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Summary of Works

The landscape of tumour testing for genomic alterations is developing at an exceptionally
fast pace and applies to all solid tumours now that tumour agnostic testing is required in
patients who have failed standard oncology treatments with evidence of clinical and

radiological progression (1-5) .

The focus of the collection of the published works for presentation in this thesis examines
how we might do things differently within histopathology laboratories to improve patient
experiences, efficiency of workflows and clinical pathways for patients with non-

squamous, non-small cell lung carcinoma (NSCLC) and metastatic malignant melanoma.

The following papers form the submission for a Medical Doctorate degree. The research
and literature reviews investigate, evidence and improve biomarker identification
commenced following discovery of rapid, near patient, fully automated technology at the

Royal Brompton Hospital, Thoracic Pathology Update Course in London May 2016.

e Finall A., Jones, K. Applying bioethical principles for directing investment in
precision medicine. Clinical Ethics 2020;15(1):23-28 (6).

e Finall A, Davies GJ, T Jones, Emlyn G, Huey P, Mullard A. Integration of rapid
PCR testing as an adjunct to NGS in diagnostic pathology services within the
UK: Evidence from a case series of non-squamous, non-small cell lung cancer
(NSCLC) patients with follow-up. Journal of Clinical Pathology Jan 2022, DOI:
10.1136/jclinpath-2021-207987 (7).

e Finall A, Murphy K, Frazer RD. Improving care of melanoma patients through
efficient, integrated cellular-molecular pathology workflows using tissue samples
with low tumour nuclear content. Journal of Clinical Pathology Apr 2022, DOI:
10.1136/jclinpath-2022-208194 (8).

e Bennett P, Finall A, Mederios F. Gerrard G, Taniere P. Inadequacy of PCR
genotyping in advanced non-small cell lung cancer: EGFR L747 A755delinsSS
exon 19 deletion is not detected by the real-time PCR Idylla™ EGFR mutation
test but is detected by ctDNA next generation sequencing and responds to
osimertinib. Sub-title: The apparent “Inadequacy of PCR genotyping in advanced

non-small cell lung cancer”: A counter perspective. European Journal of Cancer

9).



Finall, A. RNA next generation sequencing in the somatic molecular testing of
non- small cell lung cancer (NSCLC): Is it time to re-consider testing options
for improved patient care? Journal of Molecular Pathology, 2022, 3,307-318.
DOI: 10.3390/jmp30406 (10).

Finall A, Hurlow, K, Leopold G, Elazzabi T, Goldsmith IR, Basu S. Analysis of
EGFR mutation by rapid PCR methods yield better quality results using intra-
operative frozen section tissue in early stage, non-small cell lung cancer

patients. IICMCR, 2023;25(4):0. DOIL: 10.46998/IJCMCR (11).



Solid Tumour Somatic Gene Testing

The polymerase chain reaction (PCR) has been used for many years to determine clonality
in in the clinical diagnosis of lymphoma, particularly low-grade lymphoma (12-15).
Initially, polymerase chain reaction (PCR) to support histopathological diagnosis required
fresh tissue for success but over time the technique has been modified for use with formalin
fixed, paraffin embedded (FFPE) tissue samples (15, 16). The repertoire of genomic tests
required in histopathology has expanded exponentially and includes multiple potential
methods and indications. Examples include interphase fluorescence in-situ hybridisation
techniques (FISH) for diagnosis and sub-typing of sarcomas (17, 18) and large panel DNA
next generation sequencing (NGS) in lung cancer to highlight subsets of patients with
particular single nucleotide variants in gene hotspots that confer likelihood of response to
particular drugs as part of precision medicine (1, 19). This research and service
development projects published, focus on precision medicine, or therapeutic, aspects of
somatic tumour analysis. They examine patient and tissue factors that inform the decision-

making process to select the right test, at the right time, for the right patient (20, 21).



Somatic gene testing in lung cancer

Lung cancer has the highest mortality compared than any other malignancy type in the
UK (22). Survival outcomes from non-squamous, non-small cell lung carcinoma
(NSCLC) in the UK are also amongst the poorest of developed nations across the
world, including Europe (23, 24). The reasons for this difference in outcome lie largely

in detection at late stage as early-stage lung cancer is often asymptomatic (23).

In Wales, 49% of patients present with stage 4 NSCLC and this may be as high as 56%
in areas of socioeconomic deprivation where smoking rates are higher (25). Work is
ongoing to develop a lung health check based on low-dose computed tomography (CT)
for earlier detection and potentially curative surgery. There is a need to focus on
expediting the diagnostic pathway from primary care referral onwards to realise
benefits of this form of “targeted health check” which is often referred to as a form of
screening (26-28). Key ‘bottle necks’ in the diagnostic pathway are insufficient
capacity in radiology and cellular pathology plus delays in reporting molecular
pathology (29). This situation was compounded by backlogs created during the
COVID-19 pandemic (30, 31).

The requirements for molecular pathology in a setting of NSCLC have expanded
rapidly over the past 10 years (1). The European Society for Medical Oncology
(ESMO) ranks genomic variants in somatic genes of tumours according to clinical
relevance and actionability drug treatment (32). Tier one variants have a matched drug
therapy and have been shown to benefit patients in randomised clinical trials (24). Tier
2 somatic genomic changes are yet to be shown to have a clinical benefit when the
matched drug is given to patients and Tier 3 variants are thought likely to show efficacy
in trials but in patients with other tumour types outside the focus of interest. Tier 4
variants are being analysed in pre-clinical studies for drug development and Tier 5
variants have a drug match but show no objective response in patients in clinical trial

data (33).

The current tier 1 somatic gene testing requirements for all patient malignancies are
published on the NHS England website, ‘National Genomic Test Directory’ and are
regularly updated (34). At the time of writing, tier 1 requirements in non-squamous

NSCLC include testing for actionable somatic mutations in epidermal growth factor

receptor (EGFR), B-raf proto-oncogene (BRAF) and K-ras proto-oncogene (KRAS) in



addition to structural variants in anaplastic lymphoma kinase (4LK17) ROS proto-
oncogene 1 (ROS-1), Met proto-oncogene receptor tyrosine kinase (MET) exon 14
skipping lesions, Ret proto-oncogene (RET) fusions and fusions in neurotrophic
receptor kinase (NTRK) gene fusions (35-41). This range of gene analysis also may be
applied to patients with squamous carcinomas but usually only if they have a clinically
high likelihood of having a targetable mutation, for example if the patient is younger
than 50 years or is a non-smoker (34). The NHS test directory also lists NTRK testing
in patients with small cell neuroendocrine carcinoma in whom all previous lines of
therapy have failed (34, 42-44). Retinoblastoma gene (Rb) sequencing may also be
useful for resolving diagnostic difficulty at the morphological level (34, 45). Tier 1
evidence is required for the Medicines and Healthcare products Regulatory Agency
(MHRA) to approve oncological drugs for therapeutic use in patients in the UK and
also forms the basis of recommendations and guidelines set out by the National

Institute for Health and Care Excellence (NICE)(46-49).

The key performance indicator is for results from these tests being available to the lung
cancer MDT within 10 working days in Wales (29), as set out in the National Optimal
Pathway (see figures 1 and 2). There are a number of issues not addressed by the current
pathway that need closer scrutiny; are any of our patients adversely affected by a turnaround
time of 10 working days, are we able to meet the tissue requirements for two NGS panels and

could we do things differently and better?
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Motivation for the study series

Anecdotally, it was noted in lung cancer MDT that some patients were deteriorating rapidly
with NSCLC, and some were deceased before the NGS reports were available from the
centralised sequencing laboratory. An illustrative case in point was a middle-aged teacher,
still actively working, who presented with stage 4 disease when a histopathological diagnosis
of primary pulmonary adenocarcinoma of lung was made. He had a good performance status,
PSO0, despite brain metastases but died within two weeks of a request for EGFR somatic
testing. This patient’s tissue sample had an exon 19 deletion in EGFR and could have been
treated with Osimertinib, a tyrosine kinase inhibitor which crosses the blood-brain barrier.
Osimertinib is licensed for first line treatment of NSCLC which harbors an actionable
somatic mutation in the EGFR gene (47). Up to 70% of patients with an actionable mutation
in EGFR respond very well to TKI therapy with progression free survival (PRS) and overall
survival advantages and milder side effects (50). This case was part of the motivation for

looking at more rapid somatic mutational testing in the histopathology laboratory.
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Options Appraisal

An options appraisal was conducted in Swansea Bay University Health Board to consider in-
house, rapid PCR testing. We examined feasibility of the Roche Cobas assay (38-41), Qiagen’s
Therascreen assay and the Biocartis Idylla EGFR test. At that time in 2018, EGFR was the
only gene variant treatable with novel tyrosine kinase drugs so focussed on assays assessing
this gene only. Cobas and Therascreen tests require batching of samples and DNA extraction
in a molecular grade laboratory with a turnaround time of approximately 6 hours in both cases.
Idylla, in contrast, allowed for individual testing on a fully automated system whereby DNA
extraction is conducted within a closed cassette environment. The turnaround time for
reporting from Idylla for EGFR mutation is 2 hours. This method was deemed most feasible
for the Health Board given constraints around suitable sites for DNA/RNA extraction and
staffing shortages. There was no requirement for batching samples or performing nucleotide
extraction using the Idylla platform.

Being able to present single gene testing results to an oncologist on the same day of request
represented an opportunity for patients to access appropriate treatment in a timely fashion.
There is evidence that some patients start chemotherapy to bridge the waiting gap for somatic
gene testing results to become available (52). Real-world practice evidence examining patient
outcomes shows that any survival advantage from tyrosine kinase inhibitor (TKI) therapy is
lost if a patient is switched to TKI therapy from chemotherapy whilst waiting for their somatic
mutational analysis to be performed (52). The NHS in England acknowledges that some
patients may be too ill to wait for next generation sequencing (NGS) results and have proposed

a ‘salvage pathway’ for rapid single gene testing where appropriate (53).
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Biomarker Testing Pathway

e

*DNA NGS should be considered if clinical characteristics associated with high probability of driver mutation (never or minimal smokers, young age)

ABoth DNA and ANA NGS should be considered in any pure or combined tumours with adenocarcinoma e.g. large cell tumour with odt inoma features

Figure 2: Biomarker testing pathway. Wales Cancer Network 2022 (51).



Malignant melanoma

Malignant melanoma is an aggressive non-epithelial malignancy that most commonly arises
from the skin but can also occur on mucosal surfaces, conjunctiva and in subungual regions
(54). There are four main histopathological patterns of disease arising in the skin, superficial
spreading malignant melanoma, lentiginous, nodular and acral melanoma (55, 56). Patients
presenting with local and distant metastases have two oncological treatment options; immune
checkpoint inhibitors or Dabrafenib (+/- in combination with a mitogen activated protein
kinase (MAPK/MEK) inhibitor) which targets melanomas with specific single nucleotide
mutations in the BRAF gene (49, 57-61). The most common mutation occurring in BRAF in
melanoma leads to V60OE, a substitution of valine for glutamic acid at the 600 amino acid
position of the BRAF protein (62). The V600OE mutation leads to constitutive intracellular
signaling in the MAPK/ERK pathway promoting cell proliferation and division (63).
Blocking this signaling leads to a slowing or halting of metastatic melanoma progression and
enhanced overall survival in 40-50% of eligible patients (63, 64). Eligibility is defined as the
presence of a V600 mutation and is detected in around 50% of somatic melanoma tissue

samples (49).

Using the fully automated PCR platform Idylla™ to test for BRAF mutations in melanoma
has been shown to significantly reduce the time to initiate Dabrafenib therapy as compared
with both immunohistochemistry (IHC) and NGS analysis of BRAF (65). The authors
indicate that further studies are required to validate the assumption that patient quality of life,
diagnostic experience and survival outcomes are positively affected by reduced time to
starting treatment as their study was small and the patient groups not clinically comparable.
Investigators in Europe have explored the integration of the Idylla BRAF assay alongside
NGS for those patients with insufficiently good quality DNA requirements for the NGS in a
setting of colorectal adenocarcinoma (21, 66-68). They were able to salvage 73% of the
tissue specimens that were inadequate for NGS. In the combined NRAS/KRAS/BRAF
cartridge designed for colorectal carcinoma, however, the tissue tumour nuclear content
(TNC) requirements are as low as 10% (69). In a setting of malignant melanoma, the
minimum TNC requirement is 50% according to the manufacturer’s instructions for use (70).
For the Idylla™ BRAF assay to be useful to patients and clinicians treating melanoma
patients, we assessed whether valid results were achievable using formalin fixed paraffin
embedded (FFPE) melanoma tissue samples with less than 50% TNC and showed that they

were (8).
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Clinical Guidance in Lung Cancer Diagnosis and Management

The suspected cancer pathway produced by the NHS Wales Health Collaborative is a
guidance document with timeline targets for steps in the patient care pathway to ensure
quality and safety of patients. The document was adopted by all health boards in Wales with
respect to all cancer patients. Individual cancer types have National Optimal pathways to
reflect the detailed investigations for site specific cancer patients. Welsh Government collect
data for comparison against these waiting time targets and publish the data online (51).
Example figures for July and August 2022 show that 51% of lung cancer patients with
suspected lung cancer started first treatment within 62 days of first being suspected of having
a malignancy (51). This compares with 53.5% for all tumour sites for the same period. At
first sight this figure seems appalling, but 323 patients were investigated and told they did
not have lung cancer (51). Welsh Government figures do not give an indication of what
percentage of the total number of referred patients this reflects. It does give an indication of
the level of investigation that is carried out on an urgent, suspected cancer basis within the
system that can be reassured. The move from cancer waiting times to the single cancer
pathway measuring from point of suspicion of malignancy was intended to more accurately
reflect the patient experience and the workload of diagnostic health services such as
radiology and cellular pathology. Recent data have exposed pressures on the diagnostic
pathway as a consequence of backlogs generated during the coronavirus pandemic, see

figure 3 (51).
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Figure 3: Data from NHS Wales activity and performance summary during the COVID19

pandemic showing impact on waiting times for diagnosis (dark blue line) and treatment

(light blue line). Source: National Optimal Pathway for Lung Cancer, Welsh Government
(51).

There is no current National Optimal Pathway for melanoma or other skin malignancies at the
present time. The National Optimal Pathway (NOP) for lung cancer advises that patients be
investigated with a tissue biopsy for diagnosis by day 10 from the point of suspicion of
malignancy if the patient agrees and is well enough to proceed with the intention of radical
treatment (51). All diagnostic and therapeutic information from tissue biopsies needs to be
available by day 21 for discussion of treatment options at MDT (51). See figure 2. Diagnostic
biopsy samples include computer tomographic (CT) guided lung core biopsies, endobronchial
biopsy and fine needle aspiration cytology. All these samples may be very small and may or
may not contain malignancy either at all or in sufficient quantities to support additional
biomarker testing (51, 71, 72). See figure 3. The NOP biomarker pathway acknowledges the
importance of cutting slides up-front for timeliness in sending tissue away to an external
laboratory for molecular studies and that an assessment of quantity of tissue and pathologists
initiated reflex requesting are also important to achieve targets of the NOP (72). See section

on tissue processing for further details.

The biomarker pathway outlines a requesting pathway subdivided by histological subtype of
malignancy. If the malignancy is small cell neuroendocrine carcinoma, then NTRK may be
the only relevant biomarker for testing, as in all other solid malignant tumours, when all

other standards treatments have failed (43, 44) It is possible to use pan-TRK
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immunohistochemistry as a rapid screening tool to identify NTRK fusion negative cases (44,
73-76). A morphological diagnosis of small cell neuroendocrine carcinoma on H&E section
must be rendered quickly (77). There is a national standard of starting treatment with
standard intravenous chemotherapy plus etopiside within 2 weeks of diagnosis for best

patient outcomes (77, 78).

Programmed death ligand 1 (PD-L1), is an immunohistochemical stain and reported
alongside the morphological diagnosis in the pathology report (79-81). The process takes 1-2
days and consumes a single 3-4pum section of FFPE tissue. See figure 4. This is required in
all non-small cell lung carcinoma (NSCLC) including squamous histotype (80). Squamous
carcinomas arising in young, female never or light smokers may also require a full DNA and
RNA panel of predictive biomarkers similar to the requirements for non-squamous NSCLC
(34). Identifying effective, novel therapeutic targets in squamous carcinoma of the lung is an
urgent clinical need (82). Potential candidate biomarkers from phase one clinical trials
include cyclin dependent kinases (CDK) 4 and 6, and fibroblast growth factor receptor
(FGFR) status in addition to TP53, CDKN2A, PTEN and PIK3CA (82, 83). Much of the
therapeutic evidence of treating squamous carcinoma of lung with TKIs comes from case
reports and small series (84-88). Most clinicians would agree that the best medical evidence
for treating patients with squamous carcinoma comes from well powered clinical trials (89).
Many oncologists would also agree, however, that is not unjustified, on a case-by-case basis,
to consider off license use of sequencing data to provide salvage therapy on a compassionate
basis (90-93). Some report that as much as 67% of oncology drugs were prescribed off-label
and 15% were prescribed on a compassionate basis (93).

Oncologists must be mindful of the potential implications of somatic tumour genome
profiling for understanding the patients’ germline constitution. For example, identification of
a PTEN mutation in a lung squamous carcinoma would reflect a germline alteration in 10%
of patients (94). Some patients will need to be counselled regarding familial implications
following somatic tumour sequencing. Some authors argue that patients may be more
appropriately counselled prior to testing as they have a ‘right not to know’(95, 96). Pre-test
genetic counselling for all oncology patients could potentially overburden budget-restricted
healthcare systems however (6). The NHS test directory for solid tumour testing advocates
the identification of the same gene variants and fusions as for non-squamous, non-small cell

carcinoma in those patients with a non-smoking history under the age of 50 (34).
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Figure 4: PD-L1 immunohistochemistry in NSCLC showing total percentage scores (TPS) of
4a) 100%, high expressors, 4b)5 % low expressors, and 4c) <1%, negative expression at the
lowest reporting threshold. Care needs to be taken in low expression and negative cases that
background staining in inflammatory cells, as seen in c), is not counted erroneously in the

PD-L1 TPS score. Background inflammatory cell staining can be a useful internal control in

negative cases (4c).

For non-squamous NSCLC patients, the recently published lung biomarker pathway indicates
that one should proceed straight to DNA and RNA NGS panel studies to detect relevant
genomic somatic biomarkers to aid treatment decisions immediately after PD-L1. There is no
acknowledgement in the Welsh National Optimal Pathway of widespread use of
immunohistochemistry to assess ALK-1, NTRK, RET and ROS-1 fusion status across the
UK in recognition of cost savings and time efficiency for patients (51).

The progress of a tissue biopsy sample through a cellular and molecular pathology laboratory
system is complex and affects patient outcomes and frontline clinical experiences (8). The
current system is for a centralised molecular laboratory in Cardiff with cellular pathology
laboratories from Wales submitting samples to this centralised ‘hub’ for molecular testing.
This model reflects the GLH model of testing in NHS England. The service in Wales is
commissioned by the Welsh Heath Specialised Services Committee (WHSSC) who receive
funding from all the Health Boards in Wales to provide molecular testing services for their
patients. This model does not account for funding required to prepare slides in cellular
pathology laboratories to send to the centralised molecular hub nor does it cover specialised

companion diagnostic immunohistochemistry such as PD-L1 and ALK-1.

19



Pre-analytical phase of cellular pathology

Decision to biopsy a patient with suspected lung cancer occurs at MDT in a context of
imaging findings and an understanding of the clinical context of the patient. Only patients
who want to proceed with radical treatment options will go on to biopsy. Clinically, patients
also need to be well enough for oncological drugs and/or surgical intervention depending
upon stage and performance status.
Diagnostic biopsy samples are taken by an interventional radiologist for peripheral lesions (CT
or USS guided core biopsy from metastatic site or lung primary) or respiratory physician for
central thoracic lesions via endobronchoscope (EBUS or bronchial biopsy). These small
specimens are placed in 10% neutral buffered formalin for fixation between 6 and 72 hours
(97). Processing to an FFPE tissue block requires automated dehydration in alcohol alternating
with removal of lipids using solvents such as xylene. Standard processing occurs on an
overnight cycle but short cycle processing is also processing (3 hours) for small well- fixed
specimens (98). Embedding fully processed samples into paraffin wax is the final step before
sections can be cut at 3-4um thick on a microtome. Pre-cutting of slides before requests for
molecular studies are preferred to prevent waste of FFPE tissue in small biopsy samples
through trimming alignment at the microtome (99, 100). Laboratory handling of cytology
specimens is a different pre-analytical process. In a context of NSCLC, this is commonly a
pleural fluid sample. These samples may be important for patients where a tissue biopsy
diagnosis has failed or in cases of stage 4 disease with no intention for radical treatment. Cells
are drawn through a fine filter in a Thinprep™ processor and deposited onto a slide for
Papanicalou staining. Papanicalou stains give good nuclear chromatin detail for assessment by
a pathologist. The remaining serous fluid is spun down and supernatant discarded. A sample of
the cells in the centrifuged pellet are directly spread onto another slide, dried and stained with
Giemsa, a cytology stain that gives good architectural features. If after first assessment the
cellular features are suspicious for malignancy, the cell pellet may be combined with bovine
prothrombin and fibrin and then processed into a cell block using the protocol as described
above for tissue specimens. This allows sections to be cut for immunohistochemistry for
diagnosis and theranostics if appropriate. Caution must be taken in interpreting
immunohistochemistry from cell blocks as the deeper section appearances change from section
to section depending upon the cellularity of the specimen. Furthermore, not using standard
formalin fixation protocols in generating cell blocks can resulting in over retrieval of antigens

using standards heat methods (101, 102). False positive IHC findings can occur using cell
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blocks and this has been reported in a context of ALK-1 IHC (103). Some advocate use of
direct cytological smears for use in ALK-1 detection by FISH or NGS rather than cellblocks
for this reason (104, 105).

The analytic phase of tissue diagnostic involves subjective human assessment of glass
microscope slides. In some centres, primary assessment using digital images is commonplace
(106). To reach a diagnosis, a cellular pathologist forms a differential diagnosis based on
clinical information on the request form followed by assessment of the macroscopic
appearances in combination with the microscopic appearances and additional information from
IHC, FISH, electron microscopy (EM), PCR, NGS, special histochemical stains (for example,
Perls Prussion blue for iron) and/or flow cytometry. Diagnostic IHC is limited to TTF-1 and
p40 for determination of sub-type of NSCLC where morphological features indicate an
epithelial malignancy. A wide panel of immunohistochemistry may be required for a diagnosis
of metastatic melanoma (107). Where an in-situ epidermal lesion is identified next to an
invasive lesion in primary malignant melanoma, a smaller panel of IHC including MelanA,
cytokeratins and S100 may suffice as the presence of an in-situ lesion is a strong diagnostic

clue which also indicates site of origin.
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Post -analytical phase of cellular pathology

A report is constructed detailing all information from tests carried out on the tissue or cytology
sample. Integrating all information relating to a single tissue specimen is recommended by the
Royal College of Pathologists in the UK (108). Standalone publication of cancer genomic
information is not recommended as the relevance of the findings cannot be accurately
interpreted without reference to the diagnosis and may cause clinical confusion. Furthermore,
it is important that the genomic information reports related to the correct specimen number to
ensure clinical governance standards are met. Cellular pathology reports have a unique
identifying number which corresponds to that on the request form and specimen pots. The
final report is published for viewing by healthcare colleagues on the hospital laboratory
information system (LIMS). The reports and specimen microscopic slides are subsequently
reviewed by a sub-specialty specific pathologist for discussion at MDT where nursing staff,
surgeons, physicians, oncologists and radiologists develop the best management plan for each

patient based on case review and discussion (109).
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Figure 5: Diagrammatic explanation of up-front cutting of formalin-fixed paraffin-embedded
(FFPE) tissue blocks to prevent wasting diagnostic tissue. Source: IASLC Atlas of EGFR

testing in lung cancer (110).
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Molecular testing methods and reporting

The current system for reporting solid tumour genomics varies between laboratories across the
UK. In general, many cellular pathology laboratories received standalone genomic reports
which have been issued direct to the patients oncologist before integration into the tissue
report. RCPath guidance on solid tumour genomic reporting indicates that integration of
morphology and molecular findings must take place for each tissue specimen to avoid
misinterpretation in a climate of multiple biopsies for each patient with a malignancy and in an

era where some patients have survived more than one cancer (108).

Furthermore, there have been instances of molecular markers being requested for diagnostic
purposes rather than therapeutic purposes which have led to incorrect information being
published in gene analysis reports conducted in a centralized laboratory. An example includes
a case of pleural biopsy with suspected sarcomatoid mesothelioma being tested for SS/8 gene
fusion to exclude a differential diagnosis of synovial sarcoma. The genomics report in this
case stated “Indication: Sarcoma” as a report heading with consequential confusion for the
patient and their healthcare professionals. Some cellular pathology diagnoses are made by
excluding morphologically similar entities with a known specific molecular or

immunohistochemical phenotype.
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Chapter 2
Publications in Chronological Order

i) Finall A, Jones K. Applying bioethical principles for directing investment in
precision medicine. Clinical Ethics 2020,;15(1):23-28.

This paper discussed ethical issues surrounding genomic testing in a wide variety of cancer
settings with a focus upon turnaround time of reporting. The need to balance the needs of
many (utilitarianism) against a few (egoism) is the ethical principle that primarily underpins
the discussion around somatic genomic testing, its timeliness and economics, particularly

with respect to functioning of the NHS in the UK.

The paper focuses on the ethical considerations around detection of solid tumour biomarkers,
mainly nucleotide-based, in malignant tissue samples that can give prognostic and/ or
therapeutic information rather than markers that may be required for making a pathological
diagnosis. The number of predictive biomarkers required to inform therapeutic management
of patients with malignancy has expanded significantly over the last 30 years (111, 112).
Many of the biomarkers that are actionable (meaning can be used to determine eligibility for
novel oncology drugs; so-called predictive biomarkers) are rare and the chemotherapeutic
drugs new and very expensive. This situation leads to difficult strategic decisions around
developing precision medicine services. Do we invest in expensive tests like next generation
sequencing to find occasional mutations in common malignancies that could be controlled
(reduce disease burden) from very expensive drugs that extend life by a couple of years? On
a background of insufficient healthcare staff and NHS services increasingly struggling to
cope with the health demands of an aging population what areas of clinical practice can we

focus on for maximum benefit across the NHS? (113-117)

The manuscript was written with Kerina Jones, Professor of Population Data Science at
Swansea University, and is a discursive piece discussing core principles of medical ethics,
promoting beneficence, non-maleficence, justice and autonomy in the setting of NHS-based

medical practice in the UK (118-120).
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We discuss how decisions around testing solid tumour samples for genomic biomarkers are
often taken without the participation of patients who are thereby denied a degree of autonomy
in their care (109, 121). It might seem that direct to consumer testing (DTC) offers a beneficial
counter stance to reflex requesting by pathologists but there is evidence to suggest that patients
can be misled by DTC marketing information and/or a lack of information (122, 123).
Furthermore, some argue that being in control of choices around genomic testing are a form of
procedural justice, from a medical ethics point of view. And, whilst wanting to test patient
tumour samples to detect potential targets for beneficial treatment represents healthcare
professional wanting to enact beneficence and nonmaleficence, it does so at a significant

financial cost to the NHS (124).

One of the products of this manuscript was to identify a key research question that had limited
evidence in the medical literature. The ToGA study was a phase 3 clinical trial that examined
potential benefit of Trastuzumab in combination with chemotherapy vs chemotherapy alone
for the treatment of HER-2 positive gastric and gastro-oesophageal junction adenocarcinomas
(125). Rather than genomic biomarkers being a key to highlighting patients for treatment, an
immunohistochemical (IHC) assay reflecting gene amplification and overexpression of HER2
protein on the membrane of malignant cells was scored by pathologists. Overexpression of the
protein assessed by microscopic evaluation correlates with gene amplification at the somatic
ErbB2 gene at the DNA level (126). The clinical trial reported that the time to receive the
report for HER2 status of the tumour samples took two weeks and during that time a quarter of
patients clinically deteriorated and became ineligible for treatment (125). Patients need to be
physiologically well enough to have a reasonable likelihood of successful oncological
treatment and withstand potential side effects. This is assessed by Eastern Co-operative
Oncology Group (ECOG) performance score (PS) (127) and patients in the clinical trial had to
have a PS score 0 or 1 to qualify for inclusion. A performance score of 0 reflects no limitations
in activities of daily living. PS1 equates to a restriction in strenuous physical activity only but
with retained capacity to perform light work. PS2 means a patient is unable to work but able to
look after their self-care needs independently whilst a PS3 score reflects a loss of ability to
self-care. Patients in the PS3 group are usually con fined to bed or chair for less than half their
waking hours. PS4 patients are confined to bed or chair for more than 50% of their waking
hours in contrast and PS5 is sometimes, but this is rarely used in place of the term deceased.

There was a gap in the medical literature. It was not known what proportion of patients with
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lung cancer deteriorate rapidly and did a proportion of our patients miss out on tyrosine kinase
inhibitor therapy during the wait for NGS panel reporting of EGFR. This led to our publication
entitled, “Integration of rapid PCR testing as an adjunct to NGS in diagnostic pathology
services within the UK: Evidence from a case series of non-squamous, non-small cell lung

cancer (NSCLC) patients with follow-up” (7).
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ii) Finall A, Davies GJ, T Jones, Emlyn G, Huey P, Mullard A. Integration of rapid PCR
testing as an adjunct to NGS in diagnostic pathology services within the UK: Evidence from

a case series of non-squamous, non-small cell lung cancer (NSCLC) patients with follow-up.

Journal of Clinical Pathology Jan 2022, DOI: 10.1136/jclinpath-2021-207987.

The purpose of this work was to answer the question, ‘Do patients deteriorate and miss out on
therapeutic opportunities whilst waiting for next generation sequencing (NGS) to be
reported?’. We sought to quantify the number of patients this may apply to, if relevant, and
consider if there were ways to predict which patients were most likely to deteriorate clinically.
The initial assessment was to look at turnaround times for reporting NGS and examine the
proportion of patients who deteriorated according to clinical records of performance status.
The key performance indicator for reporting NGS by central genomic hubs, distinct and
separate entities to cellular pathology laboratories, is 10 working days according to Welsh
standards (29, 128). A recent report published by the UKLCC further makes the point that
turnaround times within 14 days are required for better patient outcomes (129). The recent
Darzi report on the state of the NHS in England indicates that just 60% of eligible patients

access genomic panel testing in a setting of lung cancer (130).

This paper examines turnaround time for gene panel testing in patients receiving a pathological
diagnosis of lung cancer in Wales. When to start calculating time to report is an important
consideration in data collection. Genomic hibs may only consider tuime to report from receipt
of tissue scrolls or slides at the genomic laboratory hub site reception. The starting time point
may not include time taken for cellular pathology laboratories to prepare slides nor does
include transport time, both of which can be considerable (129). Requests for NGS are made
by the diagnostic pathologist reporting the case at the time of diagnosis by an in-house
electronic request form for additional laboratory work to be carried out on a “reflex” basis.
“Reflex” requesting in the medical literature refers to immediate requesting of ancillary
investigations before MDT discussion to save time. With clinical information on
histopathology request forms often being limited, this frequently means requesting by

pathologists is blind to the stage of malignancy and performance status of the patient (131).

Our paper illustrates the real-life turnaround time for reporting NGS in our area was 17
calendar days. We chose calendar days as a more realistic reflection of the ongoing
proliferative capability of lung cancers during the weekend days to make our work patient-
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centred. We set the starting point for turnaround time calculation for NGS reporting the time
from which the samples were sent from our laboratory. If one includes the time taken by the
biomedical scientists to cut the tissue sections and send the tissue to another city, the mean
turnaround time for NGS reporting was 23 days. It should be noted that the genomic hub
producing reports in this study gives a standalone report for somatic gene analysis directly to
the oncologist. The turnaround time calculation does not include travel time for a paper report
by standard mail delivery. There are potential governance issues with release of standalone
genomic reporting of somatic tumours as pathologists loose the opportunity to sense check
mutually exclusive gene driver events and confusion may also arise regarding which specimen
has been tested in a context of multiple tests for the same disease and different tests in
synchronous malignancies (132). The only reference to the tissue histopathology report on an
external laboratory standalone gene report is the FFPE block number as illustrate in figure 6

below in the red ellipse.

We found that 18% of our patients suffered a rapid clinical deterioration as defined by a fall in
two performance points within an 8-week period. Three quarters of patients in this group had a
diagnosis of stage 4 radiological lung cancer at presentation and 33% of this group were
deceased before the NGS report was available and 16% (three patients) had an actionable
EGFR mutation detected by NGS. Eleven percent of patients in the deterioration group had
actionable mutations but had become ineligible for treatment by the time the report was
available and died shortly afterwards. The genomic report turnaround time for the 3 patients
with actionable variants in EGFR was 15, 18 and 28 calendar days respectively. It should be
noted that patients with poor performance status and an actionable EGFR mutation (defined as
ESOG score 3 or more) have an overall survival of between 12.7-18.3 months with TKI
therapy compared with 1.4-3.6 months in those poor PS patients who were not treated giving

an evidence basis to support treatment of patient with a PS worse than or equal to 3 (133).

A comparative analysis of several clinical parameters across the deterioration group and the
non-deterioration group highlighted that radiological stage of lung cancer at diagnosis and first
MDT discussion was a potential predictor of rapid clinical decline and that stage 4
presentation was a risk factor for rapid decline (p<0.005). Radiological stage at present reflects
systemic burden of disease with, for example, stage 1 patients having primary lung cancers
less than 3cm in size with no metastases and stage four patients having multiple distant

metastases.
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SampIe type . IISsus-SIoes * 018282 B
Date Rec'd  : 27/012023 : H23S50364 A2
Date reported : 09/02/2023 .

Molecular analysis requested on this pulmonary adenocarcinoma (lung core biopsy) sample. Hotspots were

analysed in EGFR, KRAS and BRAF

Reason for Referral :

Conclusion:

The presence of a KRAS c.34G>T variant in this sample indicates that this patient may benefit
from G12C-targeted therapy.

Based on the absence of a clinically actionable EGFR variant this patient has a reduced likelihood
of response to EGFR tyrosine kinase inhibitors.

Based on the absence of the BRAF p.(Val600Glu) variant, BRAF-targeted therapy is NOT indicated
for this patient.

Test results:

KRAS ¢.34G>T detected in exon 2.

No currently actionable variants detected in EGFR.
BRAF p.(Val600Glu) variant NOT detected.

The KRAS ¢.34G>T variant detected in this patient's tumour sample is predicted to result in p.(Gly12Cys) at the
protein level (also known as G12C). The presence of this specific KRAS variant in this sample indicates that this
patient may benefit from G12C-targeted therapy (8)

No currently actionable variants were detected in the EGFR gene in this patient’s tumour sample. Current clinical
evidence suggests that this patient has a reduced likelihood of response to EGFR tyrosine kinase inhibitors (1)

BRAF p.(Val600Giu) (V600E) variant NOT detected in this patient's tumour sample
Any variants of unproven clinical significance detected have been listed in the technical information (10)

The EGFR hotspot regions (exons 18-21) were successfully sequenced to the required quality standards to detect a
variant allele down to 5% in a background of wild type DNA; variants in these regions account for 99% of the EGFR
variants listed in lung tumours in COSMIC (7a)

The gene regions associated with BRAF p.(Val600Glu) and KRAS p (Gly12Cys) were successfully sequenced to the
required quality standards to detect a variant allele down to 5% in a background of wild type DNA

Figure 6: An anonymized example gene panel analysis report from a Genomic Laboratory
Hub illustrating cross reference details of source tissue biopsy. Source: Authors clinical
practice files.

The finding that stage 4 patients are more likely to decline makes clinical and biological sense
but there may be additional scope to refine further.

What is also interesting about this group of stage four patients was that 75% of them had a
PS0-2 at that time and would have been considered for radical treatment by our oncologists.
On this basis we proposed a form of rapid gene testing be reflex requested and carried out on
tissue from this group to prevent missed treatment opportunities. Half of our patients present
with stage 4 disease, in keeping with national data. The proportion of stage 4 lung cancer
presentations has increased since the COVID-19 pandemic. Some estimate the proportion of

stage 4 presentations to have risen to around 75% of cases during the pandemic (134-136).
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An options appraisal to assess potential testing methods for EGFR single gene somatic testing
at the time of study highlighted the Idylla EGFR test as the best fit assay for in-house testing
given our available resources of time, laboratory space and biomedical staff expertise.
Therascreen and Cobas were excluded as potential testing option because DNA extraction in a
clean facility was required and to make financially viable batching would be required. The
Idylla system had the advantage of being able to do a test for one patient when they needed it
without any change in cost. Furthermore, the Idylla system did not require nucleotide
extraction nor molecular grade dedicated clean space. Attempting a real-world testing regime
by performing the Idylla test just after NGS slides were sent for testing on a prospective basis
meant we were able to describe a turnaround time in house for EGFR results of 3.8 calendar
days.

We then moved onto testing formalin fixed paraffin embedded tissue of malignant lung tissue
samples in the cohort in which requesting a DNA panel was indicated. In this way we hoped to
look at concordance of Idylla rapid PCR testing and whether the outcomes were concordant
with the DNA panel NGS. At that time this meant all non-squamous, non-small cell
neuroendocrine carcinomas were tested. The study took place at a time before RNA
sequencing had been introduced as a means of detecting gene fusion cancer drivers. The
samples used had been archived for storage following standard of care diagnostic and
theranostic use; we used tissue left over following DNA NGS. There were 102 samples tested
from 96 patients (some patients had more than one biopsy sample, for example when looking
for resistance mutations in patients relapsed on tyrosine kinase inhibitor therapy and some had
more than one site sampled for staging purposes). We found a concordance that was
acceptance for clinical use at 96.39% (confidence interval 92-100%).

There were 11 NGS tests that failed to produce findings (failure rate 10%) and the subsequent
Idylla test was able to produce a valid result in 9 of those cases that failed, including 2 positive
findings of L858R mutations. Idylla failed to produce a valid result in one case where NGS
had reported an exon19 deletion because there was insufficient remaining tissue for Idylla. A
minimum 10% tumour nuclear content is recommended by the manufacturer. The prior NGS
test had consumed 60pm of tissue, as is standard for our reference laboratory. The Idylla test
in contrast consumes one-Sum thick tissue section. We discuss in our paper the importance of
judicious use of valuable diagnostic tests and how pathologists, being guardians of the sample
and being able to assess cellularity, are the healthcare professional best placed to decide what
tests should follow and using the most appropriate method for the sample size. This is also
reinforced by pathologist attendance at MDT where relevant clinical information around
urgent of the patient circumstances are known.
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Judicial use of limited tissue specimens is of clinical concern in thoracic pathology

where patient specimens are often very small, particularly mediastinal lymph node aspirates
and bronchial biopsies.

We go on to discuss potential issues around integration and implementation of a parallel
testing protocol. Idylla EGFR test include 52 known actionable variants within the EGFR
gene exons 18-21 but it will not detect rare or novel point mutations or small insertions or
deletions. The Idylla mutation test covers around 90% of actionable mutations in EGFR as a
proportion of what occurs. Oncologists are wary of the possibility of a rapid negative PCR
report for EGFR mutation followed by a positive finding on a subsequent NGS report and how
to explain that sufficiently well to patients within time-constrained NHS outpatient clinics.
This is an understandable concern but one which could be overcome by pathologists reporting,
“Await NGS report”, instead of a negative PCR.

As a result of this EGFR study, we asked ourselves the question whether these findings in the
lung cancer domain had any relevance for other solid tumour types. Melanoma was identified
as a potential candidate disease where patients with a high burden of disease are known to
deteriorate rapidly. Our next paper examined concordance of the Idylla BRAF test with NGS

findings and looked at tissue consumption issues.

Since the EGFR work was published the repertoire of genomic biomarkers that are clinically
actionable has increased. We now perform RNA sequencing, in addition to DNA sequencing,
which consumes 90pum of an FFPE tissue block to give information about gene fusion drivers
of malignancy including ALK1, ROS1, NTRK 1,2 and 3, RET and MET 14 skipping lesions.
The (Genomic Laboratory Hubs) GLH also reports on EGFR structural rearrangements. This
has led to further work being undertaken in house to look at whether this is a good use of
valuable tissue. So far, we have determined that a third of RNA NGS tests fail because of poor
quality RNA. A failure rate of 2% was quoted by a multi- institution European study of the
new Idylla Gene Fusion cartridge. We are in the process of doing a concordance study using
archived samples from the audit cohort. Preliminary results show that this method could be
successfully used as a salvage technique in failed RNA sequencing cases. We were able to
demonstrate 18 of such failed tissue samples could yield a valid gene fusion result using the

Idylla technology (unpublished).
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Impact of the Study

This publication has received much attention and critique. The findings were invited for
presentation in the UK, Europe and the United States of America at companion diagnostics and
pathology conferences. Further, the contents formed the basis of an online Webinar with a
global audience of up to 200 people. Much of the discussion about the paper focusses on
patient benefits, particularly time to treatment and the subsequent impact on progression free
and overall survival in stage 4 lung cancer patients. It has been shown that survival benefits
from commencing tyrosine kinase inhibitors in a setting of EGFR mutated adenocarcinoma is
lost if started after conventional chemotherapy +/- checkpoint inhibitor therapy, which may be
used by some oncologists as a ‘holding” mechanism whilst waiting for NGS reporting in stage
4 patients at risk of deteriorating (52). Smith, ef al, report an apparent median apparent
survival (AS) of 672 days in a group of stage four lung cancer patients who switched therapy
following identification of an actionable driver mutation (Group B) and this is comparable

with the group who did not switch to TKI therapy (Group C; AS= 435 days) (52). See figure 7.

Figure 7: Source: Smith RE et al. (2022) J Clin Oncol. 40(16 _suppl):1530. Median apparent
survival among different patient groups demonstrating effect of genomic profiling directed
treatment decisions.
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Their control group (A) who received first line TKI therapy after genomic profiling had a 22%
higher probability of survival than group B and a 35% higher probability of survival than
group C. Smith et al were using a rapid NGS sequencing technique assessing a small panel of
gene that generates results in 1-3 days (52). Not all authors agree with the findings of Smith, et
al (52). Almeida, et al, conducted a similar retrospective study of outcomes when switching
from platinum doublet chemotherapy to TKI after somatic EGFR mutations were reported and
found no difference in survival (137). However, this study analysed clinical data from just 31
stage four lung cancer patients compared with 525 patients in the Smith study. Further the
Almeida group did not use a control group. There was potential for widespread impact on local
clinical practice for the benefit of lung cancer patients based on the findings of our study to
support need for change. This opportunity was not deemed a priority for local public-funded

health services however and did not materialize.
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iii)Improving care of melanoma patients through efficient, integrated cellular- molecular
pathology workflows using tissue samples with low tumour nuclear content.

The overarching objective of our research was to look at whether we could extend the findings
from our EGFR study and improve turnaround times for reporting somatic mutations in
advanced melanoma. We recognise that those patients with aggressive malignancies such as
malignant melanoma and those with a high tumour burden need rapid testing for somatic
BRAF mutations to ensure benefit from MEK inhibitors and /or immunotherapy (65, 138).
Malignant melanomas harbour BRAF mutations in around 50% of cases and the vast majority
result in an amino acid substitution at position 600, most commonly V600OE (139). Malignant
melanoma is one of the least common types of skin malignancy but one that is responsible for

the greatest number of deaths compared with other skin cancer types (140).

Three questions were raised for analysis in our paper regarding use of rapid PCR for testing
melanoma samples for BRAF mutations. Is the test fit for purpose in our hands and what is the
concordance with NGS DNA panel findings? Further, we were aware that the manufacturer
recommendations stated a tumour nuclear content (TNC) of 50% was required for valid testing
and to comply with instructions for use. We wanted to assess whether it was possible to
produce a valid BRAF mutation result using FFPE tissue samples of melanoma with less than
50% tumour nuclear content (TNC) using the Idylla system. Evaluating TNC relies on a semi-
quantitative assessment of the number of viable tumour nuclei as compared with background
‘wild-type’ non-malignant normal cell nuclei, be they stromal cells in connective tissue or
lymphocytes that make up a lymph node. There is the potential for overestimating the amount
of tumour present if one relies on tumour area particularly in a setting of lymph node

metastases (141). The concept of tumour nuclear content estimation is illustrated in figure 8.
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Figure 8: Estimating percentage tumour nuclear content.

Photomicrographs of metastatic malignant melanoma to a lymph node illustrate how wild-type
nuclei of lymphocytes can drown-out a mutation signal on whole section tissue DNA extraction
without microdissection. Source: Finall et al, 2022(8).

One hundred patient samples were prospectively identified for testing following completion of
NGS testing according to standard operating procedures and guidance in Wales at that time.
Those cases with less than 50% TNC were macro-dissected using a non-water-bath based
method on a molecular grade clean microtome guide plate and sterile scalpel blade. A
corresponding haematoxylin and eosin-stained tissue glass slide marked by a pathologist was
used a reference to guide dissection. TNC was below 50% for 64% of melanoma cases and
only three of these cases failed to produce a valid result. The TNC was estimated at 10%, 30%
and 40% and all had Cycling Quotient (CQ) values below 40. We found that of ten cases with
a TNC below 10 all but one produced a valid result using the Idylla system for BRAF testing.
We suggest that the TNC 50% threshold issued by the manufacturers is unreasonably high
based on our data. Adhering to the instructions for use would mean that more than half our
patient cohort would have been classified as ineligible for testing using Idylla from the outset.
Our findings are in keeping with other studies that have assessed minimum percentage TNC

for testing for BRAF mutations in somatic tissue testing using the Idylla platform (142-144).
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In addition, we found a BRAF mutation test concordance of 95% using Idylla when compared
with NGS. The primer sets within the BRAF testing system include actionable variants
V600E/E2/D or V60OK/R/M. These are all actionable variants in BRAF that can be treated
with MEK inhibitors. Two of the BRAF mutations detected by NGS were variants of uncertain
significance and missing these findings would have had no impact on patient management
(145). A variant in exon 15 of the BRAF gene was seen in one patient, outside the primer set
available in Idylla. This variant has been shown to respond to MEK inhibitors in isolated cases
reports published in the medical literature (146, 147). The other two variants have been shown
in case reports not to respond to MEK inhibitor therapy (148, 149). In conclusion, just one
patient in 100 may have missed out on a treatment option if Idylla had been used as the only

method of BRAF mutation detection in our melanoma cohort.

There are real-world logistical reasons for wanting to use a rapid detection method for BRAF
mutation in melanoma patients and also in lung and colorectal patients where BRAF
mutational analysis may be required. Some of these points we have touch upon already;
Improved turn-around time in patients with a high burden of disease at risk of rapid
deterioration and limited amounts of tissue prior to testing (149). Benefits of in-house testing
using an automated PCR system include the ability to accurately macro-dissect tissue
specimens for TNC% enrichment to ensure testing success. Many centralised GLH’s
performing somatic genomic testing for cancer patients do not have access to trained tissue
pathologists to support such pre-analytic quality metrics and some may not have access to the
original diagnostic cellular pathology report. National guidance recognized the importance of
integrating cellular and molecular findings in one report to avoid confusion and clinical

incident (108).

Since our paper was published, NICE guidance has been updated to recognize the role of
immunohistochemistry (IHC) in detecting V60OE mutations rapidly in a context of malignant
melanoma (49). Immunohistochemistry is widely available for use in cellular pathology
laboratories, including in resource restricted countries, and allows for direct reporting with
cellular morphology within 2 days with a high degree of sensitivity and specificity (49, 144,
150). Care must be taken in interpreting the assay in metastatic melanoma tumour deposits

and when the lesion is heavily pigmented (151). Use of well-defined scoring criteria can help
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reduce interobserver variation between pathologists interpreting the assay in difficult cases
(151). The BRAF V600E THC assay has also been shown to be reliable in cytology specimens
(152). However, it should be noted that the BRAF V600E assay will not detect less common
variants in BRAF that can be present in as many as 10% of melanoma patients (150). For this
reason, one might consider reserving use of the V60OE IHC assay for urgent cases only where

treatment decisions need to be made rapidly (150).
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iv)Inadequacy of PCR genotyping in advanced non-small cell lung cancer. A counter

perspective.

This correspondence piece was written in conjunction with colleagues in England both in
private and NHS facilities well versed in reporting EGFR mutations in non-squamous, non-
small cell lung cancer patients (NSCLC) (9). The paper is a response to a case report of one
patient where a rare mutation in the EGFR gene was detected using circulating tumour DNA

(ctDNA), also known as ‘liquid biopsy’(153).

Some background information regarding ctDNA mutation detection is required before moving
onto the specifics of the manuscript. This method of mutation detection in somatic malignancy
relies upon DNA or RNA extraction from a peripheral blood sample (154). There is significant
clinical promise for early detection of malignancy, identification of specific genomic
alterations to guide oncologic treatments and monitoring of disease course (154, 155). Liquid
biopsy has the advantage of being relatively non-invasive and has the potential provide
information regarding the whole tumour genomic landscape without being compromised by
tissue sampling heterogeneity (155-158). However, much of the research data relating to use of
liquid biopsy comes from studies that are regarded as of low or critically low quality (155).
The American Association of Cancer Care Centers acknowledges that there is some confusion
in the healthcare professional community about what liquid biopsy can and cannot achieve for
patients and that there is a clinical education gap that needs to be addressed to support
appropriate use of liquid biopsy in in a clinical setting (154) and others stress the urgent need
for standardization of preanalytical parameters for liquid biopsy and testing techniques with

detail research and clinical trials (155).

EGFR mutations are only found in <1/5 of NSCLC patients and adenocarcinomas at other sites
may harbour EGFR cancer driver mutations (159). NGS sequencing or PCR analysis of EGFR
mutation must only be undertaken in the clinical setting of tissue biopsy proven primary
NSCLC (156). In practice, ctDNA sequencing is of great value in detecting resistance
mutations in NSCLC patients receiving TKI therapy with a known diagnosis of pulmonary
NSCLC (160, 161). Furthermore, the identification of cancer drivers, particular of lung origin,
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using ctDNA has a low sensitivity in early-stage disease as there is little shedding of tumour
DNA and/or malignant cells into the systemic circulation (161). CtDNA analysis only has a
reliable useful detection rate in late-stage disease (stages 3 or 4) and sensitivity of reliable
reporting increases with degree tumour burden from disseminated malignancy (157, 158).
The publication by O’Sullivan, ef al, highlights a single case of a 63-year-old man with stage
four NSCLC whose initial work-up included EGFR polymerase chain reaction (PCR) using
the Idylla method in addition to immunohistochemistry for ALK-1, ROS-1 and PD-L1 (153).
The patient was referred into their institution for treatment and prepared for cytotoxic
chemotherapy (carboplatin-pemetrexed combination) with Pembrolizumab. It is not clear
whether the patient received doses of this regime before results from a subsequent ctDNA
NGS analysis (using Guardant 360), initiated by their department, highlighted a novel,
previously unreported, L757 A755delinsSS mutation in EGFR. The authors state that on the
basis of this single case all PCR testing in mung cancer be abandoned. One clear criticism of
the paper is that such a general conclusion extends beyond what is appropriate for an n=1,
retrospective observational report and may provoke alarm amongst patients whose treatment is
based upon EGFR mutations detected by such a modality.

The authors are clear that the novel mutation is not described in the COSMIC (Catalogue of
Somatic Mutations in Cancer) online database (162). Further, they also state that the mutation
has not previously been reported in the medical literature (153). It would be useful to know if
the patients’ had a meaningful clinical response to treatment to anti-EGFR TKI therapy with

this particular driver mutation. This data is not presented (153).
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V)RNA next generation sequencing in the somatic molecular testing of non- small cell
lung cancer (NSCLC): Is it time to re-consider testing options for improved patient care?

This paper was inspired by a small audit of lung cancer cases. I reported that 35% of samples

sent to a centralized genomics laboratory failed to produce a valid RNA sequencing report.

Background

All patients with NSCLC cases are discussed at multidisciplinary team meetings (MDT) in
secondary care practice within the UK. These meetings comprise consultants with direct
clinical care responsibilities for patients with the radiologists, oncologists and pathologists to
sense-check diagnostic information and correlate with the clinical context of each case (72,
109). This process ensures each patient diagnosis is correct and informs the best management
plan for each patient. Predictive molecular biomarkers are also needed to determine best
treatment options (19, 163).

Knowledge of programmed death ligand-1 (PD-L1) expression in malignancy, as assessed by
immunohistochemistry, in addition to somatic molecular biomarkers Kirsten rat sarcoma viral
proto-oncogene (KRAS), V-raf murine sarcoma viral oncogene homologue B (BRAF),
epidermal growth factor receptor (EGFR) analysis by DNA NGS and gene fusion events can
predict response to novel targeted oncological treatments.

Immunohistochemistry for anaplastic lymphoma receptor tyrosine kinase (ALK-1) and ROS
proto-oncogene tyrosine-protein kinase (ROS-1), and neurotrophic receptor tyrosine kinase 1,
2 and 3 (NTRK1/2/3) (by pan-TRK) are often undertaken by cellular pathologists as a protein
expression proxy markers for underlying genomic fusion events because the stains are widely
available, inexpensive and reported rapidly(164-167). These biomarkers may also be reported
by analysing RNA sequence for major structural rearrangements in addition to RET proto-
oncogene, receptor tyrosine kinase (RET) and skipping lesions in exon 14 of the MET proto-
oncogene receptor tyrosine kinase (MET) (24, 168). Fluorescence in situ hybridisation can
also be used to detect fusion events effecting these genes but is labour intensive and time
consuming (103, 169, 170).

RNA sequencing for gene fusions is preferred over DNA sequencing because the sensitivity is
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increased as large intronic regions of DNA which interfere with bioinformatic alignment and
effective analysis are removed in the biological process of splicing to form mature messenger

RNA transcripts (171-173).

Aims and Objectives

The aim of this study was to ascertain whether this finding was typical of centres elsewhere in
the UK using a hub-spoke model of testing and to explore potential reasons for RNA
sequencing failure that could be improved. The focus for improvements would be limited to
pre-analytic considerations as the RNA sequencing assay was performed in a genomic hub
external to the source material. The analytical and post-analytical components of RNA

sequencing are, therefore, are beyond the control of cellular pathology laboratory staff.

Findings

Failure rates for RNA sequencing reported in the medical literature vary. There are papers
which quote similar failures rates to that experienced in our centre in the region of a third of
cases failing (174, 175). Others report better rates of successful reporting RNA sequencing.
Some of the more favourable data appears to be skewed, however, by removing cases where
yields of RNA measured by fluorometric methods are insufficient to yield reliable results or by
repeated testing (176, 177). Those reports of better rates of success appear to be concentrated
about cytological studies where the nucleotide extraction is from samples that have had

minimal fixation in 10% neutral buffered formalin (176, 178, 179).

Pre-analytical considerations that affect RNA sequencing outcomes include specimen type,
time to fixation and the type of fixation method used (if any), storage duration and tumour
nuclear content within a tissue/cytology sample (179). Ramani, et a/, report an overall success
rate of 90% for their somatic RNA sequencing using Oncomine ThermoFisher assay which is
designed to detect 51 possible gene fusions using solid tumour samples from multiple body
site with many different diagnoses. They only tested samples where there was a minimum of
20% viable tumour nuclear cellularity or 300 cells (179). These findings contrast with our
experience where we use a minimum of 100 viable cells as the lower threshold for test
initiation and only record the tumour nuclear content percentage (10). RNA sequencing at our
reference laboratory is not repeated but a ‘salvage’ pathway initiated which involves using the

remaining tissue slides for FISH for ALK-1, ROS-1 and NTRK 1. NTRK, 2 and 3 FISH will
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only be performed if there is enough tissue remaining to do so.

Furthermore, all RNA sequencing tests were repeated in the Ramani study, if an initial failure
was experienced. Their results showed an equally yield of results for tissue core biopsies and
cytology specimens (179). There was an increased fail rate for RNA extraction using resection

specimens and archived paraffin embedded tissue more than 2 years old (179).

Fixation in 10% neutral-buffered formalin can cause direct damage to RNA nucleotides but is
required to prevent tissue degradation as part of standard processing procedures in cellular
pathology laboratories (180-183). Some author find that formalin fixation at low temperatures
can reduce RNA damage (184). However, snap frozen and fresh tissue specimens are well
known to yield better quality (longer nucleotide length) and quantity of RNA compared with
fixed counterparts (185, 186).

Cytology specimens prepared into cell blocks with minimal formalin fixation or use of
methanol as an alternative have also been shown to give a higher rate of RNA sequencing
success (178, 187). It would not be possible to more to comprehensive fresh frozen tissue
analysis in histopathology without a major overhaul of interdepartmental logistics (181). We
would need an increased number of cryostats for frozen tissue examination prior to sectioning
for NGS and these are much larger and more expensive than standard microtomes. There
would also need to be an investment in freezer storage space, automated tissue chillers, bench
space and staff training (181). Alternatives to formalin fixation are available, including use of
PAXgene solution but this is prohibitive based on costs (188). It is also possible to vacuum
pack reception specimens to run formalin free surgical theatres but this move is mainly based
on health a safety issues surrounding use of large volumes of formalin solution (189, 190).
Vacuum packing tissue specimens may be associated with improve RNA yields for sequencing
(189). One might argue that fresh tissue cores should be snap frozen and sent directly to the
sequencing laboratory but this approach, whilst potentially improving nucleotide extraction
would leave doubt as to the tissue diagnosis and tumour nuclear content, if tumour is present.
Clearly one would be able to produce a sequencing report in such cases but one would not
know whether it was a false negative without prior pathologist examination. Tumour nuclear
content (TNC) estimation is an important consideration prior to sequencing(141). Ramani et
al, only proceeded to test on cases with a minimum of 20% TNC. For TNC estimation to be
accurate, competency training is recommended by CAP to reduce interobserver variation and

to ensure an appreciation of the influence of background wild-type normal tissue cell nuclei,
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particularly in the presence of dense chronic inflammation (191). Assessing tumour area will
underestimate the diluting influence of numerous lymphocytes as these cells are composed
predominantly of nuclei compared with malignant epithelial cells whish often have more

cytoplasm (191). See figure 9.

Figure 9: Tissue sections showing specimens of apparent large volume to the operator but
with little malignant target tissue on examination of the specimens at a microscopic level.
Black squares contain malignant cells. Arrow highlights an area of chronic inflammation in a

lung core biopsy. Source: Finall, 2022 (10).

The amount of tissue available in the biopsy or resection specimen will directly affect the
amount of RNA available for extraction and the likelihood of a successful result(191). RNA
(and DNA) sequencing at our external laboratory is a consumptive process requiring in the
region of 120pm of tissue sections be sent for a single NSCLC case requiring both panels.

This does not compare favourably with the Idylla system or immunohistochemistry (7).
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There are RNA degradation enzymes present in the local environment including the air and all
laboratory utensils and surfaces (182). The enzymes destroy RNA within FFPE tissue sections.
In most NHS cellular pathology laboratories, FFPE tissue specimens are cut on a microtome in
an open room with no special sterile air flows. Thin tissue sections are floated on a water bath
prior to mounting on glass slides with the inherent risk of contamination despite efforts to change
the water regularly (192). It is not possible to use molecular grade, sterile water in the water
baths in a context of a public-funded healthcare system as the high cost is prohibitive. Slides are
packed into a non-sterile tissue slide mailers in standard packaging for postage to the external
laboratory. These are less than optimal conditions for handling and preserving delicate RNA
molecules for sequencing (179). These laboratory procedures may account for why so many

tissue samples fail RNS NGS in a hub and spoke model of service provision.

Impact of RNA sequencing failure on NSCLC patients.

Consequences of failed RNA sequencing in lung cancer directly impacts patient care. Missed
treatment opportunities and the need for repeat invasive tissue biopsy are obvious examples.
Some Genetic Laboratory Hubs (GLH) request upfront slides to be sent if FISH is required to

‘salvage’ gene fusion analysis.

A multi-centre study of the Idylla gene fusion assay performed across Europe showed the assay
to have a failure rate in only 2% of cases of NSCLC(193). Given that GLH RNA sequencing
reports a single additional finding compared with the Idylla gene fusion cartridge (structural
rearrangements in EGFR), there is a clinical argument in favour of complete replacement of
RNA next-generation sequencing assays in favour of the Idylla GeneFusion PCR method (193).

This would allow same day results with the tissue diagnosis and consumes less tissue (194-196).

Following on from this paper we have subsequently performed an (unpublished) additional audit
of a larger number of patients (n=77) and with similar results (failure rate 32%). We took the 20
cases that failed RNA sequencing and found that we could successfully salvage 91% of them
(n-=18). This was despite the tissue blocks already having been used for both DNA sequencing

with the inherent consumption of tissue.
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Publication Critique

There is limited new data in this manuscript (the identification of a failure rate of 35% for RNA
sequencing). However, an extensive review of current evidence served to educate the author as
to issues surrounding use of RNA assays in clinical practice and look for ways to improve the
service for patients. Knowledge of this real-world failure rate based on a hub- and-spoke model

of service provision is extremely important for service monitoring and planning.

Impact of this publication

This paper was published very shortly after implementation of clinical RNA sequencing to
assess for gene fusion events in lung cancer in the UK. Its publication highlighted potential
shortcomings of the technique ahead of launch for some laboratory hubs in England and
therefore presented an opportunity to put appropriate salvage methods in place from the start.
The use of gene fusion assays for NSCLC patients also applies to squamous carcinomas with
respect to NTRK, and potentially all other solid tumours that fail standard approved treatments,
so the impact is wide.

Writing this article was used to support maintenance of an IHC based service for ALK-1 and
ROS-1 and to support introduction of panTRK THC to add to the in-house lung cancer predictive
biomarker IHC panel.
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vi)Analysis of somatic epidermal growth factor receptor (EGFR) mutation by rapid
polymerase chain reaction (PCR) using intra-operative frozen section tissue in early stage,
non-small cell lung cancer patients.

This study started just prior to the COVID-19 pandemic in 2020 in the knowledge that
Osimertinib would be licensed for adjunct use in the post-surgical setting for NSCLC later that
year (83). The aim was to ensure that the EGFR Mutation Test, a rapid automated PCR test for
use on the Idylla platform would give the same standard of results as compared with use of FFPE
tissue samples (197). The test is licensed for use based on FFPE tissue input, but other groups
have verified the assay using other input material such as extracted DNA and cytology
specimens (198-200).

There is a single paper referring to the use of frozen tissue input for rapid PCR but as part of a
diagnostic work up before surgery and prior to systemic treatment decisions(201) (170). This is
the first publication using intra-operative frozen section samples to inform adjunct treatment

with Osimertinib in the post-operative setting (197).

We designed a prospective comparison study using 12 consecutive patients undergoing intra-
operative frozen section diagnosis in our centre. If the pathologist determined a diagnosis of
adenocarcinoma or non-small cell carcinoma at microscopy, with sufficient amounts of
malignant tissue (TNC >20%) and consequent lobectomy and lymph node dissection, the patient
sample was included for study. A sequential frozen section was taken from the cryostat
immediately following completed diagnostic frozen section requirements and an EGFR test
initiated on the Idylla platform.

Data regarding cycling quotient (CQ) was recorded with TNC%. Tissue immediately adjacent
the area examined for frozen section was embedded for processing onto an FFPE tissue block.
This allowed for the closest similar tissue section to be used as FPPE tissue input into the EGFR
Mutation test for most accurate tumour comparison.

We found a statistically significant difference in the CQ value for reports using the EGFR
Mutation test between frozen and formalin fixed tissue samples (197). The lower the CQ value
to better the quality of DNA, fewer cycles of PCR are necessary to produce sufficient quantity

of DNA for analysis. According to the manufacturer instructions for use, a CQ value
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of 20 is equivalent to 200ng of DNA (202). The frozen section group had a mean CQ value of
15.6 and the FFPE group a mean CQ value of 23.2 (p value <0.0001).

Impact of the study

Analysis of frozen tissue input to the Idylla EGFR Mutation Test cassettes was verified as being
suitable for clinical needs of our patients. The study also highlighted, though not discussed, the
complexity and inconsistency around EGFR requesting. The complexity of molecular testing
and the need for pathologists to stay up-to-date with the needs of patients with different
histological types of lung malignancy and in different clinical settings, combined with a need to
reflex request molecular studies whilst reporting, lead to the decision to restrict reporting of
thoracic subspeciality specimens to dedicated thoracic pathologists in our unit. Even with this
measure there is variation in requesting amongst our patient cohort. Variation in how molecular
testing for lung cancer is requested and whether patients have access to relevant genomic testing

in a setting of lung cancer exists across the UK and the world (129, 130, 203, 204).

Publication Critique

This was a small study but was limited following unforeseen circumstances around the
pandemic. All thoracic surgery in our institution was halted in the early stages of the pandemic.
Also, no frozen sections were allowed at all following safety concerns regarding the generation
of tissue aerosols as an inherent part if the process of cryotomy (192). After introduction of
respirator body suits for the histotechnologists to wear during cryotomy, frozen section
examination was re-introduced but thoracic surgical procedures remained low in number as one
of the centres two thoracic surgeons was isolating for the duration of lockdowns for personal
protection. During this time, our allocation of EGFR mutation cassettes to support a larger study
became out of date and reliable testing could not be guaranteed leading to termination of the
study.

Not all the patients in our study cohort had DNA NGS prior to surgery. This was standard
practice at that time. Before Osimertinib was licenced for adjunct use, only stage 3 and 4 NSCLC

patients were liable to need biomarker data from their diagnostic biopsy sample to inform
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treatment. The rationale behind not testing all patients was to prevent waste and excess costly
testing for patients that did not need it. Clearly, intimate knowledge of the eligibility criteria for
EGFR testing at that time was not fully appreciated by all pathologists and some patients did
have DNA NGS performed. This information, although not planned to be collected was added
to the data collection to see if any inconsistencies were identified.

This comparison, whilst favourable for rapid PCR, is not of sufficient number to be robust. A
sample size calculation was not performed. The resulting study was limited by availability of

EGFR Mutation test cassettes.
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Chapter 3
Integrated Narrative and Discussion

How do the published works contribute to medical knowledge?

Our paper promoting the integration of PCR alongside NGS in NSCLC gives evidence of clinical
need for rapid near-patient testing (7). This is important to prevent patients with a high burden
of disease at risk of rapid clinical deterioration from missing out on testing and potential
treatment. We found that 18 percent of our NSCLC patients with stage 4 (disseminated
metastatic) disease underwent rapid clinical deterioration and potentially missed out intervention
with a TKI drug. We further described how this cohort were usually fit for active oncology
treatment; 75% of the stage 4 patients had a performance status of 0, 1, or 2 at diagnosis (7).

Similar findings have been reported by other European centres (205).

To date, patients with a poor performance status (PS3 or 4) would often receive best supportive
care and symptom control rather than chemotherapy or surgical intervention (133, 206). Data is
emerging, however, that supports active treatment in this population. A recent observational
study of patients with a poor performance status (PS3 or 4) and EGFR mutated lung non-
squamous, non-small cell carcinoma found an objective response of 56% to first line Osimertinib
in this group with a good safety profile (207). Interestingly, Igawa and colleagues also found that
performance status improved in a small proportion of patients and that progression free survival
was, on average 10.5 months (207). This data is further supported by a recent phase 2 clinical
trial showing a response rate to Osimertinib of 63% in patients with lung cancer patients with a
poor performance status, over half of whom had brain metastases (208). Furthermore, the clinical
trial data showed an improvement in performance status in 63% of this cohort, progression free
survival was reported as 8 months and overall survival 25.4 months (208). As such, there appears
to be early evidence that molecular testing in the rapid deterioration group in our paper could
have an improved performance status, progression-free and overall survival if they had received

appropriate targeted therapy.

It is well established that subtype/ predominant growth pattern of lung adenocarcinoma correlates
with clinical prognosis (72, 209-213). Solid, cribriform, papillary and micropapillary growth
pattern pre-dominant adenocarcinomas of the lung are associated with an increased risk of

recurrence and worse prognosis (210-213).
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There are recent studies that examine the correlation between molecular drivers of malignancy
and their histological phenotypes. Pyo and colleagues compared a large cohort of
adenocarcinoma of lung and stratified by histological subtypes (214). They found that ALK-1
fusion drivers were over-represented in adenocarcinomas with a cribriform growth pattern (214)
and this has been substantiated by others (215). Abolfathi, et al discovered that there is a
statistically significant difference in the incidence of EGFR exon19 deletions in between acinar
predominant pattern lung adenocarcinoma (present in 6% of cases) and those with a
predominantly non-acinar histopathological pattern (2.9%) in a large study comprising 1263
cases (216). A smaller but detailed gene expression study of 31 patients with adenocarcinoma
lung conducted by a German group found that tumours from the same patient had both
heterogenous morphological patterns and molecular signatures (217). Gene expression analysis
showed gene expression signatures inhibiting apoptosis and promoting metastatic behaviour and
cell proliferation where present in all the growth patterns of adenocarcinoma except the lepidic
growth pattern (217). This makes biological sense when one considers that the lepidic pattern
represent an in-situ form of alveolar neoplasia which presents as slow growing ‘ground glass’
areas radiologically which are frequently monitored radiologically for some time before surgical
intervention (218, 219). Whilst the medical literature indicates that associations between
molecular signature and histological growth patterns affect clinical outcomes, it remains to be
seen what factors are responsible for the rapid clinical deterioration of the patients in our stage 4
group (7). Our comparative analysis of patients who deteriorated rapidly compared with those
who did not, showed only a statistical difference in stage at presentation to account for such a
difference in clinical outcome. Stratification of the non-mucinous adenocarcinomas into well,
moderately and poorly differentiated types showed no differences, and this may be a consequence
of small sample size (n=96) (7). To be directly comparable however, the sample samples would
need to be reviewed and reclassified based on growth patterns rather than degree of
differentiation. See figure 10. Further work with more detailed DNA sequencing and analysis of
gene expression data would be required for comparison with some of the findings in the medical

literature and this represents a short coming of our work.

Our data suggests a good level of concordance between the Idylla™ EGFR test when compared
with NGS findings (7). This is in keeping with previous verification reports as would be expected
for a CE-IVD approved assay by the Medicines and Healthcare Products Regulatory Agency
(MHRA) in the UK (142, 159, 220).
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Patients

Clinically stable who rapidly
Clinicopathological Total patients deteriorated
features (n=96) (n=79) (n=17)
Age (years), mean, (range) 72 (41-92) 75 (41-92) 63 (57-83)
Sex
p=0.187
Female 49 43 6
Male 47 36 1
ECOG PS at histological diagnosis
p=0.215
PSO 17 13 4
PS1 4 37 4
PS2 28 24 4
PS3 8 5 3
PS4 0 0 0
Not recorded 1 0 1
Stage at histological diagnosis
p=0.049
I 1 10 1
Il 5 5 0
1] 17 16 1
v 47 33 14
Metastatic recurrence 16 15 1
Specimen Type, n (%)
p=0.534
Lung resection 7 7 0
Lung core biopsy 36 30 6
Bronchial biopsy 4 1
Pleural biopsy 1 1
Lymph node core biopsy 14 9 5
Skin or soft tissue biopsy 6 6 0
Bone 3 3 0
Pleural fluid 4 3 1
EBUS 16 13 3
FNAC lymph node 1 1 0
Other (pericardial fluid, 2 2 0
liver and breast)
Smoking status, n (%)
p=0.115
Never smoked 7 4 3
Ex-smoker 46 4 6
Ex-smoker, now vaping 3 2 1
Current smoker 32 29 3
No recorded 8 4 4
Histological diagnosis, n (%)
p=0.169
Adenocarcinoma, poorly 48 40 8
differentiated
Adenocarcinoma, 24 18 6
moderately differentiated
Adenocarcinoma, well 8 8 0
differentiated
Adenocarcinoma 5 2 3
mucinous or enteric-type
differentiation
Adenosquamaous 2 2 0
Large cell neurcendocrine 1 1 0
carcinoma
NSCLC, NOS (non-SCC/ 2 2 0

p40 negative)

Figure 10: Illustrating comparison
of patients who deteriorated
rapidly compared with those who
had stable disease in a setting of
non-squamous, NSCLC.

Red indicates data showing a
statistically significant difference
(p<0.05). Green highlights the
performance status (PS) of these
patients as an indication of
eligibility for treatment
intervention by accepting criteria
at the time of publication.

EBUS, endobronchial ultrasound
guided cytology; ECOG, Eastern
Cooperative Oncology Group;
FNAC, fine needle aspiration
cytology; NOS, not otherwise
specified; NSCLC, non-small cell
lung cancer; SCC, squamous cell
carcinoma.
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We found that there is variance in reporting of turnaround times for NGS depending upon how
one defines the starting and finish end points. We argue that turnaround times for NGS should
include slide preparation and transportation time to more accurately reflect patient experience of
the pathway and on-going proliferative biology of malignant neoplasia. Time taken for
transporting specimens to genomic laboratory hubs was recently highlighted in a UK -wide
standard as an opportunity for improvement in turnaround time for reporting cancer gene panels
(129). Time from sending the material from our centre was 17 calendar days. When one also
includes the cellular pathology laboratory time to prepare tissue sections, this turnaround time
for NGS increases to 23 calendar days, and this finding is in keeping with other centres’

experiences (129, 221-224).

Polymerase chain reaction-based single gene testing has limitations in terms of breadth of genes
assessed in one test and also the ability to analyse only known gene mutations/ fusions identified
as being clinically significant in prior research (9, 153). The Idylla ™ EGFR test contains primer
sets designed to capture the majority of known actionable genomic alterations and all those that
feature in global, phase 3 clinical trials assessing targeted treatments in NSCLC (202). Around
90% of pathogenic variants in EGFR in NSCLC are either exon19 deletions or L§58R mutations
in exon 21 (225, 226). A near infinite number of possible EGFR variants could be identified by
NGS, in contrast to PCR, some of which will be entirely novel and others which will have limited
evidence of response to TKIs (227-229). There is evidence an exon 19 specific EGFR mutation
is associated with enhanced progression-free (PFS) and overall survival (OS) compared with the
other most common classic EGFR mutation, L858R (229). Furthermore, it has also been shown
that tumours habouring a high (>70%) mutant allele frequency have both longer PFS and OS
independent of mutation type and other factors such as stage, age, gender and smoking status in
multivariate Cox analysis (229). This makes biological sense when one considers that lung
adenocarcinomas are heterogeneous, both morphologically (230) and on a molecular basis. (225,
231, 232). It is possible that only a portion of a patients’ tumour is driven by a particular mutation,
and this will be reflected in the variant allele frequency in a well sampled lesion. Small biopsies,
therefore, may not be representative of the molecular composition of the entire lesion (156).
Varant allele frequency (VAF) is a datapoint provided by NGS and can be inferred by analysis
of the amplification curves in real-time, quantitative PCR present in Idylla cartridges also; a low
CQ value indicates a higher VAF (233-235). There is no apparent benefit of one method over
another to determine variant allele frequency and give information to oncologists regarding

prognosis.
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Identifying novel and rare EGFR variants is a worthwhile pursuit to allow patients to access to
TKI treatments and clinical trials where available. Parallel testing of rapid Idylla™ and NGS at
the same time, where the amount of neoplastic tissue allows, would appear to harness the benefits
of rapidity and breadth in those patients where there is clinical urgency and this clinical approach
is advocated in may major centres (233, 236-238). The wider menu of PCR-based Idylla™ tests
allows for detection of all the current actionable genomic alterations in lung cancer including
KRAS and BRAF in addition to all the gene fusions (143, 159, 239, 240). These additional tests
are also CE-IVD marked for clinical use and have the advantage of much less tissue requirements

for successful detection. The gene fusion cartridge would be a very useful addition to

the histopathology repertoire of tests as it has utility in thyroid papillary and follicular carcinoma
(RET), papillary carcinoma of the kidney (MET) and all solid malignant tumours that have
progressed and failed standard evidence-based oncology treatments (NTRK 1,2,3) (239, 241-
243). Additional merit is also to be highlighted from the difficulties in RNA NGS and emerging
data of a high failure rate with RNA sequencing as detailed in the article published in the Journal
of Molecular Pathology (10). The importance of this publication is to highlight the impact of
RNA sequencing failure on the downstream wait for data regarding oncogenic fusions in 4ALK-
1, ROS-1, NTRK from FISH. This adds an additional 2-3 weeks to the biomarker pathway for
gene fusion identification. The suggested solution to this problem is to use the Idylla™

GeneFusion test cartridge with its comparatively much lower failure rate of 2% (244).

Additional work looking at the utility of the Idylla EGFR assay using fresh frozen tissue for
intra-operative diagnosis showed good CQ values, inferring larger quantities of DNA are
available for analysis in the Idylla™ EGFR test (197). This method was shown in a small
cohort to be fully concordant with the fraction of samples that were used in NGS. The
importance of this work is to demonstrate the safe potential to save NHS resources by
performing a single gene test (EGFR) rather than multi-gene panel NGS at a higher cost (245).
There is usually no need for a rapid turnaround time in surgical candidates with NSCLC as they
have had their tumour removed at lobectomy and are early-stage cases with no disseminated
disease (197). EGFR mutation status is required in a surgical setting to highlight patients for
eligible for adjunct Osimertinib treatment (246-248).

All the information from our publications can be summarised in a decision tree aimed at

educating medical and nursing colleagues about the role of the pathologist in patient care and
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diagnosis in addition to supporting histopathology colleagues working in this complex, and

rapidly changing field. See figure 11 below.

The immediate impact of the published works on patient care to date has been small but
significant to individual patients. Occasionally an oncologist will contact out department
directly to request single gene testing for urgent cases of melanoma and NSCLC. Some tests
have yielded actionable mutations in EGFR in lung cancer and directly informed first line
treatment. It has been shown by a group in the US that survival benefits from TKI therapy in
patients with NSCLC may be lost if the patient is not treatment naive (52). Put another way, if
this patient had started chemotherapy because the oncologist was worried about rapid clinical
deterioration, she would not have benefited from switching to a TKI later on when the NGS
report was available (52). An additional benefit for patients prescribed TKI therapy is the
ability to take an oral agent at home rather than attending the day-unit on the hospital site for
IV administration of platinum- based chemotherapy, and reduced levels of anxiety whilst

waiting for somatic NGS data to be reported.
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Outline the themes giving the works their defining coherence

Technology

The key themes linking all the published works is the use of automated PCR technology
adjuncts to NGS for rapid somatic tumour analysis, where clinically appropriate. This thesis
brings together a series of work to show that adjunct use of Idylla assays could assist in
highlighting additional patients for treatment with TKIs who might otherwise deteriorate
within the time frame for NGS reporting. For malignant melanoma, this work has since been
made largely redundant by the declaration from the National Institute for Health and Care
Excellence (NICE) regarding Dabrafenib treatment, that IHC for BRAF V600E should be used
as a first line approach to BRAF testing in advanced melanoma (stages I1C to IV)((49). NICE
indicate that BRAFV600E IHC rarely produces false positive results but acknowledge that a
back-up method may be required to confirm negative cases to cover the possibility of lesions
having V600 mutations with a different amino acid substitution. The NICE committee also
acknowledge the potential for this guidance to reduce variation in practice across the UK due
to the universal access to in-house immunohistochemistry by reporting cellular pathologists

(49).
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Figure 11: Clinicopathological decision tree for patients with a suspected lung cancer

diagnosis.

56



Our research group have highlighted subgroups of patients who can benefit from this rapid
automated PCR technology in a lung cancer setting and shown the utility of the technique in
malignant melanoma where there is less than 50% tumour nuclear content. Further, given that
Osimertinib has been licensed for use in as an adjunct in the post-surgical treatment of
incompletely resected adenocarcinoma of the lung we investigated the use of frozen samples at
the time of surgery. In addition, the ethical considerations around choosing the right test at the
right time are considered in the Clinical Ethics paper published with the help of Prof. Jones. This
concept is further explored in a case report response that dismisses the potential input of PCR-

based genomic methods in patient care (9).

Patient-centred care

All the works are written with a focus on patient care and highlight areas for potential clinical
improvement that could be influenced by histopathologists if we were appropriately empowered
in tissue stewardship. The papers discuss the decision making around best use of limited tissue
samples, which patients might benefit from rapid testing and provide evidence in support of the

proposed algorithm in figure 11.
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Role in co-authored works

My role in the co-authored works was to initiate clinicopathological verification of the Idylla™

technology and liaise with Biocartis to gain loan access to Idylla instruments and consoles plus
sufficient testing cartridges to perform the studies. I conceived design of the studies and wrote
study protocols for review by the Joint Study Review Committee at Swansea Bay University
Health Board, prior to start of the work. The studies were all classified as service development
projects due to lack of randomisation and clinical treatment intervention. The committee also
assessed that the findings would not be generalisable to other laboratories. I helped to collect the
data, analysed the data and wrote the published works in collaboration with colleagues in all but
one of the papers; the manuscript entitled, “Inadequacy of PCR genotyping in advanced non-
small cell lung cancer: EGFR L747 A755delinsSS exon 19 deletion is not detected by the real-
time PCR Idylla™ EGFR mutation test but is detected by ctDNA next generation sequencing
and responds to Osimertinib. Sub-title: The apparent “Inadequacy of PCR genotyping in
advanced non-small cell lung cancer”: A counter perspective” (Appendix E). I also responded in
writing to correspondence and feedback forwarded to me by the Journal of Clinical Pathology

regarding use of the Idylla EGFR test in lung cancer.
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How were the published works tailored for publication?

The first publication regarding the medical ethical issues surrounding investment in precision
medicine was written as a review of the literature with particular focus on somatic tumour
testing. We addressed issues around autonomy, beneficence and non-maleficence relating to
genomic testing. Professor Jones at Swansea University added to and modified the manuscript
according to her detailed knowledge of medical ethics. The ethics paper and case experience
motivated my involvement in the following papers assessing adjunct testing with rapid fully
automated systems. The use of Idylla is proposed as a “belt and brace” adjunct to NGS to

prevent patients slipping through the precision medicine net.

The manuscript regarding EGFR testing in lung cancer was initially conceived when EGFR
was the only actionable somatic DNA-based biomarker target relevant to palliative treatment in
NSCLC. GLH RNA sequencing became available afterwards. The concept was to perform
single gene test using Idylla™ alongside NGS in all patients until our allocated 100 cartridges
were exhausted. The EGFR testing cartridges were supplied by Biocartis for free on a
researcher-initiated study basis, meaning Biocartis staff were not involved in the analysis or
write-up of the work. Biocartis merely ask that their material contribution be acknowledged in
publication. Designation as a service development project means exemption from NHS
research ethical approvals. We were not directed to seek permission from the GLH to use NGS-
based information from the patient record as a comparator with Idylla™ for lab verification
purposes. Verification of new assays in our laboratory testing repertoire is a standard
requirement for UKAS accreditation (ISO standard 15189) even with respect to in-vitro
diagnostic tests CE-marked by the UK Medicines and Healthcare Products Regulatory Agency
(MHRA).

We used patient samples on an all-comers basis and this included patients from three different
hospitals in our locality. Idylla™ testing was automatically initiated following pathologist

reflex requesting of NGS.
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Strengths and Limitations of the Published Works

The piece regarding medical ethics of genomic testing in solid tumours written with Prof Jones
(6) and the manuscript about RNA-based sequencing (10) are based in large part on a review
of the literature, save for accounts of personal experience and audit data on RNA sequencing
failure rates. The strength of the RNA sequencing manuscript relates to its importance in
highlighting shortcomings of an expensive and time-consuming assay at a time of particular
resource stress in the NHS (249). There is evidence that the number of diagnostic tests
required in the NHS has increased from 800K per annum to over 1.8 million within the last 10
years, but NHS funding and staffing have not kept pace with such increases in demand (113,
250). Any proposal to reduce financial and staffing impact on the NHS whilst maintaining or

improving care excellence should be welcomed.

The response letter to the case report published by the London group has strength in the wide
range of voices from across the UK united in opinion but again is limited to reviewing

evidence already published.

The information from the melanoma study was based on a large cohort of patient samples and
dual testing on the Idylla™ platform. The data is of great benefit to clinicians using the system
with samples below 50% tumour nuclear content in reassurance of test validity and safety. Its
limitations are in breadth of discovery and are largely clinically redundant now that
BRAFV600E immunohistochemistry is recommended by NICE for testing in late- stage

melanomas in view of its rapid, and cost-effective nature (49).

The strength of the study regarding use of the Idylla™ EGFR test as an adjunct to NGS in
NSCLC is that is provides data to justify the approach centred around patient clinical
deterioration. There is limited data that specifically uncovers the detrimental impact of
extended turnaround times in care for such patients as described in our paper. It is limited in its
robustness by the relatively small cohort of patients involved. The paper could also be
enhanced by inclusion of comparative data looking at progression free- and overall survival of
patients following introduction of Idylla™ into the molecular pathology workflow. Such data

collection to evaluate performance improvement is not possible without permission from
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senior management for clinical roll out of Idylla™ in our laboratory and this is not, as yet,

forthcoming.

The frozen section study (197) could have enormous benefits in cost reduction in molecular
pathological investigation given that only EGFR analysis is of clinical relevance in an adjunct
post-surgical setting in early-stage lung cancer patients. This study is limited by a small sample
size due to constraints of the pandemic yet still yielded clear statistical difference in its
findings. In this clinical context, only a single gene mutation test, EGFR, is relevant for
treatment decisions and would be a cheaper test option compared with panel DNA NGS per

patient (239).
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Applying bioethical principles for directing investment in precision medicine.
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Precision medicine describes the use of biomarker data from companion diagnostics
to highlight a subsection of a specific cohort of patients who might respond to a particular
treatment. | 7Companion diagnostics can take a number of forms and include testing modalities
such as immunohistochemistry and genetic sequencing. Stratified medicine is often used in an
oncological setting for patients with late stage malignancies that have a guarded prognosis.
Oncological treatments linked to companion diagnostics in this way are novel and expensive.
This is an active area of medical research and there are likely to be new drugs provided by the
NHS that use companion diagnostics with resulting potential for increased financial burden to
the NHS, not only through the cost of drugs, which can run into many thousands of pounds per
patient per month, but also through the additional cost of testing large numbers of patients to
highlight the subset who may benefit. It is therefore important to consider the ethical principles
that underpin investment in precision medicine.

This essay will focus on ethical issues relating to companion diagnostics in cancer
patients and consider arguments for and against how to direct investment using opposing
consequentialist theories of ethical egoism and utilitarianism.

The first issue in relation to use of companion diagnostics in personalised medicine is
who decides whether to test or not. Within the NHS most of these decisions are taken at the
multidisciplinary team (MDT) meeting as a collective decision between physicians, nursing
staff, oncologist, radiologist and pathologist. These are multifaceted decisions that take into
consideration a number of factors such as the histological subtype of cancer, patient
performance status, prognosis, social circumstances and patient wishes. This process excludes
the patient themselves in a way that is considered counter to patient autonomy, a key bioethical
principle underpinning patient care.2 There is an argument for including patient advocates and
or the patients themselves in MDT meeting to allow them to contribute to decision-making.3
Shared decision-making is an important component of the doctor—patient relationship and such
collaboration would be in keeping with GMC guidelines of good practicé.;,i,ﬁHowever,
shared decision-making, outside of an MDT setting, is a complex process and said to be rarely
accomplished in real-life clinical practice.6 Part of the reason-for this may be due to strict
research methods and criteria that underestimate when shared decision-making is actually
taking p]ace during consultation.7 There is also a perception that fully informed shared
decision-making takes too much time8 and that evidence for the benefit of that extra time

investment may not be readily apparent to the clinician during a busy clinic.7
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Patient autonomy 1is a key bioethical principle in medical practice4,9 and describes
patients having the ability to freely choose and determine their fate with independence.10 The
freedom to make a choice based purely on ones’ own self-interest would align with Smith’s11
theory that pursuit of self-interest ultimately results in good for all society as if by ‘an invisible
guiding hand’ and this forms the basis for the consequentialist theory of ethical egoism.
Patient autonomy requires that patients are in possession of the full facts of their case
presented in a clear and understandable way without biased interference by doctors or family
members.12 Patient autonomy is being respected when patients are offered treatment by an
oncologist on the basis of full and accurate information. This includes accepting a competent
adult patient may refuse treatment regardless of whether it appears sensible to the healthcare
professional. This is embodied by Mills’13 summary of autonomy thus, ‘Over himself, over
his body, and mind, the individual is sovereign’. There is no evidence in the medical literature
around how many patients decline precision medicine in the UK. In the US, however, there is
evidence that patients who pay for their own treatment have a reduced compliance rate due to
the high costs.14 Provision of health services on the basis of need rather than the ability to pay,
as happens in the NHS, means that this situation is unlikely to occur in the UK. Provision of
full and accurate information during consultation needs to be provided in the context of patient
power to be sure that decision-making is truly shared.15Patients having real influence on
medical decision-making represent an example of procedural justice.

A further issue around precision medicine concerns who decides what to invest in and
how. In the UK these decisions are taken by the state, who direct health policy, and by
executives who manage the NHS. The NHS is generally guided by fundamental principles of
utilitarianism and described by Milll6as the best use of resources for the greatest good within
the population.17,18 Whilst on the surface, precision medicine using companion diagnostics
appears to fit with this principle very well i.e. using expensive drugs only in those patients who
are likely to benefit. However, the high cost of these medications may tip the balance in favour
of non-investment in this technology in favour of cheaper preventative measures.19

Prescribing expensive novel oncotherapeutic agents linked to companion diagnostics
will reduce therapy costs compared with providing the treatment to all patients and there is a
wealth of evidence demonstrating that such agents are effective. Recent scientific
developments in the molecular events of lung cancer pathogenesis mean that it is often cited as
a ‘role model’ for precision medicine.20 A good example is the use of tyrosine kinase
inhibitors (TKIs) in the treatment of advanced adenocarcinoma of the lung.21-25

These agents can give overall survival benefits of 13 months and between 14 and 17
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months, respectively, when used in the setting of lung cancer.23,26 It is difficult to argue
against the deontological principle of a right to life27 and every patient with a terminal illness
is likely to feel strong leanings towards egoism when considering their own mortality.

However, from a utilitarian perspective it may be of more benefit to more people to
redirect the large sums of money involved in funding these novel oncotherapies towards early
diagnosis and/or disease prevention to potentially benefit a larger number of patients.19 Many
of these oncological drugs have been approved for use in the NHS by the National Institute of
Health and Care Excellence. It is evident that emotive arguments from the few can influence
decision-making by the state through the media and court action as was the case with
Herceptin.28 The government and the media were criticised by the medical profession at the
time for not being able to step back from individual terminal cancer cases and make resourcing
decisions for the benefit of the many.19

Investment would be required to ensure that precision medicine services are of
sufficient quality to be reliable and this would include staffing, equipment and processes that
comply with clinical standards. There is a conflict that arises when balancing quality, costs and
timeliness in the diagnosis of lung cancer.29 Greater efficiencies are said to occur with large
batches of tests and centralisation of services in large, single centres.30-32 There is a counter
argument to this approach when one considers slow turnaround times resulting from batching
of diagnostic tests.33 Again, using the example of lung adenocarcinoma, it is now possible to
perform EGFR receptor mutational analysis locally using a fully automated, clinically
validated real-time PCR platform that yields results in under 3 h.34 A point-of-care testing
service would require investment in technology and staff but has clear benefits for patients
who may deteriorate in the 2—3 week wait for results from a centralised laboratories using next
generation sequencing (NGS) technologies. The ToGA study35 showed that 25% of patients
with gastric or gastro-oesophageal junction adenocarcinoma were denied treatment with
Herceptin because they became too unwell for treatment whilst waiting for a HER-2
immunohistochemistry report which, during that study, took around two weeks to provide.
Being able to offer TKI therapy also relies upon patients being well enough to receive the
treatment; they need to be performance status 0 or 1.36,37 If the findings of the ToGA study
are reflected in patients with disseminated lung adenocarcinoma, then there will be a
significant number denied therapy that offers significant progression-free survival advantages.
The number of patients who are denied such treatment is not provided in the medical literature
yet and this is an area of research need for the future. This is, therefore, evidence to support

investment in a hub-and-spoke model of solid tumour genetic analysis where a central hub
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provides NGS back-up for localised point-of-care, rapid PCR assays that provide actionable
genetic mutation results for oncologists and patients on ethical grounds of a patients’ right to

life and the pursuit of both beneficence and non-maleficence.9,12,18

It is possible that patients may perceive discrimination when looking at the observable
characteristics of individuals receiving TKI therapy for adenocarcinoma of the lung. This is
because the somatic genetic mutation within the tumour occurs with greater frequency in
young, Asian females who have never smoked.38 Differences in patient smoking status may
be misconstrued and perceived as bias by a treating organisation on the basis of what is
perceived by society to be a harmful lifestyle for which taxpayers bear the cost.39 It may be
useful to investors in this area to consider the possibility for misconception by patients. This
risk may be mitigated against by the production of detailed patient information leaflets freely
available in the oncology outpatient waiting room.

There is evidence of increased use of direct-to-consumer (DTC) genomic testing by
patients and this also applies to sequencing of solid tumours.40 The reasons for this are unclear
but cancer patients often use support groups both online and in person for emotional and social
support. Whilst these networks are likely to be beneficial in psychosocial terms, they may
highlight differences in oncological treatment practices across the

country.32 Autonomy, dignity and integrity and mortal desperation all drive the need
to explore treatment options, including untested experimental ones. This is an example of self-
interest pursuit that underpins ethical egoism and drives, in part, the DTC genetic testing
market. This i1s at odds with utilitarian principles that form the basis of workings in the NHS.
Reports generated by DTC companies have the potential to create conflict within the doctor—
patient relationship where tumour molecular profiling highlights somatic genetic mutations
that also have implications for the germline and hence family members.41 Healthcare
professionals may encounter difficult ethical situations where maintaining patient
confidentiality in the face of preventing harm to uninformed relatives becomes difficult in
situations where patients refuse to discuss their medical issues with their family.41.42

Meadowcroft argues that governments have a responsibility to restrict market forces
that exploit vulnerable patients who pay for tumour genomic information in the context of a
terminal cancer diagnosis.35 In addition, there are problems with knowing the relevance and
risk that identification of variation by genomic analysis raises and the consensus amongst
medical professional is that patients should be discouraged from using these services until such

time the full implication of their findings is known and evidence based.43 The counter
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argument is that restricting DTC genetic testing undermines respect for patient autonomy.44

Patients are also using DTC testing for predicting future cancer risk.45 ‘Expert
advice’ received in the accompanying DTC genetic reports can be inaccurate and misleading43
and there is also evidence that people do not necessarily change their risk behaviours in
accordance with the information they receive.46 These are usually healthy people who are
receiving information about risk associated with single nucleotide variation linked with
multifactorial risk of cancers such as colorectal cancer.47 Again, full understanding of how a
person’s genes interact with the environment to determine precise risk of developing such
cancer is not fully understood and the provision of DTC genomic testing is not fully
regulated.44.48 Some of these arguments are used to support the call for increased regulation
of the DTC genetic testing industry.43.49

What may not be fully considered before taking up DTC testing in a setting of
malignancy is the potential for identification of mutations that carry implications for family
members through the germline.50 There are many genes that have been shown to have
implications for germline inheritance that may be identified during testing for somatic
mutations in

cancers,50 and the best characterised of these is BRCA1/2 associated breast and
ovarian cancer syndrome.51-53 As well as dealing with the uncertainty around infrequently
encountered genetic variants and knowing how they translate into phenotype, there is also the
need to provide genetic counselling before testing so that patients can make an informed
choice, not only for themselves but also for family members.43,54 This requirement is based
on the principle of patient autonomy and informed consent. Patients (and their family
members) can only make a choice based upon adequate information and influence before they

proceed.15,55.56Testing and referral to genetic counselling after the event of revealing a

genetic variant creates difficulties for professionals and their relationships with patients in an
outpatient clinic by undermining this principle.57 Genetic testing without prior patient consent
denies patients an opportunity not to know the findings.55 There is a need for investors in
precision medicine to ensure there are enough genetic counsellors and clinic time to cope with
the inevitable increased demand that precision medicine and genetic testing of malignant
tumours will bring.49,56

In conclusion, the competing interests of utilitarianism and egoism create dilemmas
for decisions regarding investment in precision medicine. The need to balance the perceive
rights and needs of individuals against those of society as a whole is an on-going challenge in

the distribution of limited health service resources. There is need for proper planning,
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organisation and investment into precision medicine to cope with the consequences of both
DTC and healthcare-directed genetic testing for genetic counselling, therapeutics and
diagnostic networks. Consideration needs to be given to providing adequate time and training
to allow for meaningful shared decision-making with patients and there is a strong case in
support of a hub-spoke model to provide rapid, solid tumour genetic mutational analysis to

prevent patients missing out on beneficial treatments.
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Integration of rapid PCR testing as an adjunct to NGS in diagnostic pathology
services within the UK: evidence from a case series of non-squamous, non-small cell lung

cancer (NSCLC) patients with follow-up.

http://orcid.org/0000-0002-2348-6539 Alison Finalll.2,

Gareth Daviesl,
Trevor Jones],
Gwion Emlyn3,
Pearl Huey3,
Anna Mullard4

R A

Correspondence to Dr Alison Finall, Cellular Pathology, Swansea Bay University
Health Board, Port Talbot SA12 7BR, Neath Port Talbot, UK; || | |
Abstract
Aims Somatic genetic testing in non-squamous, non-small cell lung carcinoma
(NSCLC) patients is required to highlight subgroups eligible for a number of novel oncological
therapies. This study aims to determine whether turnaround times for reporting epidermal
growth factor receptors (EGFR) by next-generation sequencing (NGS) alone is sufficient to
meet the needs of lung cancer patients.

Methods We performed a retrospective case series with follow-up. Outcomes of
EGFR testing (102 tests) in 96 patients by NGS were compared with a rapid, fully automated
PCR-based platform (Idylla) in local histopathology laboratories.

Results Turnaround time for reporting NGS was 17 calendar days. Reporting using
the Idylla EGFR Mutation Test, by contrast, gave a potential turnaround time of

3.8 days from request to authorisation. Three-quarters of patients presenting with
stage IV disease had a performance status of 0, 1, or 2 but 18% experienced rapid clinical
deterioration (p<0.05). A third of these patients were deceased by the time NGS reports were
available.

Conclusions We discuss issues around integrating rapid PCR testing alongside NGS
in multidisciplinary care pathways and strategies for mitigating against foreseeable difficulties.
Dual testing for stage IV non-squamous, NSCLC patients has the potential to improve care and

survival outcomes by providing access to the right test at the right time.
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Introduction

Lung cancer is responsible for the highest mortality rate for all cancers across the
globe and the UK has the poorest survival outcomes of developed nations.! Somatic genetic
testing in non-squamous, non-small cell lung carcinoma (NSCLC) patients is required to
highlight subgroups eligible for a number of novel oncological therapies.? Epidermal growth
factor receptors (EGFRs) are membrane bound tyrosine kinase receptors that form part of the
ErbB transmembrane growth factor family of receptors found on in a wide range of human
tissues including lung and bronchus.? Somatic EGFR mutations in non-squamous, NSCLC are
key mutational drivers of malignant behaviour through downstream alterations in downstream
cell signalling pathways such as mitogen activated protein kinase (MAPK).* >

In Caucasian populations the occurrence of EGFR mutations in lung adenocarcinoma
is in the region of 15% and tends to be more frequently, but not exclusively, seen in female,
never- smokers.® Up to 90% of activating EGFR mutations occur as a missense point
substitution in exon 21 resulting in an arginine amino acid residue at position 858 of the
protein instead of the normal leucine (L858R) or as a small in-frame deletion of nucleotides in
exon 19.7-10

The Idylla platform (Biocartis, Belgium) is a fully automated system based on PCR
technology that can detect 51 activating mutations in formalin-fixed paraffin embedded
(FFPE) tissue samples in exons 18 through 21, including G719/A/CS, L861Q, S768I, L858R,
insertions in exon 20 and multiple deletions in exon 19 plus the most common resistance
mutation, T790M.1=Z Arguably, the most valuable attribute of this system is to provide these
findings within histopathology departments near to oncology patients as results can be
achieved in as little as 3 hours, and this has been reported widely as a major benefit to patients
with late-stage disease.l®-2! Given that lung cancer accounts for the most deaths due to cancer
world-wide, there is an opportunity to make a great impact on patient outcomes with earlier
intervention.! > %

Tyrosine kinase inhibitor (TKI) drugs directed at EGFR mutations in non-squamous
NSCLC are considered highly effective at extending progression-free, and overall survival in
patients with lung cancer.® 2* 25 Development of third-generation TKIs also provide treatment
options for patients on TKI therapy who relapse due to the development of resistance

mutations in EGFR.2°Osimertinib, for example, has become a first-line treatment option for
27 28

patients with EGFR mutant lung cancer during the COVID-19 pandemic.
Integrating molecular diagnostics within histopathology laboratories also offers the

opportunity to optimise the preanalytical preservation of tissue to maximise the quality of

mutational analysis outputs while also maximising the use of limited tissue samples. Less
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FFPE biopsy tissue (5 um) is required for the Idylla EGFR Mutation test as compared with
DNA next generation sequencing (NGS) which uses 60 um.?? 3° The Idylla system is said to
generate valid results with tumour neoplastic cell content as low as 10% in tissue sections and
needs minimal time and human resource inputs with no batching requirements to maintain
economic viability.!2 14 18 31 32 Fy]ly integrating solid tumour genomic findings with the

phenotypic, cellular pathology data is essential for meaningful and safe clinical interpretation
29 33

by pathologists and oncologists.
This is a service development study that looks to assess turnaround times for reporting both
NGS and rapid PCR testing of EGFR mutations in eligible patients with lung cancer to identify
if there is justification for service improvement. We go on to find which patients may benefit
and discuss options for integrating PCR methods alongside our current testing method based
on NGS. NGS is performed at an external laboratory to the cellular pathology department and
so requires sending 60 micrometres of FFPE tissue on glass slides by post. To our knowledge,
this is the largest concordance study in the UK to assess somatic EGFR mutational testing by

Idylla compared with NGS to date.

Methods

Case selection

Consecutive lung cancer patient samples with a histopathological diagnosis of non-
squamous, NSCLC were tested for EGFR mutation by DNA panel NGS as per routine reflex
requesting by cellular pathologists from 1 January 2020 onwards were included for prospective
comparisons with findings using Idylla rapid analysis. The minimum tissue requirement was
100 cells to proceed with companion diagnostic testing. EGFR PCR testing by Idylla was
performed on remaining archival FFPE tissue after completion of the existing diagnostic
pathway and authorisation of the pathology report as agreed by the Joint Study Review
Committee who designated this study service development. Patient samples were
pseudoanonymised and recorded by accession number.

Case mix

All patient sample types were used in analysis including lung resection specimens,
image- guided core biopsies, bronchial biopsies, endobronchial ultrasound-guided (EBUS)
fine- needle aspiration cytology (FNAC) specimens and diagnostic cytology specimens, for
example, pleural effusion.

Preanalytical considerations

Histological tissue samples were fixed in 10% neutral buffered formalin for between
6 and 72 hours as required to produce clinically valid programmed death ligand 1 (PD-L1)
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immunohistochemistry (IHC) tumour proportion scores. EBUS samples in our institution are
placed in 10% neutral buffered formalin and processed as small tissue samples by short cycle
processing.3? Non-gynaecological diagnostic cytology samples such as needle aspirates and
washings are preserved in Cytolytsolution containing methanol for fixation where appropriate.
Serous effusions are received in a sterile universal container and refrigerated until processing.
Excess fluid, after preparation of a Giemsa and a Thinprep Papanicalou- stained slide for
diagnostic purposes, is kept in cold storage at 4°C until a cell block is requested by a
pathologist. Cell block FFPE sections were used in the Idyllasystem for serous effusion fluids.
Cell blocks were prepared using the bovine thrombin and fibrinogen technique. Two negative
control cell blocks free of human cells were used as part of the system verification to ensure no

interference of bovine genomic contaminants.

Next generation sequencing

DNA panel testing by NGS for EGFR, KRAS, NRAS, PIK3CA, CDKN2A, PTEN,
RET, BRAF and ERBB2 (HER2) was carried out using Roche pan cancer panel (custom-
design) at an external laboratory using a total of 60 um of FFPE tissue in 10 sections on air-
dried unstained glass slides. A minimum of 50 ng of DNA is required from the tumour FFPE
sections for analysis and sections should contain at least 10% malignant nuclear content.

Idylla EGFR mutation test

Study participants were blinded to NGS results prior to undertaking the Idylla EGFR
mutation test. One 5 pm thick tissue roll was cut from the FFPE tissue block using a fresh,
clean microtome blade on a designated molecular microtome. Water baths were not used in
specimen preparation to avoid contamination. Following completion of the usual diagnostic
pathway a subsequent H&E slide was examined and assessed for percentage tumour nuclear
content (TNC) as a consensus score between two independent observers (AF and TJ) and
tumour area was also recorded as a separate variable according to manufacturer instructions
(GD). The next sequential slice was used in the Idylla EGFR mutation test cartridge to ensure
accuracy of TNC in analysis. Macrodissection was performed on the cutting plate of the
molecular microtome to achieve minimum 10% TNC were appropriate. The FFPE tissue roll
was sandwiched between two discs of filter paper moistened with sterile water to prevent
movement of the tissue section in the Idylla EGFR Mutation Test cartridge as per
manufacturer guidelines. Hands on preparation time by biomedical staff was 5 min.21The
Idylla platform autoextracts DNA for analysis inside the closed and sterile cartridge to prevent
contamination. The presence of mutation specific DNA is detected by fluorescence- based
multiplex qPCR using PCR reagents present in the cartridge which is then recorded by the
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console. A CQ value is given for each fluoresent amplification curve and a lower value is an
indication of the presence of more target DNA. A CQ value of 20 equates to 200 ng of DNA,
as determined by the manufacturer when determining the limit of detection of the test. Upper
limit of clinical validity for a no mutation detected result was defined as a CQ of 26 or more. A
positive result by the Idylla EGFR Mutation test represented detection of an actionable EGFR
mutation. The CE-IVD validated Idylla EGFR Mutation Test uses FFPE tissue sections from
human NSCLC tissue. In this study, all NSCLC samples were used including cytological
FFPE samples.

Statistical analysis

Statistical analysis was performed using SPSS V.26.0.0 statistical package from IBM
for descriptive statistics. Fisher’s exact test was used to assess for differences in categorical
variables using 0.05 as the threshold for statistical significance. 95% ClIs for proportional data
were calculated using the formula CI=p+ z x square root of p (1-p)/n where p is sample

proportion and n is the sample size with a z score of 1.960.

Results

Two bovine thrombin-fibrinogen cell free paraffin blocks were processed by standard
protocols and used as negative cytology controls for the Idylla EGFR mutation test. Both these
tests returned an invalid result reflecting absence of a DNA template for analysis.

We prospectively compared the EGFR mutational status of 96 lung adenocarcinoma
patients who had DNA panel NGS testing requested either by members of the lung cancer
multidisciplinary team (MDT) or by the pathologist as part of reflex requesting between
17December 2019 and 28 October 2020. Exhaustion of Idylla EGFR mutation test cartridges
defined the study close out.

Of the total number of patients tested, 47 were male (49%) and 49 were female
(51%). The mean age of patients in our sample overall was 72 (range age 41-92). The mean
age of patients in the clinical stable group (n=79) was 75 years (range 41-92) and in the
smaller group who deteriorated rapidly (n-17), the mean age was 63 (range 57-83).

EGFR requests

There were 102 Idylla EGFR mutation tests performed for 96 patients; 6 patients had
repeat testing performed on different specimens or an alternative block where DNA yield was
insufficient. Two patients (2.1%) had two tumours in a resection specimen and both were

analysed for EGFR; One patient had repeat Idylla testing following an invalid result due to
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insufficient cellular material and three patients NGS failed due to poor quality or insufficient
DNA input.
Analysis of the number of cases by month reflected a change in requesting patterns

during the (SARS-CoV-2) pandemic (see online supplemental file). There was a reduction in

the number of non-squamous, NSCLC diagnosis during this time as a compound effect of a
number of variables including reduced biopsy appointment slots and a reduced number of

patients presenting to their GP or emergency department.

Fourteen (14.58%) patients had an EGFR mutation and eleven of these (78.57%) were
either exon 19 deletions or the L858R mutation (see figure 1 for details). These figures are in
keeping with expected incidence of EGFR mutations in the UK.*® %
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Turnaround time (TAT) for reporting EGFR by different methods. (A) TAT to
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report EGFR by rapid PCR method in local histopathology laboratory. Mean 3.8 days.
(B) TAT for reporting of next generation sequencing (NGS) by external laboratory.
Mean 17 days. EGFR, epidermal growth factor receptors.

A total of 31 patients (32%) (95% CI22.7% to 41.3%) were deceased by conclusion of the
study (10 months). Seventeen patients (17.7%) (95% CI 10.1% to 25.3%) were identified as
having deteriorated rapidly according to the medical notes (See table 1). We defined this as a
reduction in two or more Eastern Cooperative Oncology Group (ECOG) performance status
(PS) scores within 8 weeks of histological diagnosis. Six per cent of the patient group were
dead before the NGS report was available. Of the 17 patients who deteriorated rapidly, three
were identified as having an actionable variant in EGFR that could have been treated with
TKIs. One of these patients had brain metastases at presentation with a PS of 1 and died a
week before the NGS was reported as showing an exon19 deletion. The turnaround time for
this particular patient’s NGS report was 15 calendar days. The other two patients with
actionable variants deteriorated to PS4 before the NGS report was available and became
ineligible for TKI therapy. Both patients died shortly after the NGS reports which was turned
around in 18 calendar days (L861Q mutation) and 28 calendar days (L858R) (see figure 1 for
turnaround time calculations). Mean turnaround time overall for DNA NGS incorporation into
histology report and authorisation was 23.3 days from request to report being emailed to
pathologist and oncologist. The turnaround time of 23.3 days does not include time for
laboratory staff to cut sections, track on our laboratory information system and package for
posting to an external laboratory. Mean time to NGS panel report emailed to the oncologist
was 17 days from the day of slides were sent from our laboratory. Time taken to report the
EGFR result by rapid PCR using the Idylla platform was 3.8 calendar days. This is a real-
world reflection of time for the EGFR testing request to be acted on by laboratory staff
required to cut the sections for cartridge input and includes estimated time for pathologist

checking and authorizing.
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Table 1

Specimen types, diagnoses and stage of disease

- Red indicates stage IV patients with distant metastatic disease; green indicates good to

moderate PS.102
- EBUS, endobronchial ultrasound-guided cytology; ECOG, Eastern Cooperative
Oncology Group; FNAC, fine-needle aspiration cytology; NOS, not otherwise specified;

NSCLC, non-small cell Jung cancer; PS, performance status; SCC, squamous carcinoma.
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Patients
Clinically stable who rapidly

Clinicopathological Total patients deteriorated
features (n=96) (n=79) (n=17)
Age (years), mean, (range) 72 (41-92) 75 (41-92) 63 (57-83)
Sex
p=0.187
Female 49 43 6
Male 47 36 11
ECOG PS at histological diagnosis
p=0.215
PSO 17 13 4
Ps1 4 37 4
Ps2 28 24 4
Ps3 8 3
PS4 0 0 0
Not recorded 1 0 1
Stage at histological diagnosis
p=0.049
| 11 10 1
Il 5 5 0
11} 17 16 1
v el
Metastatic recurrence 16 15 1
Specimen Type, n (%)
p=0.534
Lung resection 7 7 0
Lung core hiopsy 36 30 6
Bronchial biopsy 5 4 1
Pleural biopsy 2 1 1
Lymph node core biopsy 14 9 5
Skin or soft tissue biopsy 6 0
Bone 3 0
Pleural fluid 3 1
EBUS 16 13 3
FNAC lymph node 1 1 0
Other (pericardial fluid, 2 2 0

liver and breast)
Smoking status, n (%)

p=0.115
Never smoked 7 ) 3
Ex-smoker 46 L 6
Ex-smoker, now vaping 3 2 1
Current smoker 32 29 3
No recorded 8 4 4
Histological diagnosis, n (%)
p=0.169
Adenocarcinoma, poorly 48 40 8
differentiated
Adenacarcinoma, 24 18 6
moderately differentiated
Adenocarcinoma, well 8 8 0
differentiated
Adenocarcinoma 5 2 3
mucinous or enteric-type
differentiation
Adenosquamous 2 2 0
Large cell neuroendocrine 1 1 0
carcinoma
NSCLC, NOS (nhon-SCC/ 2 2 0

pd0 negative)



Table 2

Treatment decisions and outcomes for patients with EGFR mutations identified in this case series

Smoking

Sex status
F Never

M NR

M 40 /day

e |

Never

Ex

Ex

2 2 =

Ex

n

Ex

M Never

Mutation by
Stage PSDNA NGS Treatment Outcome Comments
IVB 1 Exon 19 del Gefitinib commenced February Radiological progression Insufficient tissue left for Idylla in diagnostic biopsy.
2020. July 2020 (no T790M Exon 19 deletion detected in bone biopsy October
Single agent pembroluzimab  mutation). 2020
commenced December 2020  Alive at f/up January
(PD-L1 95%) 2021.
IVB Exon 19 del BSC Died before NGS reported. PS1-5 within 2 weeks. Exon 19 deletion detected by
Idylla while PS1
1IB L816Q ITU for hospital acquired Died 9 days after NGS PS1-4 within 1 week.
pneumonia post-CT guided report.
lung biopsy
IVB Exonl19 de Gefitinib Died 7 months after Delay starting Gefitinib of 2 months due to
starting TKI orthopaedic surgery for pathological hip fracture.
1B L858R Stereotactic radiotherapy. Alive at last f/up
Disease stable on CT. December 2020
IVA Exon 19 del Afatinib commenced June 2020 Alive at last f/up Mild side effects skin rash and grade one diarrhoea.
December 2020
MR G719C and Unknown (treated in a different Alive at last follow-up Previous lobectomy for T1c¢ NO adenocarcinoma 2019.
S7681 health board)
IVB Exon 20 ins BSC Died 7 weeks after NGS  PS1 =3 in 5 weeks.
report
IVA L858R First line osimertinib (COVID- Alive at last f/up Side effects grade one diarrhoea and mouth ulcers
19 guidelines) December 2020
IVA Exonl9 Treatment with combined NGS report 24 days after Chemotherapy/immunotherapy started before EGFR
Del pembroluzimab and PD-L1, ALK-1 and ROS-1 result known with patient fully informed. Continued as
pemetrexed/carboplatin IHC reported. good radiological response.
Alive last flup December
2020
IVB Insufficient BSC Rapid deterioration. L858R substitution detected on Idylla Tumour nuclear
DNA for NGS Unable to have repeat content 50%
biopsy. Died from PE
IVA Exon 19 del Afatinib commenced Aug 2019. Died November 2020 T790M not detected NGS or Idylla on disease
Stopped Sept 2020 as progression.
radiological progression.
IVA Exon 19 del Afatinib commenced October ~ Alive at last f/up East Asian heritage.
2020. December 2020 Side effect of skin rash.
IVA NGS request BSC Alive at last f/up by PS2- PS3 in 1 week.
cancelled: patient palliative care December  Idylla detected L858R
deterioration 2020

o ALK-1, anaplastic lymphoma kinase-1; BSC, Best Supportive Care; EGFR, epidermal growth factor receptors; IHC, immunohistochemistry; ITU,
Intensive Therapy Unit; NGS, next-generation sequencing; NR, not reported; PD-L1, programmed death ligand 1; PE, Pulmonary Embolus; PS,
performance status; ROS-1, ROS proto-oncogene 1; TKI, tyrosine kinase inhibitor.

Table 2

Treatment decisions and outcomes for patients with EGFR mutations identified

in this case series.

Clinical impact

Understanding that 6% (95% CI 1.2% to 10.8%) of our patient case series were dead

before the NGS report was available prompted a retrospective analysis of clinical data in an

attempt to try to identify which subsets of patients were at risk of rapid clinical deterioration.

We also sought to identify if there was a window of opportunity to make a difference to

survival outcomes by rapid somatic tumour testing for EGFR. The only clinical parameter

associated with rapid deterioration was the stage of disease at time of histological diagnosis.

Stage IV patients were at risk of rapid clinical deterioration (p<0.05) and three quarters of this

group had a PS of 0, 1 or 2 at time of MDT discussion (tables 1 and 2).

Test performance

The service development project was designed to only test patients for EGFR after
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completion of current standard of care in the histopathology laboratory. Of 102 tests
performed, agreement between the two test modalities was achieved in 96.39% (95% CI
92.8% to 100%) of test events where there was sufficient tissue for testing (table 3). There
were 11 (10%) (95% CI 4.2% to 15.8%) occasions where NGS failed to extract sufficient
DNA from a test sample of 60 um of tissue and Idylla was able to produce a valid report in
nine of those instances using 5 um of tissue remaining in the FFPE block. Of these 11 cases,
two were cytology samples (one EBUS and one lymph node FNAC washings) and the
remainder were tissue biopsies. Of these tissue biopsy samples that failed there was one bone
biopsy, one bronchial biopsy, and three lymph node core biopsies with the remainder being
CT-guided lung core biopsies. Two of the nine tests that failed NGS included patients where
an L858R mutation was detected by Idylla that went undetected by NGS; both of these
samples were lymph node core biopsies. In one case, NGS was able to report an exon19
deletion that went undetected by Idylla due to insufficient residual tissue for testing by Idylla.
Interestingly, this patient required further EGFR analysis 9 months later following disease
progression to test for presence of resistance mutations. On that occasion, with sufficient tissue
being available for both NGS, followed by Idylla, there was agreement regarding the presence
of an exon19 deletion in the absence of a T790M resistance mutation. Both the NGS and Idylla
failed to produce a valid report for two CT-guided lung core biopsy specimens (1.9%) due to

insufficient remaining FFPE tissue.

Table 3
Concordance analysis of Idylla with next-generation sequencing (NGS) for EGFR mutations in lung non-squamous, non-small cell carcinoma.*

'NGS Del Ex191Ins Ex20L858R L861QG719X G719x, S7681T790M S7681 Other No mutation Insufficient or cancelled Total

Idylla

Del Ex19 7 7
Ins Ex20 1 1
L858R 2 2 4
L861Q 1 1
G719X 0 0
G719X, S768I 1 1
T790M 0 0
S7681 0 0
Other 0 0
No mutation 71 7 78
Insufficient 1 7 2 10
Total 8 1 2 1 0 1 0 0 0 78 11 102

e *QGreen indicates concordant results. Red indicates discordant results.

e EGFR. epnidermal growth factor receptors.
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Table 3

Concordance analysis of Idylla with next-generation sequencing (NGS) for EGFR
mutations in lung non-squamous, non-small cell carcinoma.*

Analysis of the clinical record revealed variation and complexity in treatment decision

making in patients with lung cancer with advanced disease. One patient within the
group identified as having an EGFR mutation was commenced on combined chemotherapy
and checkpoint inhibitor while waiting for NGS DNA panel results to become available.

Treatment decisions may also be affected by other considerations such as recent
surgery. Eleven of the 14 (78.5%) patients in this group were stage IV with an additional one

having metastatic recurrence a year after surgical resection.

Discussion

Turnaround time for reporting: opportunities for intervention

Timeliness of reporting genetic mutations in solid malignancies is important for ensuring that
patients get the most appropriate treatment available at a time when they are sufficiently well
enough to tolerate side effects and achieve a progression free survival advantage. Real- world
data regarding biomarker testing in patients with lung cancer is limited. This study provides
evidence that in real-world practice some patients are commenced on standard chemotherapy
plus/minus checkpoint inhibitors while waiting for NGS DNA panel reports to be completed.
A study by Ruggiero ef a/ found a similar phenomenon with only 79% of EGFR positive
advanced lung cancer patients in the US commenced on appropriate TKI therapy.3¢ Similar
data has recently been published regarding advanced lung cancer patients in England with 71%
of patients receiving TKI therapy on identification of an EGFR mutation.?” It was not clear
from their paper which analysis method was used to detect EGFR mutation and they restricted
their analysis to patients with a PS of 0, 1 and 2.3’ The authors conclude that it is the timeliness
of reporting EGFR mutation, in addition to anaplastic lymphoma kinase-1 (ALK-1) and PD-L1
status that is responsible for patients not receiving therapy for which they are eligible.
Furthermore, it was demonstrated in Germany that up to 20% of EGFR mutation positive
patients start chemotherapy instead of TKI therapy because they are clinically unable to wait
for NGS results to be made available.2® This therapeutic window has been shown to be small in
other cancer types also. The ToGA trial of herceptin treatment in HER-2 positive advanced

gastric adenocarcinomas found that as many as 25% became ineligible for treatment while
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waiting up to 2 weeks for IHC to be reported.220Our study findings are in keeping with these
studies. We illustrate that 18% of patients deteriorate rapidly and one-third of these patients
were deceased before NGS results were available.

Hardtstock et al show that increasing age, no systemic therapy, stage I'V disease and
chronic comorbidities correlated with a poorer overall survival for patients with lung

cancer.3® However, rather than looking at survival data, we tried to identify clinical
parameters that highlight lung cancer patient subgroups who could benefit from rapid EGFR
testing. This study indicates that those most likely to deteriorate are stage I'V patients and that
they appear well enough for TKI therapy at point of first MDT discussion. There is a clear
window of opportunity to improve on current practice. This has recently been acknowledged
by National Health Service (NHS) England guidance that describes a salvage testing pathway
for sick patients with advanced lung cancer who would not survive to see the potential
beneficial repercussions of NGS-based mutation detection.*® While they do not endorse a
specific testing modality, it allows local testing to continue by rapid PCR methods in a context

of genomic testing in centralised laboratory hubs.*

Optimal use of limited tissue samples in a context of a requirement for multiple
predictive biomarkers

Judicious use of limited tissue samples to obtain the most clinically relevant
information for patients has been the remit of pathologists for many years. Recommendations
are for the use of only two diagnostic IHC stains (p40 and TTF-1) for poorly differentiated
cases of NSCLC to help determine cell lineage. This recommendation is borne out of the need
to preserve tissue for additional predictive biomarkers in relevant patients. It Is also advisable
to precut tissue sections in the laboratory before the pathologist makes a diagnosis as every
time the FFPE tissue block is re-cut for additional slides a small amount of tissue is lost in
alignment.® *! Optimal use of tissue will help to prevent the need for re-biopsy of patients
which, in the case of CT-guided lung biopsy, for example can come with potentially life-
threatening complication of haemoptysis and pneumothorax.?? It is also imperative that
pathologists be empowered to make choices regarding the most appropriate method for
predictive biomarker testing based on the material in front of them through ‘reflex

standard tissue processing in the histopathology laboratory mandates 6—72 hours of
fixation in 10% neutral buffered formalin for clinically actionable PD-L1 interpretation and
also for diagnostic IHC.>® 46

It is not possible to consider EGFR testing in isolation when considering the ongoing

treatment options for patients with lung cancer. The pace of change in molecular testing in
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lung cancer is rapid.# Multidisciplinary practice in diagnosis, predictive marker testing and
treatment needs to be sufficiently well resourced to allow and promote flexibility in healthcare.
Current guidelines from the European Society for Medical Oncology recommends molecular
testing for established predictive biomarkers EGFR, ALK-1, ROS-1 BRAF, NTRK and PD-
L1. PD-L1 assessment currently relies on an IHC assay of protein expression rather
requesting’ .3’ There are myriad options available to pathologists for some markers,
such as ALK-1 which include IHC, fluorescence in-situ hybridisation, PCR and RNA
sequencing by NGS.>” Sometimes the best choice will be the one that consumes the least
amount of tissue. A robust clinical diagnostic laboratory will have unhindered access to all
options in our view. It can be demonstrated that using a combination of IHC and Idylla can
limit consumption of tissue to 26 pm (IHC 16 pum plus 10 um for Idylla) (see table 4).
However, nearly five times more tissue is consumed to meet current requesting requirements if
one chooses to prioritise NGS methods (124 um). The RNA sequencing panel available in
Wales will also yield information regarding Met exon14 skipping lesions and Ret fusions.
These additional genes are also analysed in the single cartridge Idylla Gene Fusion Assay

which takes around 3 hours to yield results.*

Table 4

Tissue consumption in predictive biomarker testing

Technique
Predictive [HCFISHNGS Idylla
Biomarker EGFR NR NA 60 (+KRAS) 5
BRAF  NR NA 5
ALK-1 4 8 50 (+MET and RET)S (+MET and RET)
ROS-1 4 8
NTRK 1234 24
PD-LI 4 NA NA NA

e Tissue consumption is measured in micrometres (xm).

ALK-1, anaplastic lymphoma kinase- 1; BRAF, B-Raf proto oncogene; EGFR, epidermal growth factor receptor; FISH, fluorescence in situ
hybridisation; I[HC, immunohistochemistry; KRAS, KRAS proto-oncogene; MET, MET proto-oncogene; NA, not available; NGS, next-generation
sequencing; NR, not recommended; NRTK, neurotrophic receptor tyrosine kinase; PD-L1, programmed death ligand 1; RET, RET proto-oncogene;
ROS-1, ROS proto-oncogene 1.
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Proposed biomarker testing algorithm

We suggest that identification of stage IV patients be made on histopathological request forms
at the time of biopsy to allow for appropriate reflex requesting of molecular tests at the point of
microscopic diagnosis. Reflex requesting is recommended in the UK and refers to pathologist
initiated testing rather than waiting for discussion at MDT to request predictive biomarkers in
an effort to minimise delays in results for therapeutic decision making.*3 The suggested
biomarker requesting algorithm assumes that there is sufficient tumour malignancy for testing,
preferably with low cold ischaemic time and appropriate fixation. Fixation may vary

depending on institution and sample type. For example, use of serous fluid cytology for testing
may yield good quality and quantity of DNA and RNA fragments in situations of minimal

exposure to 10% neutral buffered formalin or fixation in methanol.

Molecular diagnostic services need also to be prepared to test for KRAS,* MET skipping
lesions,”® ¥ RET fusions® ' and HER2 in the near future.?* Our current regional testing
options prioritise NGS panel testing using RNA and DNA separately to look for structural
rearrangements in ALK-1, ROS-1, RET, NTRK1,2,3, MET and RET in addition to the DNA
panel for EGFR, BRAF and KRAS respectively.

See table 4 for tissue consumption comparisons. In some institutions, large
sequencing panels that analyse hundreds of genes are used alongside Idylla to balance rapid
clinical decision making with access to experimental therapies.>® This may represent the best

compromise for maximum benefit of Stage IV non-squamous, NSCLC patients (see figure 2).
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Histological diagnosis of
primary pulmonary
adenocarcinoma

Clinically judged at risk of
rapid deterioration.
Discuss with pathologist
by phone

All stage 4 disease for
Idylla testing + NGS
by reflex request

Patients stage 1,2,3
not eligible for
radical treatment

Idylla RNA and DNA

Report L858R and exonl9 del in A
EGFR positive findings in BRAF, KRAS No Idylla
and gene fusions

Add RNA and DNA
NGS data to report
when available

Figure 2

Proposed algorithm for predictive molecular testing in non-squamous, NSCLC.
BRAF, B-raf proto-oncogene;, DNA, deoxyribonucleic acid; EGFR, epidermal growth factor
receptors, KRAS, KRAS proto-oncogene; NGS, next-generation sequencing;, NSCLC, non-

small cell lung carcinoma; RNA, ribonucleic acid.

One potential problem of integrating rapid PCR findings alongside NGS findings
from the same tissue block is the potential to produce conflicting results and clinical confusion.
For example, if the Idylla EGFR Mutation Test cartridge generated a negative result based on
the 51 primer sets it contained there still remains the possibility of finding a novel variant in
any downstream NGS sequencing carried out. This conflict could be mitigated against by only
reporting positive findings from the rapid PCR test. This would allow patient benefits to be
realised without oncologists having to account for any discrepancy in test results nor require
patients to come back to clinic for a change in therapy. Furthermore, to simplify interpretative
reporting for pathologists one could also consider restriction to reporting only exon 19
deletions or L858R substitutions which, combined, make up 90% of known actionable
mutations in EGFR.!? 3* 3 It should be noted that not all novel variants detected by NGS will
have known clinical consequences or allied treatments. If the prioritisation of NGS for
mutation detection is for gathering new information about variants of unknown significance

then this runs the risk of appearing to be unconsented research not reviewed by an NHS
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ethics committee. Furthermore, public bodies need to be seen to be investing public
monies wisely and there is a question as to whether use of extensive NGS gene panel testing
merely subsidises the pharmaceutical industry to recruit patients for clinical trials.

Feasibility of use of rapid PCR in the histopathology laboratory

The Idylla EGFR Mutation Test is a feasible choice for our histopathology laboratory
because of the minimum staffing time required for preparation and reporting biomarkers
without the need for batching cases. Additional molecular grade clean space for nucleic acid
extraction is also not required. The Idylla testing platform allows all of the current
recommended predictive molecular biomarkers to be tested with the exception of PD-L1 which
relies on a morphological assessment of an immunohistochemical stain in a tissue section.

Advantages of the Idylla platform include the ability to report biomarkers on the same day of
14 56 In

request, potentially while the patient waits in the outpatient department in urgent cases.
a context of limited tissue, Idylla has the benefit of being able to detect actionable mutations
where there is insufficient DNA and RNA for NGS as supported by our data. We found that in
10% of our cases, Idylla could still detect actionable mutations where NGS failed even after 60
um of tumour tissue has been consumed prior to the Idylla EGFR mutation test.

Limitations

Small numbers of patients limit the generalisability of the findings as a consequence
of resource limitations. However, prospective collection of concordance data from one centre
with one external provider of NGS reduces testing variability. The study design was for
additional testing by Idylla only completion of testing by current agreed standards to mitigate
any impact on patients. There were seven cases where there was insufficient tissue remaining
for testing by Idylla even though the platform only requires a single 5 um FFPE tissue section.
This hampers the ability to construct a comparative analysis with a fair chance of both systems

performing to the best of their ability.

Conclusions

This service development project highlights the turnaround time differences for in-
house reporting of automated, rapid PCR-based EGFR analysis in comparison with NGS by an
external laboratory. The difference could allow for a drastically shortened report of actionable
common variants in EGFR which make up 90% of known mutants that can respond to TKI
therapy.'? >* This study shows that patients presenting with distant metastases (stage IV
disease) are more likely to experience rapid clinical deterioration (18%) and that three-quarters
of this group have a PS of between 0 and 2 inclusive at MDT discussion. A small (6%)
proportion of the patient sample (but one-third of the patients who deteriorated rapidly) were
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deceased before the NGS report of EGFR, BRAF and KRAS was available.

This represents a significant opportunity for intervention and potentially improved
cancer survival outcomes. To our knowledge, this is the first study based on British data to
describe the proportion of patients with lung cancer with non-squamous, NSCLC who become
ineligible for EGFR-based TKI therapy due to clinical deterioration while waiting for NGS test
results. Strategies for implementing rapid, automated PCR testing in local histopathology
laboratories alongside existing NGS services should consider ways to mitigate the prospect of
conflicting findings by two separate methods for the benefit of both patient and oncologist.

Pathologists may choose to restrict themselves to reporting of positive PCR results
only to address this issue. Deference to later NGS findings, where rapid PCR is negative, will
allow for determination of the clinical relevance of any rare of novel variants detected in NGS
and potential eligibility for entrance into clinical trials, that is in cases where patients survive

long enough to have the opportunity for such collaborative decision making.
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Take home messages

- Eighteen per cent of stage 4 NSCLC patients with non-squamous, NSCLC histology
are at risk of rapid clinical deterioration and % of these have a performance status 0, 1
or 2 at first MDT discussion.

- Idylla EGFR mutation test—NGS concordance was 96.39% (95% CI 92.8% to 100%)
based on results from 102 tests.

« Turnaround times for reporting somatic mutations in EGFR could be improved by
using rapid, automated PCR-based testing that can yield results in as little as 3 hours.

- Rapid PCR testing on the Idylla platform could be integrated alongside NGS for
optimum patient management. Consideration should be given to the wider genomic
testing context and whether to extend rapid testing to cover other actionable variants

and fusions in lung cancer.
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Abstract

Aims The aim of this quality improvement project was to improve the turnaround
time of B-raf proto-oncogene (BRAF) mutation testing in patients with malignant melanoma to
support oncologists in making timely treatment decisions.

Methods This is a prospective in-house verification of the Idylla BRAF test as
compared with DNA panel next-generation sequencing (NGS) performed at an external
laboratory.

Results The Idylla BRAF test had an overall concordance of 95% compared with
NGS. This was considered sufficiently good for use in patients with a poor performance status
who were at risk of rapid clinical deterioration. Reliable results can be generated using the
Idylla BRAF test in tissue sections with tumour neoplastic cell content below 50%. We present
a multidisciplinary clinical care algorithm to support dual testing.

Conclusions The Idylla BRAF test has the potential to make a significant positive
impact on progression-free survival of malignant melanoma patients due to its rapid
turnaround time. The Idylla BRAF test can be used as an adjunct to NGS for timely
management of patients, particularly those with a poor performance status at presentation.

Introduction
Malignant melanoma is a common non-epithelial malignancy of the skin that was frequently
fatal before advances in precision medicine. Treatment of malignant melanoma of skin with
nodal metastases and/or distant metastases has two options for the clinical oncologist. One can
use immune checkpoint inhibitors that target either programmed death ligand (PD-1) or anti-
cytotoxic T-lymphocyte associated protein 4 (CTLA-4) agents or a combination of both to
promote the host immune system to defeat the malignancy.l=> The alternative option is to
provide a combination of B-raf proto-oncogene (BRAF) inhibitors and Mitogen-activated
protein kinase (MAP2K1, otherwise known as MEK) inhibitors to those patients with somatic

V600 mutations in the BRAF gene of the melanoma.®=2 Between 40%
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and 50% of patients will achieve a significant response to this latter treatment
combination where V600 BRAF mutations are present.® ' MEK follows BRAF in the MAPK
intracellular signalling pathway.!! V600 BRAF mutations, that is, to say a mutation resulting
in substitution of valine at position 600 in the amino acid sequence, results in constant signal
transduction and promotion of cell growth and division.!! The ability to rapidly test somatic
tissue for BRAF mutations is of paramount importance in deciding who is eligible to access
these treatments and for those with widely disseminated disease timeliness is a key
determinant of quality care and cancer outcomes.!2 Healthcare systems that rely solely on next-
generation sequencing (NGS) may not be able to meet the clinical needs of patients with stage
4 disease who could deteriorate within a short space of time. Patients can have profound
clinical response within days and therefore knowing the BRAF status and being able to start
BRAF directed therapy can make the difference between life and death. There is clear, real-
world evidence from the setting of lung cancer that delays in somatic mutation testing can lead
to missed opportunities for treatment intervention.!3

In this study, we provide in-house verification data in support of service development
of testing in local histopathology laboratories, discuss tissue requirements and provide a
suggested tissue workflow for maximum efficiency of testing in the best interest of patients.
We show that tissue samples with tumour nuclear content (TNC) below 50% are suitable for

reliable use in the Idylla instrument contrary to the manufacturer’s guidelines.

Aims and objectives

This project is aimed at developing our histopathology service to cater for melanoma
patients’ needs in an era of precision medicine. We aim to show that the concordance of BRAF
testing in melanoma patients is of sufficiently high standard using automated PCR in
comparison with NGS to provide a robust salvage pathway in patients with urgent clinical
need for a rapid report.

We sought to verify minimum safe tissue requirements for rapid PCR-based testing
using Idylla. The manufacturer guidelines currently recommend a minimum TNC of 50% for
their rapid BRAF mutation cartridge.

The data will be used to demonstrate the automated PCR platform is fit for purpose in
our laboratory. Limited workforce during the pandemic has reinforced the need to develop
services that are automated with minimal staff input time. Work force constraints a have been
shown to be an issue in National Health Service diagnostic pathology laboratories across the
UK. The Idylla platform was selected with this in mind. The cartridge format and automated
DNA extraction means that it only takes 2—3 min of biomedical scientist (BMS) time to
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perform the test.12

Methods

Patients with skin and mucosal malignant melanoma >1 mm thick or those with
advanced stage metastatic disease were included in the study. Both primary melanoma and
metastatic melanoma deposits in the form of formalin fixed paraffin embedded (FFPE) tissue
samples were included for BRAF testing. BRAF mutational status in tumour metastases has
been shown to be concordant with original primary tissue sample in more than 95% of

cases.'> BRAF analysis was performed at request of the specialist skin
multidisciplinary team meeting (MDT). One hundred patients whose requests pass through the
histopathology department in Swansea on a prospective all comers basis were included.
Requests were recorded by designated BMS staff and highlighted to our molecular team for
Idylla BRAF testing. Standard of care requirements were met before verification testing.

All histological tissue specimens containing malignant melanoma >1 mm thick or
specimens comprising metastatic malignant melanoma were tested for BRAF after tissue had
been cut

for send away NGS panel testing at a centralised laboratory. All patients were
recruited in sequence and verification data collected prospectively.

The manufacturer instructions state that >50% malign cellularity is required for the
test to be valid but we tested all eligible patients to see if it were possible to reliably use the
system in urgent cases. TNC in tissue sections was estimated according published guidance
and based on ratio of tumour nuclei to background wild-type tissue nuclei.l® Care was taken
not to over- estimate TNC in specimens with dense chronic inflammation or in lymph nodes
where wild- type nuclei in lymphocytes are small. See figure 1 which illustrates this concept
using human tissue sections of metastatic malignant melanoma in a lymph node. Specimens
with less than 50% TNC were marked for macrodissection to enrich the tissue sample for
tumour cells was conducted on the molecular grade clean guide plate of the microtome. A
dedicated microtome with clean space was used for 10 micrometre tissue curls to be cut for use
in the dedicated cartridges sponsored by Biocartis. Use of a water bath in tissue processing was
prohibited to avoid contamination of the cartridge with foreign DNA. A new microtome blade

was used for each case tested.
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Figure 1

(A, B) Estimating tumour nuclear content.

Results were tabulated in an excel spread sheet against the specimen number only. No
patient information was recorded to maintain anonymity. Patient consent was not required as
this verification analysis examines an existing assay with known implications using tissue left
over after the diagnostic process is complete as described above.

Testing platforms

Idylla BRAF mutation test

Idylla automated PCR by Biocartis using malignant melanoma solid tumour FFPE

samples.

One hundred cartridges were used prospectively on an all-comer intention-to-test
basis.

Requesting for BRAF mutational analysis was made according to standardised
protocols via skin MDT team members to the laboratory. The Idylla BRAF mutation test is a
real time PCR, qualitative in vitro test for the detection of V600OK/R/M and V600E/E2/D
mutations in codon 600 of the BRAF gene. At the DNA level the protein change corresponds
to c.1798 1799delinsAA, ¢.1798 1799delinsAG, ¢.1798G>A and c.1799T>A,

c.799 1800delinsAA, ¢.1799 1800delinsATor AC, respectively. The Idylla BRAF Mutation
test requires more than 50% tumour neoplastic content (TNC) in a single FFPE section
between 5 and 10 pm in thickness and is said to have an analytical sensitivity of 1% mutation

detection in a background of wild-type DNA.Z Macrodissection is recommended to increase
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TNC following morphological assessment by a General Medical Council (GMC) registered
cellular pathologist. The test has a turnaround time of 90 min and can be performed in any
cellular pathology laboratory with 2 min of hands-on technical staff input time. All DNA
extraction is automated within the Idylla BRAF mutation cartridge and testing platform.
Quantity of DNA input was assessed by CQ value. Test outputs via console were as follows:
no mutation detected; mutation detected in BRAF codon 600; insufficient DNA input; or
invalid. Reported BRAF mutations were grouped as either VO6OOE/V600E2/V600D tested in
chamber B of the cartridge, or V600K/V600R/V600M which are detected in chamber C of the
cartridge. The limit of detection for chamber B is 4 copies of mutant DNA and for chamber C
10 copies.Z

Next-generation sequencing

NGS for somatic mutations in BRAF were conducted by an external laboratory for
comparison with the Idylla BRAF mutation test. The external laboratory NGS test uses the
[Mumina TruSight Oncology 500 High Throughput DNA/RNA assay on an Illumina
Novaseq6000. This DNA panel test screens hotspots in exons 11 and 15 to include coverage of
codon 599, 600 and 601 variants in addition to hotspot regions of NRAS (exons 2, 3 and 4)
and KIT genes (exons 9, 11, 13, 14 and 17). The key performance indicator for the laboratory
turnaround time is 10 days from receipt of samples (60 pm of tissue on air dried, unstained
glass slides) in their laboratory. This turnaround time does not include transit and slide
preparation time therefore. The external laboratory provides a pyrosequencing service to
reduce the turnaround time for reporting BRAF mutations to 7 days from receipt in their
laboratory. The external laboratory test has a sensitivity of 98.8% and specificity of 99.2% for
a minimum of 40 ng extracted tumour DNA.

Data collection and storage

Access to patient data is limited to Swansea Bay University Health Board staff.
Technical support is available from Biocartis on request. Biocartis have no access to this data.
The Idylla machine records data based on cartridge number. Additional support interpreting
cases of sub-threshold mutations is available on a case-by-case basis. Mutation curves with
low quality DNA can be studied but will not automatically be reported unless they have a CQ
value of more than 40.

Germline mutations in BRAF are not being tested in this study which focuses on
somatic solid tumour testing in an oncological setting of melanoma only to inform oncological
treatment decisions.

Patient results from Idylla were not available for release to oncologists or patients before
verification was completed and assessed satisfactory. This provided an ethical dilemma
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for pathologists and biomedical staff where patients were known to be deteriorating
and the potential for intervention became apparent through Idylla testing. The Idylla system is
validated and certified as Conformité Européene In-vitro Diagnostic Device (CE-IVD) for
clinical diagnostic use in the UK by the Medicines and Healthcare Products Regulatory
Agency (MHRA). The lack of ability to act on BRAF results that may have impacted patient
outcomes caused stress to laboratory staff.1

Results
A total of 100 patient tissue samples were tested using the Idylla BRAF mutation test
following standardised protocols for NGS requirements. Fifty-one samples were
macrodissected by referring to a marked tissue section stained with standard H&E (figure 2).

Macrodissection increased TNC input for testing and the remaining samples could not
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bemacrodissected (n=22) due to the distribution of tumour cells within the tumour sample, for

example, multiple small foci of metastatic melanoma in a lymph node. The tumour neoplastic

cell content ranged from <1% to 95%. All tumour percentages were assessed by one individual

(AF) to ensure standardisation and remove potential for interobserver variation.

Figure 2

Bar chart demonstrating the number of tissue samples of TNC <50% that underwent
macrodissection. MD, macrodissected.

A mean hands-on sample preparation time by technical staff of 4 min was recorded.

Valid,No mutation”, test results (wild-type BRAF) generated CQ values were up to 34.4 for
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our data set. Two samples with invalid, no mutation test results had CQ values of 36.2 and
36.4.

The Idylla BRAF mutation test failed to produce a test result on four occasions and required
repeat testing. The wild-type content of BRAF was too high for detection of mutant alleles in
two samples of the non-macrodissected tests. One was repeated and showed concordance with
the NGS comparison. It was not possible to repeat the second as there was insufficient tissue
remaining but there was sufficient DNA in the following macrodissected sample and this
showed concordance with NGS results. A final tally of three failed results was returned for the
cohort and these were all samples of primary skin excision for melanoma had TNC assessed

as 10%, 30% and 40% (See tables 1 and 2).

Table 1

Performance of Idylla BRAF mutation test according to tumour nuclear content

Estimated tumour neoplastic cell content
<1%—-24% 25%—49% 50%—74% T5%—100%

Mutation detected 14 15 21 9
No mutation detected 17 6 28 34
Discordant NGS result 2 0 0 0
Insufficient DNA 0 1 0 1

e BRAF, B-raf proto-oncogene; NGS, next-generation sequencing.
Table 1

Performance of Idylla BRAF mutation test according to tumour nuclear content
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Table 2

j Breakdown of test characteristics for samples of 50% tumour nuclear content (TNC) or less

, TNC <5 6-10 11-2021-3031-4041-50
| Without MD 2 4 10 8 6 15
MD 2 2 0 4 2 9
s s aren (et} 330 368 395 259 344 329
| Mean no 5 um tissue sections used1  1.16 1 1.54 141 1.13
Mean CQ 29.632.6533.33 33.47 32.41 34.88
¢ No result 0 1 0 1 1 0
% tests with mutated BRAF 25 40 375 833 375 50
Total no tests 4 6 10 12 8 24

e BRAF, B-raf proto-oncogene; MD, macrodissected.

Table 2

Breakdown of test characteristics for samples of 50% tumour nuclear content (TNC)
or less

The majority of patients tested were male, n=61 and the remaining 39 were female.
The mean

age of patients at the time of testing was 72 years (range 22—96 years). Two thirds of
the tissue samples used for testing were primary sites samples (n=65) and the remainder were
from metastatic sites (n=35). Primary sites included head and neck (n=15), limbs (n=26), back
(n=16), chest/anterior abdominal wall (n=5). One melanoma occurred at a mucosal site.
Recurrence at the primary site occurred in 29% of cases. The majority of metastatic sites were
regional lymph nodes (n=15), followed by other skin sites (n=7) and a single case each of

metastatic disease in the parotid gland, abdominal mesentery and oral mucosa (see table 3.

100



Table 3

Clinical characteristics of sample population

Characteristic No=%
Sex Male 61
Female 39
Sample site tested Primary 65
Recurrence at primary site 10
Metastatic site 25
Anatomical site of sampling Head, face or neck 24
Chest or abdomen 6
Back 19
Axilla, arm or hand 23
Groin, leg, foot or toe 24
Other 3

Not stated on request form 1
Histological subtype of melanoma Superficial spreading 38
Nodular 28
Lentigo maligna
Acral lentiginous
Mucosal

- O N

Table 3

Clinical characteristics of sample population

The histological types of primary melanoma reported in our case series were divided
according to the current classification superficial spreading, nodular, lentigo maligna or acral
lentiginous subtypes.!” 2° Most cases in our cohort were superficial spreading malignant
melanoma (n=38), followed by nodular subtype (n=28), and lentigo maligna melanoma (n=2).
No cases of acral lentiginous melanoma were represented. One case of anal mucosal malignant
melanoma was identified. Ulceration was present on the surface of 37% of the melanocytic
lesions.

Test performance

Overall concordance against standard of care testing was 95% as 5 mutations were
detected by NGS outside of the probe set included in the Idylla BRAF mutation test cartridge.

However, the Idylla BRAF mutation test did show 100% concordance for the
actionable variants V60OE/E2/D or V600K/R/M within the cartridge primer set. V60OE
mutations are the most commonly encountered variant and occur in 75% of patients with a
BRAF mutated melanoma.2! The second most common variant is the V600K type which is
found in a further 20% of mutated-melanoma patients.?2 The remaining 5% of patients tend to
be point mutations in codon 600 resulting in amino acid changes to E2, D, R or M.2
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The variants detected by NGS not available for detection by Idylla in this study were
c.1397G>A p.Gly466Glu in exon 11 (n=1), ¢.1405G>A p.Gly469Arg in exon 11 (n=1),
c.1801A>G p.Lys601Glu in exonl5 (n=1) and ¢.1781A>C p.Asp594Ala in exon 15 (n=2).

The two melanoma samples with a Asp594Ala amino acid substitution are classified
as variants of unknown significance in Clinvar? and, therefore, not being detected by the
Idylla platform would have had no consequences for these patients. G466E, a rare mutation in
exon 11 has been shown to be unresponsive to BRAF inhibitors in anecdotal case reports.2*
G469R in exon 11 is a class II kinase activating mutation in BRAF which has shown
conflicting results in response to BRAF or BRAF +MEK inhibition with some patients not

t.22

responding to treatment.=> The BRAF exon 15 variant resulting in the amino acid substitution

Lys601Glu (K601E) is a rare variant in melanoma that has been shown to respond to MEK
26 27

inhibitor treatments such as trametinib in case reports.
Discussion
The incidence of melanoma is reported to have increased by 140% since the 1990s in
the UK and this increase appears to focus on males.?® Incidence rates in males have nearly
tripled whereas the rate has doubled in females.?® This is perhaps reflected in our data set with

62% of our patients being male. Torso and limbs are the most common sites for melanoma
28 29

occurrence and this is also reflected in our data.

Two of the five rare BRAF variants detected by NGS that were not identified by the
Idylla BRAF mutation test may have had clinical consequences for the patient if one relied on
Idylla testing alone. The need to identify all possible mutations present in a somatic gene must
be balanced with the need to detect the relevant mutations in a timely manner. Some authors
advocate combined testing with Idylla and sequencing methods as a ‘belt-and-braces’ approach
to detect the majority of melanoma BRAF mutations in 90 min but also allowing for detection
of rare variants later on.22 Many of these rare variants have limited data to support treatment
but detecting them and publishing retrospective real-world data on responses to treatment will
help to develop the evidence base for future practice and allow access to clinical trials.
However, developing evidence for future use in melanoma care should not take priority over
timely production of information regarding BRAF variants for which there is established
evidence.

We know that more than 90% of BRAF mutations present as driver mutations in
melanoma patients are the V60OE variant which is readily detectable using the Idylla platform
and showed a 100% concordance in our verification data. Experts agree that initiation of
testing high-risk melanoma patients should be on a reflex basis by pathologists to prevent
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delays in BRAF mutation identification.?! *2 However, the evidence is yet to emerge regarding
the impact of reflex requesting BRAF analysis on survival outcomes.?® There is evidence to
show that starting BRAF targeted therapies while patients have a performance status of zero
improves progression free survival and overall survival in advanced melanoma.?* While there
is no current data to predict which patients will deteriorate, it has been shown that there is an
increased relative risk of 71% for death in those who commence treatment with a poor
performance status.2* Furthermore, patients with progressive advanced disease can show rapid
clinical responses to BRAF inhibitors in less than 1 day.>> We suggest an integrated clinical
pathway to include rapid PCR testing using Idylla alongside NGS DNA panel testing, as
outlined in figure 3.

idy®a rapid BRAF test for same
day treatment decision
making.

Patient assessed as high risk
for mapid deterioration

Send NGS for hotspots in XY
and NRAS gene sequencing
pus access to chinical trials

MDT discussion
Histopathological
dlagnosis of melanoma
{stage 3, 4 or recurrent
metastatic dsease) Patient Judged ay being able to
physically and psychologically able
10 wadt 2-3 weaks for NGS DNA
panel sequencing report

Figure 3

Proposed testing algorithm. BRAF, B-raf proto-oncogene; MDT, Multidisciplinary
team meeting, NGS, next-generation sequencing.

The Idylla platform required much less tissue input in comparison to NGS. NGS
requires

60 um of tissue sections to be cut and sent to external laboratory for testing from our
institution where NGS is not available in-house. Idylla BRAF mutation test requires a 5 or 10
pum paraffin curl only with no need to mount on glass slides. NGS, however, has a lower
minimal input of tumour (>10%) and Idylla BRAF mutation test requires more than >50%
TNC according to the manufacturer’s instructions. We have shown that the Idylla BRAF
mutation test can effectively detect BRAF mutations in samples with TNC less than 50% (see
table 2). Only 3 of the 64 (4.69%) samples with less than 50% TNC failed to produce a result.
Being able to use samples with TNC <50% for testing increases the clinical utility of the Idylla
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BRAF mutation test. The suggested testing pathway above (see figure 3) is designed to include
all tissue samples. Just under 30% of the specimens with <50% TNC required
macrodissection. While macrodissection increases the processing time marginally, scoring the
paraffin block with reference to a marked H&E slide takes less than 10 min if the slides are
marked by reflex action of the reporting pathologist. This compares favourably

with the time taken to prepare six 10 um tissue glass slides and send to an external
laboratory, no matter where in the UK they reside, not to mention the savings in consumables.

Our findings regarding TNC are in keeping with those of three studies which have
documented successful use of tumour percentages below the validated range, in the region of
10% and above.2*38 Like us, some have also had success with tumour neoplastic cell content
(TNC) as low as 2%.2> The CQ values achieved for the <5% TNC group in our study actually
had the lowest CQ value of all those samples with TNC<50%. Lower CQ values reflect a
reduced number of PCR cycles required for primer binding and detection of a mutation.

Furthermore, being able to use tumour sections with lower TNC% on the Idylla
platform means a reduction in number of cases requiring macrodissection overall. The
consequence of this is to potentially reduce the chance of false negatives from macrodissecting
the wrong area of tissue, and also reducing the risk of DNA contamination. This study, which
benefits from a large number of patients being tested, suggests that the recommended TNC%
for BRAF variant detection using the Idylla BRAF Mutation Test should be altered in the
manufacturer information sheet to reflect real world success in this patient group. While there
1s no reason to suggest that this is not also the case for other applicable tumour types such as
thyroid neoplasms and colorectal cancer, we suggest that further real-world data be generated
for specific tumour types other than melanoma for verification and to ensure compliance with

medical laboratory standards of practice as dictated by ISO15189.

Conclusions

We conclude that the Idylla BRAF mutation test is a valuable tool in the
histopathology laboratory molecular diagnostic tool kit with 95% concordance with NGS
methods. There was 100% concordance for established variants for which there are well
evidence-based treatments available. Testing in the histopathology laboratory will allow for
reduced consumable use and time required for tracking and posting material to external
laboratories for testing. In-house near patient testing in conjunction with NGS could benefit
patients by allowing them to access treatments at an earlier time point in their disease
treatment pathway and potentially increase likelihood of progression free survival.3* Many
clinicians argue that rapid somatic mutational testing is an ethical imperative to improve
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outcomes for cancer patients.2> We recommend that the Idylla BRAF mutation test be used on
tissue sections with an estimated TNC of less than 50%. Furthermore, the real-world
experience using the Idylla platform with a minimal hands-on time requirement for laboratory
staff makes the system ideal for use in busy laboratories or where there may shortfalls in
staffing due to the coronavirus pandemic.

Take home messages

« Clinically deteriorating patients with advanced melanoma can benefit from treatment
with BRAF inhibitors on identification of a BRAF mutation in the histopathology
biopsy/ resection specimen.

- Tumour section neoplastic cell contents of less than 50% generate valid BRAF results
for clinical action using the Idylla BRAF Mutation Test. A turnaround time of 90 min
for the Idylla BRAF Mutation Test has the potential to make a significant impact on
patient progression free survival if it allows for treatments to commence before
patients deteriorate to a performance status of less zero. A proposed testing algorithm
is described. We demonstrate a concordance of 95% compared with next-generation
sequencing (NGS).

- We hope this evidence will help support National Health Service Wales to adopt
parallel testing of NGS for all possible variants in a panel of multiple genes alongside
Idylla for rapid BRAF testing to facilitate prompt treatment of melanoma patients for

enhanced survival outcomes.
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To the Editor:

Whilst not disagreeing with much of the factual content in your recently published
letter by O’Sullivan et al, [1], we feel that their article fails to consider relevance in a wider
clinical context whilst making unjustifiable comments/recommendations on the basis of a
single (n=1) and atypical case report.

In summary, O’Sullivan et al, describe a lung cancer case with a novel deletion within
EGEFR exon 19 (L747_A755delinsSS), that was not detected in a tumour specimen using the
Biocartis Idylla™ EGFR test but was identified using the NGS-based Guardant360® liquid
biopsy test. The authors use this single case to highlight the “Inadequacy of PCR genotyping”
and “a significant limitation of the Idylla™ EGFR mutation test”, which after further
mentioning the apparent “futility” of PCR based assays in relation to the detection of EGFR
exon 20 insertions, they go on to “recommend that in cases where there is adequate tissue for
NGS, PCR-based tissue EGFR genotyping in isolation without parallel NGS be abandoned”.

Despite having ourselves published previously, both in relation to potential issues
with PCR based tests and EGFR exon 20 insertions [4], and more generally regarding the

considerable benefits of NGS-based analyses [5], we are concerned that readers not intimately
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familiar with the technologies, may reach the unjustifiable conclusion that all PCR-based
solutions, and especially the Idylla™, are ‘inadequate’ and that NGS potentially provides a
near perfect alternative. Indeed, we feel that the article may be sufficient as to introduce undue
alarm in NSCLC patients, or anyone managing such patients, whose treatment options have
been guided using PCR-based assays.

By way of providing a counter viewpoint, we would like to highlight that whilst
undeniably superior in many regards, how the benefits of NGS translate into what happens in
the real world is more complex than it may initially seem.

To begin, the overall proportion of patients in which you may miss actionable EGFR
mutations depends not only upon the test’s sensitivity, but also the frequency of these
mutations within the local population. This varies considerably worldwide, and whilst the
authors concerns may be more valid in rarer subgroups with EGFR mutation rates ~50%, the
effective impact in the UK for example, with incidence rates <20%, will be much reduced
[5,6]. Secondly, although mentioning PCRs speediness, this also needs translating into real-
world benefit; Finall et al, recently described how 6% of Stage 4 patients died before NGS
results were reported, and further discuss the important contribution Idylla™ based testing can
make within this cohort [7].

Citing our own (n=1) case report, we encountered a case (Q1 2022) where one of the
commonest EGFR exon 19 deletions (Glu746_Ala750del at 82% V AF) was detected using
NGS and reported 1 day after the patient died. This could have been detected and reported
eight days earlier using the Idylla™, with the obvious potential for a different outcome. The
sample was adequate and both technologies were available; however financial approval for
parallel testing was not obtainable. We note that O’Sullivan et al. acknowledge that their
patient was deteriorating clinically. Consequently, had they not had a novel variant and had
Guardant360® results not arrived just in time, their own experience could easily have been
reversed.

To best serve patients, we need suitable tools at our disposal, and we need to use them
wisely with regard to cost and precious tissue. EGFR/KRAS (as G12C is actionable) testing, in
very ill patients needs to utilise simple, rapid and cost-effective technologies, such as the
Idylla™. Positive findings may be acted upon confidently and usually without further
investigations. Although higher than with NGS, false negatives remain relatively rare and on a
par with the performance of many tests considered entirely appropriate for clinical use.
Although we agree with O’Sullivan et al, that if PCR proves uninformative, cases should be
reflexed for NGS whenever possible. Service users should be aware of, but not unduly

concerned by, the risks of false negatives if this isn’t possible, and carefully evaluate the risks
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of re-biopsy if being considered solely to enable further NGS analysis.

We disagree with the conclusions of O’Sullivan ef a/, with the apparent suggestion
that PCR should always be discouraged in cases where it may mean there will be insufficient
sample remaining for subsequent NGS. Firstly, clinical urgency must be considered as
discussed, and secondly, such situations typically arise when both tests are undertaken in
different laboratories. Returning to a tissue block to cut additional sections inevitably results in
loss and thus should ideally only be done once in a specialised molecular pathology laboratory.

Whilst the Idylla™ is CE-IVD certified only for direct FFPE use, many have
internally validated it for pre-extracted DNA input or use other PCR tests e.g. Cobas® EGFR
(Roche). Alternatively, some will cut once, with sections going both into the Idylla™ and for
DNA extraction. Certainly, within our own laboratory (PB), if potentially limiting we
undertake a single extraction, then quantitate and apportion DNA between assays as required.
Assuming that sufficient DNA was recovered for NGS initially (<5ng/pl in our laboratory),
use of PCR- based analyses have not prohibited any reflex to NGS.

On a final technical note, although we suspect from experience [9], that
L747 A755delinsSS was unlikely to have been detectable using the Idylla™, we note that the
authors do not mention whether it was successfully identified by NGS within the same tissue
sample, only in the subsequent liquid biopsy. This raises the possibility that a false negative
outcome may have resulted either from use of a specimen with tumour cellularity below the
minimum required and/or the patient may have had more than one primary tumour with the
liquid-based biopsy detecting the variant in DNA shed from an alternative location.

In summary, integrated cellular-molecular pathology laboratories should be equipped,
empowered, and appropriately funded to determine the best analytical approach depending
upon the individual specimen/patient. For clinically unstable stage 4 NSCLC patients, we
argue that available options must include upfront (not downstream ‘salvage’) access to rapid

turnaround PCR-based solutions such as the Idylla™ EGFR test.
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RNA-based next generation sequencing in the somatic molecular testing of non-
small cell lung cancer (NSCLC) in a centralized model: Real-world data to suggest it is

time to re-consider testing options.
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Abstract: Best practice in the management of non-squamous, non-small cell lung
cancer patients involves somatic testing for a range of molecular markers. Actionable
oncogenic drivers of malignancy are increasingly being detected using RNA-based next
generation sequencing in the UK by referral to centralized genomic laboratory hubs. Recent
audit data from the authors case work has demonstrated an RNA sequencing failure rate of
35%. This article examines the real-world context which may account for this failure rate and

discusses alternative options for patient care pathways.

Keywords: lung cancer; RNA sequencing; molecular pathology.

1. Introduction

Lung cancer is the most common cause of death from cancer world- wide [1]. The
United Kingdom (UK) has the some of the worst survival outcomes of developed nations
across the world and Europe [1-3]. It is important for all healthcare professionals to understand
factors that may be contributing to these poor outcomes for our patients. This commentary
examines the role molecular biomarker detection may have in care of patients with non-small

cell lung cancer (NSCLC) in the UK.

In the UK, patients are discussed at multi-disciplinary team meetings (MDT)(also
known as tumour boards) to sense check diagnostic information from radiology and pathology
with the clinical context and to determine the best management plan for each individual patient
according to their wider health and circumstances [4, 5]. Predictive molecular biomarkers are
needed to inform patient management options and consideration of targeted oncological agents

[6, 7]. The array of biomarkers needed to inform the best management plan for non-squamous
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NSCLC has evolved at pace in recent years [8]. At the time of writing, PD-L1 is performed by
immunohistochemical methods providing sufficient malignant tissue is available, followed by
somatic tumor mutations in Kirsten Rat Sarcoma Viral Proto-oncogene (KRAS), V-raf Murine
Sarcoma Viral Oncogene Homolg B (BRAF), Epidermal Growth Factor Receptor (EGFR) by
DNA next generation sequencing [9- 15]. Gene fusion events in Anaplastic Lymphoma
Receptor Tyrosine Kinase (ALK-1), ROS Proto-oncogene Tyrosine-Protein Kinase (ROS-1),
Neurotrophic Receptor Tyrosine Kinase 1, 2 and 3 (NTRK1/2/3), Ret Proto-oncogene,
receptor tyrosine kinase (RET) and skipping lesions in exon 14 of the MET Proto-oncogene
receptor tyrosine kinase (MET) can be identified using RNA-based next generation sequencing
(NGS) in somatic tissue [16, 17)]. RNA sequencing is preferable to DNA sequencing for large
structural rearrangements in somatic genomes where there are large intronic sequences in the
DNA of the gene of interest, NTRK1 being a good example. [17, 18]. Sequencing spliced
mRNA transcripts that consist solely of exons allows for more accurate detection of fusion
events by current bioinformatic analytical methods [18, 19]. The incidence of gene fusion
events in lung cancer is low [20]. ALK-1 rearrangements occur in approximately 3% of
western populations with primary lung adenocarcinomas whereas ROS-1 is the cancer driver
in less than 1% of cases [21]. RET and NTRK1,2 and 3 fusions and MET 14 skipping variants
in NSCLC are also uncommon [15, 22-27].

Our local practice is to send tissue sections on charged glass slides to an external
laboratory for molecular testing as our cellular pathology department lacks the molecular grade
medical laboratory facilities and biomedical scientist (BMS) staff required to conduct DNA
and RNA extraction from tissue. This process is best commenced at the same time the formalin
fixed paraffin embedded (FFPE) tissue block is cut to prepare the haematoxylin and eosin
(H&E) stained slide for morphological assessment by a histopathologist [28]. Cutting the
FFPE block requires “re-facing” each time a BMS attempts to cut a section of tissue in order to
ensure the surface is smooth and appropriately orientated to give a full slice representing all
areas in the FFPE block.

This process of re-facing inevitably involves loss of small amounts of tissue for
accuracy of slide production. Limiting slide processing to one single step and cutting all
possible required slides up front to prevent waste is clearly an ideal step to prevent any
valuable tumor tissue form being wasted [29]. This is no more important than in care of lung
cancer patients where small samples such as bronchoscopic biopsies and endoscopic
ultrasound guided (EBUS) fine needle aspiration cytology can yield very small amounts of
tumor tissue (see figure 1) but with demand for a large amount of molecular information
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required for diagnosis and treatment [30-32]. Pathologists with expertise in thoracic pathology
are well advised to limit diagnostic immunohistochemistry use in such cases to just two protein
markers, p40 and TTF1 for subtyping squamous and adenocarcinomas of primary pulmonary

origin [4, 29].

This paper will examine factors to consider for best patient care in the predictive
molecular biomarker identification in lung non-squamous NSCLC, adenocarcinoma being the
most common type, and consider whether there is a need for change to current practice and

how that might be achieved.

RNA sequencing: the real-world experience of a centralized model of clinical somatic

testing.

Failure rate of RNA sequencing

Sending tissue sections to a centralized external laboratory is part of an agreed local
care pathway. A “salvage” method was built into the RNA sequencing strand of the molecular
biomarker pathway to address cases that fail to yield sufficient RNA. This salvage pathway
requires additional tissue sections be sent upfront to the external laboratory upon RNA NGS
request to mitigate against the extended time interval in requesting further tissue from the
referring pathology laboratory.

An internal audit of the author’s cases reported as adenocarcinoma of primary
pulmonary origin between Nov 2021 and Jan 2022 (n=20), showed that RNA sequencing
failed in 35% of requests. This failure rate in keeping with published experiences elsewhere in
the UK [33].

Samples with insufficient material are not sent for RNA NGS and this is defined as
samples with less than 100 malignant cells [34]. Such a high failure rate seems at odds with
recently reported data regarding RNA- based next generation sequencing (NGS) from an
Italian referral center that successfully produced results for 95.8% of their patient samples
(n=48) using a customized gene fusion panel [16]. The assay validation study by de Luca, and
colleagues, however, is not comparable with our experience as the authors only included cases
where the desired RNA quality and quantity thresholds had already been met [16]. Another
recent study of RNA-based NGS using cytology samples (n=129) processed into formalin
fixed paraffin embedded (FFPE) cell blocks
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found a success rate of 91% using a hybrid capture method of RNA sequencing [34].
Just 1 sample had insufficient RNA extracted and 8 were of insufficient cellularity [34]. The
success of their method may relate to minimal fixation in 10% neutral buffered formalin (10
minutes). However, most tissue specimens submitted to cellular pathology laboratories are
fixed in formalin for between 6 and 72 hours to meets standard operating procedures for

quality in immunohistochemistry techniques [35].

Preanalytical considerations

Formalin fixation causes cross linking of proteins within tissue to prevent tissue
breakdown in archives [36]. Formalin causes direct degradation of RNA molecules and can
also detrimentally interact with chemical agents used in RNA extraction [37]. RNA extraction
is said to be more successful from fresh or frozen tissue samples rather than FFPE tissue
samples, particularly if they have not been archived for long periods of time [38-40].
Clinicians may ask the question, “Why don’t we just move to using fresh tissue?’, which, on
the face of it seems like a reasonable suggestion. That is, until one considers the huge logistical
changes that would be required of histopathology laboratories to support such a change. It
would involve change in practice by surgical theatre staff and porters. Some authors advocate
using alternative

fixation methods to preserve tissue, such as the PAXgene solution [41- 43]. The
morphological appearances of H&E tissue sections generated after fixation in PAXgene are
excellent and comparable with FFPE [41, 42]. However, the costs of such a change would be
prohibitive in a public funded, UK NHS setting. Five litres of 10% formalin costs in the region
of £13 whereas 50ml of PAXgene (servicing small specimens only) will cost in the region of
£150. The enhanced cost would also be compounded by a need to invest in new, dedicated
tissue processors compatible for use with PAXgene in cellular pathology laboratories [44].

as a single-plex tool, offers the advantages of being fast, cheap, reliable and easy to
perform on automated, large throughput platforms. Tissue consumption for each antibody is 3-
4um of FFPE tissue and offers the additional asset of marker assessment in a spatial context.
That is to say, one can be sure that the protein biomarker of interest specifically relates to the
malignant cells of interest and thereby enhances diagnostic confidence. That level of data
granularity is lost in bulk sequencing assays using DNA or RNA extraction from tissue where
there are nuclei with wild-type DNA and RNA species in connective tissue, inflammatory cells

and normal background
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epithelium within the tissue section [51]. See figure 1. Macro-dissection from the
glass slide can help enrich samples for tumor nuclear content but this may not be possible in

centralized molecular laboratories with no resident cellular pathologist expertise.

NGS offers the advantage of multiplex detection of molecular biomarkers but requires
a much greater input of tissue for assessment than some rapid PCR assays available for clinical
use. For example, the IdyllaTM Gene Fusion assay uses 5-15um of FFPE tissue as compared
with at least 50um for each sequencing panel available to our patients [45]. When one
considers that rescue FISH for failed RNA seq samples requires an additional 8um of tissue
per marker, not using such a rapid assay becomes difficult to defend in a setting of a small
amount of available tissue [45]. The IdyllaTM Gene Fusion cartridge covers all the actionable
gene fusion events for detection that may guide treatment decisions in lung adenocarcinoma

patients [52-54].

(@) (b)
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(e)

Figure 1. Photomicrographic examples of histopathological tissue biopsies
containing scarce or no malignant tissue. (a) Photomicrograph of bronchial biopsy (x4
magnification) showing limited nature of some samples. This is small cell neuroendocrine
carcinoma. Haematoxylin and eosin (H&E) stain; (b) Some CT guided core biopsies may not
contain malignancy but rather necrotic material, as in this example. (x4, H&E stain); (c¢)
Endobronchial ultrasound- guided (EBUS) fine needle aspiration cytology of mediastinal
lymph nodes. EBUS samples often yield small amounts of tissue on a background of blood. A
small fragment of carcinoma is highlight in the black circle (x4, H&E); (d) Photomicrograph
illustrating a small deposit of metastatic carcinoma (black circle) in a lymph node. Bulk RNA
extraction would from this section without, microdissection, is likely to yield large amounts of
wild-type signal from lymphocyte nuclei; (e) An example of low volume malignancy with a
CT-guided core biopsy of lung highlighted in the red square. There is background fibrosis and

chronic inflammation present. (x4, H&E).
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The option to test for NTRK fusions also applies to all other solid malignancies where
standard oncological options have failed [55, 56]. It would be beneficial to utilize the
infrastructure in place for NSCLC cases for the wider oncology patient community where
appropriate. Beyond NSCLC however, it may be more cost effective to screen all solid
malignancies by using NTRK immunohistochemistry before confirmation of positive findings
using automated FISH rather than using the gene fusion cartridge by IdyllaTM as a first-choice
method [57, 58]. The additional fusions of ALK-1 ROS-1, Met14 skipping and RET may not
be indicated in malignancies other than NSCLC, so it may not be economically viable to use
the IdyllaTM Gene fusion cartridge in this setting. NTRK immunohistochemistry is fast, cheap
and consumes just 3- 4um of FFPE tissue [58].

Further consequences of failed RNS NGS.

The consequences of not having a report of gene fusion events in NSCLC at the time of
outpatient appointment with an oncologist is a waste of a valuable appointment slot and time
of hospital staff. There are additional knock-on effects to consider such as patient
dissatisfaction, anxiety, staff morale and, most importantly, missed opportunities to start
effective treatments in patients at risk of rapid clinical deterioration [59]. As discussed, TKI
treatments should be started in the therapy naive setting [48]. In addition, if an opportunity to
start TKI therapy is missed the patient loses an opportunity to receive an oral therapy in the
community, an option that can relieve some workload of secondary care. The consequence is
more patients wait for intravenous chemotherapy drug administration as day case patients in

hospital facilities with limited capacity.

Why does RNA sequencing fail so frequently in our experience?

RNA sequencing can fail for many and varied reasons. Limited tissue and the impact
of formalin fixation have been highlighted but little discussed is the specimen exposure to
environmentally ubiquitous RNA degradation enzymes [60]. There are RNA degradation
enzymes in the air, on our hands and work surfaces that can cause destruction of RNA within

FFPE tissue sections. Indeed, it is surprising that RNA sequencing works at all given the
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nature of the processing occurring in the histopathology laboratory upstream of the receipt by
molecular lab. FFPE tissue specimens are cut in a large open room with no special sterile air
flows or compartmentalization. Sections are floated on a water bath prior to mounting on glass
slides with the inherent risk, though much guarded against, of contamination. Slides are then
packed into a plastic, non-sterile

slide mailer and standard packaging for postage to the external laboratory by courier.
These are less than optimal conditions for handling and preserving RNA for sequencing and

may account for the reason why so many RNA NGS assays fail in our experience.

Practical alternatives to centralized NGS testing.

Genomic technologies are advancing in capability and at a pace beyond which NHS
cellular and molecular pathology laboratories can evolve. As such, it is understandable that
some molecular laboratories have invested in NGS for the advantage of being able to expand
the repertoire of gene variants reported in a quick and responsive way without additional
capital expenditure. Automated technologies are now available that can reduce the turnaround
time for reporting NGS samples in a reduced gene panel in as little as three days. Sheffield, et
al, showed they could generate biomarker NGS-based reports using the GenexusTM platform
in as little as three working days [62]. Using this technique may represent an opportunity for
local histopathology laboratories to incorporate fully automated NGS reporting alongside
morphological and immunohistochemical data in one step [62]. This assay requires a minimum
of 8 samples per run and this need for batching could have detrimental consequences for
turnaround time in laboratories with small numbers of patient requests. This could be
overcome by use of automated rapid PCR systems such as IdyllaTM which do not require
batching. The IdyllaTM platform provides the ability to give clinicians same day biomarker
results in urgent cases and could salvage outpatient appointments where NGS reports are not
yet available [63]. The IdyllaTM Gene Fusion cartridge designed by Biocartis has the added
advantage of being a multiplex assay [53]. A recent multi-center European study of the Gene
Fusion assay obtained valid results in 98% of their patient in as little as 3 hours with good
sensitivity and specificity [53]. This compares very favorably to our current experience of

valid results in just 65% of patients using RNA-based NGS first-line.
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Although fluorescence in-situ hybridization (FISH) is single-plex and potentially time
consuming to conduct, this technique is well established and reliable for clinical use. There
have been advances in FISH technologies in recent years with use of computer algorithms to
count fluorescence signals with the effect of reducing turnaround times and human resource
requirements of traditional FISH. This could be a very valuable adjunct to rapid PCR or
immunohistochemistry (IHC) where used for screening out negative cases.
Immunohistochemistry, being a rapid, cheap, fast and easily automated technique, makes it an
ideal starting point for screening for uncommon gene fusion events given that it has a high
negative predictive value in low incidence settings. This may be a particularly attractive
approach for histopathology laboratories with well-established expertise in IHC practice and
sufficient case throughput to justify testing by this method in the majority of cases. Certainly,
in resource limited settings, such as the UK NHS, IHC should be considered as a robust option

in NTRK testing for to all solid malignancies.

Suggestions for Improved Care Pathways Incorporating Molecular Biomarker

Identification.

We have previously described an actionable oncogenic driver identification pathway
for NSCLC patients that using rapid PCR for identification of common, known somatic
mutations in stage 4 patients to prevent missed opportunities for starting TKIs in treatment
naive patients [45]. It may be best practice, however, to extend use of rapid PCR to assess for
gene fusion events in all cases where molecular testing is indicated on small biopsies. This
could prevent waste of valuable tissue given that, in our area, RNA-based NGS has a failure
rate of 35% and the gene fusion cartridge has a much lower failure rate, in the region of 2%.

[53]. See figure 2.
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Non squamous, NSCLC tissue

diagnosis

Fewer than 100
malignant cells |

Stages 1-3

PD-L1 IHC and DNA

NGS (EGFR, KRAS and
PD-L1 IHC, Idylla and| BRAF)

NGS methods for EGFR,
KRAS, BRAF and gene Plus Gene fusions by
fusions Idylla

Figure 2: Suggested algorithm for molecular analysis of somatic NSCLC tissue
taking into consideration the real-world failure rate of RNA sequencing performed in a

centralized service model.

NSCLC, non-squamous, non-small cell lung cancer;, PD-L1, programmed death
ligand 1; IHC, immunohistochemistry; EGFR, epidermal growth factor; BRAF, B-raf

oncogene; KRAS, K,ras oncogene.

Conclusions

Cellular and molecular pathologists working in the public sector have a duty to
consider best use of often limited tissue samples to achieve maximum information for patient
care. Pathologists, with the tissue morphology before them, are best suited to make the best
choices regarding testing modality. Reflex requesting of biomarkers in NSCLC recognizes the
role the pathologist can play in saving time for reporting of such biomarkers [64]. A recent
audit of RNA sequencing reports a failure rate of 35%. There are a number of alternative
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testing strategies to consider that could improve biomarker identification in NSCLC patients in
our region, including FISH, rapid PCR and fully automated rapid NGS workflows that could
be harnessed in-house with the added benefit of integration alongside morphological and
immunohistochemistry findings in one report. Timeliness of reporting both cellular and
molecular pathology findings in tissue biopsies is of paramount importance in the care of our
lung cancer patients. Rapid near patient testing methods could positively impact up to a 1/5 of
stage 4 patients and make a difference in overall progression-free survival [45]. This is of
particular need in the UK where we lag behind our European colleagues who have a wider
range of molecular testing capabilities at their fingertips and greater control over choice of
testing

method based on individual patient needs [2, 3, 53]. However, whether the pathologist
holds the key to closing the gap in survival outcome data for lung cancer patients in the UK

remains to be seen. Pathologists should at least be given the opportunity to try.
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Abstract

Introduction

Osimertinib is now licensed for use in early-stage non-small cell lung cancer patients
(NSCLC) as an adjunct in the post-surgical setting. Identification of appropriate patients for
this therapy relies upon identification of somatic epidermal growth factor receptor (EGFR)
mutations in exons 19 and 21. The Idylla™ EGFR Mutation Test is a rapid, fully automated
near-patient test that could be used in histopathology laboratories to identify such patients.
Methods

We conducted a pilot study of 12 consecutive patients with non-squamous NSCLC
histology undergoing intra-operative frozen section diagnosis over a two-year period to
determine the suitability of frozen tissue for EGFR testing as compared with matched
formalin-fixed paraffin-embedded (FFPE) tissue samples.

Results

There was 100% concordance of findings between the Idylla™ EGFR Mutation Tests
conducted on frozen section and FFPE tissue samples. There was also full concordance with
next generation sequencing (NGS) results where performed. The cycling quotient (CQ) value
for fresh frozen tissue samples was significantly lower than that for FFPE samples (p<0.0001).

Conclusions

This is the first study to assess suitability of DNA from fresh frozen samples at time of intra-
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operative frozen section for NSCLC patients using a rapid, automated, singe gene polymerase
chain reaction (PCR) method. This test could be used to identify appropriate patients for post-
surgical, adjuvant Osimertinib therapy. There are potential cost and time savings by choosing

this singe gene test rather than utilising NGS methods for early-stage NSCLC patients.

Introduction

Standard of care for early-stage, non-squamous non-small cell lung cancer (NSCLC)
patients (stages IB to IIIA) is surgical lung resection with lymph node dissection in those who
are well enough (189). Up to half will develop disease recurrence after surgery with curative
intent (190). The ADUARA trial showed that patients with somatic epidermal growth factor
receptor (EGFR)-mutated early-stage NSCLC receiving adjuvant Osimertinib had longer
cancer free survival times (191). Drug regulatory agencies across the world have recently
licensed adjuvant Osimertinib for early stage, completely resected EGFR-mutated (exon 19
deletions and L858R mutations) NSCLC on the basis of this evidence (42).

More than one third of patients fail to receive a pre-operative tissue diagnosis prior to
surgery due to inaccessibility or high-risk of serious morbidity as a consequence of an invasive
biopsy (192). These patients have an intra-operative frozen section at the start of surgery to
confirm malignancy and the need to proceed to surgical resection (192). The aim of this study
was to determine whether a fully-automated, rapid polymerase chain reaction (PCR) assay
could be used at the time of intraoperative frozen section diagnosis to support timely
oncological management decisions.

Methods

Case selection

Consecutive adult (>18 years) patients undergoing intra-operative frozen section
diagnosis of a lung lesion were included in the study. Rapid PCR was performed on the frozen
section tissue after identification of morphology suggesting a diagnosis of adenocarcinoma,
favouring lung primary or carcinoma, not otherwise specified (NOS) or by a cellular
pathologist. Patients suspected of having tuberculosis are not eligible for frozen section and
were excluded. Minimum sample requirements for rapid automated testing were 10% tumour
nuclear content (TNC). Samples were frozen to -40°C using the automated PrestoCHILL
(Milestine Medical) platform with MMC, Milestone™ Cryo-embedding Compound. An
adjacent fresh tissue sample was selected for processing into a formalin fixed paraffin

embedded (FFPE) tissue block for use as the paired patient sample.
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Pre-analytical considerations

FFPE processing required fixation in 10% neutral buffered formalin for at least 6
hours prior to automated overnight processing on Thermo Fisher Scientific Exselsior ES tissue
processors (2008). The oldest FFPE block used in the study dates from the end February 2020.
Testing concluded by mid-September 2022. The maximum storage time for FFPE tissue blocks
was 31 months.

Idylla ™ EGFR Mutation Test

Tissue sections were taken from the microtome direct to the ‘Idylla™ EGFR
Mutation Test’ cartridge without use of a water bath or mounting on glass slides. Frozen
section slides were assessed for TNC by a single pathologist (AF) according to published
guidance (193). Tissue samples were sandwiched between filter paper discs moistened with
nuclease free water to ensure adherence to test platform in the cartridge. Automated DNA
extraction within the Idylla™ cartridge prevents sample contamination and need for molecular
grade facilities within the histopathology department. Pre-determined primer sets identify the
presence of up to 51 specific EGFR mutations within the assay by detecting fluorescence
above a proprietary threshold during PCR. This primer set includes detection of 36 types of
exon 19 deletion and the L858R mutation in exon 21 (3 variants). Cycling quotient (CQ)
values were recorded as a proxy measure of DNA quantity. A CQ value of 20 is equivalent to
200ng of DNA as determined in experiments conducted by the manufacturer (96, 107). The
rapid PCR assay has a CE-IVD certificate from the Medicines and Healthcare Products
Regulatory Agency (MRHA) for use in a clinical diagnostic setting (107). The Limit of
Detection of the test is less than 5% TNC (107).

Ethical considerations

The study proposal was reviewed the Swansea Bay University Health Board Joint
Study Review Committee and deemed service development. Audit, service development and
quality improvement projects are exempt from the need for research ethics committee review
(194, 195). Compliance with Human Tissue Authority guidance on use of diagnostic human
tissue is assured. Verification of all new assays require in-house verification to meet ISO15189

medical diagnostic laboratory standards.

Statistical analysis
Descriptive statistics and a paired t-test were prepared using SPSS V.26.0.0 statistical
package from IBM and graphad.com. Study was closed when statistical significance for

differences between CQ values between the paired sample types was achieved. CQ values
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were assumed to follow a normal distribution.

Results

Twelve patients underwent frozen section with non-squamous, non-small cell
neuroendocrine carcinoma (NSCLC) morphology. One of these frozen section samples was
compromised and could not be tested as a fresh frozen sample. All samples submitted were
peripheral lung wedge resections for primary frozen section diagnosis.

Most patients in the cohort had a performance status of 0 and a successful outcome
following surgery. One patient was deceased 2 months after surgery due to cerebral infarction.
See Table 1 for clinical details. None of our patients received adjuvant Osimertinib in the post-
operative period. One patient started adjuvant Carboplatin treatment in a setting of regional
lymph node metastases identified in the surgical resection specimen. Two cases were reported
as carcinoma, (NOS) at frozen section; Both cases were poorly differentiated adenocarcinoma
as determined by immunohistochemistry.

The Cycling Quotient (CQ) value is a proxy marker of the amount of DNA available
for polymerase chain reaction (PCR). A low CQ value indicates that fewer cycles of PCR were
required for sufficient levels of florescence to be detected for a valid call by the Idylla™
instrument. Instructions for use state an optimal CQ value range of 19 and 24 for clinical
reliability. The difference between the CQ values between the groups was determined using
the paired T-test. See table 2. The two-tailed p-value is less than 0.0001, indicating a
statistically significant difference. All eleven samples were devoid of EGFR mutation by rapid
PCR and next generation sequencing (NGS). The outcome of the rapid PCR test was the same
for FFPE samples and fresh sections samples in 100% of cases. The study commenced before
Osimertinib was approved for clinical use in a post-surgical adjuvant setting in early-stage

NSCLC.
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Table 1: Clinical background, staging, treatment and follow-up status of patients undergoing intra-operative thoracic frozen section.

No. [ A g e [ Pre-op | Histology at FS | Histology at [ Radiological | Pathologi- [ Osi | Follow up
years | PS FFPE pre-op  stage | cal Staging | Y/N
and  tumour | and tumour
size (mm) size
1 73 0 Carcinoma poor- | Adenocarcinoma, | T2a NO TIc NO N Disease free and
ly differentiated solid pattern 35mm 28mm well @ 31 months
post-op f/lup
2 78 1 Adenocarcinoma | Adenocarcinoma, | T2a NO 35mm TIc NO N Disease free and
Treated for TB acinar 23mm well @30 months
flup
3 74 0 Adenocarcinoma | Adenocarcinoma, | TIb NO I5mm TIa NO N Disease free and
acinar. Foci x3 10mm well @27 months
background AIS flup
and x1 AAH.
4 75 0 Adenocarcinoma, | Primary  enteric | T2a NO T2a NO [N Disease free and
mucinous phenotype adeno- | 17mm (PL1) well @21 months
carcinoma 34mm fhup
5 70 0 Carcinoma NOS, | Adenocarcinoma, | TIb NO Tla NI N Disease free and
poorly differenti- | poorly differenti- | 15mm 10mm well @ 20 months
ated ated f fup
6 79 0 NSCLC, favour | Adenocarcinoma, | Tlc NO TIb NO N Disease free and
adenocarcinoma | papillary 40% and | 21mm 20mm well @ 19 months
lepidic 60% fhup
7 80 2 Adenocarcinoma | Adenocarcinoma, | T2a N2 TIa NO N Deceased 2/12
papillary and mi- | micropapillary | 13mm 10mm post op from
cropapillary 85%, and papil- stroke
lary
8 69 0 Adenocarcinoma | Adenocarcinoma, | Tla NO TIb NO N Disease free and
acinar 9mm 11mm well @ 9 months
fhup
9 69 0 Adenocarcinoma | Adenocarcinoma, | T1b NO TIb NO N Disease free and
acinar and lepidic | 12mm 11mm well @ 7 months
fhup
10 |74 1 Adenocarcinoma | Adenocarcinoma, | T3 (satellite | T2a (PLI) [ N Disease free and
papillary pattern | nodules in same | N2 well @ 7 months
lobe) NO 30 mm fhup.
27mm Background
granulomas
related  to
aspiration.
IT | 64 0 Adenocarcinoma | Adenocarcinoma, | TIc NI 26mm T2a N0 N Disease free and
foetal type 31mm well @ 2 months
fhup

Table 1: Clinical background, staging, treatment and follow-up status of patients undergoing

intra-operative thoracic frozen section.

Table 1 Abbreviations: T, tumour; N, lymph node; PL, pleural invasion; EGFR, epidermal

growth factor receptor; TPS, performance status; FS, frozen section; FFPE, formalin fixed,

paraffin embedded; Osi, Osimertinib; No, case number; f/up, follow-up; TB, Mycobacterium

tuberculosis.
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Table 2: EGFR analysis using a rapid PCR assay and fresh frozen or formalin fixed paraffin embedded (FFPE) tissue.

No. [ TAT for [ Sample [ C Q [ Sample [ C Q [ TNC [ Mutational | Mutational | Details of Next Generation

FS (min- | size FS | value | s i z e | value | (%) | status of | status of | sequencing
utes) (mm?) FS FF P E | FFPE EGFR FS EGFR FFPE
(mm?)
1 28 I10pm | 166 | 5Sum 22.6 10 No mutation | No mutation | ND
180mm 228mm
2 37 Spm 16.2 | Sum 24.8 40 No mutation | No mutation | ND
414mm 420
3 51 10pm 16 Spum 255 5 No mutation | No mutation | ND
126mm 300
q 33 NR 17.1 | 5pm 246 |10 No mutation | No mutation | I.Insufficient DNA (FFPE)
255mm 2. Repeat, EGFR WT

BRAF, KRAS,NRAS, PIK-
3CA, CDNKN2A, ERBB2,
PTEN, RET also WT.

5 a7 TOpum T6.1 TOpum 251 15 No mutation | No mutation | EGFR WT as full panel.
48mm 100mm above
RNA seq negative.
6 52 Sum 15.8 | Sum 22 25 No mutation | No mutation | ND
320mm 580mm
7 20 Spm 157 | T0Opm 241 30 No mutation | No mutation | ND
130mm 25mm
8 73 Sm 145 | 10um 21.7 40 No mutation | No mutation | ND
270 25mm
9 49 Spm 154 | 5pum 223 30 No mutation | No mutation | ND
320mm 170mm
10 |42 Spm 147 | Sum 232 |20 No mutation | No mutation | EGFR'WT
300mm 522mm BRAF WT
KRAS 34G>T exon 2
11 | 40 Spum Spm 19.9 40 No mutation | No mutation | EGFR WT
300mm | 14 528mm BRAF WT
KRAS WT

Table 2: EGFR analysis using a rapid PCR assay and fresh frozen or formalin fixed
paraffin embedded (FFPE) tissue.

Abbreviations: EGFR, epidermal growth factor receptor; TAT, turn-around time; FS,
frozen section; FFPE, formalin fixed, paraffin embedded; TNC, tumour nuclear content, CQ,

cycling quotient; ND, not done; WT, wild-type; NR, not recorded.

Discussion

Our study is the first to assess frozen tissue for molecular analysis of NSCLC tissue
during intra-operative frozen section diagnosis specifically using the Idylla™ EGFR Mutation
Test. Intra-operative molecular analysis has been trialled in breast cancer patient to refine
diagnosis of metastatic disease within axillary sentinel lymph nodes with good results but a
role for molecular diagnostics has yet to be demonstrated in other clinical settings (196, 197).

Our data suggest that the quantity of DNA available for PCR in the PCR assay was
greater in the fresh frozen tissue samples than in matched FFPE tissue samples. This is an

expected finding as formalin-induced protein-DNA cross linking requires harsh chemical
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treatment to liberate DNA for PCR. The process of DNA extraction from FFPE tissue results
in single strand breaks and smaller nucleotide length, as would be reflected in the CQ value
(198).

Despite this the rapid, fully-automated PCR assay was designed for use in lung cancer
specimens in standard histopathology practice and based on FFPE tissue validation protocols.
As such, the instructions for use indicate a recommended CQ spectrum of between 18 and 25
for wild-type EGFR DNA (107). The mean CQ value found for FFPE was 23.225 and for fresh
frozen tissue 15.645 in our paired samples set and this was a statistically significant difference
(p>0.0001). FFPE results were well within the expected CQ range. Most studies agree that the
quantity and quality of extractable DNA is superior in fresh frozen tissue compared with FFPE
archived tissue (196, 197, 199-203) and this is clearly reflected in our data. The only other
study to assess frozen section tissue use in an Idylla™ assay focussed on the GeneFusion assay
in work by Sorber, et al (179) . However, our findings contrast with those of Sorber, et al, who
describe deterioration of nucleotide content when comparing paired frozen/FFPE lung
malignancy samples. Their study focussed on RNA content and used frozen tissue samples that
had been stored for up to 9 years at -80°C prior to analysis (179). RNA is a more fragile
nucleotide compared to DNA. RNA can suffer degradation from nuclease enzymes in the
environment and is sensitive to hydrolysis because of the additional hydroxyl group in its
ribose structure (204). The number of frozen section diagnoses taking place in our institution
was substantially reduced by restrictions to operative practice during the COVID-19 pandemic
and is a limitation of our study. A further limitation of our work is not having access to
molecular laboratory facilities to extract DNA from the paired tissue samples to directly
quantify DNA content (205). The decision to treat with Osimertinib relies on information from
the EGFR gene alone and so this represents a clear opportunity for single gene testing by PCR.
This approach could save considerable amounts of money by refraining from a blanket
approach of DNA NGS sequencing for all lung cancer patients. The single gene test is around
£150 per sample as opposed to £785 (Illumina Trusight™ NGS panel) per sample cost (43).
Cost and time efficiency are important considerations for all patients treated in resource-

constrained health care services.

136



Conflicts of Interest

AF declares receipt of financial support to attend international medical conferences
from Biocartis. Remaining authors declare no conflict of interest.

Author Contributions

AF conceived the idea and protocol and sourced testing cartridges. Testing was
performed by KH and KM. AF analysed and interpreted the data and wrote the manuscript. IG
identified patients for frozen section pathological diagnosis. GL, TE, IG and SB made
significant intellectual contribution to manuscript drafts and all authors approved the final

version for publication.

137



10.

11.

12.

References
Lee CS, Milone M, Seetharamu N. Osimertinib in EGFR-Mutated Lung Cancer: A Review of
the Existing and Emerging Clinical Data. Onco Targets Ther. 2021;14:4579-97.
Wu YL, Tsuboi M, He J, John T, Grohe C, Majem M, et al. Osimertinib in Resected. N Engl
J Med. 2020;383(18):1711-23.
Wu YL, Herbst RS, Mann H, Rukazenkov Y, Marotti M, Tsuboi M. ADAURA: Phase III,
Double- blind, Randomized Study of Osimertinib Versus Placebo in EGFR Mutation-positive
Early-stage NSCLC After Complete Surgical Resection. Clin Lung Cancer. 2018;19(4):e533-
eb.
NICE. Osimertinib for adjuvant treatment of EGFR mutation positive NSCLC in adults after

complete tumour resection. https://www.nice.org.uk/guidance/ta761/resources/osimertinib-

for- adjuvant-treatment-of-egfr-mutationpositive-nonsmallcell-lung-cancer-after-complete-
tumour- resection-pdf-82611430864837.2022.
Ghamati MR, Li WWL, van der Heijden EHFM, Verhagen AFTM, Damhuis RA. Surgery

without preoperative histological confirmation of lung cancer: what is the current clinical
practice? J Thorac Dis. 2021;13(10):5765-75.

Dufraing K, van Krieken JH, De Hertogh G, Hoefler G, Oniscu A, Kuhlmann TP, et al.
Neoplastic cell percentage estimation in tissue samples for molecular oncology:
recommendations from a modified Delphi study. Histopathology. 2019;75(3):312-9.
Biocartis. Instructions for use: Idylla EGFR Mutation Test. www.biocartis.com/ifu: Biocartis
NV; 2017. p. 1-41.

Finall A, Davies G, Jones T, Emlyn G, Huey P, Mullard A. Integration of rapid PCR testing

as an adjunct to NGS in diagnostic pathology services within the UK: evidence from a case
series of non- squamous, non-small cell lung cancer (NSCLC) patients with follow-up. J Clin
Pathol. 2022.

NRES. Defining Research. In: Agency NPS, editor.
http://wwwuhbristolnhsuk/media/1572809/defining_research_leaflet 1 _pdf2009.

Casarett D, Karlawish JH, Sugarman J. Determining when quality improvement initiatives
should be considered research: proposed criteria and potential implications. JAMA.
2000;283(17):2275-80.

Norton N, Sun Z, Asmann YW, Serie DJ, Necela BM, Bhagwate A, et al. Gene expression,
single nucleotide variant and fusion transcript discovery in archival material from breast
tumors. PLoS One. 2013;8(11):e81925.

Bhagwate AV, Liu Y, Winham SJ, McDonough SJ, Stallings-Mann ML, Heinzen EP, et al.

Bioinformatics and DNA-extraction strategies to reliably detect genetic variants from FFPE
138


http://www.nice.org.uk/guidance/ta761/resources/osimertinib-for-
http://www.nice.org.uk/guidance/ta761/resources/osimertinib-for-
http://www.biocartis.com/ifu
http://wwwuhbristolnhsuk/media/1572809/defining_research_leaflet_1_pdf2009

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

breast tissue samples. BMC Genomics. 2019;20(1):689.

Grafstrom RC, Fornace AJ, Autrup H, Lechner JF, Harris CC. Formaldehyde damage to
DNA and inhibition of DNA repair in human bronchial cells. Science. 1983;220(4593):216-
8.

Gao XH, Li J, Gong HF, Yu GY, Liu P, Hao LQ, et al. Comparison of Fresh Frozen Tissue
With Formalin-Fixed Paraffin-Embedded Tissue for Mutation Analysis Using a Multi-Gene
Panel in Patients With Colorectal Cancer. Front Oncol. 2020;10:310.

Mullegama SV, Alberti MO, Au C, Li Y, Toy T, Tomasian V, et al. Nucleic Acid Extraction
from Human Biological Samples. Methods Mol Biol. 2019;1897:359-83.

Hedegaard J, Thorsen K, Lund MK, Hein AM, Hamilton-Dutoit SJ, Vang S, et al. Next-
generation sequencing of RNA and DNA isolated from paired fresh-frozen and formalin-
fixed paraffin-embedded samples of human cancer and normal tissue. PLoS One.
2014;9(5):e98187.

Wang JH, Gouda-Vossos A, Dzamko N, Halliday G, Huang Y. DNA extraction from fresh-
frozen and formalin-fixed, paraffin-embedded human brain tissue. Neurosci Bull.
2013;29(5):649-54.

McDonough SJ, Bhagwate A, Sun Z, Wang C, Zschunke M, Gorman JA, et al. Use of FFPE-
derived DNA in next generation sequencing: DNA extraction methods. PLoS One.
2019;14(4):¢0211400.

Sorber L, Van Dorst B, Bellon E, Zwaenepoel K, Lambin S, De Winne K, et al. NTRK Gene
Fusion Detection in a Pan-Cancer Setting Using the Idylla GeneFusion Assay. J] Mol Diagn.
2022;24(7):750-9.

Elliott D, Ladomery M. Molecular biology of RNA. Oxford: Oxford University Press; 2011.
Bapat PR, Epari S, Joshi PV, Dhanavade DS, Rumde RH, Gurav MY, et al. Comparative
Assessment of DNA Extraction Techniques From Formalin-Fixed, Paraffin-Embedded
Tumor Specimens and Their Impact on Downstream Analysis. Am J Clin Pathol. 2022.
Kumar S, Bennett A, Campbell PA, Palidwor G, Lo B, Perkins TJ, et al. Costs of Next-
Generation Sequencing Assays in Non-Small Cell Lung Cancer: A Micro-Costing Study.
Curr Oncol. 2022;29

139



References

1. Kerr KM, Bibeau F, Thunnissen E, Botling J, RySka A, Wolf J, et al. The evolving
landscape of biomarker testing for non-small cell lung cancer in Europe. Lung Cancer.
2021;154:161-75.

2. NICE. Entrectinib for treating NTRK fusion-positive solid tumours.
https://www.nice.org.uk/guidance/ta6442021.

3. NICE. Larotrectinib for treating NTRK fusion-positive solid tumours.
https://www.nice.org.uk/guidance/ta6302021.

4. Malapelle U, Borralho P, Wang L, Schmitt F. Editorial: Cancer diagnostics in
solid tumors-from pathology to precision oncology. Front Mol Biosci. 2023;10:1150641.
5. Bhai P, Turowec J, Santos S, Kerkhof J, Pickard L, Foroutan A, et al. Molecular

profiling of solid tumors by next-generation sequencing: an experience from a clinical
laboratory. Front Oncol. 2023;13:1208244.

6. Finall A, Jones K. Applying bioethical principles for directing investment in
precision medicine. Clinical Ethics. 2020;15(1):23-8.
7. Finall A, Davies G, Jones T, Emlyn G, Huey P, Mullard A. Integration of rapid PCR

testing as an adjunct to NGS in diagnostic pathology services within the UK: evidence
from a case series of non-squamous, non-small cell lung cancer (NSCLC) patients with
follow-up. J Clin Pathol. 2022.

8. Finall A, Murphy K, Frazer RD. Improving care of melanoma patients through
efficient, integrated cellular-molecular pathology workflows using tissue samples with
low tumour nuclear content. J Clin Pathol. 2022.

9. Bennett P, Finall A, Medeiros F, Gerrard G, Taniere P. Re: Inadequacy of PCR
genotyping in advanced non-small cell lung cancer: EGFR L747_A755delinsSS Exon 19
deletion is not detected by the real-time PCR IdyllaTM EGFR mutation test but is
detected by ctDNA NGS and responds to osimertinib. Eur J Cancer. 2022;174:315-7.
10. Finall A. RNA next generation sequencing in the somatic molecular testing of
non-small cell lung cancer (NSCLC): Is it time to re-consider testing options for
improved patient care? Journal of Molecular Pathology. 2022;3:307-18.

11. Finall A, Hurlow K, Murphy K, Elazzabi T, G L, Goldsmith I, et al. Analysis of
EGFR Mutation by Rapid PCR Methods Can Yield Better Quality Results Using Intra-
operative Frozen Section Tissue in Early-Stage NSCLC. International Journal of Clinical
Studies and Medical Case Reports. 2023;25(4):1-6.

12. Deane M, Norton JD. Detection of immunoglobulin gene rearrangement in B
lymphoid malignancies by polymerase chain reaction gene amplification. BrJ
Haematol. 1990;74(3):251-6.

13. Reed TJ, Reid A, Wallberg K, O'Leary TJ, Frizzera G. Determination of B-cell
clonality in paraffin-embedded lymph nodes using the polymerase chain reaction.
Diagn Mol Pathol. 1993;2(1):42-9.

14. Subramanian D, Albrecht S, Gonzalez JM, Cagle PT. Primary pulmonary
lymphoma. Diagnosis by immunoglobulin gene rearrangement study using a novel
polymerase chain reaction technique. Am Rev Respir Dis. 1993;148(1):222-6.

15. Diss TC, Pan L, Peng H, Wotherspoon AC, Isaacson PG. Sources of DNA for
detecting B cell monoclonality using PCR. J Clin Pathol. 1994;47(6):493-6.

140


https://www.nice.org.uk/guidance/ta6442021
https://www.nice.org.uk/guidance/ta6302021

16. Chen YT, Whitney KD, Chen Y. Clonality analysis of B-cell lymphoma in fresh-
frozen and paraffin-embedded tissues: the effects of variable polymerase chain
reaction parameters. Mod Pathol. 1994;7(4):429-34.

17. Hameed M. Molecular diagnosis of soft tissue neoplasia: clinical applications
and recent advances. Expert Rev Mol Diagn. 2014;14(8):961-77.

18. Berkova A, Dundr P, Povysil C, Melcakova S, Tvrdik D. A comparision of RT-PCR
and FISH techniques in molecular diagnosis of Ewing's sarcoma in paraffin-embedded
tissue. Cesk Patol. 2008;44(3):67-70.

19. Garrido P, Conde E, de Castro J, Gdmez-Roman JJ, Felip E, Pijuan L, et al.
Updated guidelines for predictive biomarker testing in advanced non-small-cell lung
cancer: a National Consensus of the Spanish Society of Pathology and the Spanish
Society of Medical Oncology. Clin Transl Oncol. 2020;22(7):989-1003.

20. Al-Kateb H, Nguyen TT, Steger-May K, Pfeifer JD. Identification of major factors
associated with failed clinical molecular oncology testing performed by next generation
sequencing (NGS). Mol Oncol. 2015;9(9):1737-43.

21. Franczak C, Salleron J, Dubois C, Filhine-Trésarrieu P, Leroux A, Merlin JL, et al.
Comparison of Five Different Assays for the Detection of BRAF Mutations in Formalin-
Fixed Paraffin Embedded Tissues of Patients with Metastatic Melanoma. Mol Diagn Ther.
2017;21(2):209-16.

22. CRUK. Cancer Mortality Update. https://www.cancerresearchuk.org/health-
professional/health-professional-news/mortality-update-2018s-
data_gl=1*iat4b6*_ga*MjExMzQ4MzUyNC4xNjMzNzAyOTg0*_ga_58736Z2GNN*MTYzN
DI5SNzU30C4yLjEuMTYzNDI5Nzg1Ny42MA..& ga=2.202468369.1623018484.16342975
79-2113483524.1633702984: Cancer Research UK; 2018.

23. Arnold M, Rutherford MJ, Bardot A, Ferlay J, Andersson TM, Myklebust T, et al.
Progress in cancer survival, mortality, and incidence in seven high-income countries
1995-2014 (ICBP SURVMARK-2): a population-based study. Lancet Oncol. 2019.

24. National Lung Cancer Audit: Spotlight on molecular testing in advanced lung
cancer. [press release]. London2020.

25. WCISU. Cancer Mortality Statistics 2002-2021.
https://publichealthwales.shinyapps.io/cancer-mortality-in-wales-2002-2021/; 2022.
26. Nair A, Hansell DM. European and North American lung cancer screening
experience and implications for pulmonary nodule management. Eur Radiol.
2011;21(12):2445-54.

27. Nawa T, Nakagawa T, Mizoue T, Kusano S, Chonan T, Fukai S, et al. Long-term
prognosis of patients with lung cancer detected on low-dose chest computed
tomography screening. Lung Cancer. 2012;75(2):197-202.

28. Aberle DR, Adams AM, Berg CD, Black WC, Clapp JD, Fagerstrom RM, et al.
Reduced lung-cancer mortality with low-dose computed tomographic screening. N Engl
J Med. 2011;365(5):395-409.

29. Collaborative NWH. National Optimal Pathway for Lung Cancer.
https://collaborative.nhs.wales/networks/wales-cancer-network/wcn-
documents/clinician-hub/csg-pathways-and-associated-documents/lung-nop-pdf/:
Wales Cancer Network; 2020.

30. Maringe C, Spicer J, Morris M, Purushotham A, Nolte E, Sullivan R, et al. The
impact of the COVID-19 pandemic on cancer deaths due to delays in diagnosis in

141


https://www.cancerresearchuk.org/health-professional/health-professional-news/mortality-update-2018s-data_gl=1*iat4b6*_ga*MjExMzQ4MzUyNC4xNjMzNzAyOTg0*_ga_58736Z2GNN*MTYzNDI5NzU3OC4yLjEuMTYzNDI5Nzg1Ny42MA..&_ga=2.202468369.1623018484.1634297579-2113483524.1633702984
https://www.cancerresearchuk.org/health-professional/health-professional-news/mortality-update-2018s-data_gl=1*iat4b6*_ga*MjExMzQ4MzUyNC4xNjMzNzAyOTg0*_ga_58736Z2GNN*MTYzNDI5NzU3OC4yLjEuMTYzNDI5Nzg1Ny42MA..&_ga=2.202468369.1623018484.1634297579-2113483524.1633702984
https://www.cancerresearchuk.org/health-professional/health-professional-news/mortality-update-2018s-data_gl=1*iat4b6*_ga*MjExMzQ4MzUyNC4xNjMzNzAyOTg0*_ga_58736Z2GNN*MTYzNDI5NzU3OC4yLjEuMTYzNDI5Nzg1Ny42MA..&_ga=2.202468369.1623018484.1634297579-2113483524.1633702984
https://www.cancerresearchuk.org/health-professional/health-professional-news/mortality-update-2018s-data_gl=1*iat4b6*_ga*MjExMzQ4MzUyNC4xNjMzNzAyOTg0*_ga_58736Z2GNN*MTYzNDI5NzU3OC4yLjEuMTYzNDI5Nzg1Ny42MA..&_ga=2.202468369.1623018484.1634297579-2113483524.1633702984
https://www.cancerresearchuk.org/health-professional/health-professional-news/mortality-update-2018s-data_gl=1*iat4b6*_ga*MjExMzQ4MzUyNC4xNjMzNzAyOTg0*_ga_58736Z2GNN*MTYzNDI5NzU3OC4yLjEuMTYzNDI5Nzg1Ny42MA..&_ga=2.202468369.1623018484.1634297579-2113483524.1633702984
https://publichealthwales.shinyapps.io/cancer-mortality-in-wales-2002-2021/
https://collaborative.nhs.wales/networks/wales-cancer-network/wcn-documents/clinician-hub/csg-pathways-and-associated-documents/lung-nop-pdf/
https://collaborative.nhs.wales/networks/wales-cancer-network/wcn-documents/clinician-hub/csg-pathways-and-associated-documents/lung-nop-pdf/

England, UK: a national, population-based, modelling study. Lancet Oncol.
2020;21(8):1023-34.

31. Hofman P, Ilié M, Chamorey E, Brest P, Schiappa R, Nakache V, et al. Clinical
and molecular practice of European thoracic pathology laboratories during the COVID-
19 pandemic. The past and the near future. ESMO Open. 2021;6(1):100024.

32. Mateo J, Chakravarty D, Dienstmann R, Jezdic S, Gonzalez-Perez A, Lopez-Bigas
N, et al. A framework to rank genomic alterations as targets for cancer precision
medicine: the ESMO Scale for Clinical Actionability of molecular Targets (ESCAT). Ann
Oncol. 2018;29(9):1895-902.

33. Li MM, Cottrell CE, Pullambhatla M, Roy S, Temple-Smolkin RL, Turner SA, et al.
Assessments of Somatic Variant Classification Using the Association for Molecular
Pathology/American Society of Clinical Oncology/College of American Pathologists
Guidelines: A Report from the Association for Molecular Pathology. ] Mol Diagn.
2023;25(2):69-86.

34. The National Genomic Test Directory for Cancer [Internet]. NHS England. 2025
[cited 22 March 2025].

35. Garinet S, Laurent-Puig P, Blons H, Oudart JB. Current and Future Molecular
Testing in NSCLC, What Can We Expect from New Sequencing Technologies? J Clin
Med. 2018;7(6).

36. Benayed R, Offin M, Mullaney K, Sukhadia P, Rios K, Desmeules P, et al. High
Yield of RNA Sequencing for Targetable Kinase Fusions in Lung Adenocarcinomas with
No Mitogenic Driver Alteration Detected by DNA Sequencing and Low Tumor Mutation
Burden. Clin Cancer Res. 2019;25(15):4712-22.

37. Doebele RC, Drilon A, Paz-Ares L, Siena S, Shaw AT, Farago AF, et al. Entrectinib
in patients with advanced or metastatic NTRK fusion-positive solid tumours: integrated
analysis of three phase 1-2 trials. Lancet Oncol. 2020;21(2):271-82.

38. Kerr KM, Dafni U, Schulze K, Thunnissen E, Bubendorf L, Hager H, et al.
Prevalence and clinical association of gene mutations through multiplex mutation
testing in patients with NSCLC: results from the ETOP Lungscape Project. Ann Oncol.
2018;29(1):200-8.

39. Mazieres J, Drilon A, Lusque A, Mhanna L, Cortot AB, Mezquita L, et al. Immune
checkpoint inhibitors for patients with advanced lung cancer and oncogenic driver
alterations: results from the IMMUNOTARGET registry. Ann Oncol. 2019;30(8):1321-8.
40. Lindeman NI, Cagle PT, Aisner DL, Arcila ME, Beasley MB, Bernicker EH, et al.
Updated Molecular Testing Guideline for the Selection of Lung Cancer Patients for
Treatment With Targeted Tyrosine Kinase Inhibitors: Guideline From the College of
American Pathologists, the International Association for the Study of Lung Cancer, and
the Association for Molecular Pathology. J Mol Diagn. 2018;20(2):129-59.

41. Cui W, Milner-Watts C, O'Sullivan H, Lyons H, Minchom A, Bhosle J, et al. Up-
front cell-free DNA next generation sequencing improves target identification in UK first
line advanced non-small cell lung cancer (NSCLC) patients. Eur J Cancer. 2022;171:44-
54.

42. Harada G, Santini FC, Wilhelm C, Drilon A. NTRK fusions in lung cancer: From
biology to therapy. Lung Cancer. 2021;161:108-13.

43. Leal JL, Peters G, Szaumkessel M, Leong T, Asadi K, Rivalland G, et al. NTRK and
ALK rearrangements in malignant pleural mesothelioma, pulmonary neuroendocrine
tumours and non-small cell lung cancer. Lung Cancer. 2020;146:154-9.

142



44, Strohmeier S, Brcic |, Popper H, Liegl-Atzwanger B, Lindenmann J, Brcic L.
Applicability of pan-TRK immunohistochemistry for identification of NTRK fusions in
lung carcinoma. Sci Rep. 2021;11(1):9785.

45, Trillo Aliaga P, Del Signore E, Fuorivia V, Spitaleri G, Asnaghi R, Attilil, et al. The
Evolving Scenario of ES-SCLC Management: From Biology to New Cancer Therapeutics.
Genes (Basel). 2024;15(6).

46. MHRA. Medicines and healthcare regulatory agency. An introductory guide to
the medical device regulation (MDR) and the in vitro medical device regulation (IVDR). .
In: Agency. MaHR, editor.
https//assets.publishing.service.gov.uk/governments/uploads/system/uploads/attachm
ent_data/file/640404/MDR_IVDR_guidance_print_13.pdf2017.

47. NICE. Osimertinib for untreated EGFR-mutation-positive non-small cell lung
cancer. https://www.nice.org.uk/guidance/ta654; 2020.
48. NICE. Sotorasib for previously treated KRAS G12C mutation-positive advanced

non-small cell lung cancer.
https://www.nice.org.uk/guidance/ta781/resources/sotorasib-for-previously-treated-
kras-g12c-mutationpositive-advanced-nonsmallcell-lung-cancer-pdf-
82611551797189; 2022.

49, NICE. Melanoma: assessment and management.
https://www.nice.org.uk/guidance/ng14/chapter/Rationale-and-impact#braf-analysis-
of-melanoma-tissue-samples: NICE; 2022.

50. Paz-Ares L, Soulieres D, Melezinek I, Moecks J, Keil L, Mok T, et al. Clinical
outcomes in non-small-cell lung cancer patients with EGFR mutations: pooled analysis.
J Cell Mol Med. 2010;14(1-2):51-69.

51. Collaborative NWH. National Optimal Pathway for Lung Cancer 2nd Edition. In:
Network WC, editor. 2nd July 2022 ed. https://collaborative.nhs.wales/networks/wales-
cancer-network/workstreams/single-cancer-pathway/scp-accordion/national-optimal-
pathway-lung-cancer-and-genomics/: Welsh Government; 2022.

52. Smith R, Johnson M, LN G, Xue M, Varughese P, Dorrow N, et al. Evaluation of
Outcomes in patients with stage 4 non-small cell lung cancer(NSCLC 4)harbouring
actionable oncogenic drivers when treated prior to report of mutation without tyrosine
kinase inhibitors: An Integra Connect Database retrospective observational study. 2022
ASCO Annual Meeting: Journal of Clinical Oncology; 2022.

53. Improvement NEaN. Solid Cancer Genomics Testing: The Salvage Pathway. In:
Wallis Y, editor. 1st ed. https://mft.nhs.uk/nwglh/test-information/cancer/solid-
tumour/national-test-directory-and-services-available/salvage-pathway/: NHS
England; 2021.

54. Ascierto PA, Blank C, Dummer R, Ernstoff MS, Ferrone S, Fox BA, et al.
Perspectives in Melanoma: meeting report from the Melanoma Bridge (December 3rd-
5th, 2020, Italy). J Transl Med. 2021;19(1):278.

55. WHO. Pathology and Genetics of Skin Tumours. 5th ed. Lyon, France:
International Agency for Research on Cancer; 2023.

56. Carter TM, Strassle PD, Ollila DW, Stitzenberg KB, Meyers MO, Maduekwe UN.
Does acral lentiginous melanoma subtype account for differences in patterns of care in
Black patients? Am J Surg. 2021;221(4):706-11.

57. Bowyer S, Lee R, Fusi A, Lorigan P. Dabrafenib and its use in the treatment of
metastatic melanoma. Melanoma Manag. 2015;2(3):199-208.

143


https://www.nice.org.uk/guidance/ta654
https://www.nice.org.uk/guidance/ta781/resources/sotorasib-for-previously-treated-kras-g12c-mutationpositive-advanced-nonsmallcell-lung-cancer-pdf-82611551797189
https://www.nice.org.uk/guidance/ta781/resources/sotorasib-for-previously-treated-kras-g12c-mutationpositive-advanced-nonsmallcell-lung-cancer-pdf-82611551797189
https://www.nice.org.uk/guidance/ta781/resources/sotorasib-for-previously-treated-kras-g12c-mutationpositive-advanced-nonsmallcell-lung-cancer-pdf-82611551797189
https://www.nice.org.uk/guidance/ng14/chapter/Rationale-and-impact#braf-analysis-of-melanoma-tissue-samples
https://www.nice.org.uk/guidance/ng14/chapter/Rationale-and-impact#braf-analysis-of-melanoma-tissue-samples
https://collaborative.nhs.wales/networks/wales-cancer-network/workstreams/single-cancer-pathway/scp-accordion/national-optimal-pathway-lung-cancer-and-genomics/
https://collaborative.nhs.wales/networks/wales-cancer-network/workstreams/single-cancer-pathway/scp-accordion/national-optimal-pathway-lung-cancer-and-genomics/
https://collaborative.nhs.wales/networks/wales-cancer-network/workstreams/single-cancer-pathway/scp-accordion/national-optimal-pathway-lung-cancer-and-genomics/
https://mft.nhs.uk/nwglh/test-information/cancer/solid-tumour/national-test-directory-and-services-available/salvage-pathway/
https://mft.nhs.uk/nwglh/test-information/cancer/solid-tumour/national-test-directory-and-services-available/salvage-pathway/

58. Eroglu Z, Ribas A. Combination therapy with BRAF and MEK inhibitors for
melanoma: latest evidence and place in therapy. Ther Adv Med Oncol. 2016;8(1):48-56.
59. Cohen JV, Buchbinder El. The Evolution of Adjuvant Therapy for Melanoma. Curr
Oncol Rep. 2019;21(12):106.

60. Skudalski L, Waldman R, Kerr PE, Grant-Kels JM. Melanoma: An Update on
Systemic Therapies. J Am Acad Dermatol. 2021.

61. Fleeman N, Bagust A, Beale S, Boland A, Dickson R, Dwan K, et al. Dabrafenib
for Treating Unresectable, Advanced or Metastatic BRAF V600 Mutation-Positive
Melanoma: An Evidence Review Group Perspective. Pharmacoeconomics.
2015;33(9):893-904.

62. Ibrahim N, Haluska FG. Molecular pathogenesis of cutaneous melanocytic
neoplasms. Annu Rev Pathol. 2009;4:551-79.

63. Flaherty KT, Infante JR, Daud A, Gonzalez R, Kefford RF, Sosman J, et al.
Combined BRAF and MEK inhibition in melanoma with BRAF V600 mutations. N Engl)J
Med. 2012;367(18):1694-703.

64. Marchetti P, Trinh A, Khamari R, Kluza J. Melanoma metabolism contributes to
the cellular responses to MAPK/ERK pathway inhibitors. Biochim Biophys Acta Gen
Subj. 2018;1862(4):999-1005.

65. Serre D, Salleron J, Husson M, Leroux A, Gilson P, Merlin JL, et al.

Accelerated BRAF mutation analysis using a fully automated PCR platform improves the
management of patients with metastatic melanoma. Oncotarget. 2018;9(63):32232-7.
66. Franczak C, Witz A, Geoffroy K, Demange J, Rouyer M, Husson M, et al.
Evaluation of KRAS, NRAS and BRAF mutations detection in plasma using an automated
system for patients with metastatic colorectal cancer. PLoS One. 2020;15(1):e0227294.
67. Gilson P, Franczak C, Dubouis L, Husson M, Rouyer M, Demange J, et al.
Evaluation of KRAS, NRAS and BRAF hotspot mutations detection for patients with
metastatic colorectal cancer using direct DNA pipetting in a fully-automated platform
and Next-Generation Sequencing for laboratory workflow optimisation. PLoS One.
2019;14(7):e0219204.

68. Colling R, Wang LM, Soilleux E. Validating a fully automated real-time PCR-
based system for use in the molecular diagnostic analysis of colorectal carcinoma: a
comparison with NGS and IHC. J Clin Pathol. 2017;70(7):610-4.

69. Colling R, Wang LM, Soilleux E. Automated PCR detection of BRAF mutations in
colorectal adenocarcinoma: a diagnostic test accuracy study. J Clin Pathol.
2016;69(5):398-402.

70. Biocartis. Technical Sheet: Idylla BRAF Mutation Assay. chrome-
extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.biocartis.com/sites/defau
[t/files/2021-10/Idylla_BRAF-RUO-Tech-Sheet.pdf: Biocartis NV; 2021. p. 2.

71. Sheikine Y, Rangachari D, McDonald DC, Huberman MS, Folch ES, VanderLaan
PA, et al. EGFR Testing in Advanced Non-Small-Cell Lung Cancer, A Mini-Review. Clin
Lung Cancer. 2016;17(6):483-92.

72. Davidson MR, Gazdar AF, Clarke BE. The pivotal role of pathology in the
management of lung cancer. J Thorac Dis. 2013;5 Suppl 5:5463-78.

73. Rudzinski ER, Lockwood CM, Stohr BA, Vargas SO, Sheridan R, Black JO, et al.
Pan-Trk Immunohistochemistry Identifies NTRK Rearrangements in Pediatric
Mesenchymal Tumors. Am J Surg Pathol. 2018;42(7):927-35.

144


https://www.biocartis.com/sites/default/files/2021-10/Idylla_BRAF-RUO-Tech-Sheet.pdf
https://www.biocartis.com/sites/default/files/2021-10/Idylla_BRAF-RUO-Tech-Sheet.pdf

74. Solomon JP, Benayed R, Hechtman JF, Ladanyi M. Identifying patients with
NTRK fusion cancer. Ann Oncol. 2019;30 Suppl 8:viii16-viii22.

75. Marchio C, Scaltriti M, Ladanyi M, lafrate AJ, Bibeau F, Dietel M, et al. ESMO
recommendations on the standard methods to detect NTRK fusions in daily practice
and clinical research. Ann Oncol. 2019;30(9):1417-27.

76. Elfving H, Brostrom E, Moens LNJ, Aimlof J, Cerjan D, Lauter G, et al. Evaluation
of NTRKimmunohistochemistry as a screening method for NTRK gene fusion detection
in non-small cell lung cancer. Lung Cancer. 2021;151:53-9.

77. Dingemans AC, Frih M, Ardizzoni A, Besse B, Faivre-Finn C, Hendriks LE, et al.
Small-cell lung cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and
follow-up. Ann Oncol. 2021;32(7):839-53.

78. Yatabe Y, Dacic S, Borczuk AC, Warth A, Russell PA, Lantuejoul S, et al. Best
Practices Recommendations for Diagnostic Immunohistochemistry in Lung Cancer. J
Thorac Oncol. 2019;14(3):377-407.

79. Tsao M, Kerr K, Dacic S, Yatabe Y, Hircsh F, editors. The IASLC Atlas of PD-L1
testing in Lung Cancer. 2nd ed.
https://my.iaslc.org/s/store#/store/browse/detail/a153i000000pnc4AAA: International
Association for the Study of Lung Cancer; 2017.

80. Lantuejoul S, Sound-Tsao M, Cooper WA, Girard N, Hirsch FR, Roden AC, et al.
PD-L1 Testing for Lung Cancer in 2019: Perspective From the IASLC Pathology
Committee. J Thorac Oncol. 2020;15(4):499-519.

81. Tsao MS, Kerr KM, Kockx M, Beasley MB, Borczuk AC, Botling J, et al. PD-L1
Immunohistochemistry Comparability Study in Real-Life Clinical Samples: Results of
Blueprint Phase 2 Project. J Thorac Oncol. 2018;13(9):1302-11.

82. Mazzilli SA, Rahal Z, Rouhani MJ, Janes SM, Kadara H, Dubinett SM, et al.
Translating premalignant biology to accelerate non-small-cell lung cancer interception.
Nat Rev Cancer. 2025;25(5):379-92.

83. NICE. Osimertinib for adjuvant treatment of EGFR mutation positive NSCLC in
adults after complete tumour resection.
https://www.nice.org.uk/guidance/ta761/resources/osimertinib-for-adjuvant-
treatment-of-egfr-mutationpositive-nonsmallcell-lung-cancer-after-complete-tumour-
resection-pdf-82611430864837.2022.

84. KimY, Hammerman PS, Kim J, Yoon JA, Lee Y, Sun JM, et al. Integrative and
comparative genomic analysis of lung squamous cell carcinomas in East Asian
patients. J Clin Oncol. 2014;32(2):121-8.

85. Joshi A, Zanwar S, Noronha V, Patil VM, Chougule A, Kumar R, et al. mutation in
squamous cell carcinoma of the lung: does it carry the same connotation as in
adenocarcinomas? Onco Targets Ther. 2017;10:1859-63.

86. Li Q, Wu J, Yan LX, Huang JW, Zhang Z, Zhang JE, et al. ALK and ROS1 Double-
Rearranged Lung Squamous Cell Carcinoma Responding to Crizotinib Treatment:

A Case Report. J Thorac Oncol. 2017;12(12):e193-€7.

87. Joshi A, Mishra R, Desai S, Chandrani P, Kore H, Sunder R, et al. Molecular
characterization of lung squamous cell carcinoma tumors reveals therapeutically
relevant alterations. Oncotarget. 2021;12(6):578-88.

88. Hata A, Katakami N, Yoshioka H, Kunimasa K, Fujita S, Kaji R, et al. How
sensitive are epidermal growth factor receptor-tyrosine kinase inhibitors for squamous

145


https://my.iaslc.org/s/store#/store/browse/detail/a153i000000pnc4AAA
https://www.nice.org.uk/guidance/ta761/resources/osimertinib-for-adjuvant-treatment-of-egfr-mutationpositive-nonsmallcell-lung-cancer-after-complete-tumour-resection-pdf-82611430864837.2022
https://www.nice.org.uk/guidance/ta761/resources/osimertinib-for-adjuvant-treatment-of-egfr-mutationpositive-nonsmallcell-lung-cancer-after-complete-tumour-resection-pdf-82611430864837.2022
https://www.nice.org.uk/guidance/ta761/resources/osimertinib-for-adjuvant-treatment-of-egfr-mutationpositive-nonsmallcell-lung-cancer-after-complete-tumour-resection-pdf-82611430864837.2022

cell carcinoma of the lung harboring EGFR gene-sensitive mutations? J Thorac Oncol.
2013;8(1):89-95.

89. Friedlaender A, Banna G, Malapelle U, Pisapia P, Addeo A. Next Generation
Sequencing and Genetic Alterations in Squamous Cell Lung Carcinoma: Where Are We
Today? Front Oncol. 2019;9:166.

90. Fontanals S, Esteve A, Gonzalez A, Ibafhez C, Martinez J, Mesia R, et al. Real-
world treatment outcomes of medicines used in special situations (off-label and
compassionate use) in oncology and hematology: A retrospective study from a
comprehensive cancer institution. Cancer Med. 2023;12(16):17112-25.

91. Cenna R, Basiricd M, Berchialla P, Bertorello N, Cagnazzo C, Ceolin V, et al. Off-
label and compassionate use of targeted anticancer therapies: The experience of an
Italian pediatric cancer center. Pediatr Blood Cancer. 2023;70(3):e30148.

92. Ngcobo NN, Mathibe LJ. Off-label use of medicines in South Africa: a review.
Orphanet J Rare Dis. 2024;19(1):448.
93. Artiles-Medina A, Sachez-Cuervo M, Gémez-Dos Santos V, Sanz-Alvarez EJ,

Alvarez-Diaz A, Burgos-Revilla FJ. Medicines in exceptional circumstances for solid
tumours: focusing on evidence, effectiveness, and toxicity profiles. Farm Hosp.
2022;46(3):133-45.

94. Pena-Couso L, Ercibengoa M, Mercadillo F, Gdmez-Sanchez D, Inglada-Pérez L,
Santos M, et al. Considerations on diagnosis and surveillance measures of PTEN
hamartoma tumor syndrome: clinical and genetic study in a series of Spanish patients.
Orphanet J Rare Dis. 2022;17(1):85.

95. Davies B. The right not to know and the obligation to know. J Med Ethics.
2020;46(5):300-3.

96. Murphy C, Sturm S, McKenna MJ, Ormond KE. The right not to know: Non-
disclosure of primary genetic test results and genetic counselors' response. J Genet
Couns. 2024;33(4):875-87.

97. Kerr K. Auditable standards for PDL1 immunohistochemistry. In: Finall A, editor.
2018.
98. Finall A, Parris O, Jones E. Rapid, Automated Tissue Processing Techniques for

Small Biopsies Can be used to Produce Quality Sections for Diagnostic Reporting in
Histopathology. Annals of Advanced Biomedical Sciences. 2020;3(1).

99. Tao H, Yatabe. IASLC Atlas of ALK and ROS1 testing in lung cancer. IASLC,
editor. https://www.iaslc.org/Research-Education/Publications/IASLC-Atlases2016.
100. Shi SR, Liu C, Taylor CR. Standardization of immunohistochemistry for formalin-
fixed, paraffin-embedded tissue sections based on the antigen-retrieval technique:
from experiments to hypothesis. J Histochem Cytochem. 2007;55(2):105-9.

101. Gosney JR, Boothman AM, Ratcliffe M, Kerr KM. Cytology for PD-L1 testing: A
systematic review. Lung Cancer. 2020;141:101-6.

102. Navani N, Brown JM, Nankivell M, Woolhouse I, Harrison RN, JeebunV, et al.
Suitability of endobronchial ultrasound-guided transbronchial needle aspiration
specimens for subtyping and genotyping of non-small cell lung cancer: a multicenter
study of 774 patients. Am J Respir Crit Care Med. 2012;185(12):1316-22.

103. Cabillic F, Gros A, Dugay F, Begueret H, Mesturoux L, Chiforeanu DC, et al.
Parallel FISH and immunohistochemical studies of ALK status in 3244 non-small-cell
lung cancers reveal major discordances. J Thorac Oncol. 2014;9(3):295-306.

146


https://www.iaslc.org/Research-Education/Publications/IASLC-Atlases2016

104. Zhang C, Randolph ML, Jones KJ, Cramer HM, Cheng L, Wu HH. Anaplastic
Lymphoma Kinase Immunocytochemistry on Cell-Transferred Cytologic Smears of Lung
Adenocarcinoma. Acta Cytol. 2015;59(2):213-8.

105. CaoZ, WuW, Zhang W, Li Z, Gao C, HuangY, et al. ALK and ROS1
rearrangement tested by ARMS-PCR in non-small-cell lung cancer patients via cytology
specimens: The experience of Shanghai Pulmonary Hospital. Diagn Cytopathol.
2020;48(6):524-30.

106. Babawale M, Gunavardhan A, Walker J, Corfield T, Huey P, Savage A, et al.
Verification and Validation of Digital Pathology (Whole Slide Imaging) for Primary
Histopathological Diagnosis: All Wales Experience. J Pathol Inform. 2021;12:4.

107. Yatabe Y, Borczuk A, Cooper W, Dacic S, Kerr K, Moreira A, et al., editors. IASLC
Atlas of Diagnostic Immunohistochemistry2020.

108. RCPath. Standards for integrated reporting in cellular pathology. London: Royal
College of Pathologists; 2017.

109. Giles C. Having both patient advocates and patients at the MDT meeting might
be useful. BMJ. 2015;351:h5285.

110. Mok T, Carbonne D, Hirsch F. IASLC Atlas of EGFR Testing in Lung Cancer.
Colorado, USA: International Association of the Study of Lung Cancer (IASLC); 2017.
111. GimaL, Solomon I, Hampel H. The Evolution of Genetic Testing from Focused
Testing to Panel Testing and from Patient Focused to Population Testing: Are We There
Yet? Clin Colon Rectal Surg. 2024;37(3):133-9.

112. Smith A. From Then to Now: How Genomic Testing for Cancer Has Expanded.
Targeted Therapies in Oncology. 2022;11(11).

113. Lloyd-Rowlands G. Workforce Survey Report. chrome-
extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.rcpath.org/static/6debce8
e-f918-4cec-9b863920d3569e11/Histopathology-Workforce-Survey-Report-2018.pdf:
RCPath, UK; 2018.

114. Papanicolas |, Mossialos E, Gundersen A, Woskie L, Jha AK. Performance of UK
National Health Service compared with other high income countries: observational
study. BMJ. 2019;367:16326.

115. Launer J. John Launer: A generation betrayed. BMJ. 2023;381:901.

116. O'Dowd A. NHS was allowed to deteriorate from 2010, claims health service
expert. BMJ. 2023;381:836.

117. Wilson M. Collapse of the NHS: progressive deterioration caused by under-
resourcing. BMJ. 2023;380:233.

118. Varkey B. Principles of Clinical Ethics and Their Application to Practice. Med
Princ Pract. 2021;30(1):17-28.

119. de Wert G, Dondorp W, Clarke A, Dequeker EMC, Cordier C, Deans Z, et al.
Opportunistic genomic screening. Recommendations of the European Society of
Human Genetics. Eur J Hum Genet. 2021;29(3):365-77.

120. Callier SL, Abudu R, Mehlman MJ, Singer ME, Neuhauser D, Caga-Anan C, et al.
Ethical, Legal, and Social Implications of Personalized Genomic Medicine Research:
Current Literature and Suggestions for the Future. Bioethics. 2016;30(9):698-705.

121. Wolf SM, Annas GJ, Elias S. Point-counterpoint. Patient autonomy and
incidental findings in clinical genomics. Science. 2013;340(6136):1049-50.

122. Udesky L. The ethics of direct-to-consumer genetic testing. Lancet.
2010;376(9750):1377-8.

147


https://www.rcpath.org/static/6debce8e-f918-4cec-9b863920d3569e11/Histopathology-Workforce-Survey-Report-2018.pdf
https://www.rcpath.org/static/6debce8e-f918-4cec-9b863920d3569e11/Histopathology-Workforce-Survey-Report-2018.pdf

123. Howard HC, Borry P. Personal genome testing: do you know what you are
buying? Am J Bioeth. 2009;9(6-7):11-3.

124. Dean CE. Personalized medicine: boon or budget-buster? Ann Pharmacother.
2009;43(5):958-62.

125. Bang YJ, Van Cutsem E, Feyereislova A, Chung HC, Shen L, Sawaki A, et al.
Trastuzumab in combination with chemotherapy versus chemotherapy alone for
treatment of HER2-positive advanced gastric or gastro-oesophageal junction cancer
(ToGA): a phase 3, open-label, randomised controlled trial. Lancet.
2010;376(9742):687-97.

126. Bartley AN, Washington MK, Ventura CB, Ismaila N, Colasacco C, Benson AB, et
al. HER2 Testing and Clinical Decision Making in Gastroesophageal Adenocarcinoma:
Guideline From the College of American Pathologists, American Society for Clinical
Pathology, and American Society of Clinical Oncology. Am J Clin Pathol.
2016;146(6):647-69.

127. Oken MM, Creech RH, Tormey DC, Horton J, Davis TE, McFadden ET, et al.
Toxicity and response criteria of the Eastern Cooperative Oncology Group. AmJ Clin
Oncol. 1982;5(6):649-55.

128. WTOG WTOG. National Optimal Pathway for Lung Cancer. 2nd Ed ed.
https://collaborative.nhs.wales/networks/wales-cancer-network/wcn-
documents/clinician-hub/csg-pathways-and-associated-documents/lung-nop-pdf/:
Wales Cancer Network (NHS Wales); 2020.

129. Coalition UUKLC. Faster Testing, Better Outcomes. Genomic Testing in Lung
Cancer. https://www.uklcc.org.uk/our-reports/march-2025/faster-testing-better-
outcomes-genomic-testing-lung-cancer: UKLCC; 2025.

130. Darzi A. Independent Investigation of the National Health Service in England.
https://www.gov.uk/government/publications/independent-investigation-of-the-nhs-in-
england; 2024.

131. sp. Genomic testing delays leave ‘thousands’ waiting to start lung cancer
treatment. 27th Aug 2025 ed.
https://forum.doctors.net.uk/#/thread/20185469?post=23199576: Doctors.net; 2025.
132. Ouyang WW, Li QY, Yang WG, Su SF, Wu LJ, Yang Y, et al. Genetic characteristics
of a patient with multiple primary cancers: A case report. World J Clin Cases.
2021;9(28):8563-70.

133. Okuma, ShintaniY, Sekine I, Shukuya T, Takayama K, Inoue A, et al. Efficacy of
Epidermal Growth Factor Receptor-Tyrosine Kinase Inhibitors in Metastatic Non-Small
Cell Lung Cancer Patients with Poor Performance Status and Epidermal Growth Factor
Receptor Mutations: Findings from the Japanese Lung Cancer Registry Database. Clin
Lung Cancer. 2024;25(4):336-46.e2.

134. Mojsak D, Debczynski M, Kuklinska B, Minarowski £, Kasiukiewicz A,
Moniuszko-Malinowska A, et al. Impact of COVID-19 in Patients with Lung Cancer: A
Descriptive Analysis. Int J Environ Res Public Health. 2023;20(2).

135. Park JY, Lee YJ, Kim T, Lee CY, Kim HI, Kim JH, et al. Collateral effects of the
coronavirus disease 2019 pandemic on lung cancer diagnosis in Korea. BMC Cancer.
2020;20(1):1040.

136. Moubarak S, Merheb D, Basbous L, Chamseddine N, Bou Zerdan M, Assi HI.
COVID-19 and lung cancer: update on the latest screening, diagnosis, management and
challenges. J Int Med Res. 2022;50(9):3000605221125047.

148


https://collaborative.nhs.wales/networks/wales-cancer-network/wcn-documents/clinician-hub/csg-pathways-and-associated-documents/lung-nop-pdf/
https://collaborative.nhs.wales/networks/wales-cancer-network/wcn-documents/clinician-hub/csg-pathways-and-associated-documents/lung-nop-pdf/
https://www.uklcc.org.uk/our-reports/march-2025/faster-testing-better-outcomes-genomic-testing-lung-cancer
https://www.uklcc.org.uk/our-reports/march-2025/faster-testing-better-outcomes-genomic-testing-lung-cancer
https://www.gov.uk/government/publications/independent-investigation-of-the-nhs-in-england
https://www.gov.uk/government/publications/independent-investigation-of-the-nhs-in-england
https://forum.doctors.net.uk/#/thread/20185469?post=23199576

137. Almeida SB, Spencer AS, Santos CLD, Fernandes G, Simbes P, Silva S, et al.
Switch to EGFR-TKI after upfront platinum doublet induction therapy in non-small cell
lung cancer (NSCLC) patients with EGFR (Epidermal Growth Factor Receptor) mutation:
A multicentre retrospective study. Cancer Treat Res Commun. 2022;31:100526.

138. Bisschop C, Ter Elst A, Bosman LJ, Platteel |, Jalving M, van den Berg A, et al.
Rapid BRAF mutation tests in patients with advanced melanoma: comparison of
immunohistochemistry, Droplet Digital PCR, and the Idylla Mutation Platform.
Melanoma Res. 2018;28(2):96-104.

139. Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, et al. Mutations of
the BRAF gene in human cancer. Nature. 2002;417(6892):949-54.

140. Rajanna S, Rastogi |, Wojdyla L, Furo H, Kulesza A, Lin L, et al. Current
Molecularly Targeting Therapies in NSCLC and Melanoma. Anticancer Agents Med
Chem. 2015;15(7):856-68.

141. Dufraing K, van Krieken JH, De Hertogh G, Hoefler G, Oniscu A, Kuhlmann TP, et
al. Neoplastic cell percentage estimation in tissue samples for molecular oncology:
recommendations from a modified Delphi study. Histopathology. 2019;75(3):312-9.
142. Van Haele M, Vander Borght S, Ceulemans A, Wieérs M, Metsu S, Sagaert X, et
al. Rapid clinical mutational testing of KRAS, BRAF and EGFR: a prospective
comparative analysis of the Idylla technique with high-throughput next-generation
sequencing. J Clin Pathol. 2019.

143. Huang H, Springborn S, Haug K, Bartow K, Samra H, Menon S, et al. Evaluation,
Validation, and Implementation of the Idylla System as Rapid Molecular Testing for
Precision Medicine. J Mol Diagn. 2019;21(5):862-72.

144. Fisher KE, Zhang L, Wang J, Smith GH, Newman S, Schneider TM, et al. Clinical
Validation and Implementation of a Targeted Next-Generation Sequencing Assay to
Detect Somatic Variants in Non-Small Cell Lung, Melanoma, and Gastrointestinal
Malignancies. J Mol Diagn. 2016;18(2):299-315.

145. Landrum MJ, Chitipiralla S, Brown GR, Chen C, Gu B, Hart J, et al. ClinVar:
improvements to accessing data. Nucleic Acids Res. 2020;48(D1):D835-D44.

146. Marconcini R, Galli L, Antonuzzo A, Bursi S, Roncella C, Fontanini G, et al.
Metastatic BRAF K601E-mutated melanoma reaches complete response to MEK
inhibitor trametinib administered for over 36 months. Exp Hematol Oncol. 2017;6:6.
147. Bowyer SE, Rao AD, Lyle M, Sandhu S, Long GV, McArthur GA, et al. Activity of
trametinib in KBO1E and L597Q BRAF mutation-positive metastatic melanoma.
Melanoma Res. 2014;24(5):504-8.

148. Richtig G, Aigelsreiter A, Kashofer K, Talakic E, Kupsa R, Schaider H, et al. Two
Case Reports of Rare BRAF Mutations in Exon 11 and Exon 15 with Discussion of
Potential Treatment Options. Case Rep Oncol. 2016;9(3):543-6.

149. Menzer C, Menzies AM, Carlino MS, Reijers |, Groen EJ, EigentlerT, et al.
Targeted Therapy in Advanced Melanoma With Rare BRAF mutations. J Clin Oncol.
2019;37(33):3142-51.

150. Long GV, Wilmott JS, Capper D, Preusser M, Zhang YE, Thompson JF, et al.
Immunohistochemistry is highly sensitive and specific for the detection of V600OE BRAF
mutation in melanoma. Am J Surg Pathol. 2013;37(1):61-5.

151. Fisher KE, Cohen C, Siddiqui MT, Palma JF, Lipford EH, Longshore JW. Accurate
detection of BRAF p.V600E mutations in challenging melanoma specimens requires

149



stringent immunohistochemistry scoring criteria or sensitive molecular assays. Human
Pathology. 2014;45(11):2287-93.

152. Garcia A, Rivera Rolon MDM, Barkoh B, Chen W, Luthra R, Roy-Chowdhuri S.
Assessment of BRAF V60OE (VE1) immunochemistry for the detection of BRAF V600E
mutation in non-small cell lung carcinoma cytology specimens. Cancer Cytopathology.
2023;131(1):50-7.

158. O'Sullivan H, d'Arienzo PD, Yousaf N, Cui W, Popat S. Inadequacy of PCR
genotyping in advanced non-small cell lung cancer: EGFR L747_A755delinsSS exon 19
deletion is not detected by the real-time PCR Idylla™ EGFR mutation test but is detected
by ctDNA next generation sequencing and responds to osimertinib. Eur J Cancer.
2022;166:38-40.

154. ACCC. Navigating the Complex Landscape of Liquid Biopsy in Cancer
Screening, Diagnosis and Treatment. chrome-
extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.accc-
cancer.org/docs/projects/precision-medicine/a-guide-to-optimizing-the-role-of-liquid-
biopsy.pdf?sfvrsn=d79f0fe_2&: Association of Cancer Care Centers; 2024.

155. Veronese N, Luchini C, Ciriminna S, Spinelli K, Fruscione S, Mattiolo P, et al.
Potentialities and critical issues of liquid biopsy in clinical practice: An umbrella review.
Translational Oncology. 2025;52:13.

156. Said R, Guibert N, Oxnard GR, Tsimberidou AM. Circulating tumor DNA analysis
in the era of precision oncology. Oncotarget. 2020;11(2):188-211.

157. Lenaerts L, Tuveri S, Jatsenko T, Amant F, Vermeesch JR. Detection of incipient
tumours by screening of circulating plasma DNA: hype or hope? Acta Clin Belg. 2019:1-
10.

158. Lanman RB, Mortimer SA, Zill OA, Sebisanovic D, Lopez R, Blau S, et al.
Analytical and Clinical Validation of a Digital Sequencing Panel for Quantitative, Highly
Accurate Evaluation of Cell-Free Circulating Tumor DNA. PLoS One.
2015;10(10):e0140712.

159. Haiduk T, Brockmann M, Tillmann RL, Pieper M, Lusebrink J, Schildgen V, et al.
Comparison of Biocartis IDYLLA ™ cartridge assay with Qiagen GeneReader NGS for
detection of targetable mutations in EGFR, KRAS/NRAS, and BRAF genes. Exp Mol
Pathol. 2021;120:104634.

160. Stockley TL, Oza AM, Berman HK, Leighl NB, Knox JJ, Shepherd FA, et al.
Molecular profiling of advanced solid tumors and patient outcomes with genotype-
matched clinical trials: the Princess Margaret IMPACT/COMPACT trial. Genome Med.
2016;8(1):109.

161. O'Kane GM, Liu G, Stockley TL, Shabir M, Zhang T, Law JH, et al. The presence
and variant allele fraction of EGFR mutations in ctDNA and development of resistance.
Lung Cancer. 2019;131:86-9.

162. Tate JG, Bamford S, Jubb HC, Sondka Z, Beare DM, Bindal N, et al. COSMIC: the
Catalogue Of Somatic Mutations In Cancer. Nucleic Acids Res. 2019;47(D1):D941-D7.
163. Malapelle U, Pisapia P, laccarino A, Barberis M, Bellevicine C, Brunnstrom H, et
al. Predictive molecular pathology in the time of coronavirus disease (COVID-19) in
Europe. J Clin Pathol. 2020.

164. Mino-Kenudson M, Chirieac LR, Law K, Hornick JL, Lindeman N, Mark EJ, et al. A
novel, highly sensitive antibody allows for the routine detection of ALK-rearranged lung

150


https://www.accc-cancer.org/docs/projects/precision-medicine/a-guide-to-optimizing-the-role-of-liquid-biopsy.pdf?sfvrsn=d79f0fe_2&
https://www.accc-cancer.org/docs/projects/precision-medicine/a-guide-to-optimizing-the-role-of-liquid-biopsy.pdf?sfvrsn=d79f0fe_2&
https://www.accc-cancer.org/docs/projects/precision-medicine/a-guide-to-optimizing-the-role-of-liquid-biopsy.pdf?sfvrsn=d79f0fe_2&

adenocarcinomas by standard immunohistochemistry. Clin Cancer Res.
2010;16(5):1561-71.

165. Martin-Lépez J, Rojo F, Martinez-Pozo A, Hernandez-Iglesias T, Carcedo D, de
Alda LR, et al. Biomarker testing strategies in non-small cell lung cancer in the real-
world setting: analysis of methods in the Prospective Central Lung Cancer Biomarker
Registry (LungPath) from the Spanish Society of Pathology (SEAP). J Clin Pathol. 2021.
166. Sholl LM, Zheng M, Nardi V, Hornick JL. Predictive 'biomarker piggybacking': an
examination of reflexive pan-cancer screening with pan-TRK immunohistochemistry.
Histopathology. 2021;79(2):260-4.

167. Cabillic F, Hofman P, Ilie M, Peled N, Hochmair M, Dietel M, et al. ALK IHC and
FISH discordant results in patients with NSCLC and treatment response: for discussion
of the question-to treat or not to treat? ESMO Open. 2018;3(6):e000419.

168. De Luca C, Pepe F, laccarino A, Pisapia P, Righi L, Listi A, et al. RNA-Based
Assay for Next-Generation Sequencing of Clinically Relevant Gene Fusions in Non-
Small Cell Lung Cancer. Cancers (Basel). 2021;13(1).

169. Savic S, Bubendorf L. Common Fluorescence In Situ Hybridization Applications
in Cytology. Arch Pathol Lab Med. 2016;140(12):1323-30.

170. Rudzinski ER, Hechtman J, Roy-Chowdhuri S, Rudolph M, Lockwood CM,
Silvertown J, et al. Diagnostic testing approaches for the identification of patients with
TRK fusion cancer prior to enrollment in clinical trials investigating larotrectinib. Cancer
Genet. 2022;260-261:46-52.

171. Ruiying Zhao YH, Chan Xiang, Shengnan Chen, Jikai Zhao, Lianying Guo,
Anbo Yu, Jinchen Shao, LeiZhu, YueTian, FanYang, Lin Shao, Xuejing Li, and Lu
Zhang. RNA sequencing effectively identifies gene fusions undetected by DNA
sequencing in lung adenocarcinomas. Journal of Clinical Oncology. 2021;39:3052

172. Deveson IW, Brunck ME, Blackburn J, Tseng E, Hon T, Clark TA, et al. Universal
Alternative Splicing of Noncoding Exons. Cell Syst. 2018;6(2):245-55.e5.

173. Kirchner M, Neumann O, Volckmar AL, Stogbauer F, Allgauer M, Kazdal D, et al.
RNA-Based Detection of Gene Fusions in Formalin-Fixed and Paraffin-Embedded Solid
Cancer Samples. Cancers (Basel). 2019;11(9).

174. Moore DA, Benafif S, Poskitt B, Argue S, Lee SM, Ahmad T, et al. Optimising
fusion detection through sequential DNA and RNA molecular profiling of non-small cell
lung cancer. Lung Cancer. 2021;161:55-9.

175. Faber E, Grosu H, Sabir S, San Lucas FA, Barkoh BA, Bassett RL, et al. Adequacy
of small biopsy and cytology specimens for comprehensive genomic profiling of
patients with non-small-cell lung cancer to determine eligibility for immune checkpoint
inhibitor and targeted therapy. J Clin Pathol. 2022;75(9):612-9.

176. Wei S, Talarchek JN, Huang M, Gong Y, Du F, Ehya H, et al. Cell block-based RNA
next generation sequencing for detection of gene fusions in lung adenocarcinoma: An
institutional experience. Cytopathology. 2022.

177. Itkin B, Deshpande PA, Pullanhi A, Al-Sayegh H, Abbas D, Al Zadjali S, et al.
Next-generation sequencing failure rates in rare tumors: A real-world single-institution
analysis. Med Int (Lond). 2025;5(3):27.

178. Ramani NS, Chen H, Broaddus RR, Lazar AJ, Luthra R, Medeiros LJ, et al.
Utilization of cytology smears improves success rates of RNA-based next-generation

151



sequencing gene fusion assays for clinically relevant predictive biomarkers. Cancer
Cytopathol. 2021;129(5):374-82.

179. Ramani NS, Patel KP, Routbort MJ, Alvarez H, Broaddus R, Chen H, et al. Factors
Impacting Clinically Relevant RNA Fusion Assays Using Next-Generation Sequencing.
Arch Pathol Lab Med. 2021;145(11):1405-12.

180. Evers DL, He J, Kim YH, Mason JT, O'Leary TJ. Paraffin embedding contributes to
RNA aggregation, reduced RNA yield, and low RNA quality. J Mol Diagn. 2011;13(6):687-
94.

181. ChoiY, Kim A, Kim J, Lee J, Lee SY, Kim C. Optimization of RNA Extraction from
Formalin-Fixed Paraffin-Embedded Blocks for Targeted Next-Generation Sequencing. J
Breast Cancer. 2017;20(4):393-9.

182. Ding J, Ichikawa Y, Ishikawa T, Shimada H. Effect of formalin on extraction of
MRNA from a formalin-fixed sample: a basic investigation. Scand J Clin Lab Invest.
2004;64(3):229-35.

183. Bussolati G, Annaratone L, Maletta F. The pre-analytical phase in surgical
pathology. Recent Results Cancer Res. 2015;199:1-13.

184. Bussolati G, Annaratone L, Medico E, D'Armento G, Sapino A. Formalin fixation
at low temperature better preserves nucleic acid integrity. PLoS One. 2011;6(6):€21043.
185. Mullegama SV, Alberti MO, Au C, Li Y, Toy T, Tomasian V, et al. Nucleic Acid
Extraction from Human Biological Samples. Methods Mol Biol. 2019;1897:359-83.

186. Hedegaard J, Thorsen K, Lund MK, Hein AM, Hamilton-Dutoit SJ, Vang S, et al.
Next-generation sequencing of RNA and DNA isolated from paired fresh-frozen and
formalin-fixed paraffin-embedded samples of human cancer and normal tissue. PLoS
One. 2014;9(5):e98187.

187. Seto K, Masago K, Fujita S, Haneda M, Horio Y, Hida T, et al. Targeted RNA
sequencing with touch imprint cytology samples for non-small cell lung cancer
patients. Thorac Cancer. 2020;11(7):1827-34.

188. DeCoste R, Amemiya Y, Nersesian S, Westhaver L, Lee SN, Carter MD, et al.
PAXgene Fixation for Pancreatic Cancer: Implications for Molecular and Surgical
Pathology. J Clin Med. 2022;11(14).

189. Annaratone L, Marchio C, Sapino A. Tissues under-vacuum to overcome
suboptimal preservation. N Biotechnol. 2019;52:104-9.

190. Metovic J, Bertero L, Musuraca C, Veneziano F, Annaratone L, Mariani S, et al.
Safe transportation of formalin-fixed liquid-free pathology specimens. Virchows Arch.
2018;473(1):105-13.

191. Mikubo M, Seto K, Kitamura A, Nakaguro M, Hattori Y, Maeda N, et al.
Calculating the Tumor Nuclei Content for Comprehensive Cancer Panel Testing. J
Thorac Oncol. 2020;15(1):130-7.

192. Bancroft JD, Gamble M. Theory and practice of histological techniques. 6th ed.
ed. [Edinburgh]: Churchill Livingstone; 2008.

193. Depoilly T, Garinet S, van Kempen LC, Schuuring E, Clavé S, Bellosillo B, et al.
Multicenter Evaluation of the Idylla GeneFusion in Non-Small-Cell Lung Cancer. J Mol
Diagn. 2022;24(9):1021-30.

194. Buglioni A, Caffes PL, Hessler MG, Mansfield AS, Lo YC. Clinical Utility
Validation of an Automated Ultrarapid Gene Fusion Assay for NSCLC. JTO Clin Res Rep.
2022;3(12):100434.

152



195. Leone A, Muscarella LA, Graziano P, Tornese A, Grillo LR, Di Lorenzo A, et al.
Robust Performance of the Novel Research-Use-Only Idylla GeneFusion Assay Using a
Diverse Set of Pathological Samples with a Proposed 1-Day Workflow for Advanced
NSCLC Evaluation. Cancers (Basel). 2022;15(1).

196. Guillard M, Caumont C, Marcorelles P, Merlio JP, Cappellen D, Uguen A.
Performances of the Idylla GeneFusion Assay: contribution to a rapid diagnosis of
targetable gene fusions in tumour samples. J Clin Pathol. 2023.

197. Finall A, Hurlow K, Murphy K, Leopold G, Elazzabi T, Goldsmith I, et al. Analysis
of EGFR Mutation by Rapid PCR Methods Can Yield Better Quality Results Using Intra-
Operative Frozen Section Tissue in Early Stage, Non-Small Cell Lung Cancer Patients.
International Journal of Clinical Studies and Medical Case Reports. 2023;25(4):1-6.
198. Grant J, Stanley A, Balbi K, Gerrard G, Bennett P. Performance evaluation of the
Biocartis Idylla EGFR Mutation Test using pre-extracted DNA from a cohort of highly
characterised mutation positive samples. J Clin Pathol. 2021.

199. De Luca C, Gragnano G, Pisapia P, Vigliar E, Malapelle U, Bellevicine C, et al.
mutation detection on lung cancer cytological specimens by the novel fully automated
PCR-based Idylla. J Clin Pathol. 2017;70(4):295-300.

200. de Biase D, de Luca C, Gragnano G, Visani M, Bellevicine C, Malapelle U, et al.
Fully automated PCR detection of KRAS mutations on pancreatic endoscopic
ultrasound fine-needle aspirates. J Clin Pathol. 2016.

201. Dagogo-Jack |, Azzolli CG, Fintelmann F, Mino-Kenudson M, Farago AF, Gainor
JF, et al. Clinical Utility of Rapid EGFR Genotyping in Advanced Lung Cancer. JCO Precis
Oncol. 2018;24(2).

202. Biocartis. Instructions for use: Idylla EGFR Mutation Test.
www.biocartis.com/ifu: Biocartis NV; 2017. p. 1-41.

203. Hofman P, Calabrese F, Kern |, Adam J, Alarcao A, Alborelli |, et al. Real-world
EGFR testing practices for non-small-cell lung cancer by thoracic pathology
laboratories across Europe. ESMO Open. 2023;8(5):101628.

204. Sadik H, Pritchard D, Keeling DM, Policht F, Riccelli P, Stone G, et al. Impact of
Clinical Practice Gaps on the Implementation of Personalized Medicine in Advanced
Non-Small-Cell Lung Cancer. JCO Precis Oncol. 2022;6:€2200246.

205. Hardtstock F, Myers D, Li T, Cizova D, Maywald U, Wilke T, et al. Real-world
treatment and survival of patients with advanced non-small cell lung Cancer: a German
retrospective data analysis. BMC Cancer. 2020;20(1):260.

206. Passaro A, Wang J, Wang, Lee SH, Melosky B, Shih JY, et al. Amivantamab plus
chemotherapy with and without lazertinib in EGFR-mutant advanced NSCLC after
disease progression on osimertinib: primary results from the phase Ill MARIPOSA-2
study. Ann Oncol. 2024;35(1):77-90.

207. Igawa S, Fukui T, Kasajima M, Ono T, Ozawa T, Kakegawa M, et al. First-line
osimertinib for poor performance status patients with EGFR mutation-positive non-
small cell lung cancer: A prospective observational study. Invest New Drugs.
2022;40(2):430-7.

208. Fukui T, Mamesaya N, Takahashi T, Kishi K, Yoshizawa T, Tokito T, et al. A
Prospective Phase Il Trial of First-Line Osimertinib for Patients With EGFR Mutation-
Positive NSCLC and Poor Performance Status (OPEN/TORG2040). J Thorac Oncol.
2025;20(5):665-75.

153


S:\ISS\ISS-Restricted\Scholarly Comms\Completed e-theses\Award Pending - to be completed from PGR emails\Finall, Alison\www.biocartis.com/ifu

209. IARC. WHO Classification of Tumours (online): Thoracic tumours 5th Ed. In:
Board WCoTE, editor. https://tumourclassification.iarc.who.int/chapters/35: WHO;
2021.

210. Luo J, Wang R, Han B, Zhang J, Zhao H, Fang W, et al. Solid predominant
histologic subtype and early recurrence predict poor postrecurrence survival in patients
with stage | lung adenocarcinoma. Oncotarget. 2017;8(4):7050-8.

211. Yang F, Dong Z, Shen Y, Shi J, Wu Y, Zhao Z, et al. Cribriform growth pattern in
lung adenocarcinoma: More aggressive and poorer prognosis than acinar growth
pattern. Lung Cancer. 2020;147:187-92.

212. Wang W, Hu Z, Zhao J, Huang Y, Rao S, Yang J, et al. Both the presence of a
micropapillary component and the micropapillary predominant subtype predict poor
prognosis after lung adenocarcinoma resection: a meta-analysis. J Cardiothorac Surg.
2020;15(1):154.

213. ZhaoZ,GanH, FuBJ, LiW, LvF, ChuZ. A Comprehensive Study of Part-Solid
Lung Adenocarcinoma with Lymph Node Metastasis: Clinical, Pathological, and
Radiological Perspectives. Cancer Manag Res. 2025;17:1015-27.

214. Pyo JS, Lee BH, Min KW, Kim NY. Clinicopathological significances of cribriform
pattern in lung adenocarcinoma. Pathol Res Pract. 2024;253:155035.

215. Peng J, Zhang X, Huang, Liu C, Li S, Liu J. Significance of the cribriform pattern
in predicting the prognosis of lung adenocarcinoma patients: A systematic review and
meta-analysis. PLoS One. 2025;20(7):e0324376.

216. Abolfathi H, Kordahi M, Armero VS, Gaudreault N, Boudreau DK, Gagné A, et al.
A Comprehensive Evaluation of Clinicopathologic Characteristics, Molecular Features
and Prognosis in Lung Adenocarcinoma with an Acinar Component. Cancers (Basel).
2025;17(11).

217. Kolb T, Muller S, Mdéller P, Barth TFE, Marienfeld R. Molecular heterogeneity in
histomorphologic subtypes of lung adeno carcinoma represents a challenge for
treatment decision. Neoplasia. 2024;49:100955.

218. LiH, PanY, LiY, Li C, Wang R, Hu H, et al. Frequency of well-identified
oncogenic driver mutations in lung adenocarcinoma of smokers varies with histological
subtypes and graduated smoking dose. Lung Cancer. 2013;79(1):8-13.

219. Huang Q, Li Y, Huang Y, Wu J, Bao W, Xue C, et al. Advances in molecular
pathology and therapy of non-small cell lung cancer. Signal Transduct Target Ther.
2025;10(1):186.

220. Delgado-Garcia M, Weynand B, Gomez-Izquierdo L, Hernandez MJ, Blanco A,
Varela M, et al. Clinical performance evaluation of the Idylla™ EGFR Mutation Test on
formalin-fixed paraffin-embedded tissue of non-small cell lung cancer. BMC Cancer.
2020;20(1):275.

221. Petiteau C, Robinet-Zimmermann G, Riot A, Dorbeau M, Richard N, Blanc-
Fournier C, et al. Contribution of the Idylla System to Improving the Therapeutic Care of
Patients with NSCLC through Early

Screening of EGFR Mutations. Curr Oncol. 2021;28(6):4432-45.

222. Miller TE, Yang M, Bajor D, Friedman JD, Chang RYC, Dowlati A, et al. Clinical
utility of reflex testing using focused next-generation sequencing for management of
patients with advanced lung adenocarcinoma. J Clin Pathol. 2018;71(12):1108-15.
223. Ilié M, Hofman V, Bontoux C, Heeke S, Lespinet-Fabre V, Bordone O, et al.
Setting Up an Ultra-Fast Next-Generation Sequencing Approach as Reflex Testing at

154


https://tumourclassification.iarc.who.int/chapters/35

Diagnosis of Non-Squamous Non-Small Cell Lung Cancer; Experience of a Single
Center (LPCE, Nice, France). Cancers (Basel). 2022;14(9).

224. Low SK, Ariyasu R, Uchibori K, Hayashi R, Chan HT, Chin YM, et al. Rapid
genomic profiling of circulating tumor DNA in non-small cell lung cancer using
Oncomine Precision Assay with Genexus™ integrated sequencer. Transl Lung Cancer
Res. 2022;11(5):711-21.

225. Passaro A, Malapelle U, Del Re M, Attili I, Russo A, Guerini-Rocco E, et al.
Understanding EGFR heterogeneity in lung cancer. ESMO Open. 2020;5(5):e000919.
226. Passaro A, Mok T, Peters S, Popat S, Ahn MJ, de Marinis F. Recent Advances on
the Role of EGFR Tyrosine Kinase Inhibitors in the Management of NSCLC With
Uncommon, Non Exon 20 Insertions, EGFR Mutations. J Thorac Oncol. 2021;16(5):764-
73.

227. Bestvina CM, Waters D, Morrison L, Emond B, Lafeuille MH, Hilts A, et al.
Impact of next-generation sequencing vs polymerase chain reaction testing on payer
costs and clinical outcomes throughout the treatment journeys of patients with
metastatic non-small cell lung cancer. ] Manag Care Spec Pharm. 2024;30(12):1467-78.
228. SuWC, Tsai YC, Tsai HL, Chang TK, Yin TC, Huang CW, et al. Comparison of
Next-Generation Sequencing and Polymerase Chain Reaction for Personalized
Treatment-Related Genomic Status in Patients with Metastatic Colorectal Cancer. Curr
Issues Mol Biol. 2022;44(4):1552-63.

229. Gieszer B, Megyesfalvi Z, Dulai V, Papay J, Kovalszky |, Timar J, et al. EGFR
variant allele frequency predicts EGFR-TKI efficacy in lung adenocarcinoma: a
multicenter study. Transl Lung Cancer Res. 2021;10(2):662-74.

230. Jogi A, Vaapil M, Johansson M, Pahlman S. Cancer cell differentiation
heterogeneity and aggressive behavior in solid tumors. Ups J Med Sci. 2012;117(2):217-
24.

231. Kohsaka S, Petronczki M, Solca F, Maemondo M. Tumor clonality and resistance
mechanisms in EGFR mutation-positive non-small-cell lung cancer: implications for
therapeutic sequencing. Future Oncol. 2019;15(6):637-52.

232. Attili |, Del Re M, Guerini-Rocco E, Crucitta S, Pisapia P, Pepe F, et al. The role of
molecular heterogeneity targeting resistance mechanisms to lung cancer therapies.
Expert Rev Mol Diagn. 2021;21(8):757-66.

233. Momeni-Boroujeni A, Salazar P, Zheng T, Mensah N, Rijo |, Dogan S, et al. Rapid
EGFR Mutation Detection Using the Idylla Platform Single-Institution Experience of
1200 Cases Analyzed by an In-House Developed Pipeline and Comparison with
Concurrent Next-Generation Sequencing Results. Journal of Molecular Diagnostics.
2021;23(3):310-22.

234. Caputo A, D'Ardia A, Sabbatino F, Picariello C, Ciaparrone C, Zeppa P, et al.
Testing EGFR with Idylla on Cytological Specimens of Lung Cancer: A Review. IntJ Mol
Sci. 2021;22(9).

235. Mondelo-Macia P, Lago-Leston RM, Rodriguez-Casanova A, Abalo A, Diaz-
Lagares A, Garcia-Gonzalez J, et al. Rapid Idylla mutational testing to detect EGFR
mutations in plasma samples and to monitor therapy in advanced non-small cell lung
cancer patients. Pathology. 2023;55(5):698-703.

236. Chevalier LM, Billaud A, Passot C, Renoult A, Bigot F, Verriele V, et al. [EGFR
molecular characterization in non-small cell bronchic cancer: comparative prospective
study by NGS and Idylla platform technologies]. Ann Pathol. 2020.

155



237. Sherwood JL, Brown H, Rettino A, Schreieck A, Clark G, Claes B, et al. Key
differences between 13 KRAS mutation detection technologies and their relevance for
clinical practice. ESMO Open. 2017;2(4):e000235.

238. Arcila ME, Yang S-R, Momeni A, Mata DA, Salazar P, Chan R, et al. Ultrarapid
EGFR Mutation Screening Followed by Comprehensive Next-Generation Sequencing: A
Feasible, Informative Approach for Lung Carcinoma Cytology Specimens With a High
Success Rate. Journal of Thoracic Reports Clinical and Research Reports. 2020;1(3).
239. Sorber L, Van Dorst B, Bellon E, Zwaenepoel K, Lambin S, De Winne K, et al.
NTRK Gene Fusion Detection in a Pan-Cancer Setting Using the Idylla GeneFusion
Assay. J Mol Diagn. 2022;24(7):750-9.

240. HofmanV, Heeke S, Bontoux C, Chalabreysse L, Barritault M, Bringuier PP, et al.
Ultrafast Gene Fusion Assessment for Nonsquamous NSCLC. JTO Clin Res Rep.
2023;4(2):100457.

241. Johnston L, Power M, Sloan P, Long A, Silmon A, Chaffey B, et al. Clinical
performance evaluation of the Idylla NRAS-BRAF mutation test on retrospectively
collected formalin-fixed paraffin-embedded colorectal cancer tissue. J Clin Pathol.
2018;71(4):336-43.

242. Li X, Xu J, Li L, Mu X, Wang Y. Evaluation of a Fully Automated Idylla Test System
for Microsatellite Instability in Colorectal Cancer. Clin Colorectal Cancer.
2019;18(4):e316-e23.

243. Franczak C, Dubouis L, Gilson P, Husson M, Rouyer M, Demange J, et al.
Integrated routine workflow using next-generation sequencing and a fully-automated
platform for the detection of KRAS, NRAS and BRAF mutations in formalin-fixed paraffin
embedded samples with poor DNA quality in patients with colorectal carcinoma. PLoS
One. 2019;14(2):e0212801.

244. Depoilly T, Garinet S, van Kempen LC, Schuuring E, Clavé S, Bellosillo B, et al.
Multicenter Evaluation of the Idylla GeneFusion in Non-Small-Cell Lung Cancer. J Mol
Diagn. 2022.

245, Kumar S, Bennett A, Campbell PA, Palidwor G, Lo B, Perkins TJ, et al. Costs of
Next-Generation Sequencing Assays in Non-Small Cell Lung Cancer: A Micro-Costing
Study. Curr Oncol. 2022;29(8):5238-46.

246. Wu YL, Herbst RS, Mann H, Rukazenkov Y, Marotti M, Tsuboi M. ADAURA: Phase
I, Double-blind, Randomized Study of Osimertinib Versus Placebo in EGFR Mutation-
positive Early-stage NSCLC After Complete Surgical Resection. Clin Lung Cancer.
2018;19(4):e533-€e6.

247. Jones DR, Wu YL, Tsuboi M, Herbst RS. Targeted therapies for resectable lung
adenocarcinoma: ADAURA opens for thoracic oncologic surgeons. J Thorac Cardiovasc
Surg. 2021;162(1):288-92.

248. Wu YL, John T, Grohe C, Majem M, Goldman JW, Kim SW, et al. Postoperative
Chemotherapy Use and Outcomes From ADAURA: Osimertinib as Adjuvant Therapy for
Resected EGFR-Mutated NSCLC. ) Thorac Oncol. 2022;17(3):423-33.

249. Alderwick H. Is the NHS overwhelmed? BMJ. 2022;376:051.

250. BMA. Analysis of NHS England Monthly Diagnostics Data
https://www.bma.org.uk/advice-and-support/nhs-delivery-and-
workforce/pressures/nhs-diagnostics-data-analysis: British Medical Association; 2022 [

156


https://www.bma.org.uk/advice-and-support/nhs-delivery-and-workforce/pressures/nhs-diagnostics-data-analysis
https://www.bma.org.uk/advice-and-support/nhs-delivery-and-workforce/pressures/nhs-diagnostics-data-analysis

	ii) Finall A, Davies GJ, T Jones, Emlyn G, Huey P, Mullard A. Integration of rapid PCR testing as an adjunct to NGS in diagnostic pathology services within the UK: Evidence from a case series of non-squamous, non-small cell lung cancer (NSCLC) patient...
	References



