, role in angiogenesis, 27–28
functions, 27–28, 159
targeting, 29
FGFR (fibroblast growth factor
receptors), 93
aberrant activation in cancers, 93
FGFR1-4, 162, 164t
FGFR2, 76f
		 in clear cell RCC, 159

		function, 159
inhibitors see FGFR inhibitors
(FGFRis)
as therapeutic target, 93, 158
		 in clear cell RCC, 159, 160
		FDA/EMA approvals, tumour
types, 88t
		 in GISTs, 225t, 226t
		in urothelial cancer, 93, 158, 162,
164t
FGFR family, 40, 93, 162, 164t
functions, 162
FGFR genes
amplification, 93, 162
FGFR2 amplification
		 gastric/oesophageal cancer, 150
		 urothelial cancer, 150 158, 162
FGFR2 fusions/rearrangements, 75,
76f, 93, 158, 162
		 biliary tract cancers, 76f
		biomarker in early clinical trials,
109t
		cholangiocarcinoma, 93
		 in urothelial cancer, 158, 162
FGFR3 alterations, 158
FGFR3 amplifications/fusions, 162
		 as therapeutic target, 162
		urothelial cancer, 93, 158, 162, 163
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		see also Infigratinib
PD-1/PD-L1 inhibitors with, 163
sensitivity to in cholangiocarcinoma,
75
toxicity/adverse events, 163
		 electrolyte disorders due to, 249
		 hand-foot skin reaction, 240, 251t
		mucositis and stomatitis, 246,
254t
		 ocular toxicity, 246, 253t
		 skin toxicity, 240, 251t
in urothelial cancer, 162, 163, 164t
see also Erdafitinib; Infigratinib;
Pemigatinib; Rogaratinib
FGFR2b splice variant, 150
FGFR3-TACC3 fusion, 162
Fibroblast(s), tumour-associated, 32
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226t, 228, 229
Gilteritinib, in acute myeloid
leukaemia, 198, 199t
Glasdegib, 97
in acute myeloid leukaemia, 199t
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NTRK fusions, 233–234

targeted therapies
		 BRAF inhibitors, 234, 235t
		 IDH inhibitors, 235t, 236
		 NTRK inhibitors, 234, 234t
TRK fusion oncoproteins, 93
Glioneuronal tumours, NTRK fusions,
233
Global longitudinal strain (GLS), 243
Global spending, oncology, 3
Glucocorticoid receptor, 62, 65
Glucose metabolism, 30, 31, 47f
symbiotic tumour subpopulations,
31
Glycolysis
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Hypocalcaemia, 257t–258t
Hypokalaemia, 257t
Hypomagnesaemia, 249
Hyponatraemia, 249, 256t
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(HIF-1α), 31, 98
Hypoxia-inducible factor 2-alpha
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cancer development, promoting, 32
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Immunocompromised patients, tumour
development, 32
Immunocytochemistry (ICC), chimeric
protein identification, 71
Immunoediting, 32

Index

295

Immunofluorescent (IF) platforms,
multiplex, 11
Immunohistochemistry (IHC), 10
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applications (standard and current),
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mismatch repair (MMR) testing, 82
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strengths and limitations, 14–15
Immunomodulatory effects, of
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chemotherapy with
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Infantile fibrosarcoma, 221
Infections, 250
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antagonists (Debio 1143), 188
in HNSCC, 191t
xevinapant, 191t
INI1 (integrase interactor), loss, in
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structure, 62f, 68
Insulin receptor (IR) family, 91
Insulin receptor substrate (IRS), 68
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Insulin-like growth factor 2 (IGF-2),
67
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Janus kinase (JAK)/STAT signalling
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K
KarMMa phase II trial, 202t
Karyotype, complex/variable, in
sarcomas, 219
KATHERINE trial, 83, 137, 140t
KEYLYNK-101 trial, 169t
KEYNOTE-022 trial, 182t
KEYNOTE-054 trial, 180
KEYNOTE-158 trial, 212
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serine/threonine see Serine/
threonine kinases
tyrosine kinase see Tyrosine kinase
see also specific kinases
KIT gene, 94
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mutations, 81, 84–85, 94
		 in exon 9, 94
		 in exons 13/14 or 17/18, 85, 94
		 in GISTs, 81, 84–85, 94, 106
		 in melanoma, 174, 180
		 primary (exon 11), 85, 94
		 tumours associated, 94
KIT inhibitors
FDA/EMA approvals, tumour types,
89t, 94
in GISTs, 225t, 226t
monotherapy, in melanoma, 176t,
180–181, 184
see also Imatinib; Nilotinib;
Pexidartinib; Regorafenib;
Ripretinib
KIT receptor, constitutive activation, 94
KO-TIP-001 study, 189
KRAS (protein), 22–23, 104
function/pathway, 95
KRAS gene, 20f, 144
KRAS inhibitors, 44, 84, 95, 144–145
FDA/EMA approved, tumour types,
88t
in NSCLC, 123, 126
resistance, 84, 145
see also Adagrasib; Sotorasib
KRAS mutations, 22, 44, 45, 95
BI1701963 trial, 107
cancers with, 81, 84
		colorectal cancer, 81, 84, 95,
144–145
		 lung cancer, 43, 95, 123, 126
		 ovarian cancer, 214
		 pancreatic cancer, 43, 81, 95
		 thyroid cancer, 95
frequency, 43
G12C mutation, 44, 88t, 123, 144
		 agents targeting, 144–145

		FDA/EMA approvals, tumour
types, 88t, 95
		
resistance to KRAS G12C
inhibitors, 145
		targeting in colorectal cancer,
144–145, 151t
		 targeting in NSCLC, 123, 126
G12D, G12V, G13D, Q61R, 95
hotspot, 43
as TKI resistance mechanism, 84
treatment guided by see KRAS
inhibitors
KRAS4A, 95
KRAS4B, 95
KRYSTAL-1 trial, 145, 151t

L
Laboratories
quality assessments, 10
results, reporting, 10
Lacrimation disorders, 253t
Lactate, symbiotic tumour
subpopulations, 31
Lactate dehydrogenase (LDH),
178–179
Lapatinib, 41f, 44, 85
in colorectal cancer, 146
FDA/EMA approvals, tumour types,
86t
in gastric/oesophageal cancer, 148
skin toxicity, 239
see also HER2 targeted drugs/
inhibitors
Larotrectinib, 75, 76f, 93, 100
in colorectal cancer, 147
FDA/EMA approvals, tumour types,
88t, 93
first tropomyosin receptor kinase
(TRK) inhibitor for NTRK fusions, 75

in GISTs, 225t, 228
in gliomas, 234t
in sarcomas, 227t
in soft tissue sarcomas, 221
see also NTRK inhibitors
Lazertinib, 121
Lazertinib/amivantamab combination,
121
LB-100, 109t
Left ventricular systolic dysfunction
(LVSD), 244
management, 244
targeted agents causing, 243, 244,
252t
Lenalidomide, 195, 201t, 202t
Lentiviral transfer, 51
Lenvatinib
in endometrial cancer, 213
FDA/EMA approvals, tumour types,
88t
in gastric/oesophageal cancer, 150
in hepatocellular carcinoma, 150,
152t
in HNSCC, 190t
in metastatic RCC, 161t
potassium homeostasis impairment,
249
Letrozole, 131
Leukaemia
acute lymphoblastic, 57
acute myeloid see Acute myeloid
leukaemia (AML)
acute promyelocytic, 65
chronic lymphocytic see Chronic
lymphocytic leukaemia (CLL)
chronic myeloid see Chronic
myeloid leukaemia (CML)
Leukocyte receptor tyrosine kinase
(LTK), 40
Leukopaenia, 250
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LIBRETTO-001 trial, 75, 124
Li-Fraumeni syndrome, 24
Lipase, increased, 256t
Lipid alterations, targeted therapyinduced, 122, 248
Liposarcomas
MDM2 amplification, 81, 113
MDM2/CDK4-amplified, 113
MDM2-dedifferentiated, 113
Liquid biopsy, 14, 72
anti-EGFR treatment guided by in
colorectal cancer, 145
circulating tumour (ctDNA) and
circulating tumour cells (CTCs),
13t, 14, 72, 106
		see also ctDNA
gene fusion testing, 72, 77
in GIST, resistance mutations, 106
integration of results of tissue
biopsy data, 16
novel escape mutation identification,
107
plasma NGS platforms approved, 72
role in drug selection and response
monitoring, 107
strengths and limitations, 13t, 14
technical complexity, 14
uses/applications, 14
Liver toxicity, 247–248, 255t
Liver tumours see Hepatocellular
carcinoma (HCC)
L-MIND trial, 196t
Loncastuximab tesirine (anti-CD19),
195
Loncastuximab tesirine-lpyl, 196t
Lorlatinib, 74, 76f, 91
FDA/EMA approvals, tumour types,
87t
lipid alterations due to, 248
in NSCLC, 122, 124, 128t
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resistance, 84
toxicity/adverse events, 122
see also ALK inhibitors (ALKis)
Loss of heterozygosity (LOH), 210,
211
LOTIS-2 trial, 196t
LTK (leukocyte receptor tyrosine
kinase), 40
Lung cancer, 119–130, 119–131
EGFR gene amplification/mutations,
23, 44, 81, 103, 106
		
see also EGFR gene, mutations;
Non-small cell lung cancer
(NSCLC)
FDA/EMA approvals for targeted
therapies, 86t–89t
future directions, 125–126
KRAS mutations, 43, 95, 123, 126
mortality, reduction with targeted
therapy, 119
NSCLC see Non-small cell lung
cancer (NSCLC)
NY-ESO-1 expression, 54
PIK3CA mutations, 47
SCLC see Small cell lung cancer
(SCLC)
targeting ALK translocation,
121–123
		
see also ALK inhibitors
targeting EGFR mutations, 119–121
		see also Non-small cell lung
cancer (NSCLC); Tyrosine kinase
inhibitors (TKIs)
targeting PD-L1, 124–125
targeting uncommon mutations,
123–124
		BRAF mutations, 123
		HER2 (ErbB2) mutations, 123
		KRAS G12C mutations, 123
		MET exon 14 skipping, 124

		
NTRK fusion/rearrangements, 124
		RET fusion/rearrangements, 124
		ROS1 fusion/rearrangements, 124
trials of targeted therapy and
immunotherapy, 127t–129t
see also Non-small cell lung cancer
(NSCLC)
LUX-Lung 3 trial, 127t
LUX-Lung 6 trial, 127t
LUX-Lung 7 trial, 120
Lymphoid malignancies
WHO classification, 194
see also Non-Hodgkin lymphoma
Lymphoma, non-Hodgkin see NonHodgkin lymphoma (NHL)
Lynch syndrome, 24, 82
Lysosomes, 25

M
M1 macrophages, 35
M2 macrophages, 35
M3541, 110t
M4344, 110t
Macrometastases, outgrowth, 30
Macrophages
M1 and M2 types, 35
mitogenic signals produced, 32
Maculopapular rash, 239–240
MAGE (melanoma antigen gene)
family, 54
MAGE-A3, expression in brain, 54
'Magic bullets', 102
MAGNITURE phase III study, 167,
169t
MAIA phase III trial, 201t
Major histocompatibility complex
class I (MHC-I), 30
see also Human leukocyte antigen
(HLA)

Mammalian target of rapamycin
(mTOR) see mTOR (mammalian
target of rapamycin)
MammaPrint, 82
MAP2K1 mutations, 145
MAPK kinase (MAPKK), 42, 44–45
MAPK pathway, 22–23, 39–45, 41f, 174
activation by oestrogen receptor
(ER), 66
activation by insulin receptor (IR)
substrate (IRS) proteins, 68
activation in cancer, 39, 43–44,
43–45, 48
		 cancers associated, 43
		
HER2 gene amplification
resulting in, 23, 43
		 mutations associated, 23, 43
		 paradoxical, with BRAF
inhibitors, 96
biochemistry and signal
transduction, 40–42, 41f
		lipidation, 44
components, 40–42, 41f
ERK pathway, 39, 41f, 42
		 negative feedback by, 42–43
		 paradoxical activation, BRAF
inhibition effect, 234
		
see also ERK pathway
hyperactivation, 22, 23
inhibition, NF1, 24
inhibitors (therapeutic), 41f, 44–45
		 in colorectal cancer, 146
		 in ovarian cancer, 207f, 214
		see also specific pathway
components (e.g. RAS, KRAS)
JNK pathway, 39
molecular targeted therapies, 41f,
44–45
mutations affecting
		 biomarker in clinical trials, 109t
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		 tumours associated, 43
		see also individual components
(see page 43-45)
mutations in melanoma, 174, 183
		see also BRAF mutations
p38 MAPK pathway, 40
reactivation
		
BRAF-inhibitor resistance,
95–96, 146
		 in colorectal cancer, 146
		EGFR-mediated, 96
regulation, 41f, 42–43
		cancer cells overcoming,
mechanisms, 43–44
		 negative feedback by ERK, 42–43
stimulation by EGFR gene, 23, 44
transcription of inhibitory
molecules, 43
MAPK phosphatases (MKPs), 42
MAPKK (MAPK kinase), 42, 44–45
MAPKKK (MAPKK kinase), 44
Margetuximab
FDA/EMA approvals, tumour types,
86t
HER2-positive breast cancer, 138
MAVORIC trial, 196t
MDM2, 112
ubiquitination, p53 levels, 112
MDM2 gene, p53 regulator, 112
MDM2 inhibitors, 107, 112–113
BI 907828, 113
cancers benefiting from, 113
clinical trials, 110t
in mesenchymal tumours, 230
resistance, 113
siremadlin (HDM201), 113
toxicity, 112–113
MDM2/CDK4, liposarcoma, 113
MEK, 41f, 95–96, 104
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actions, 104
constitutive activation, melanoma, 174
phosphorylation of ERK, inhibition,
104
MEK gene, mutations, 45, 95–96
MEK inhibitors, 44–45, 87t, 95–96, 104
BRAF and EGFR inhibitors with,
96, 146
BRAF inhibitors with, 96, 175,
178–179
		benefit, resistance reduction, 96,
175, 178
		 brain tumours, 235t
		 colorectal cancer, 146
		 ESMO recommendations, 179
		melanoma, 96, 175, 177t,
178–179, 184
		 toxicity/adverse events, 178
		triplet therapy in melanoma, 96,
183
		in V600E mutation, 44–45, 104,
176t, 177t
		V600E mutation predictive of
response, 104
BRAF wild type melanoma, immune
checkpoint inhibitors (ICIs) with,
183
BRAF-mutated gliomas, 235t
in colorectal cancer, 96, 146
FDA/EMA approvals, tumour types,
87t
in melanoma
		BRAF inhibitors with, 96, 175,
177t, 178–179, 184
		BRAF wild type, ICIs with, 183
		MEK inhibitor monotherapy, 44,
175, 176t, 184
		
in NRAS-mutated melanoma, 175,
184

		triplet therapy (MEK/BRAF/
EGFR), 96, 183
monotherapy
		 melanoma, 44, 175, 176t, 184
		 resistance, 44, 175
in NF1-related neurofibroma, 227t
in NRAS-mutated melanoma, 175,
184
in ovarian cancer, 214
toxicity/adverse events, 178
		 cardiovascular toxicity, 244
		 hypertension due to, 244
		 nail changes, 241
		 nausea/vomiting, 247, 255t
		 ocular toxicity, 246, 253t
		 papulopustular rash, 239
		 skin toxicity, 251t
see also Binimetinib; Cobimetinib;
Selumetinib; Trametinib
MEK1/2, 41f, 42
Melan-A, 54
Melanoma (acral lentiginous /
mucosal), KIT mutations, 94, 174
Melanoma (cutaneous), 174–186
advanced metastatic
		BRAF/MEK inhibition, 96, 175,
177t, 178–179, 184
		 first-line therapy, 175
BAP1 loss of expression, 81
BRAF gene mutations, 23, 95
		 adjuvant therapy, 83
		BRAF inhibitors see below
		immune checkpoint inhibitors
(ICIs) and targeted therapy
combined, 181, 182t, 183
		therapy response prediction,
178–179
		V600D, 174
		V600E, 43, 44, 95, 174, 176t,
180, 183

		 V600K, 174, 176t, 180
		V600R, 174
BRAF wild type
		immune checkpoint inhibitors
(ICIs) and MEK inhibitors, 183
		ICIs and targeted therapy
combined, 182t, 183
'brisk', 'non brisk', 'absent',
lymphocytic infiltration, 32
faecal microbiota transplants, 34
KIT mutations/amplifications, 94,
174, 180, 184
MAPK pathway and mutations, 174
NF1 mutations, 174
NRAS-mutant, 43, 174, 175, 183,
184
NY-ESO-1 expression, 54
PTEN mutations, 48
targeted therapy, 3, 174
		adjuvant, 179–180
		 BRAF inhibitor rechallenge, 179
		BRAF monotherapy, 96, 175,
176t, 178
		
BRAF/MEK inhibitor
combination, 96, 175, 177t,
178–179, 184
		
BRAF/MEK inhibitor
combination with ERK inhibitor,
183
		BRAF/MEK inhibitor switch to
immune checkpoint inhibitors
(ICIs), 184
		 cessation, recurrence after, 179
		duration of combined treatment,
179
		 ESMO recommendations, 179
		 first-line therapy, 175, 179, 184
		future developments (potential),
181, 183–184
		 ICIs with, 181, 182t
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		KIT inhibitor monotherapy, 176t,
180–181, 184
		MEK inhibitor monotherapy, 44,
175, 176t, 184
		neoadjuvant, 180
		resistance reduction with
combined therapy, 175, 178
		tebentafusp, 181
		 toxicity/adverse events, 178, 179
		treatment combinations, 181,
182t, 183
		 triplet therapy, 183
therapeutic strategies
		adjuvant targeted therapy vs
immune checkpoint inhibitors
(ICIs), 180
		 adjuvant treatment, 179–180
		 ICIs, 177t, 178, 179, 184
		ICIs with targeted therapy, 181,
182t, 183
		neoadjuvant treatment, 180
therapy response prediction, 178–179
treatment sequencing, 184
triple wild-type, 174
Melanoma (uveal)
8p-loss, 81
GNAQ/GNA11 mutations, 174, 175
metastatic, 181
tebentafusp in, 181
Melanoma antigen gene (MAGE)
family, 54
Melphalan, 201t
Merkel cell carcinoma, 92
Mesenchymal chondrosarcoma
(MCS), 228
Mesenchymal invasion, mechanism,
20f, 29
Mesenchymal tumours, 219–232
future developments, 230
GISTs see Gastrointestinal stromal
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tumours (GISTs)
targeted therapies
		 approved therapies, 225t–227t
		in clinical practice but not
approved by EMA, 224t
	
see also Sarcoma
Mesothelioma
BAP1 loss of expression, 81
gene signatures, 119
MET, 40
overexpression, renal cell cancer,
160–161
MET gene
amplification, 44, 84, 121, 145
		 resistance mechanism, 84
exon 14 skipping, targeting, 124
MET inhibitors, 74, 84
crizotinib, 74
with EGFR tyrosine kinase inhibitor
(TKI) in NSCLC, 121
FDA/EMA approvals, tumour types,
87t
hypertension due to, 252t
in papillary RCC, 162
see also Capmatinib; Crizotinib;
Tepotinib
Metabolic toxicity, 248–249, 256t, 257t
Metabolism, cancer cells, 21f, 30–31
Metastasis
definition, 29
distant sites, 30
hallmark of cancer, 20f, 29–30
mechanism, 29
		 'amoeboid invasion', 29
		 'collective invasion', 29
		invasion-metastasis cascade, 29–30
		 mesenchymal invasion, 20f, 29
		 phenotypic plasticity and, 33
organ-specific, 30
see also specific cancers

Metastatic cells, survival advantage,
autophagy and, 25–26
METRIC trial, 176t
MHCI gene expression, 30
Microbiome, polymorphic, 21f, 34
impact on cancer phenotypes, 34
modulation by antibiotics, 34
Microsatellite instability (MSI)
in colorectal cancer, 147
in endometrial cancer, 213
in gastric/oesophageal cancer, 148
Microsatellite instability (MSI), high
(MSI-H)
FDA/EMA approvals, tumour types,
89t, 99
tumours with, 99
Midostaurine, in acute myeloid
leukaemia, 198, 199t
MILO study, 214
Mineralocorticoid receptor, 62, 65
Minimal residual disease (MRD) cells,
36
Minor histocompatibility antigens
(miHAs), 56
Mirvetuximab soravtansine, 214–215
Mismatch repair (MMR) system, 99
deficiency, 111–112
		 in endometrial cancer, 213
		in metastatic colorectal cancer, 147
testing, 82
		deficient (dMMR) tumours, 83,
99, 100
		 proficient (pMMR) tumours, 83
tumours lacking, 99
Mitochondrial energy production, 30
inhibition, therapeutic mechanism,
31
Mitogen-activated protein kinase
(MAPK) cascade see MAPK
pathway

Mitogenic signals, 22, 23
from immune cells, 32
MK-2206, 104–105
MLH1 gene, 24
MLH1 protein, 99
Mobocertinib, 90
FDA/EMA approvals, tumour types,
86t
Mogamulizumab-kpkc, 196t
Molecular alterations (MAs), 80–101
co-existing, resistance mechanisms,
100
homologous recombination
deficiency, 98–99
mismatch repair deficient (dMMR)/
microsatellite instability-high (MSIH), 99
pan-tumour oncogenic equivalent,
100
targeted drugs for intracellular
pathway molecules, 87t, 89t, 95–98
		BRAF see BRAF inhibitors
		
CDKs see CDK (cyclindependent kinase), inhibitors
		 Hedgehog (Hh), 89t, 97
		KRAS see KRAS inhibitors
		MEK see MEK inhibitors
		
mTOR see mTOR (mammalian
target of rapamycin) inhibitors
		
PI3K see PI3K enzymes,
inhibitors
targeted drugs for receptor tyrosine
kinases, 85–94, 86t–88t
		
see also Receptor tyrosine
kinases (RTKs); specific types of
inhibitors (e.g. ALK inhibitors)
TMB see Tumour mutational burden
(TMB)-high (TMB-H)
use in daily practice, 81–85, 102
		 to define prognosis, 82–83, 94
Index

305

		in diagnosis of hereditary
syndromes, 81–82
		for diagnosis of primary tumour,
81
		 to guide diagnosis, 81–82
		to guide therapy, adjuvant setting,
82–83
		to guide therapy, metastatic
setting, 83–84
		to identify resistance mutations,
84–85
	
see also Molecular markers
Molecular markers
in clinical practice, 80–101
		
see also Molecular alterations
(MAs)
in early-phase clinical trials,
102–115
		DNA damage response, 108,
111–112
		genomic predictors of response,
106–107
		immunotherapy and defective
DNA damage repair, 111–112
		 PARP target, 108, 110t
		prerequisites for success,
102–103
		targeting guardian of genome
(p53), 112–113
		 targeting kinases, 102–105, 109t
		targeting phosphatases, 105–106,
109t
		 targets beyond PARP, 110t, 111
		trial list, biomarkers and drugs,
109t–110t
in specific cancers see individual
cancer types
see also Molecular alterations
(MAs)
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Molecular pathways, 39–50
see also MAPK pathway; PI3K/
AKT growth signalling pathway;
Signalling pathways, in cancer
Molecular precision oncology see
Precision oncology
Molecular profiling
pitfalls and limitations, 16, 16f
techniques, 10–11
Molecular testing, 9–18
increasing use, 3
methods in clinical practice, 14–16
		flowchart of tumour profiling, 15,
15f
MTBs role see Molecular Tumour
Boards (MTBs)
pitfalls/limitations (and solutions),
16, 16f
results, reporting, 10
selection of correct test, 10
tissue types for see Tissue types,
for testing
see also individual methods
Molecular Tumour Boards (MTBs), 2,
9–10, 80
collaboration in, 16
goal, 10
limitations and solutions in
precision oncology, 16f
national/international network,
building, 2
organisation and team members, 2,
9, 80
role, functions, 9–10
MONALEESA-2 trial, 139t
MONALEESA-3 trial, 139t
MONALEESA-7 trial, 132, 139t
MONARCH-2 trial, 139t
MONARCH-3 trial, 139t

MonarchE phase III study, 132, 139t
Monoclonal antibodies
anti-CD38, 200, 203
anti-CTLA-4
		in hepatocellular carcinoma, 152t,
153
		
see also Tremelimumab
anti-EGFR see EGFR inhibitors/
targeted therapy (EGFRis)
anti-HER2 see HER2 targeted
drugs/inhibitors
anti-interleukin 6 (IL-6), 58
anti-Nectin-4, 165, 166t, 251t
anti-SLAMF7, 200
anti-VEGF see Anti-VEGF
antibodies
see also specific monoclonal
antibodies
Mood disorders, 259t
Morbilliform rash, 239–240
MOUNTAINEER trial, 146, 147
MSH2 gene, 24
MSH3 gene, 111
MSI-H see Microsatellite instability
(MSI), high (MSI-H)
mTOR (mammalian target of
rapamycin), 23, 97
aberrant overactivation, 97
		 gene mutations causing, 97
activation, 23, 97, 159
AKT inhibiting, 46
in clear cell RCC, 159–160
complex 1 (mTORC1), 46, 97
complex 2 (mTORC2), 46, 47f, 97
EGFR stimulating, 23
in follicular lymphoma, 197
functions, 46
inhibitors see mTOR (mammalian
target of rapamycin) inhibitors
in PEComas, 222

PI3K/AKT/mTOR pathway, 46, 47f,
159–160
PTEN suppressing, 160
subunits, 46, 97
mTOR (mammalian target of
rapamycin) inhibitors, 47f, 48, 97
FDA/EMA approvals, tumour types,
87t, 97
in PEComas, 222, 224t, 227t
toxicity/adverse events
		
drug-induced pneumonitis/
interstitial lung disease (ILD), 242
		 hyperglycaemia due to, 248
		 hypertension due to, 244
		 lipid alterations due to, 248
		 liver toxicity, 247
		mucositis and stomatitis due to,
246, 254t
		 nail changes, 241
		 papulopustular rash due to, 239
		 skin toxicity, 238, 239, 240, 251t
tumour types, 97
see also Everolimus; Sirolimus;
Temsirolimus
mTORC1, 46, 97
mTORC2, 46, 47f, 97
MUC1, 54
Mucositis, 246, 254t
Multidisciplinary team
in Molecular Tumour Boards, 2, 9,
80
for sarcomas, 219
Multikinase inhibitors (MKIs)
angiogenesis inhibition, 94, 190t
entrectinib as see Entrectinib
lenvatinib as see Lenvatinib
toxicity/adverse events
		 cardiovascular toxicity, 244
		 haematological toxicity, 249
		 hypertension due to, 244, 252t
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		 hypothyroidism due to, 248–249
		left ventricular systolic
dysfunction (LVSD), 252t
		 liver toxicity, 247
		mucositis and stomatitis due to,
246, 254t
		 musculoskeletal toxicity, 250
		 nausea/vomiting, 247, 255t
		 skin toxicity, 239, 240, 251t
		thromboembolic events due to,
245, 253t
for VEGFR, 94
		see also VEGFR inhibitors
see also Cabozantinib; Pazopanib;
Regorafenib; Sorafenib; Sunitinib;
Tivozanib; Tyrosine kinase
inhibitors (TKIs); Vandetanib
Multiple endocrine neoplasia type 2,
92
Multiple myeloma, 200
BCMA-directed CAR-T cells, 57,
200
monoclonal antibody therapy, 200
NY-ESO-1 expression, 54
relapsed/refractory, 200, 201t
targeted therapy trials, 201t–202t
		
daratumumab (anti-CD38)-based,
200, 201t
		 new drug combinations, 200, 202t
Muscle mass, wasting, 250
Muscular weakness, 259t
Musculoskeletal toxicity, 250, 259t
Mutational burden, high see Tumour
mutational burden (TMB)-high
(TMB-H)
Mutations
identification, molecular tumour
boards (MTBs), 2
see also specific genes
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mutL homologue 1 (MLH1), absence,
HNPCC/Lynch syndrome, 82
mutL homologue 1 (MLH1) gene, 24,
99
mutS homologue 2 (MSH2) gene, 24,
99
mutS homologue 6 (MSH6) gene, 24
Myalgia, 259t
Myeloid-derived suppressor cells
(MDSCs), 35
Myeloma see Multiple myeloma
MyPathway trial, 146

N
N1 neutrophils, 35
N2 neutrophils, 35
Nab-paclitaxel, 134
Nab-sirolimus, 222, 227t
NAC (N-acetyl cysteine), 247–248
Nail changes (paronychia), 241, 251t
NALA study, 140t
Natural killer (NK) cells, 35, 51, 52
Nausea/vomiting, 247, 255t
N-cadherin, overexpression, 25, 29
NCT04770246 trial, 105
Necitumumab, FDA/EMA approvals,
tumour types, 86t
Necrosis, 26
Nectin-4, 165
actions, 165
antibodies to, 165, 166t
		 skin toxicity, 251t
in urothelial cancer, 158–159, 165,
166t
Nedisartib, 110t
Nelfinavir, 191t
NEMO trial, 175, 176t
Neoantigens, 32, 54
NeoTRIP study, 134

Neratinib, 41f, 44
diarrhoea due to, 247
FDA/EMA approvals, tumour types,
86t
HER2-positive breast cancer, 137,
138, 140t
Neu see HER2 gene, mutations
Neuregulin-1 gene (NRG1)
rearrangements, 77
Neuroblastoma, 91
Neuroendocrine tumours, mTOR
inhibitors, 97
Neurofibroma, 227t
Neurofibromin 1 (NF1) see NF1 gene
Neurokinin 1 (NK1), 247
Neuropathy, 259t
Neurotoxicity, 122, 250, 259t
TCR-T cells, 54
Neurotrophic tyrosine receptor kinase
(NTRK) see NTRK
Neutropaenia, 250, 258t
Neutrophils
N1, 35
N2, 35
New York oesophageal squamous cell
carcinoma-1 (NY-ESO-1), 54
Next-generation sequencing (NGS), 1,
9, 10, 11, 15
advantages, 11
ALK fusions/translocations, 121
applications, 11, 15
ctDNA and circulating tumour cells
in liquid biopsy, 14
DNA-based, gene fusion
identification, 72
flowchart of tumour profiling, 15,
15f
gene fusion identification, 72
hybrid-capture, 72
limitations, 11

liquid biopsy using, 14
		 FDA approval, 16
methodology, 11
mismatch repair (MMR) testing, 82
plasma platforms approved, 72
RNA-based, gene fusion
identification, 72
as standard practice in oncology, 16
tissue type and cell number for, 12
tumour multigene, in NSCLC, 15
NF1 (Neurofibromin 1), 41f
NF1 gene, 24, 42
mutations, 43
		melanoma, 174
NF1-related neurofibroma, 227t
Nilotinib
in melanoma, 180
in soft tissue sarcomas, 224t
Nimorazole, in LA-HNSCC, 188, 191t
Niraparib, 108
FDA/EMA approvals, tumour types,
89t
in HNSCC, 190t
in ovarian cancer, 208t, 211
in prostate cancer, 167, 168t, 169t,
170t
see also PARPis
Nivolumab
in colorectal cancer, 147
in endometrial cancer, 213
in gastric/oesophageal cancer, 149,
151t
in hepatocellular carcinoma, 153
in HNSCC, 190t
		 recurrent/metastatic HNSCC, 188
in melanoma, 177t, 178
in metastatic RCC, 161t
in NSCLC, chemotherapy with, 125,
126
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PD-L1 (programmed death-ligand 1)
targeted in lung cancer, 125, 126
see also PD-1 (programmed
cell death protein 1), antibodies/
inhibitors
NK1 (neurokinin 1), 247
Non-Hodgkin lymphoma (NHL)
B-cell, 195
Bruton's tyrosine kinase (BTK) role,
198
DLBCL see Diffuse large B-cell
lymphoma (DLBCL)
follicular, 195, 197
mantle cell, 198
marginal zone, 198
new small molecules and
monoclonal antibodies (trials), 196t
small lymphocytic (SLL), 197
Non-homologous end joining (NHEJ),
DNA, 111
Non-small cell lung cancer (NSCLC),
119–126
advanced/metastatic
		
ALK fusion-positive, trials,
127t–128t
		
chemo-immunotherapy, trials,
129t
		
EGFR mutation-positive, trials,
127t
		
mono-immunotherapy, 128t
ALK gene fusions, 73, 76f, 91
		 clinical trials, 127t–128t
ALK gene rearrangements, 84
ALK inhibitor-naïve disease, 74,
122
ALK inhibitors, 73, 121–122,
127t–128t
		 adverse events, 122
		 alectinib, 73, 74, 122, 128t
		 brigatinib, 74, 122, 128t
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		 ceritinib, 73, 74, 122, 128t
		crizotinib, 73, 121–122, 127t,
128t
		ensartinib, 122
		 FDA/EMA approvals, 87t
		 key trials, 127t–128t
		 lorlatinib, 74, 122, 128t
		resistance, 123
		TPX-0131, 103
ALK translocation, 119, 121–122,
126
		 'best treatment first', 123
		 clinical trials, 127t–128t
biomarkers, 119
BRAF gene mutations, 95, 123
		targeting, 123
EGFR mutations, 90, 119
		prevalence, 90
		T790M, 14, 90, 120
		T790M mutation absence,
treatment, 120
		
see also EGFR gene
EGFR mutations, targeting, 90,
119–121, 126
		 'best treatment first', 123
		first-generation EGFR TKIs, 84,
103, 120
		
fourth-generation EGFR TKIs,
121
		MET inhibitor with EGFR TKI,
121
		osimertinib for, 83, 86t, 90, 120,
125–126, 127t
		
second-generation EGFR TKIs,
84, 86t, 120
		third-generation EGFR TKIs, 84,
86t, 90, 103, 120, 125–126
		 TKI resistance, 14, 84, 120–121
		TKIs as first-line therapy,
119–120

		 trials, summary, 127t
EML4-ALK fusion, 73, 91, 121
future directions/treatments, 126
gene fusions, testing by NGS, 72
HER2 (ErbB2) mutations, targeting,
123
HLA downregulation, 32
immunotherapy, 119, 120, 126,
127t–129t
		 targeting PD-L1, 124–125, 126
KRAS mutations, 43, 95, 123, 126
		 G12C mutations, targeting, 123
		KRAS-inhibitor for (sotorasib),
44, 123
		 new treatment, 126
MET exon 14 skipping, targeting,
124
metastatic
		crizotinib, 122
		
EGFR gene mutations, NGS of
liquid biopsy, 16
		molecular markers to guide
therapy, 83
		
second-/third-generation TKIs,
123
NTRK fusions/rearrangements,
targeting, 124
PD-L1 expression, 119, 124–125
		 targeting, 124–125, 126
precision medicine impact, 9, 119,
125–126
prevalence, and EGFR mutation, 90
prototype disease for targeted
oncology, 3
relapsed, crizotinib, response,
121–122
RET fusions/rearrangements/
mutations, 92
		 RET inhibitors for, 75, 76f
		targeting, 124

RICTOR (mTORC2 component)
amplification, 97
ROS1 gene fusions, 91, 124
		 crizotinib for, 74, 76f, 124
		targeting, 124
targetable oncogenic drivers,
123–124, 126
trials of targeted therapy and
immunotherapy, 127t–129t
tumour multigene NGS use in, 15
uncommon mutations, targeting,
123–124
Notch, 39, 49
NOVA phase III trial, 209t
NR3A1 and NR3A2 genes, 66
NR3C3 gene, 66
NR3C4 gene, 67
NRAS (protein), 22–23, 95
NRAS gene, mutations, 22, 44, 45, 84,
145
melanoma, 43, 174, 175
NRG1 rearrangements, 77
NRs see Nuclear receptors (NRs)
NSCLC see Non-small cell lung
cancer (NSCLC)
N-terminal pro-hormone BNP
(NT-proBNP), 243
NTRK (neurotrophic tyrosine receptor
kinase), 40, 92–93
NTRK gene
fusions, 74–75, 76f, 93, 100, 103
		ETV6-NTRK3 fusion, 221
		 in melanoma, 174
		 in soft tissue sarcomas, 221
		 solid tumours with, prevalence, 74
		 targeting in colorectal cancer, 147
		 targeting in NSCLC, 124
		TRK (tropomyosin receptor
kinase) inhibitor for tumours
with, 74, 75
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mutations, inflammatory
myofibroblastic tumour, 223
NTRK1, NTRK2 and NTRK3, 92–93
rearrangements
		 in GISTs, 228
		 in sarcomas, 227t
NTRK inhibitors/targeted therapy, 74,
75, 88t, 93, 100
FDA/EMA approvals, tumour types,
88t
for NTRK fusion-positive cancers,
74, 75, 93, 100, 221
		 in colorectal cancer, 147
		 in gliomas, 234, 234t
		 in NSCLC, 124
		 in soft tissue sarcomas, 221
for NTRK rearrangements
		 in GISTs, 225t
		 in NSCLC, 124
see also Entrectinib; Larotrectinib
Nuclear factor-kappa B (NF-κB), 27,
229
Nuclear receptors (NRs), 61
activation mechanisms, 63, 64f
A-E functional domains, 61, 62f
family 1A, 61, 63
		 activation, 63, 64f
family 1B, 61, 63–65
family 3A, 61–62, 65–67
family 3C, 62, 65–67
structure, 61, 62f
superfamily, 61–62
type I, 64f, 65
type II, 63, 64
		 activation, 63, 64f
Nutlin, 112
NY-ESO-1, 54
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OCEANS trial, 207
Octreotide, 247
Ocular toxicity, 246, 253t
Oesophageal cancer, 144, 148–150
biomarkers, precision medicine
based on, 148, 151t
		 clinical trials (summary), 151t
		 future approaches, 150
		HER2, 148
		PD-L1, 149
HPV-positive, bioradiotherapy, 188
immunotherapy development, 149
		
chemotherapy plus
pembrolizumab, 149
squamous cell carcinoma, 149
Oestradiol (E2), 65, 66
Oestriol (E3), 65
Oestrogen(s)
forms, 65
functions, 65
PgR (progesterone receptor)
interaction, 66–67
Oestrogen receptors (ERs), 61, 65, 66
canonical and non-canonical
actions, 66
ESR1 mutations, 84
genes, 66
isoforms (ERα and ERβ), 66, 67
signalling, 66, 67
Oestrogen-responsive elements
(EREs), 64f, 66
Oestrone (E1), 65
Olaparib, 108, 110t
clinical trials, 110t
durvalumab with, 112
FDA/EMA approvals, tumour types,
89t
in HER2-negative breast cancer, 140t

in ovarian cancer, 83, 108, 208t,
209t, 210t, 211
in prostate cancer, 167, 168t, 169t
in triple-negative breast cancer,
135–136, 140t
Oligodendroglial tumours, IDH1/2,
mutations affecting, 98
OlympiA phase III trial, 135–136, 140t
OlympiAD phase III trial, 136, 140t
Oncogenes, 22, 51, 77, 97
activation, metabolic switch, 31
AKT see AKT gene mutations
BRAF see BRAF gene
EGFR see EGFR gene
fusions, 70
HER2 see HER2 gene
NSCLC driven by, 126
NTRK fusions see NTRK gene
phosphatases as, 105
RAS see RAS genes
OncotypeDX, 82
'On-target, off-tumour' toxicity
of CAR-T cells, 57
ICANS pathogenesis, 58
of TCR-T cells, 54
Organotropism, 30
ORIENT-12, 125
Oropharyngeal cancer, HPV-positive,
bioradiotherapy, 188
'Orphan receptor', ROS1, 91
Osimertinib, 44, 90
EGFR-mutated NSCLC, 83, 84, 86t,
120, 127t
		adjuvant, 125–126
		resistance, 120–121
		 T790M mutation, 90, 120
FDA/EMA approvals, tumour types,
86t
plasma assay to predict benefit from,
107

resistance mechanism, 121
toxicity, nail changes, 241
Osteosarcoma, 228–229
Ovarian cancer (OC), 206–211
advanced, PARPis in, 98, 210
ARID1A mutations, 215
BRCA mutations, 81–82, 83, 108,
211
		 ATRi with carboplatin, 111
		
germline, gBRCAm, 81, 83, 108,
111, 210
		PARPIs for, 98, 108, 208t, 209t,
211
		reversions, resistance to PARPis,
84
		 somatic mutations, 83, 211
BRCA protein function reactivation,
84
BRCA wild type, PARPIs in, 208t,
209t, 211
clear cell, 207f, 215
epithelial (EOC), 206, 207f
		 first-line treatment, 206
		 recurrent platinum-resistant, 207
		 recurrent platinum-sensitive, 207
folate receptor alpha (FRα),
214–215
FOXL2 mutations, 81
high-grade serous (HGSOC), 207f,
208t, 209t, 210, 214
		
FRα-targeting antibody-drug
conjugate, 214–215
		TP53 mutations, 215
homologous recombination
deficiency (HRD) profile, 83, 209t,
210–211
KRAS mutations, 214
low-grade serous (HGSOC), 207f,
214
molecular aberrations, 207f
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mutations, by ovarian cancer
subtype, 207f
non-epithelial subtype, 206, 207f
PARPis, 83, 98, 108, 207f,
208t–210t, 211
		 clinical trials, 208t–210t
		first-line maintenance, 208t–209t,
211
		 niraparib, 208t, 209t, 211
		olaparib, 108, 208t, 209t, 210t,
211
		 recurrent maintenance, 209t, 211
		 rucaparib, 209t, 210t, 211
		
second-line/later maintenance,
211
		
sensitivity, ARID1A-deficiency,
215
		
third-line/later monotherapy,
210t, 211
		veliparib, 208t
ROS1 fusion proteins, 91
therapeutic targets/drugs
		 advanced cellular targets, 216
		angiogenesis, 206–207
		 ATR pathway, 207f, 215
		BRCA mutations see above
		 dual RAF/MEK inhibitors, 214
		 FAK inhibitors, 214
		folate receptor alpha (FRα),
214–215
		
homologous recombination
deficiency, 209t, 210–211
		 MAPK pathway, 207f, 214
		 MEK inhibitors, 214
		by molecular aberration type,
207t
		WEE1 and TP53 mutations, 215
TP53 mutations, 215–216
tumour multigene NGS use in, 15
Oxidative phosphorylation, 30, 31
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p21CIP1, 46
p27KIP, 46
p53, 111, 112–113
deficiency, biomarker in clinical
trials, 110t
dysregulation (indirect), 112
function/actions, 112
reactivation, cancer cell killing, 112
regulation, by MDM2, 112
p53 gene
mutations, 107, 112
		MDM2 inhibitors resistance and,
112
		 tumours lacking, 112
regulation, MDM2 role, 81
see also TP53 gene
Paclitaxel
in gastric/oesophageal cancer, 148,
149
in HER2-positive breast cancer, 137
in HNSCC, 189, 190t
in ovarian cancer, 206
in triple-negative breast cancer, 134
Palbociclib
in ER-/PgR-positive breast cancer,
132, 139t
FDA/EMA approvals, tumour types,
89t
in HNSCC, 191t
see also CDK4/6 inhibitors
(CDK4/6is)
PALETTE phase III study, 220
PALLAS trial, 132
PALOMA-2 trial, 139t
PALOMA-3 trial, 139t
PAM50 assay, 82
Pamiparib, 108, 110t

Pancreatic cancer
homologous recombination
deficiency, PARPis in, 98
KRAS mutations, 43, 81, 95
microbiota modulation by
antibiotics, 34
tissue sample for testing, 12
Pancreatic neuroendocrine tumours,
anti-VEGF therapy, 94
Pancreatitis, 248
Pan-FGFRi, 75, 76f, 163, 164t
see also Infigratinib
Pan-HER TKI, 120, 137
see also Neratinib
Panitumumab, 84
in colorectal cancer, 145, 151t
FDA/EMA approvals, tumour types,
86t
interstitial lung disease due to, 243
see also EGFR inhibitors/targeted
therapy (EGFRis)
Pan-RAF inhibitor, 104, 109t
PAOLA-1 phase III trial, 208t
Papillary thyroid cancer (PTC), RET
mutations, 92
Papulopustular rash, 239
Paraganglioma, 92
Paronychia, 241, 251t
PARP, 108
actions/function, 135, 167
inhibition, effect, 108
		see also PARPis
PARPis (PARP inhibitors)
ATR inhibitor with, 111
BRCA testing for access to, 82, 83
in breast cancer, 98, 135–136, 140t
		HER2-negative breast cancer,
140t
		triple-negative breast cancer,
135–136, 140t

effectiveness, HRD (homologous
recombination deficiency)
predicting, 108, 210
FDA/EMA approvals, tumour types,
89t, 98
in HNSCC, 190t
indications, 98
later generation drugs, 108
olaparib as first PARPi, 108
		see also Olaparib
in ovarian cancer see Ovarian cancer
(OC)
PD-L1 expression increase, 112
principle and mechanism, 108
in prostate cancer, 167, 168t–170t
resistance to, 82, 108
toxicity/adverse events
		haematological, 249–250
		 hypertension due to, 244, 252t
		 nausea/vomiting, 247, 255t
		 skin toxicity, 240, 251t
WEE1 inhibitor with, 111
see also Niraparib; Olaparib;
Rucaparib; Talazoparib; Veliparib
Patched 1 (PTCH1), 97
Patient-derived xenograft (PDX)
models, 28
Patritumab deruxtecan, 121
Pazopanib
FDA/EMA approvals, tumour types,
88t
in metastatic RCC, 161t
in soft tissue sarcomas, 220–221,
224t, 226t
PCR see Polymerase chain reaction
(PCR)
PD-1 (programmed cell death protein 1),
21f, 133
antibodies/inhibitors, 54, 124–125,
133
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BRAF/MEK targeted therapy with
in melanoma, 182t, 183
		 in breast cancer, 133, 139t
		camrelizumab, in hepatocellular
carcinoma, 153
		 in cervical cancer, 212
		 in colorectal cancer, 147
		 in endometrial cancer, 213
		in gastric/oesophageal cancer,
149
		 in soft tissue sarcomas, 224t
		susceptibility, IHC to detect
biomarkers of, 10–11
		 in urothelial cancer, 163
		
see also Atezolizumab;
Cemiplimab; Ipilimumab;
Nivolumab; Pembrolizumab
in homologous recombination
deficiency (HRD) tumours, 112
	in triple-negative breast cancer, 133
PDGF
angiogenesis in clear cell RCC, 159
PDGF-β, expression in clear cell
RCC, 159
PDGFR family, 40, 106, 160
PDGFB and COL1A1 fusions, 221
PDGFRA D842V substitutions, in
GIST, 83
PDGFRA switch-control kinase
inhibitor, 181
PDGFR inhibitors
in clear cell RCC, 160
FDA/EMA approvals, tumour types,
88t, 89t
PDGFRA gene, D842V mutation, 228
in GISTs, 83, 225t, 228
PDGFRA inhibitors
in GISTs, 225t, 226t
see also Avapritinib
PDGFRB, imatinib action, 221–222
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PDK1, 46
PD-L1 (programmed death-ligand 1),
21f
antibodies/inhibitors
		 in breast cancer, 133, 139t
		chemotherapy with, in NSCLC,
124–125
		in hepatocellular carcinoma, 152,
152t
		 in melanoma, 181, 182t, 183
		in recurrent/metastatic HNSCC,
187–188
		 in soft tissue sarcomas, 224t
		 in urothelial cancer, 163
		
see also Atezolizumab;
Durvalumab
evaluation, cell number in tissue
sample, 12
expression
		 assessment by IHC, 124
		 in cervical cancer, 212
		in gastric/oesophageal cancer,
149
		 in NSCLC, 119, 124, 126
		targeting in lung tumours,
124–125, 126
in homologous recombination
deficiency (HRD) tumours, 112
susceptibility
		IHC to detect biomarkers of,
10–11
		 triple-negative breast cancer, 133
upregulation, 33
PEComa (perivascular epithelioid cell
tumour), 222, 227t
targeted therapies, 222, 224t
Pembrolizumab, 100
in cervical cancer (recurrent/
metastatic), 212, 213
chemotherapy with, 125, 133–134

		safety, 134
in colorectal cancer, 147, 151t
in endometrial cancer, 213
FDA/EMA approvals, tumour types,
89t
in gastric/oesophageal cancer, 149,
151t
in hepatocellular carcinoma, 153
in HNSCC, 190t, 191t
		 recurrent/metastatic HNSCC, 188
in melanoma, immune checkpoint
inhibitors (ICIs) with targeted
therapy, 182t, 183
in metastatic RCC, 161t
in NSCLC, 124, 125, 128t
PD-(L)1 targeted by, 124
in prostate cancer, 169t
in triple-negative breast cancer,
133–134, 139t
in urothelial cancer, 162
see also PD-1 (programmed
cell death protein 1), antibodies/
inhibitors
Pemigatinib, 75, 76f
in biliary tract cancer, 76f
FDA/EMA approvals, tumour types,
88t
toxicity/adverse events
		 hyperbilirubinaemia due to, 248
		 hyponatraemia due to, 249
		 skin toxicity, 240
in urothelial cancer, 162, 164t
see also FGFR inhibitors (FGFRis)
PENELOPE-B trial, 132
Peposertib, 110t, 111
Perivascular epithelioid cell tumour
(PEComa) see PEComa
Personalised treatment, limitations and
solutions, 16f

Pertuzumab (HER2 monoclonal
antibody), 44, 85
in colorectal cancer, 146
FDA/EMA approvals, tumour types,
86t
in gastric/oesophageal cancer, 148
in HER2-positive breast cancer, 137,
140t
skin toxicity, 239
trastuzumab with, breast cancer, 83,
136–137, 140t
see also HER2 targeted drugs
inhibitors
Pexidartinib
in melanoma, 181
in tenosynovial giant cell tumour, 223
PGR gene, 66
Phenotypic plasticity, unlocking, 21f,
33, 35
'Phoenix cell state', 36
Phosphatase(s)
inhibitors, 106
		 clinical trials, 109t
oncogenic, 106
PP2A, 106, 110t
SHP2 see SHP2
as therapeutic target, 105–106
tumour suppressor, reactivation, 106
Phosphatase and tensin homologue
(PTEN) see PTEN
Phosphoinositide 3-kinase (PI3K) see
PI3K enzymes
Phosphoinositide 3-kinase (PI3K)/
AKT growth signalling pathway
see PI3K/AKT growth signalling
pathway
PI3K enzymes, 23, 45
activation by HRAS, 95
catalytic subunits (p110α-δ), 45, 96
		see also PIK3CA gene
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classes I-III, 45
function and isoforms, 45, 197
inhibitors/targeted therapy, 87t, 96
		FDA/EMA approvals, tumour
types, 48, 87t
		 in follicular lymphoma, 197
		 in HNSCC, 190t, 191t
		in metastatic breast cancer,
132–133
		 new, in follicular lymphoma, 197
		 in non-Hodgkin lymphoma, 196t
		
PI3Kα inhibitor see Alpelisib
(PI3Kα inhibitor)
		PI3Kδ/PI3Kγ inhibitors, 48
		 in R/M HNSCC, 189, 190t
		 skin toxicity, 240, 251t
regulatory subunit (p85), 45
see also PI3K/AKT growth
signalling pathway
PI3K genes
mutations, 96, 105
		
see also PIK3CA gene, mutation/
amplification
resistance mechanism, 84
PI3K/AKT growth signalling pathway,
23, 39, 45
aberrant activation, 39
activation, 46, 47f
		 in cancer, 46–48, 47f, 48
		 EGFR overexpression, 23
		 by ER, 66
		 by HRAS, 95
		by insulin receptor (IR) substrate
(IRS) proteins, 68
		 Nectin-4 role, 165
AKT activation and function, 46, 96
in clear cell RCC, 159–160
in follicular lymphoma, 197
hyperactivation, mutations causing,
48
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inhibitors, 47f, 48
		 hyperglycaemia due to, 248
		mucositis and stomatitis due to,
246, 254t
		 skin toxicity, 238
		
see also PI3K enzymes, inhibitors
PTEN as suppressor, 160
role, 23–24, 46
signalling by, 45–46
structure and biochemistry, 45
PI3KCA/PI3Kα inhibitors see
Alpelisib
PI3Kδ/PI3Kγ inhibitors, 47f, 48
Pigmented villonodular synovitis
(PVNS), 223, 224t, 226t
PIK3CA gene, 23–24, 45
mutation/amplification, 23–24, 45,
46, 96
		in breast cancer, 47, 132, 133, 139t
		 E542/E545 domain, 47
		 H1047 domain, 46–47
		 hotspots, exons 9 and 20, 96
		 in HPV-positive HNSCCs, 187
		 MK-2206 activity in, 105
		p110α hotspot, 96
		 tumours associated, 47, 48, 96
PIK3CA inhibitors
hyperglycaemia due to, 248
mucositis and stomatitis due to, 246,
254t
see also under PI3K/AKT growth
signalling pathway
PIK3CB gene, 45
PIK3CD gene, 45
PIK3CG gene, 45
PIK3R1 gene, 45, 46
PIP2 (phosphatidylinositol
4,5-biphosphate), 47f
PIP3 (phosphatidylinositol
3,4,5-triphosphate), 47f

proteins recruited by, 46
as second messenger, 45, 46
Plasma assays
for treatment selection, 107
see also Liquid biopsy
Plasma sequencing, 107
Plasticity, phenotypic, 21f, 33, 35
Platelet(s), tumour-educated, liquid
biopsy, 14
Platelet-derived growth factor receptor
(PDGFR) family see PDGFR family
Platform trials, 3
Platinum chemotherapy
in cervical cancer, 212
in endometrial cancer, 213
in ovarian cancer, 206, 207
Platinum sensitivity, durable, 99
PMS2 expression, 99
hereditary cancer syndromes, 82
Pneumonitis, drug-induced, 242–243,
252t
Podiatry, 240, 241
Polatuzumab vedotin (anti-CD79b),
195
Polatuzumab vedotin-piiq, 196t
POLE (DNA polymerase epsilon
catalytic subunit), 213
POLLUX phase III trial, 201t
Poly(ADP-ribose) polymerase (PARP)
see PARP
Poly(ADP-ribose) polymerase
inhibitors (PARPis) see PARPis
(PARP inhibitors)
Polymerase chain reaction (PCR)
applications, 11
ctDNA and circulating tumour cells
in liquid biopsy, 14
droplet digital PCR (ddPCR), 107
quantitative (qPCR), 10
reverse transcription see Reverse

transcription PCR (RT-PCR)
tumour cellularity, 12
Polymorphic microbiome, 21f, 34
Pomalidomide, 201t, 202t
PORCN, drugs targeting, 49
Positron emission tomography (PET),
prostate cancer, 171
Post-meiotic segregation increased 2
(PMS2) protein, 82
Potassium, homeostasis impairment,
249, 257t
Povidone iodine, 241
PP2A (protein phosphatase 2A), 106,
110t
PPP2R2A deficiency, 110t, 111
Pralsetinib, 75, 76f, 92
FDA/EMA approvals, tumour types,
87t, 88t
interstitial lung disease (ILD) due
to, 243
RET gene fusions/rearrangements,
124
see also RET inhibitors (RETis)
PRAME (preferentially expressed
antigen in melanoma), 54
PRAS40, 46
Precision medicine, 9
future prospects, 99
Precision oncology, 1, 9–11, 80
access to, molecular tumour board
(MTB) role, 2
advances, 1–2
biomarker-driven therapies see
Biomarker-driven therapy
first approved therapy, 1
implementation in clinical practice,
3, 80
		
see also Molecular alterations
(MAs)
molecular techniques, 9–18
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		 in clinical practice, 14–16
		
pitfalls/limitations (and
solutions), 16, 16f
		 results, reporting, 10
		tissue types for see Tissue types,
for testing
		
see also Molecular testing;
specific techniques
optimisation of resources, 3
recommendations by ESMO, 3
Prednisone, prostate cancer, 167, 168t,
170t, 171
Preferentially expressed antigen in
melanoma (PRAME), 54
Prexasertib, 110t
PRIMA phase III trial, 208t
Pro-angiogenic factors, 27–28, 28–29
PRODIGE-14 trial, 107
PROFILE 1001 trial, 73, 74, 124
PROFILE 1007 trial, 122, 127t
PROFILE 1014 trial, 122, 127t
PROfound trial, 168t
Progesterone, 65
Progesterone receptors (PgRs), 62, 65
actions/functions, 66
gene, 66
interaction with oestrogens, 66–67
PgR-A and PgR-B, 66
PgR-C form, 66
transcription dependent on
ERα-events, 67
Progesterone response elements
(PREs), 66
Progestin, 65
Prognosis, molecular markers to
define, 82–83, 94
Programmed cell death see Apoptosis
Programmed cell death protein 1 (PD-1)
see PD-1 (programmed cell death
protein 1)
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Programmed death-ligand 1 (PD-L1)
see PD-L1 (programmed deathligand 1)
Pro-inflammatory signals, in necrosis,
26
Prokinetics, 247
Proliferative potential of tumours,
sustaining, 20f, 22–24
PROpel study, 167, 168
Prostate cancer (PC), 165–171
castration-resistant (CRPC), 166
		 metastatic, 167, 168t–170t, 171
HRR gene-mutated metastatic, 98,
167
PTEN mutations, 48, 105
therapeutic targets, 159
		 androgen receptor, 159, 165–166
		BRCA1/2, 166–167
		DNA repair gene alterations, 98,
166–167
		
prostate-specific membrane
antigen (PSMA), 171
		PTEN/AKT, 171
therapy, types
		 AKT inhibitor, 171
		androgen receptor antagonists,
166
		 PARPIs, 98, 167, 168t–170t
tumour multigene NGS use in, 15
Prostate-specific antigen (PSA), 165
Prostate-specific membrane antigen
(PSMA), 171
Proteasome inhibitor see Ixazomib
(proteasome inhibitor)
Protein phosphatase 2A (PP2A), 106,
110t
Proteinuria, 245
Proton pump inhibitors, 249
Proto-oncogenes, 162
FGFR1-4, 162

KIT see KIT gene
RET see RET gene
ROS1 see ROS1 gene
Pruritus, 240, 241, 251t
PTCH1 (patched 1), 97
PTCH1 mutation, 97
PTEN (phosphatase and tensin
homologue), 23, 46
as biomarker in trial, 105
		 clinical trials, 109t
gene mutations
		 cancers with, 48, 105
		 germline, 105, 109t
loss/inactivation, 23–24, 46, 107
		 clear cell RCC, 160
		 clinical trials, 109t
		 prostate cancer, 171
PI3K/AKT/mTOR pathway
suppressor, 160
Pulmonary toxicity, 242–243, 252t
Pyrotinib, 85, 123

Q
QT prolongation, 245
corrected (QTc), 245
targeted agents causing, 243, 252t
QTc interval, 245
Quantitative polymerase chain reaction
(qPCR), 10

R
R-2-hydroxyglutarate (2HG), 98
RAC activator, 95
Rad3-related protein, 108
Radioenhancers
in HNSCC, 190t, 191t
in LA-HNSCC, 188
Radioligand therapy, in prostate
cancer, 171

Radiosensitizers, in LA-HNSCC, 188
Radiotherapy, 220, 228, 229
RAF genes, mutations, 23
biomarker in clinical trials, 109t
RAF inhibitors, 41f, 44, 95
in ovarian cancer, 214
pan-RAF inhibitor, 104, 109t
skin toxicity, 238
see also BRAF inhibitors
RAF proteins/kinases, 23, 41f, 42, 95
activation, 41f, 42, 95
ARAF, 23, 95
autoinhibited state, 42
cross-signalling in RAS/RAF
pathway, 104
dimerisation, 42
	
see also BRAF (kinase); CRAF
RAF/MEK/ERK kinase cascade, 23
RAINBOW study, 151t
Ramucirumab, 94
FDA/EMA approvals, tumour types,
88t
in gastric cancer, 148, 151t
in hepatocellular carcinoma, 152,
152t
see also Anti-VEGF antibodies
RANK (receptor activator of nuclear
factor-kappa B), 229
RANKL, 229
giant cell tumour of bone, 226t
monoclonal antibody (denosumab),
30, 226t, 229
RAS genes, 95, 144
common oncogenes, 23, 43
G12C mutation
		FDA/EMA approvals, tumour
types, 88t, 95
		
see also KRAS mutations;
Sotorasib
mutations, 95, 104
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		 biomarker in clinical trials, 109t
		in colorectal cancer see
Colorectal cancer (CRC)
		 in lung cancer, 95
see also KRAS mutations; NRAS gene
RAS proteins, 22–23, 40, 41f, 42, 95
activation, 40, 41f
cross-signalling in RAS/RAF
pathway, 104
drugs targeting, 43, 44
		 skin toxicity, 238
		see also Sotorasib
inactivation, 42
inhibition, 43
lipidation, 42
overactive, glycolysis upregulation,
31
SPRED1/2 inhibitory protein, 43
Rash(es)
acneiform, 239
drugs causing, 251t
maculopapular (morbilliform),
239–240
papulopustular, 239
RATIFY trial, 199t
Rb1 gene, 24
R-CHOP, diffuse large B-cell
lymphoma (DLBCL), 195
REACH-2 trial, 152t
Receptor tyrosine kinases (RTKs), 40,
41f, 42, 85–94
ALK see ALK (anaplastic
lymphoma kinase)
EGFR see EGFR (epidermal growth
factor receptor)
families/types, 40
FGFR see FGFR (fibroblast growth
factor receptors)
HER2 see HER2
IGFR family, 40, 61, 62f
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leukocyte (LTK), 40
MAPK cascade induction, 40, 41f
molecular targeted therapy, 44
mutations, 43, 46, 48
NTRK see NTRK (neurotrophic
tyrosine receptor kinase)
overexpression, 46
PI3K activation, 45
RET see RET; RET gene
ROS1 see ROS1
targeted drugs for, 85–94, 86t–88t
		see also individual types of
inhibitors (e.g. ALK inhibitors)
TRKs (tropomyosin receptor
kinases) see TRK family
tumour progression/metastasis and
therapy resistance, 44
VEGFR see VEGFR family
REFLECT trial, 152t
Regorafenib
FDA/EMA approvals, tumour types,
88t
in gastric/oesophageal cancer, 150
in GISTs, 226t, 228
in hepatocellular carcinoma, 152, 152t
in HNSCC, 190t
hyperbilirubinaemia due to, 248
in melanoma, 181
see also VEGFR inhibitors
Renal cell cancer (RCC), 159–162
angiogenesis role in, 159, 160
BAP1 loss of expression, 81
clear cell RCC, 159–160, 161
		 therapeutic targets, 159, 160, 161t
metastatic, 158
		 targeted therapies, 158, 161t
mTOR inhibitors, 97
non-clear cell, 160–162
papillary (PRCC), 161
therapeutic targets, 158, 160, 161t

Replicative immortality, enabling, 20f,
26–27
Resistance see Drug resistance
(targeted therapy resistance)
RESORCE trial, 152t
Resources, optimisation, 3
Responses, genomic predictors of,
106–107
molecular markers predicting
prognosis, 82–83, 94
monitoring, liquid biopsies, 107
Responsive element (RE), 61
RET, 91–92
RET gene, 91–92
fusions/rearrangements, 75, 76f
		 targeting, 75, 76f, 124
germline mutations, 92
somatic mutations, 92, 145
somatic rearrangements, 92
RET inhibitors (RETis), 75, 87t, 91–92
FDA/EMA approvals, tumour types,
87t, 88t, 92
multitargeted, 88t, 92
		
see also Alectinib; Cabozantinib;
Sunitinib; Vandetanib
toxicity/adverse events
		 hypertension due to, 244, 252t
		 skin toxicity, 240, 251t
	
see also Pralsetinib; Selpercatinib
Retinal vein occlusion, 246
Retinoblastoma (Rb), loss, 98
Retinoblastoma 1 (Rb1) gene, 24
Retinoic acid (RA), 63
as therapeutic target, 64
Retinoic acid receptors (RARs), 61,
63–65
RARα, RARβ and RARγ, 64
as therapeutic target, 64
Retinoid X receptors (RXRs), 64f
Retinol, 63

Retinopathy, serous, 246
Retroviral transfer, 51
Reverse transcription polymerase chain
reaction (RT-PCR), 11
gene fusion identification, 11, 71
RG7112, 110t
Rhabdomyosarcoma, 93
RIBBON 1 trial, 136
Ribociclib, 113
in ER-/PgR-positive breast cancer,
132, 139t
FDA/EMA approvals, tumour types,
89t
QT prolongation due to, 245, 252t
see also CDK4/6 inhibitors
(CDK4/6is)
RICTOR (mTORC2 component), 97
Ripretinib
FDA/EMA approvals, tumour types,
89t
in GISTs, 226t, 228
in melanoma, 181
Rituximab, 195
in B-cell non-Hodgkin lymphomas,
195
in chronic lymphocytic leukaemia,
197
in follicular lymphoma, 197
RLY-4008, 103, 107, 109t
RMC-4630, 109t
Rogaratinib, in urothelial cancer, 162,
163, 164t
ROS1 (kinase), 91
inhibition see ROS1 inhibitors
as 'orphan receptor', 91
ROS1 gene (ROS proto-oncogene 1),
40, 91
ALK relationship, 91
fusions, 74, 76f, 91
		CD74-ROS1, 91
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		SLC34A2, 91
		 targeting, in NSCLC, 124
location, and actions, 91
mutations, inflammatory
myofibroblastic tumour, 223
protein encoded by, 91
rearrangements, targeting,
in NSCLC, 124
ROS1 inhibitors, 74, 87t, 91
ceritinib, 124
crizotinib, 124
entrectinib see Entrectinib
FDA/EMA approvals, tumour types,
87t
lorlatinib, 124
see also Crizotinib; Lorlatinib
Round cell sarcoma (RCSs), 228, 229
RP-3500, 110t
RSK1 and RSK2 kinases, 43
RTKs (receptor tyrosine kinases) see
Receptor tyrosine kinases (RTKs)
Rucaparib, 108
FDA/EMA approvals, tumour types,
89t
in ovarian cancer, 209t, 210t, 211
in prostate cancer, 167, 168t, 169t,
170t
skin toxicity, 240
see also PARPis (PARP inhibitors)
Ruxolitinib, 191t

S
Sacituzumab govitecan, 134, 165, 166t
diarrhoea due to, 247
SADAL trial, 196t
Salivary gland carcinoma, secretory,
tropomyosin receptor kinase (TRK)
fusion oncoprotein, 93
Sanger sequencing (SSQ), 10
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Sarcoma, 219–232
bone see Bone sarcomas (BSs)
future developments, 230
genetic alterations, groups, 219
metastatic, CAR-T cell therapy, 57
molecular alterations, in diagnosis
of, 81
multidisciplinary approach, 219
reference centres, management, 219
soft tissue see Soft tissue sarcoma
(STS)
targeted therapies
		 approved therapies, 225t–227t
		in clinical practice but not
approved by EMA, 224t
		 FDA/EMA approvals for, 86t–89t
see also individual sarcomas
Sarcopaenia, 250
SAVOIR trial, 162
Savolitinib, papillary RCC, 162
Second messengers, PIP3, 45, 46
'Seed and soil' hypothesis, 30
Selective inhibitor of nuclear export
(SINE) compound, 195
Selinexor, 195, 196t, 200, 202t
Selpercatinib, 75, 76f, 92
FDA/EMA approvals, tumour types,
87t, 88t
RET gene fusions/rearrangements,
124
skin toxicity, 240
see also RET inhibitors (RETis)
Selumetinib, 227t
toxicity/adverse events
		 nail changes, 241
		 skin toxicity, 239
see also MEK inhibitors
Senescence-associated secretory
phenotype (SASP), 21f, 34–35
Senescent cells, 21f, 34–35

tumour development stimulation,
21f, 34–35
Senescent states, transitory, 35
Sequencing, direct, 10
Serine/threonine kinases, 104
inhibitors, 103–105
see also AKT; MEK
Serotonin antagonists, 247
Sex hormone receptors, 61, 65
Sex hormones, 65
SHARP trial, 150, 152t
Shelterin complex, 27
SHP2, 40, 106
inhibitors, 44, 106
SHP099, 106
Signalling pathways, in cancer, 22–23,
49
activation, HER2 gene amplification
causing, 23
cross-signalling, RAS/RAF
pathway, 104
crosstalk, cross-activation/inhibition, 39
downstream, RAF/MEK/ERK
kinase cascade, 23
FGF/FGFR, 159
Janus kinase (JAK)/STAT, 23
MAPK see MAPK pathway
oestrogen receptors, 66
PI3K pathway see PI3K/AKT
growth signalling pathway
PI3K/AKT/mTOR, 159–160
for tumour suppression, 24–25
vertical inhibition, 104
Signals, mitogenic, 22
SINE (selective inhibitor of nuclear
export ) compound, 195, 200, 202t
Single nucleotide polymorphisms
(SNPs), 56

Sintilimab, PD-L1 targeted in lung
cancer, 125
Siremadlin, 113
Sirolimus
in epithelioid
haemangioendothelioma, 224t
in PEComas, 222
Skin cancer
basal cell carcinoma (BCC) naevus
syndrome, 97
FDA/EMA approvals for targeted
therapies, 86t–89t
see also Melanoma (cutaneous)
Skin care, 239
Skin irritants, avoidance, 239, 240
Skin toxicity, 238–243, 251t
hand-foot skin reaction (HFSR),
240–241, 251t
maculopapular rash, 239–240, 251t
nail changes (paronychia), 241, 251t
papulopustular rash, 239, 251t
preventive management, 239, 240
pruritus, 240, 241, 251t
reactive management, 239, 240
targeted therapies causing, 238–239,
240
SLAMF7, monoclonal antibodies, 200
SLC34A2, ROS1 fusions, 91
SMAD4, 33
Small cell lung cancer (SCLC)
anti-VEGF therapy, 94
gene signatures, 119
PD-L1 expression, targeting, 125, 126
Small lymphocytic lymphoma (SLL),
targeted therapy, 197
SMARCB1 gene, 223
SMO, inhibitors, 97
SMO mutation, 97
Smoothened homologue (SMO), 97
SNAI1 gene (snail), 20f, 29
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SNAI2 gene (slug), 20f, 29
Soft tissue sarcoma (STS), 219
KIT mutations, 81
treatment strategy, 220–223
		 antiangiogenic therapy, 220–221
		 surgery, chemotherapy, 220
		tropomyosin receptor kinase
(TRK) inhibitors, 221
		tyrosine kinase inhibitors,
220–221
unresectable, antiangiogenic
therapy, 220–221
SOLAR-1 trial, 133, 139t
Solid tumours, targeted T cell therapies
see Targeted T cell therapy
Solitary fibrous tumour
pazopanib in, 221
targeted therapies, 224t
SOLO-1 trial, 85, 209t
SOLO-2 trial, 209t
SOLO-3 trial, 210t
Somatic mutations, 22
BRCA1 gene, 83, 112, 167, 211
BRCA2 gene, 83, 112, 167
detection methods, 10
HER2 gene, 90
molecular tumour analyses aim, 12
RET gene, 92, 145
Sonic hedgehog (sonic Hh), 97
Sonidegib, 97
FDA/EMA approvals, tumour types,
89t
Sorafenib
FDA/EMA approvals, tumour types,
88t
in hepatocellular carcinoma, 150,
152, 152t, 153
in soft tissue sarcomas, 224t
SOS1/2, 40, 41f, 42, 43, 104
SOS1 inhibitor, 44, 104
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Sotorasib, 41f, 44, 95
in colorectal cancer, 145
FDA/EMA approvals, tumour types,
88t
KRAS G12C mutations
		 in colorectal cancer, 145
		 in NSCLC, 44, 123
mechanism of action, 95, 145
resistance, mechanisms, 145
Spartalizumab, in melanoma, 182t, 183
Spitz tumours, 92
Spitzoid neoplasms, 93
SPRED1/2, downregulation, 43
Sprouting angiogenesis, 27–28
Sprouty (SPRY) proteins, 41f, 43
SPRY (Sprouty proteins), 41f, 43
Src homology 2 (SH2) domain, 40
Src homology region 2 domaincontaining phosphatase 2 (SHP2),
106
STAMP, 105
STARBOARD trial, 183
STARTRK-1 trial, 74, 124
STARTRK-2 trial, 74, 124
Stem cells, cancer, transdifferentiation,
28
Steroid receptors, 61
Steroids, topical, 239, 240, 241
Stomatitis, 246, 254t
Sunitinib, 92
in clear cell RCC, 160, 161t
FDA/EMA approvals, tumour types,
88t
in GISTs, 225t, 228
in metastatic RCC, 160, 161t
in soft tissue sarcomas, 224t
toxicity/adverse events, 160
		 hypothyroidism due to, 248
		 skin toxicity, 240
see also RET inhibitors (RETis)

Sunitinib malate, in GISTs, 228
Surveillance, Epidemiology, and End
Results (SEER) Program, 119
SWItch/Sucrose-Non-Fermentable
(SWI/SNF), 223
SWOT 1500 trial, 162
Symbiotic tumour subpopulations, 31
Synovial sarcoma, 230
NY-ESO-1 expression, 54
Synthetic lethality, concept, 108

T
T cell(s)
CAR- see CAR-T cells
CD8+ (cytotoxic), 35
		 increase, MDM2 inhibitors, 113
gamma delta (γδ), 51–52
genetically engineered, 51
		
tumour-reactive TCR expression,
52–53
isolation, 51
regulatory (Tregs), 35, 51
reprogramming into tumour-reactive
T cells, 52–53
targeted therapy see Targeted T cell
therapy
T cell receptors (TCR), 52
engineered T cells see TCRengineered T cells
immune-mobilising monoclonal
(tebentafusp), 181
tumour-reactive, expression, 52–53
T790M-resistance mutation, 14
Tafasitamab, 195
Tafasitamab-cxix, 196t
TALAPRO-1 study, 168t
TALAPRO-2 study, 170t
TALAPRO-3 study, 170t

Talazoparib
FDA/EMA approvals, tumour types,
89t
in HER2-negative breast cancer,
140t
in prostate cancer, 168t, 170t
in triple-negative breast cancer, 136,
140t
see also PARPis (PARP inhibitors)
Tamoxifen, 131, 132
Targeted T cell therapy, 51–60
toxicity, 58
see also CAR-T cells; TCRengineered T cells
Targeted therapies
combination therapies, 112, 113
FDA/EMA approvals, 4t–7t,
86t–89t, 93
future strategies and development,
36
monotherapies, 113
optimal pathways, building, 3
overutilisation risk, 2
underutilisation risk, 2
see also specific therapies and
strategies
TAS-117, 105, 109t
Taxanes
in breast cancer, 134, 137, 138, 140t
in HNSCC, 189t
in ovarian cancer, 208t
in prostate cancer, 167, 168t
Tazemetostat
in epithelioid sarcoma, 223, 226t
EZH2 inhibition by, 223
in follicular lymphoma, 197
in HNSCC, 190t
in non-Hodgkin lymphoma (NHL),
196t
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T-cells/lymphocytes see T cell(s)
TCR see T cell receptors (TCR)
TCR-engineered T cells, 51, 52–56,
53f
CAR-T cell comparison, 52t, 53
characteristics, 52t
clinical trials, 54, 55t, 56
design, 53f
evasion, 53
		 antigen/HLA downregulation, 53
immune checkpoint inhibitors with,
54
limitations, 54, 56
neurotoxicity, 54
'on-target, off-tumour' reactivity, 54
target antigen choice, 54, 55t, 56
		human papillomavirus (HPV)
antigens, 56
		minor histocompatibility antigen
(MiHA)-specific, 56
toxicity, 54, 58
T-DM1 see Trastuzumab emtansine
(T-DM1)
T-DXd see Trastuzumab deruxtecan
(T-DXd)
Tebentafusp, in melanoma, 181
Telomerase, 26–27
expression by stem cells, 26
expression by tumour cells, 26–27
inhibitor, 26–27
as therapeutic target, 26–27
Telomere(s), 26
fusion, 27
lengthening, 26, 27
maintaining, 26–27
short (critically), 26, 27
telomerase action, in tumours,
26–27
Telomere-associated proteins, 27
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Temsirolimus, 47f, 48, 97
interstitial lung disease (ILD) due
to, 243
in PEComas, 222
tumours treated with, 97
see also mTOR (mammalian target
of rapamycin) inhibitors
Tenosynovial giant cell tumour
(TGCT), 223, 224t, 226t
Tepotinib
FDA/EMA approvals, tumour types,
87t
MET exon 14 skipping, NSCLC,
124
see also MET inhibitor
TERT (telomerase), 26–27
TERT gene, 20f
Testosterone, 65–66
suppression, prostate cancer
treatment, 166
Tetracyclines
papulopustular rash treatment, 239
prophylactic, 239
TGF-β, 33, 39, 49, 97
Therapy
future strategies and development, 36
optimal pathways, building, 3
resistance see Drug resistance
(targeted therapy resistance)
see also Immunotherapy; Targeted
therapies
Thoracic malignancies, 119–130
see also Lung cancer; Non-small
cell lung cancer (NSCLC)
THRA gene, 63
THRB gene, 63
Thrombocytopaenia, 250, 258t–259t
Thromboembolic events, targeted
agents causing, 243, 245, 253t

Thyroglobulin, 63
Thyroid cancer
anaplastic, ALK mutations, 91
BRAF gene mutations, 23, 95
differentiated, anti-VEGF therapy,
94
KRAS mutations, 95
medullary, RET mutations, 92
papillary
		BRAF gene mutations, 95
		RET mutations, 92
RET fusions and RET inhibitors for,
75, 76f
tropomyosin receptor kinase (TRK)
fusion oncoproteins, 93
Thyroid hormone (TH), 63
Thyroid hormone receptors (TRs),
61, 63
reduced expression in cancers, 63
TRα and TRβ, 63
as tumour suppressor, 63
Thyroid-stimulating hormone (TSH),
63, 249
Thyrotropin-releasing hormone
(TRH), 63
Thyroxine, free (fT4), 63, 249
Tipifarnib, 44
in HNSCC, 189, 190t
Tisotumab vedotin, in cervical cancer,
215
Tissue factor (TF), 215
Tissue preparation, 11–14, 15f
limitations of methods, 14–15, 16,
16f
	
see also Tumour profiling
Tissue types, for testing, 11–14
advantages/disadvantages, 11–12,
13t
cell number required, 12

complexity (normal stroma and
tumour), 12
cytology biopsy/cell block, 13t
formalin-fixed paraffin-embedded
(FFPE) blocks, 12, 13t
fresh frozen samples, 13t
inadequate samples, repeat
procedures, 12
liquid biopsy/ctDNA, 13t, 14, 16
optimal triage of samples, 12
tumour cellularity, 12
see also Liquid biopsy
Tivozanib
FDA/EMA approvals, tumour types,
88t
hypothyroidism due to, 248
in metastatic RCC, 161t
see also VEGFR inhibitors
TKI see Tyrosine kinase inhibitors
(TKIs)
TKI-EGFR inhibitors, 90
TMB-H see Tumour mutational burden
(TMB)-high (TMB-H)
TME see Tumour microenvironment
(TME)
TMPRSS2–ERG fusion gene, 165
TNM (Tumour, Node, Metastasis)
classification, 82
TNO155, 106, 109t
Tocilizumab, action, 23
ToGA trial, 148, 151t
Torsade de pointes, 245
TOURMALINE-MM1 trial, 202t
Toxicities/adverse events, 238–261
cardiovascular see Cardiovascular
toxicity
endocrine/metabolic, 248–249, 256t,
257t
gastrointestinal/hepatobiliary,
246–248, 254t, 255t
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haematological, 249–250
most frequent, 242f
musculoskeletal, 250, 259t
neurotoxicity, 54, 250, 259t
ocular, 246, 253t
'on-target', 239
pulmonary, 242–243, 252t
skin see Skin toxicity
TP53 see p53
TP53 gene, 20f, 24
loss of function, apoptosis
resistance, 25
mutations, 24, 107
		frequency, 24
		high-grade serous ovarian cancer,
215
		 HPV-negative HNSCC, 187
see also p53 gene
TPX-0131, 103, 109t
Trametinib, 41f, 45, 104
BRAF-mutated gliomas, 235t
BRAF-mutated melanoma, 83, 175,
176t, 178
		 adjuvant treatment, 179–180
		immune checkpoint inhibitors
(ICIs) with targeted therapy, 182t
BRAF-mutated NSCLC, 123
FDA/EMA approvals, tumour types,
87t
toxicity/adverse events
		interstitial lung disease (ILD),
243
		 skin toxicity, 239
see also MEK inhibitors
Transaminases, 247
Transcription factors
AP-1 and Sp1, 66
in epithelial-mesenchymal
transition, 29
FOXO, 46
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FOXP1, 165
HIF-1α (hypoxia-inducible factor
1-alpha), 31
HIF-2α (hypoxia-inducible factor
2-alpha), 160
HOXA5 and SMAD4, 33
inappropriate activation, by chimeric
proteins, 70
NKX3.1, 165
nuclear receptor superfamily, 61
p53 see p53
in prostate cancer, 165
Transcriptional activation, AKT
regulatory role, 46
Transdifferentiation, 33
Transduction, 51
Transforming growth factor-beta
(TGF-β), 33, 39, 49, 97
Transmembrane receptors, 61
Transthoracic echocardiography
(TTE), 243
Trastuzumab (HER2 monoclonal
antibody), 41f, 44, 83, 85
in colorectal cancer, 146
drug conjugates, 85
		see also Trastuzumab deruxtecan
(T-DXd); Trastuzumab emtansine
(T-DM1)
FDA/EMA approvals, tumour types,
86t
in gastric/oesophageal cancer, 148,
151t
in HER2-positive breast cancer,
136–137, 140t
with pertuzumab in breast cancer,
83, 136–137, 140t
toxicity/adverse events
		 cardiovascular toxicity, 244
		 interstitial lung disease, 243
in uterine serous carcinoma, 214

Trastuzumab deruxtecan (T-DXd)
in colorectal cancer, 147, 151t
FDA/EMA approvals, tumour types,
86t
in gastric/oesophageal cancer, 148,
151t
in HER2 (ErbB2) mutations in
NSCLC, 123
in HER2-low breast cancer, 138
in HER2-positive breast cancer, 137,
138, 140t
toxicity/adverse events
		 interstitial lung disease, 243
		 nausea/vomiting, 247, 255t
in urothelial cancer, 163
Trastuzumab emtansine (T-DM1), 83,
85
in colorectal cancer, 146
FDA/EMA approvals, tumour types,
86t
in gastric/oesophageal cancer, 148
in HER2-positive breast cancer, 137,
138, 140t
toxicity/adverse events
		 interstitial lung disease, 243
		 liver toxicity, 247
Tremelimumab (anti-CTLA-4), in
hepatocellular carcinoma, 152t, 153
TRITON2 trial, 167, 168t
TRITON3 trial, 169t
TRK (tropomyosin receptor kinase)
family, 40, 92–93
fusion oncoprotein, cancers
associated, 93
gene fusions involving, 70, 71
		see also NTRK gene
genes encoding see NTRK gene
neurotrophic TRK see NTRK
(neurotrophic tyrosine receptor
kinase)

TRKA, TRKB, TRKC, 92–93
TRK inhibitors, 88t, 93
see also Entrectinib; Larotrectinib;
NTRK inhibitors/targeted therapy
TRKA, 92
TRKB, 92
TRKC, 92
Trop-2
drugs targeting, 165, 166t
in urothelial cancer, 158–159, 165,
166t
Tropomyosin receptor kinase (TRK)
family see TRK family
Tropomyosin receptor kinase (TRK)
inhibitors see TRK inhibitors
Troponin, 243
Trp53, 27
TRYPHAENA trial, 140t
TSC1 and TSC2 gene mutations, 222
Tuberous sclerosis complex subunit 1
(TSC1), 222
Tuberous sclerosis complex subunit 2
(TSC2), 46, 222
Tucatinib, 85
in colorectal cancer, 146
FDA/EMA approvals, tumour types,
86t
in HER2-positive breast cancer, 137
skin toxicity, 239
see also HER2 targeted drugs/
inhibitors
Tumour(s), 19
characteristics see Hallmarks of
cancer
Tumour cells, growth, sustaining, 20f, 22
Tumour cellularity, 12
Tumour endothelial cells, 35
Tumour lysis syndrome, 198
Tumour microenvironment (TME), 22,
35–36
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CAR-T cell activation limited,
57–58
inhibitory, overcoming by TCR-T
cells, 54
modulation, as therapeutic strategy,
36
non-mutational epigenetic
regulation, 21f, 33–34
pro-angiogenic factors impact, 28
Tumour mutational burden (TMB),
89t, 99
Tumour mutational burden (TMB)high (TMB-H), 32, 99, 100
assay for (FoundationOne CDx), 99
cervical cancer, 212
endometrial cancer, 213
FDA/EMA approvals, tumour types,
89t, 99
gastric/oesophageal cancer, 149
Tumour profiling, 102
flowchart, 15, 15f
limitations, 16, 16f
liquid biopsy (ctDNA) as
alternative, 106
Tumour proportion score (TPS),
PD-L1 expression in SCLC, 125
Tumour suppressors, 20f, 24
drugs reactivating, not yet
developed, 24
loss of function, 24, 31
		 gene fusions resulting in, 70–71
nuclear receptor family 1B, 63
p53 see p53
phosphatases, 106
PTEN see PTEN
thyroid hormone receptors as, 63
Tumour tissue types, testing see Tissue
types, for testing
Tumour-associated antigens
cancer/testis antigens, 54

332

Index

overexpression, 54
Tumour-educated platelets, liquid
biopsy, 14
Tumourigenic microenvironment,
32–33
Tumour-infiltrating lymphocytes
(TILs), triple-negative breast cancer,
133
Tumour-promoting inflammation, 21f,
22
Tumour-prone syndromes, 24
TWIST1 gene, 20f, 29
Tyrosine kinase
chimeric protein domain,
identification, 71
constitutive activation, 103
membrane receptor class
		HER2 see HER2
		insulin receptor (IR) and IGF-1R,
67
receptor see Receptor tyrosine
kinases (RTKs)
Tyrosine kinase inhibitors (TKIs), 44,
102–103, 240
ABL myristoyl pocket as target, 105
in acute myeloid leukaemia, 198
ALK-TKI therapy see ALK
inhibitors
allosteric, 105
ATP-binding pocket as target, 103
for BCR-ABL rearrangement, 1
		
see also Imatinib
biomarker-based last-generation, 105
in clear cell renal cell cancer, 160
EGFR-TKIs, 44, 90, 119–121
		 clinical trials, 109t, 120t
		FDA/EMA approvals, tumour
types, 86t
		 first-generation, 84, 103, 120
		fourth-generation, 121

		interstitial lung disease due to, 243
		 new therapeutic agents, 90
		in NSCLC see below
		 resistance, 44, 84, 120–121
		 second-generation, 84, 86t, 120
		
specific drugs see Afatinib;
Dacomitinib; Erlotinib; Gefitinib;
Osimertinib
		 third-generation, 84, 86t, 103, 120
		toxicities, 120
		
see also EGFR inhibitors/targeted
therapy (EGFRis)
FDA/EMA approvals, tumour types,
86t, 87t, 88t, 89t
first-generation, 73, 84, 103, 120
in gastric/oesophageal cancer, 150
in GISTs, 228
in hepatocellular carcinoma, 150
HER2, 85, 86t, 120
		 in colorectal cancer, 147
		in HER2-positive breast cancer,
137
		
see also Lapatinib; Neratinib;
Tucatinib
imatinib see Imatinib
KIT inhibitors see KIT inhibitors
in metastatic renal cell cancer, 158
mTOR see mTOR (mammalian
target of rapamycin) inhibitors
multikinase see Multikinase
inhibitors (MKIs)
in NSCLC, with EGFR mutations
		first-generation TKIs, 84, 103, 120
		 first-line therapy, 119–120
		fourth-generation TKIs, 121
		 osimertinib, 83, 86t, 90, 120
		 resistance, 84, 120–121
		second-generation TKIs, 84, 86t,
120
		 third-generation TKIs, 84, 86t,

103, 120, 125–126
ongoing trials, 103
pan-HER, 120
		 HER2-positive breast cancer, 137
		see also Neratinib
PDGFR, 88t, 89t, 160
principle, 102–103
in renal cell cancer, 109t
resistance, 44, 84, 103
		 compound mutations, 103
		mechanisms, 84
		multiple mutations in cis, 103
		secondary, 105
second-generation, 84, 86t, 103,
120, 198
in soft tissue sarcomas, 220–221
third-generation, 84, 86t, 103, 120
toxicity/adverse events
		 cardiovascular toxicity, 244
		hand-foot skin reaction due to,
240, 251t
type V (lenvatinib), 150
		see also Lenvatinib
VEGFR see VEGFR inhibitors
withholding, in hand-foot skin
reactions, 240–241
see also Axitinib; Erlotinib;
Imatinib; Lenvatinib; Neratinib;
Nilotinib; Pazopanib; Sunitinib;
other specific drugs

U
Ubiquitine ligase, 81, 160
Ulixertinib, 45
Umbralisib, 47f, 48
Umbrella trials, 3
Urothelial cancer (UC), 158, 162–165
metastatic, immune checkpoint
inhibitors, 158
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molecular targets and therapy,
158–159, 162–165
		 ErbB overactivity, 163
		 FGFR, 93, 162–163, 164t
		 Nectin-4, 158–159, 165, 166t
		 Trop-2, 158–159, 165, 166t
muscle-invasive, 163, 164t, 166t
therapy, trials, 164t, 166t
		
antibody-drug conjugates,
158–159, 163, 165, 166t
		 ErbB inhibitors, 163
		 erdafitinib, 162, 164t
		 FGFR inhibitors, 162–163, 164t
		Nectin-4 and Trop-2 targets, 165,
166t

V
Vandetanib, 92
FDA/EMA approvals, tumour types,
88t
toxicity/adverse events		
hypothyroidism due to, 248
		 QT prolongation due to, 245, 252t
		 skin toxicity, 240
Vascular endothelial growth factor see
VEGF (vascular endothelial growth
factor)
Vascular endothelial growth factor
receptors (VEGFR) see VEGFR
family
Vascular mimicry, 28
Vascularisation of tumours, 27
see also Angiogenesis
Vasculogenesis, 28
in tumours, 28
VEGF (vascular endothelial growth
factor), 27, 28
angiogenesis, 20f, 27, 28, 94, 159
		 in clear cell RCC, 159, 160
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inhibition see Antiangiogenic
therapy
		
see also Angiogenesis
antibodies to see Anti-VEGF
antibodies; Bevacizumab
'decoy' receptors, 94
		see also Aflibercept
drugs targeting, 28–29, 88t, 94
		 in breast cancer, 141t
		 in cervical cancer, 211–212
		 in clear cell RCC, 160
		 drugs used, 88t
		 in endometrial cancer, 213–214
		 hypertension due to, 244, 252t
		 mechanism/basis for, 28–29, 94
		in metastatic renal cell cancer, 158
		in ovarian cancer, 206–207, 208t,
209t
		 skin toxicity, 251t
		 thromboembolic events due to, 245
		 tumour types, 94
		
see also Anti-VEGF antibodies;
Bevacizumab; Ramucirumab;
VEGFR inhibitors (VEGFRis)
functions, 20f, 27, 94
pathway, antiangiogenic therapy
action, 28–29
receptors see VEGFR family
secretion by tumours, 32
upregulation in cancer, 27, 94
VEGF-A, 94
		 receptor (VEGFR2), 94, 148
VEGF-C, in clear cell RCC, 159
VEGFR family, 40, 94
as therapeutic target
		 in clear cell RCC, 159, 160
		 in GISTs, 225t, 226t
		
see also VEGFR inhibitors
(VEGFRis)
VEGFR2, 94, 148

VEGFR-3, 159
VEGFR inhibitors (VEGFRis), 88t, 94
antibodies, 88t, 94
		 in gastric cancer, 148
		 in metastatic renal cell cancer, 158
		see also Ramucirumab
FDA/EMA approvals, tumour types,
88t, 94
targeted therapy/TKIs, 94
		 FDA/EMA approvals, 88t
		
multikinase inhibitors see
Multikinase inhibitor
		
see also Cabozantinib;
Pazopanib; Regorafenib;
Sorafenib; Sunitinib; Tivozanib
toxicity/adverse events
		 cardiovascular toxicity, 244
		 electrolyte disorders due to, 249
		mucositis and stomatitis due to,
246, 254t
		 musculoskeletal toxicity, 250
		 skin toxicity, 239
VEGFR2 antibody, 148
see also VEGF (vascular endothelial
growth factor), drugs targeting
VELIA trial, 208t
Veliparib, 111
in ovarian cancer, 208t
Vemurafenib, 41f, 44, 95
BRAF-mutated colorectal cancer, 146
BRAF-mutated gliomas, 235t
BRAF-mutated melanoma, 175,
176t, 177t
		 atezolizumab with, 181, 182t, 183
		combined MEK inhibitor therapy,
175, 177t, 178–179
		monotherapy, 176t
BRAF-mutated NSCLC, 123
toxicity/adverse events, 178
		 skin toxicity, 240

see also BRAF inhibitors
Venetoclax, 198
in acute myeloid leukaemia, 199t,
200
in multiple myeloma, 200
see also BCL2 (protein), inhibitor
Venous thromboembolic events, 245,
253t
'Vertical inhibition', 104
Vesicles, extracellular, liquid biopsy, 14
VIALE-A trial, 199t
VIALE-C trial, 199t
Vinorelbine, 136
Viral protease inhibitor, in HNSCC, 191t
VISION trial, 124, 171
Vismodegib, 97
FDA/EMA approvals, tumour types,
89t
Visual disturbances, 246, 253t
Vitamin A (retinol), 63, 65
Von Hippel-Lindau (VHL) gene, 158,
159
Von Hippel-Lindau protein (pVHL),
159, 160
Vorasidenib, in gliomas, 235t, 236
Vorinostat, 196t

W
Waldenström's macroglobulinaemia, 198
'Warburg effect', 30, 31
WEE1 inhibitors, 111
in ovarian cancer, 215
with PARPis, 111
in uterine serous carcinoma, 216
WEE1 kinase, 215
Whole genome sequencing, 107
Wnt signalling pathway, 27, 39
drugs targeting, 49
Nectin-4 role, 165
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World Health Organization (WHO)
CNS tumour classification, 233
lymphoid malignancies, 194

X
Xerosis, 241
ocular, 246
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Better understanding of the molecular biology of several tumour types has driven
the discovery of oncogenic pathways or molecular aberrations that underpin tumour
growth and survival. These pathways and oncogenic drivers can now be targeted with
novel agents, improving patients’ survival and quality of life. Identification of potential
biomarkers to guide personalised therapy for cancer patients is of utmost importance.
These new agents are associated with different adverse events compared with chemotherapy
and toxicity management is highly relevant, particularly with extended treatment
durations. Inevitably, with exposure to these targeted agents, mechanisms of resistance
emerge which pose challenges when selecting subsequent therapeutic strategies.
In this complex landscape, continued collaboration between pre-clinical
and clinical researchers will bring increased knowledge of tumour evolution
and the discovery of more effective molecularly driven treatments.
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