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Abstract

Background: Recent advancements in identifying druggable molecular drivers in lung adenocarcinoma (LUAD), have
transformed treatment paradigms. In recent years, Next Generation Sequencing (NGS) has gained momentum as an
essential tool for in-depth simultaneous analysis of multiple genes, thereby streamlining the diagnostic process in LUAD.
Despite this, the implementation of NGS testing in both the US and Europe remains suboptimal.

Aims: In compliance with a decree issued by the lItalian Ministry of Health, Lombardy Region recently launched
an initiative to implement NGS testing in patients with advanced LUAD. In this context, a real-world prospective
observational study was planned to assess the efficacy of the regional network of molecular laboratories in testing nine
biomarkers (KRAS p.GI12C, EGFR, BRAF, HER2, MET mutations; ALK, ROSI, NTRK-3, RET rearrangements), for on-label
molecularly targeted drugs.

Results: In 2023, out of the 2784 advanced/metastatic LUAD patients expected in Lombardy, 2343 (84.2%) were
successfully evaluated with an NGS panel including all the nine biomarkers for on-label drugs. Actionable aberrations
were identified in 45.5% of the patients (1068/2343), predominantly involving EGFR, KRAS, and ALK genes.
Conclusion: Our data provide evidence that establishing a structured network of NGS hubs is mandatory to ensure
access of advanced LUAD patients to molecularly targeted treatments.
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Visual abstract

Biomarker testing implementation for molecularly targeted therapy in non-small cell lung cancer patients.

Deliberation N XI/7431 of Lombardy Region Personalized therapy
created a Regional NGS lab network

Actionable molecular alteration:
- EGFR 17%
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Introduction the survival of lung cancer patients.> Next Generation

Sequencing (NGS) allows to detect multiple gene aberra-
Lung cancer is one of the major causes of cancer mortality ~ tions, reducing turnaround time (TAT) and improving
worldwide, with most patients diagnosed in a locally  patient outcome.> Accordingly, the European Society of
advanced or metastatic stage.! However, the identification ~ Molecular Oncology (ESMO) guidelines recommend the
of druggable molecular drivers has dramatically improved ~ use of NGS in the diagnostic workflow of patients with
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advanced stage lung adenocarcinoma (LUAD).*
Unfortunately, the percentage of cases tested with NGS
worldwide is still unsatisfying.® Sadik et al reported that in
the US, almost half (49.7%) of advanced lung cancer
patients are excluded from personalized therapy, mainly
because of hurdles in biomarker testing.® Likewise, many
studies reported that NGS is underutilized in Europe,
prompting the launch of several initiatives for its imple-
mentation. In the UK, the 100,000 Genomes Cancer pro-
ject profiled by whole genome sequencing (WGS) 13,880
solid tumors, including 1383 patients with lung cancer.’
Similarly, among 2500 patients profiled by WGS in the
context of the Drug Rediscovery Protocol in The
Netherlands, over 1500 started treatment with targeted
therapy or immunotherapy.®

In Italy, the implementation of NGS is governed by the
National Health System (NHS), aiming to ensure equita-
ble, standardized, and appropriate access to molecular pro-
filing. In compliance with a Decree of the Ministry of
Health, in November 2022 the Lombardy Region issued a
Deliberation (X1/7431) to promote NGS testing in patients
with advanced LUAD.? The initiative was designed to
guarantee the analysis of nine biomarkers (KRAS p.G12C,
EGFR, BRAF, HER2, MET mutations; ALK, ROSI,
NTRKI-3, RET rearrangements) to which on-label molec-
ularly targeted therapies are currently available in Italy.
This approach will lead to a complete evaluation of on-
label actionable biomarkers within a single test, resulting
in a reduction of amount of sample needed and TAT, and,
ultimately, in an early start of systemic therapy.

Here, we describe the procedures carried out to put the
Regional Deliberation into action, to create a structured
network of molecular labs accredited by the NHS, and to
report the results of NGS sequencing in a prospective real-
world cohort of 2343 LUAD patients.

Methods
Regional Deliberation XI/743 |

Based on the recommendations of a working group includ-
ing pathologists and oncologists, the Regional Deliberation’
established that laboratories accredited to perform NGS
testing in histologically confirmed LUAD patients had to
fulfill the following requirements: be a pathology labora-
tory with a somatic molecular diagnostic unit; be inte-
grated with an oncology unit to ensure an interdisciplinary
approach; have at least two years of documented experi-
ence with NGS testing; guarantee a turnaround time (TAT)
NGS workflow equal to or less than 10 working days (15
days for comprehensive panels).

NGS testing had to be performed with NGS panels able
to identify variants in the following genes: KRAS (in partic-
ular p.G12C), EGFR, BRAF (in particular p.V600E), HER?,
MET exon 14 skipping (mutations), as well as ALK, ROS|,
NTRKI-3, RET (rearrangements). NGS testing in liquid

biopsy from blood or other body fluids was allowed when
an adequate tissue biopsy was unavailable and/or a new
biopsy could not be performed. According to the Ministerial
Decree, the Lombardy Region granted a reimbursement of
€1150 for each NGS test. NGS testing could be requested by
oncologists, surgeons, or pulmonologists, based on clinical
suitability and following multidisciplinary team discus-
sions. The prescribers had to ensure and certify that patients
had a performance status of 0 or 1 and they would not refuse
molecularly targeted therapies.

Each laboratory was asked to provide the following
items in a dedicated database for each LUAD patient sub-
jected to NGS testing: clinical data (sex, age); contact of
the referral oncologist and center; date of the NGS pre-
scription; clinical setting (diagnosis or progression after
targeted therapy); type of specimen (tissue or liquid
biopsy); date of sample acceptance; date of the molecular
report; type of NGS panel used; failure rate for DNA and
RNA panels; molecular alterations identified; and actiona-
bility of the molecular alterations classified according to
ESMO Scale of Clinical Actionability (ESCAT).!® Each
center appointed one or more person in charge of data col-
lection and transmission to the database. Data were col-
lected, aggregated and analyzed with descriptive statistics.

LUAD incidence in Lombardy Region

Lombardy Region collects health records in its compre-
hensive healthcare system data WareHouse (DWH),
according to a star scheme characterized by a central fact
table (i.c., the Population Registry dataset) surrounded by
a set of dimensional tables (i.e. all administrative informa-
tional flows), thus enabling detailed longitudinal analyses
at the individual level. To identify the number of patients
with a first diagnosis of lung cancer in the Lombardy
Region, we interrogated the Hospital Discharges Registry
(SDO), using the International Classification of Diseases,
9th Revision, Clinical Modification (ICD-9-CM). To fur-
ther refine the analysis, we retrieved historical epidemio-
logical data from all eight territorial cancer registries
within the Regional Healthcare System, which collect can-
cer diagnoses from pathology laboratories. The 2017-2019
timeframe was selected to avoid the impact of the SARS-
Coronavirus-2 pandemia.

Results

Laboratory network

Based on the aforementioned criteria, Lombardy Region
identified 12 molecular pathology laboratories: ASST
Spedali Civili di Brescia, Fondazione IRCCS San
Gerardo dei Tintori in Monza, ASST Grande Ospedale
Metropolitano Niguarda, ASST Lariana, ASST Santi Paolo
e Carlo, ASST dei Sette Laghi, Fondazione IRCCS Ca'
Granda Ospedale Maggiore Policlinico, Fondazione
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Figure |. Estimated total cases of lung cancer per year in Lombardy Region (blue bar) and LUAD (orange bar), compared to NGS
test performed in 2023 (green bar). LUAD: Lung adenocarcinoma. NGS: Next-generation Sequencing.

IRCCS Istituto Nazionale per lo Studio e la Cura dei
Tumori di Milano, Fondazione IRCCS Policlinico San
Matteo, Humanitas Mirasole S.P.A., Istituto Europeo di
Oncologia S.R.L. and Ospedale San Raffaele SRL.

NGS testing in Lombardy Region

According to DWH records, 10,563 patients received a diag-
nosis of lung cancer, any histology, any stage, in 2023. This
figure also included alive patients who received the diagno-
sis in previous years. In the 2017-2019 period, the Lombardy
Region cancer registry reported 15,235 cases with a cyto-
logical or histological diagnosis of lung cancer (mean 5078
cases per year). Of them, 8353 had a diagnosis of advanced
LUAD (mean 2784 per year), that was considered a proxy
for the yearly incidence of LUAD in the Lombardy Region.

According to our prospectively annotated database, the
network of 12 laboratories carried out 2343 NGS tests in
advanced LUAD patients (84.2% of estimated cases;
Figure 1). In 1760 (75.1%) of these patients, NGS was pre-
scribed by a multidisciplinary team. In most cases (2207,
94.2%) NGS testing was performed at diagnosis, or before
first-line systemic therapy, while in the remaining 136
cases (5.8%) NGS profiling was carried out after progres-
sion to molecularly driven targeted therapy. NGS was

performed in tissue samples from primary tumor or meta-
static sites in most of the cases (2313; 98.7%) and in liquid
biopsy in the remaining cases (20; 1.3%). The percentage
of cases analyzed by liquid biopsy was slightly higher
(4.4%) in patients progressing upon target therapy.

NGS panels

Most cases (1951, 83.3%) were profiled by a targeted
DNA/RNA approach by using six different panels includ-
ing up to 100 genes (Table 1). The remaining cases (392,
16.7%) were analyzed by comprehensive DNA/RNA
genomic profiling (CGP) panels including 196 (in 202
cases) or 549 (in 190 cases) genes (Table 1). One center
performed an RNA-based panel only (4rcher™
FUSIONPIlex™ Lung v2 panel). The median TAT was
10.9 days (range 8.3-14.6 days) overall and 9.6 days (range
9.57-9.62) for CGP panels. The median failure rate was
1.2% (range 0.49%-5.3%) for targeted DNA panels and
11.5% for DNA CGP. As regards RNA sequencing, the
median failure rate was 6.2% (range 1.1%-18%). Most of
the cases (84.6%), in which DNA CGP did not yield relia-
ble results, were subsequently rescued by a DNA targeted
panel. In the event of failure with RNA-based NGS, ALK,
ROS1, RET and NTRKSs rearrangements were subsequently
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Table I. NGS panels included in the study; panels combining both DNA/RNA sequencing are marked in bold.

Panel Number of genes Cases tested
included

DNA

AmoyDx HANDLE Classic NGS Panel, Amoy Diagnostics Co., 38 145

Singapore.

lon Ampliseq™ Cancer Hotspot Panel v2, Thermo Fisher Scientific Inc., 50 34

MA, USA.

Myriapod® NGS Cancer panel DNA, Diatech, IT. 17 574

Oncomine Focus Assay, Thermo Fisher Scientific Inc., MA, USA. 4] 303

Oncomine™ Dx Express Test panel, Thermo Fisher Scientific Inc., MA, 45 648

USA.

Oncomine Comprehensive Assay — DNA, Thermo Fisher Scientific Inc., 145 202

MA, USA.

Oncomine Comprehensive Assay — plus DNA, Thermo Fisher Scientific 500 190

Inc., MA, USA.

Panel Number of genes Cases tested
included

RNA

AmoyDx HANDLE Classic NGS Panel, Amoy Diagnostics Co., 12 145

Singapore.

Archer™ FUSIONPlex™ Lung v2 panel. ArcherDx, USA. 14 247

Myriapod® NGS Cancer panel RNA. Diatech, IT. 10 574

Oncomine Focus Assay, Thermo Fisher Scientific Inc., MA, USA. 23 303

Oncomine Dx Express Test, Thermo Fisher Scientific Inc., MA, USA. 18 648

Oncomine Comprehensive Assay RNA, Thermo Fisher Scientific Inc., 51 202

MA, USA.

Oncomine Comprehensive Assay Plus RNA, Thermo Fisher Scientific 49 224

Inc., MA, USA.

analyzed by orthogonal tests (in situ hybridization, Real
Time PCR or immunohistochemistry).

Results of NGS testing

ESCAT tier I or II aberrations actionable by targeted on-
label drugs identified in our cohort are summarized in Table 2
and in Figure 2. Out of the 2343 patients analyzed, 1068
(45.6%) bore an ESCAT tier I or II alteration, mostly EGFR
mutations (400, 17.1%), followed by KRAS p.G12C (333,
14.2%) and ALK rearrangements (110, 4.7%). Of note, in
20 cases (0.9%) there was more than one potentially drug-
gable molecular alteration, mostly KRAS p.G12C (12;
60%) (Table 2). The commonest variants not actionable
with on-label drugs in Italy were PIK3CA mutations
(ESCAT IIIA, 60 cases, 2.7%), KRAS mutations other than
p.G12C (ESCAT 1IIB, 451, 19.2%) BRAF mutations other
than p.V600OE (ESCAT IIIB, 36, 1.5%), TP53 (ESCAT 1V,
324, 13.8%) and STK1I (ESCAT X, 39, 1.7%) mutations.
On-label druggable molecular alterations were identified in
194/392 (49.5%) and in 854/1952 (43.8%) of the cases
using DNA/RNA CGP or targeted panels, respectively
(p=0.04; OR 1.27, range 1.01-1.56; Table 3). In particular,

CGP found a higher percentage of patients with FRBB2
mutation (3.3% vs 1.5%, p=0.02). 17.4 patients would be
tested by CGP to identify one additional ESCAT tier I or II
alteration not identified by targeted panels.

Moreover, in 151/391 patients (38.7%), DNA CGP test-
ing found 222 additional molecular alterations potentially
actionable with off-label drugs (in nine patients, 2.3%,
ESCAT II; in 147 patients, 67.7% ESCAT Illa/b; and in 66
patients, 30.4%, ESCAT IV), that were not included in
most of the targeted NGS panels used in this study. The
most common alterations were: MET amplification (in
nine patients) among ESCAT II variants; ERBB2 amplifi-
cation (seven), CDKN2A loss or mutations (15), ATM loss
or mutations (11), SMARCA4 loss (11), NFI mutation
(10), PTEN loss or mutations (eight) and BRCAI muta-
tions (four) among ESCAT IlI variants; and ARID1A4 muta-
tions (10), CCNE1 amplification (six) and MTAP loss (six)
among ESCAT 1V variants,

Discussion

The proper treatment of advanced or metastatic lung can-
cer patients relies on tumor molecular characterization. In
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Figure 2. Actionable molecular alterations.

Europe, there is a heterogeneous approach in biomarker
testing, with most of the laboratories still performing sin-
gle gene testing by a combination of immunohistochemis-
try, ISH and RT-PCR. The percentage of patients with
advanced lung cancer receiving any molecular test ranged
from 65% to 85% in Germany, Italy, and Spain (2011-
2016).'%12 Likewise, a Swiss observational study showed
that 79% of the patients were analyzed by single-gene
EGFR testing in 2014."3 NGS testing using targeted panels
and CGP allows to identify common and rare alterations
affecting tumor progression and survival with important
implications for prognosis and treatment decisions. Due to
the limited amount of tumor tissue generally available and
the high number of variants actionable by on-label drugs,
NGS is the most cost-effective approach for molecular
testing in advanced/metastatic LUAD.>!* Actually, there is
evidence that adopting NGS gene panels upfront for
patients with advanced LUAD is associated with a signifi-
cant reduction in both overall cost and turnaround time
compared to single-gene testing,'*!3

A recent study in the US reported that a 10 percent
increase in the use of NGS panels (including EGFR, ALK,
ROSI1, BRAF, RET, MET, and NTRK genes) compared
with single-gene testing (EGFR and ALK), resulted in an
improvement of life-years gained, saving $49-109 per life
year gained in advanced/metastatic lung cancer patients.'®
Despite this evidence, the systematic implementation of
NGS testing in Europe is still insufficient: a recent survey
demonstrated that the adoption of multi-biomarker NGS
ranges from 0% to >50%, because of financial con-
straints, low NGS testing capabilities and absence of NGS
testing guidelines.!” Discrepancies between Western,
Central and Eastern Europe in the availability of targeted
therapies and molecular tests have also been reported.'>!”
In Italy, there are regional disparities in biomarker testing
depending on financial conditions; a recent report high-
lighted that only a minority (36%) of patients with
advanced LUAD was analyzed for all the biomarkers
actionable with on-label drugs.'®!° Establishing an infra-
structure properly equipped in technology, qualified
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Table 2. Actionable (ESCAT I and Il) molecular alteration identified.

Molecular Alteration ESCAT tier N. Cases %
EGFR mutation 1A 400 17.1%
KRAS p.GI12C 1A 333 14.2%
ALK rearrangement 1A 110 4.7%
BRAF p.V600E B 80 3.4%
MET exon 14 skipping 1B 72 3.1%
ERBB2 mutation 1IB 43 1.8%
RET rearrangement 1A 27 1.2%
ROS! rearrangement B 14 0.6%
NTRK/-3 rearrangement IC 6 0.3%
Multiple genetic alterations 20 0.9%

KRAS p.G12C and BRAF p.V600E

KRAS p.G12C and ALK

EGFR and ERBB2

EGFR and RET

EGFR and ALK

EGFR and BRAF p.V600E
EGFR and KRAS p.G12C
KRAS p.G12C and ERBB2
KRAS p.G12C and MET
KRAS p.G12C and RET
ROS! and ERBB2

—_—_——_——_—_ —_ —_ PN wwu

Table 3. Comparison of actionable molecular alteration
identified by targeted and comprehensive panels.

Molecular Targeted % CGP % 3}
alteration (1952) (392 pts)

Total actionable 854 43.8% 194 49.5% 0.04
EGFR 326 16.7% 74 18.9% Ns
KRAS p.G12C 227 11.6% 56 14.3% Ns
ALK 90 4.6% 20 5.1% Ns
BRAF p.V600E 69 3.5% 11 2.8% Ns
MET 63 3.2% 9 2.3% Ns
ERBB2 30 1.5% 13 3.3% 0.02
RET 21 1.1% 6 1.5% Ns
ROSI I 0.6% 3 0.8% Ns
NTRKI-3 4 0.2% 2 0.5% Ns

personnel and appropriate reimbursement within the
framework of the national healthcare system is therefore
necessary to enable NGS molecular profiling for all can-
cer patients.” In this regard, it has been reported that
EGFR testing rates for patients with advanced LUAD in
Sweden increased from 49% in 2011-2012 to 84% in 2019
due to nation-wide implementation of NGS.2°

In our study, we report the impact of NGS testing in
Lombardy Region, the most populated area in Italy with
roughly 10 million inhabitants. To implement molecular
profiling in advanced LUAD patients, a Regional
Deliberation established a diagnostic workflow, formal-
ized a dedicated network of pathology laboratories and

introduced a specific reimbursement code.’ This organiza-
tional framework allowed to obtain a complete molecular
characterization in the majority of LUAD patients. In fact,
out of the 2784 advanced/metastatic LUAD patients
expected in Lombardy in 2023, 2343 (84.2%) were tested
with an NGS panel including all the biomarkers for on-
label drugs, achieving the main goal of the Regional pro-
ject. Most (83.3%) of the cases were tested with smaller
targeted DNA NGS panels including up to 50 genes, while
a lower percentage of patients (16.7%) were assessed
upfront with CGP including up to 549 genes. As expected,
CGP led to the identification of a higher number of bio-
markers potentially actionable with off label drugs or
experimental treatments in clinical trials at progression to
standard therapies.?! Moreover, CGP panels were also able
to identify ESCAT tier I or II variants in a slightly higher
percentage of patients, in particular involving ERBB2.
This could be related to different analytical features of dif-
ferent panels, including heterogeneity in the limit of detec-
tion (2% for CGP and usually 5% for targeted panels) or a
higher coverage of the ERBB2 gene.? In this context, our
real-world data with CGP are in line with those reported in
a multicenter European study, with 264 potentially action-
able molecular alterations found in 555 samples, with a
6% failure rate.?

Integrating DNA NGS panels with RNA panels pro-
vides a more detailed picture of the mutational landscape
in cancer, because RNA sequencing is able to directly
assess oncogenic fusion transcripts at high sensitivity:
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accordingly, we observed that the combined DNA/RNA
approach identified actionable fusion transcripts in 7% of
the cases. In particular, ALK, RET, ROSI and NTRKs rear-
rangements were identified in 4.8%, 1.2%, 0.6% and 0.3%
respectively, a real-world figure in line with previous data
stemming from clinical trials.* In a small percentage of
cases in our cohort NGS profiling was not feasible, so dif-
ferent rescue tests or new biopsies were performed; this
may be due to the limited amount of neoplastic sample
available (for example, in the case of a cytological speci-
men), or the inadequate quantity or quality of nucleic
acids, in particular for RNA-based sequencing.?’

NGS in liquid biopsy is a non-invasive approach for
tumor profiling at diagnosis and for non-invasive monitor-
ing of relapsing patients to uncover resistance mechanisms
and is recommended for tumor profiling in advanced
LUAD at diagnosis when fine needle biopsy/aspirate is not
feasible or unsafe, or when NGS in tissue biopsy failed
because of DNA/RNA poor quality or low quantity.?®?’
Our real-world dataset demonstrates that liquid biopsy is
still underused in clinical practice, with only a small frac-
tion (1.3%) of patients tested with targeted panels, even in
the setting of patients progressing upon targeted therapy.

The main limitation of our study lies in the absence of
data relative to the clinical outcome of the advanced
LUAD patients molecularly profiled by NGS. Nevertheless,
we are in the process of completing our dedicated database
with data related to patient treatment and outcome, includ-
ing the prevalence of patients treated with molecularly tar-
geted on-label and off-label drugs, the number of patients
recruited in clinical trials, as well as objective response
rate and patient progression-free survival.

In conclusion, in this observational prospective study
we describe a real-world cohort of patients with LUAD
who underwent NGS testing in a structured framework
of regional labs. Our data provide evidence that a net-
work of specialized NGS labs in the context of the NHS
allows cost-effective NGS molecular profiling of the
overwhelming majority of LUAD patients, overcoming
traditional limitations and ensuring access to molecu-
larly targeted therapy with on-label drugs to a wider
number of patients.
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