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Abstract

Plain language summary

Background Liquid biopsy approaches, especially the detection of circulating tumor DNA
(ctDNA), are emerging as sensitive and reliable surrogates for tumor tissue-based routine
diagnostic testing. Here, we retrospectively analyzed serially collected plasma samples of
non-small cell lung cancer (NSCLC) patients obtained at first diagnosis to evaluate the
added value of ctDNA analysis for detecting therapeutically relevant variants and
determining the consequent clinical implications.

Methods One hundred eighty plasma samples from consecutively recruited NSCLC
patients were included. Circulating cell-free DNA (ccfDNA) was extracted and analyzed with
the UltraSEEK Lung Panel v2 on the MassARRAY System. Tumor tissue next-generation
sequencing (NGS) data, performed as routine molecular testing in the clinical setting, were
retrieved from the national pathology registry for 132 patients.

Results Here we show that in 82% of the patients, mutations are concordantly detected in
tumor tissue and plasma. More mutations are reported with tumor tissue-based NGS in
nineteen patients, while in four patients additional mutations are detected in plasma. Tissue-
based molecular tumor profiling identifies 60 patients eligible for targeted treatment
including fifteen (8%) harboring fusions currently not covered by UltraSEEK. Based on
ctDNA analysis, 41 patients (23%) are identified as eligible for BRAF'*’-, EGFR-, or
KRAS®'*C-targeted therapies. In the absence of tumor tissue NGS data (n = 48), five
therapeutically relevant mutations are detected.

Conclusions Molecular tumor profiling of ctDNA identifies therapeutically relevant
mutations at a comparable rate to tumor tissue-based NGS and might therefore serve as
an alternative or complementary test for the detection of actionable variants in plasma.

Being able to identify cancer mutations to
direct treatment strategies has become very
important in improving outcomes of patients
with non-small cell lung cancer. With the
detection of cancer DNA in the blood, referred
to as liquid biopsy, an alternative to invasive
tissue-based diagnostics now exists. We
tested how sensitive the UltraSEEK Lung
Panel (a method which evaluates a panel of
genes) was in the detection of mutations in
blood affecting treatment decisions for
patients with non-small cell lung cancer. The
same mutations were detected using tissue
and this blood-based method in 82% of the
patients. Moreover, in a similar number of
patients, the most favorable treatment advice
was based on tissue and blood information.
This study showed that blood testing is sui-
table for the detection of mutations and has
the potential to improve diagnostics for lung
cancer patients.

The mutational spectrum of non-small cell lung cancer (NSCLC) is
remarkably heterogeneous, wherein many single nucleotide variants
(SNVs), insertions or deletions (indels), fusions, genomic rearrangements,
and copy number alterations (CNAs) can occur within the tumor genome'.
Current international guidelines recommend testing for molecular aberra-
tions for patients with metastatic lung adenocarcinoma. In this tumor type,

pathogenic mutations can be detected in > 60% of the cases™. To date,
targeted therapies are available for mutations in BRAF (affecting valine at
codon 600), EGFR, ERBB2, KRAS [specifically p.(G12C)] and MET
(resulting in exon 14 skipping), as well as for fusions of ALK, NRGI, NTRK1,
NTRK2, NTRK3, RET, and ROSI*. In the Netherlands, molecular profiling
of common aberrations in these twelve predictive genes is recommended
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using both RNA- and DNA-based next-generations sequencing (NGS)
panels’. BRAF, EGFR and KRAS variants have a combined prevalence of
~ 50% in advanced-stage lung adenocarcinoma’. Although therapeutically
targetable mutations in BRAF, EGFR and KRAS are detected in 30-35% of
all lung adenocarcinoma patients, these variants represent > 80% of all the
actionable mutations reported in clinical practice*’. Genomic alterations,
not limited to targetable alterations, occur significantly less frequent in other
NSCLC entities, including lung squamous cell carcinoma (<25%) and not
otherwise specified (NOS) lung carcinoma (~ 40%)>". In order to obtain
high sensitivity to detect (actionable) variants in tumor DNA, NGS analyses
require a sufficient amount and percentage of neoplastic cells. In addition,
extracted DNA and RNA need to be of adequate quantity and quality.
Tumor tissue specimens in metastatic NSCLC are frequently collected
through endobronchial ultrasound-guided transbronchial needle aspiration
(EBUS-TBNA) or transesophageal ultrasound-guided fine needle aspira-
tion (EUS-FNA), but these methods generally yield little tumor tissue®’. In
20-30% of lung cancer patients, tumor sampling is not possible or NGS
results fail due to low tumor DNA quantity®'*". Therefore, there is an
urgent need for alternative methods to determine the predictive biomarker
status for treatment decision making.

Molecular profiling of circulating cell-free DNA (ccfDNA) has proven
to be a reliable alternative method to detect tumor-derived mutations in
lung cancer patients'*"”. Circulating tumor DNA (ctDNA) represents only a
small fraction of the ccfDNA (often less than 1%) and gradually lower in
earlier stages of disease'’. Therefore, ctDNA detection assays with high
sensitivity and specificity have been developed. Clinical applications of
ctDNA testing include baseline predictive biomarker identification and
resistance mutation detection at disease progression, particularly when
tumor tissue is inadequate'”. Several ctDNA-based liquid biopsy approaches
are designed as single target assays (e.g., droplet digital PCR (ddPCR)),
single or multiple gene panels (e.g., cobas®, Idylla™, UltraSEEK) or elaborate
NGS panels (e.g., Oncomine, AVENIO™, FoundationOne® Liquid CDx,
Guardant360® CDx)'*". Although high sensitivities and specificities can be
achieved with these approaches, the accuracy of molecular tumor profiling
generally increases as more targets are analyzed simultaneously'®"”. The
choice of assay, however, depends not only on the coverage of targets but
also on costs, eligibility for reimbursement, turnaround time, availability of
patient-derived material and the availability of technical expertise to operate
a testing platform™.

Mid-sized targeted liquid biopsy panels covering most actionable
mutations observed in lung adenocarcinoma are commercially available.
These panels have considerably lower costs and processing times compared
to both tumor tissue- and plasma-based NGS approaches without com-
promising on analytical sensitivity’*"'. Therefore, a highly sensitive, cost-
effective liquid biopsy test with a short turnaround time might provide
valuable information on the (therapeutically targetable) mutation status of
the tumor and assist in treatment decision making''. For the implementa-
tion of liquid biopsy approaches in routine diagnostics, pre-treatment
testing of plasma samples simultaneously collected as tumor tissue speci-
mens is necessary to demonstrate its clinical value.

The aim of this study was to retrospectively evaluate the added value of
ctDNA analysis for the detection of therapeutically relevant variants in an
unselected series of lung cancer patients. For this purpose, pre-treatment
plasma samples of advanced-stage NSCLC patients were serially collected
without upfront knowledge of the availability of lung cancer tissue biopsy
specimens and the results of its molecular profile. For each patient, treat-
ment decisions based on (actionable) mutations identified in tumor tissue
DNA or ctDNA were determined in retrospect in accordance with current
international guidelines’. The ctDNA was analyzed using the UltraSEEK
Lung Panel on the MassARRAY System, which has recently demonstrated
high concordance with tumor tissue NGS in selected populations, parti-
cularly for therapeutically targetable mutations™>*. To resemble a real-
world clinical setting in this study, a continuous diagnostic workflow from
ccfDNA extraction to an UltraSEEK result was applied and time-to-process
was determined.

Methods

Patient inclusion and sample processing

Between June 2018 and December 2021, pre-treatment plasma samples of
180 consecutive patients treated for NSCLC at the University Medical
Center Groningen (UMCG) were obtained from the OncoLifeS Biobank.
Inclusion criteria consisted of (1) histologically confirmed NSCLC, (2) no
previous cancer-related treatment, (3) sufficient plasma for ccfDNA
extraction according to standard operating procedures, and 4) patients were
not recruited for a specific study to prevent selection bias. The use of patient-
derived plasma samples for research purposes was approved by the Medical
Ethical Committee (METc¢) of the UMCG (2010/109), as well as for this
study (Reg nr. 202200300); molecular analyzes were performed in a NEN-
EN-ISO 15189-accredited laboratory. All patients provided written
informed consent.

Pre-treatment plasma samples were collected in Cell-Free DNA BCTs®
(Streck, Omaha, NE, USA). Blood samples were processed within 48 hours.
Blood collection tubes (BCTs) were centrifuged at 1600 x g for 10 minutes;
the supernatant was subsequently centrifuged for 10 minutes at 16,000 x
&7, Cell-free plasma was stored in 1 mL fractions at —80 °C until ccfDNA
extraction. ccfDNA was extracted from 2 mL of cell-free plasma and eluted
in 47 uL AVE elution buffer with QiaAMP Circulating Nucleic Acid Kit
(Qiagen) according to the manufacturer’s recommendations™. Extracted
ccfDNA was quantified using both the Qubit dsDNA HS Assay (Thermo
Fisher Scientific, Waltham, MA, USA) and the LiquidIQ® Panel (Agena
Bioscience) following the manufacturer’s instructions™”, which correlated
strongly (Pearson’s r, r* = 0.75, p < 0.0001; Supplementary Fig. 1).

UltraSEEK Lung Panel analysis

Molecular profiling of ccfDNA was performed using the UltraSEEK® Lung
Panel v2 (Agena Bioscience, San Diego, CA, USA) according to the man-
ufacturer’s recommendations®, which comprises analysis of 78 SNVs and
indels in BRAF, EGFR, ERBB2, KRAS, and PIK3CA (Supplementary Data 1).
35 uL of the eluate was used in each reaction irrespective of ccfDNA con-
centration. Mutation calling was performed with the Somatic Variant
Reporter using the following analysis parameters: Peak intensity type ‘Area’
with minimum peak intensity of 5 and a minimum z-score of 7. Reported
variants were evaluated individually for calling accuracy to prevent false-
positive results; the data analyst was blinded for tumor tissue-based mole-
cular outcome.

Tumor specimen handling and tissue NGS

Presence of molecular alterations in the genes for which NSCLC should be
currently tested (ALK, BRAF, EGFR, ERBB2, KRAS, MET, NRG1, NTRK1,
NTRK2, NTRK3, RET, and ROSI)° was retrieved from pathology reports.
Other reported variants (e.g., mutations in KIT) were recorded as well. In
case a variant was identified in plasma that was not reported in the tumor
tissue pathology report, the original NGS data was reevaluated for the
presence of that specific variant. Tumor tissue specimens were obtained and
processed according to standardized protocols™*. The reported NGS data
were generated following routine diagnostic procedures. Tumor tissue
samples were subjected to mutational profiling using various NGS
approaches (i.e., lonPGM-v01” and IonPGM-v02b” hotspot panels on the
TIonTorrent platform (Thermo Fisher Scientific, Waltham, MA, USA), or
smMIP PATHv2D” and TSO500™ panels on the NextSeq 550 System
(Ilumina, San Diego, CA, USA)), gene fusion analysis (using either ALK
immunohistochemistry (IHC)”', fluorescent in-situ hybridization (FISH))
or RNA analyzes (NanoString transcript analysis (NanoString Technolo-
gies, Seattle, WA, USA) or RNA-NGS (Archer DX, Boulder, CO, USA)).

Statistics and Reproducibility

Descriptive statistics were used for patient and tumor characteristics.
Agreement between UltraSEEK analysis and tumor tissue NGS was
expressed as concordance. For statistical assessment of multiple groups, the
Kruskal-Wallis test was performed, followed by Dunn’s multiple compar-
ison test. A binary logistic regression model with backward selection has
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been constructed to determine whether demographic or clinical (i.e., sex,
age, stage of disease, histology, tumor cell percentage, mutated gene, and
tumor tissue variant allele frequency [VAF]) and technical (i.e., ccfDNA
concentration) parameters affect the mutant detection rate in plasma.
GraphPad Prism 8.4.2 software and SPSS statistics version 28 were used for
statistical analyzes. A P-value < 0.05 was considered significant.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results

Cohort description

In total, 180 consecutively recruited patients were considered eligible for this
study, of whom the majority were diagnosed with lung adenocarcinoma
(72%) or lung squamous cell carcinoma (24%; Table 1). Practically all
patients had advanced disease (stage ITIB or higher; 98%). Routine diag-
nostic tumor tissue NGS data were available for 132 NSCLC patients (73%),
and fusion gene analysis was performed for 125 (69%; Table 1). Ninety-five
pathogenic variants were reported in the patient cohort where at least tumor
tissue NGS had been performed (Fig. 1a), of which ten variants and fifteen
fusions were not covered by the UltraSEEK Lung Panel (Figs. 2, 3). Forty-six
tumors (33%) did not harbor aberrations in the twelve genomic regions of
interest Fig. 1a). In the same patient cohort (n = 132), UltraSEEK analysis on
plasma-derived ccfDNA identified 56 variants across BRAF, EGFR, KRAS
and PIK3CA (Fig. 1a). A combined analysis of tumor tissue and plasma
resulted in the detection of at least one variant in 91 patients (69%; Fig. 1c).
In plasma, a median VAF of 0.82% (range: 0.11-10.07%) was observed (for
all values, see Supplementary Data 2). For each individual patient, clinical
data and molecular results are summarized in Fig. 2 and Fig. 3 and detailed
in Supplementary Data 2.

Concordance with tumor tissue NGS

Concordance between the baseline plasma UltraSEEK Lung Panel analysis
and matched tumor tissue NGS was determined considering all variants in
the twelve genomic regions of interest that were covered by both panels (i.e.,
variants in BRAF, EGFR, KRAS) as well as PIK3CA E542, E545, and H1047
mutations (Figs. 2, 3). At patient level, an 82% concordance was observed for
variants that could be detected with the tissue- and plasma-based methods
(Fig. 4a). More variants were reported with tumor tissue NGS in nineteen
patients (14%), while in four patients (3%) more variants were found in
plasma. One mutation (KRAS c.34_38delinsTGTGC; p.(G12_G13delin-
sCA)) that was reported in the tumor tissue affected the same genomic
position in plasma but with a different annotation (KRAS ¢34 G>T;
p-(G12C)), most probably due to the inability of the UltraSEEK Lung Panel
to differentiate between covered mutations and certain complex variants at
similar coding DNA sequences (Supplementary Data 3). When considering
all variants detectable with both methods, a variant-level concordance of
68% was observed (Fig. 4b), which was irrespective of tumor stage (stage III
63%; stage IV 69%).

To determine whether certain confounders affected tumor variant
detection in plasma, binary logistic regression analysis with backward
selection was performed. The model revealed that ccfDNA input (lower or
higher than 20 ng) and mutated gene (either a mutation in BRAF, EGFR or
KRAS) affected the variant detection rate in plasma and increased the
chance of a false negative result (Supplementary Table 1). No statistically
significant results were found when adding only one confounder to the
model. This implies that ccfDNA input only affected the detection rate
within a gene and not in general. In line, no relation between ccfDNA input
and ctDNA detection was observed in a multiple comparison analysis
(Supplementary Fig. 2a). However, when stratified per gene (ie., the
detection rate in BRAF, EGFR and KRAS individually), lower median
ccfDNA input levels were observed for variants in KRAS not retrieved in
plasma (15.5 ng versus 22.5 ng, Mann-Whitney U test, p = 0.027; Supple-
mentary Fig. 2b). For BRAF, the differences in ccfDNA for detected and

missed mutations were not significant (37.3ng versus
Mann-Whitney U test, p = 0.80; Supplementary Fig. 2b).

29.8 ng,

Added value of plasma testing in absence of tumor tissue
specimens

For 48 patients, tumor tissue NGS data were unavailable (Supplementary
Data 4). Insufficient material or poor DNA quality impeded NGS analysis of
eleven adenocarcinoma patients (10%). Molecular tumor profiling was not
performed for 37 squamous cell carcinoma patients and one pleomorphic
carcinoma patient in line with current Dutch guidelines’. A KRAS p.(G12C)
mutation was detected inthe plasma of three adenocarcinoma patients and
one pleomorphic carcinoma patient. A BRAF p.(V600E) mutation was
detected in the plasma of one squamous cell carcinoma patient. Pathogenic
PIK3CA mutations were identified in the plasma of three squamous cell
carcinoma patients.

Targetable mutation detection and effect on treatment

decision making

To assess the potential impact of molecular tumor profiling on therapeutic
interventions, theoretical treatment decisions were made in retrospect based
on the combined results of tumor tissue and plasma molecular profiling in
accordance with the current NCCN guidelines (Figs. 2, 3). Sixty patients
(33%) were considered eligible for targeted therapy based on tumor tissue
analysis, of which 45 (25%) concerned actionable mutations in BRAF, EGFR
and KRAS (Fig. 5a). For 23% of patients, targeted treatments could have
been indicated based on mutations identified in plasma (Fig. 5b). When
both tumor tissue and plasma analyzes were performed, a total of 67 patients
(37%) would have been considered eligible for targeted therapy (Fig. 5¢). As
such, combined analyzes of tumor tissue and plasma-derived ctDNA
identified more patients with actionable targets than tumor tissue testing
alone (37% versus 33%, respectively).

Table 1 | Patient cohort characteristics

Patients 180
Median age 66 (34-87)
Sex

Male 108 (60%)
Female 72 (40%)
Histology

Adenocarcinoma 129 (72%)
Sqguamous cell carcinoma 43 (24%)
Not otherwise specified 6 (3%)
Pleomorphic carcinoma 2 (1%)
Stage of disease

A 4 (2%)

B 19 (11%)
lnc 4 (2%)
IVA 75 (42%)
IVB 78 (43%)
Tumor tissue NGS

NGS analysis performed 132 (73%)
NGS analysis not performed 48 (27%)
Rearrangement analysis of tumor tissue

IHC or FISH analysis performed 63 (35%)
NanoString analysis performed 58 (32%)
Archer analysis performed 4 (2%)
Rearrangement analysis not performed 55 (31%)

NGS next-generation sequencing, /HC immunohistochemistry, FISH fluorescence in situ
hybridization.
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Fig. 1 | Pathogenic variants identified in study a
cohort. a Distribution of variants detected during
routine tumor tissue next-generation sequencing
(NGS) and that were listed in the pathology report
for 132 patients. b Distribution of variants identified
using the UltraSEEK Lung Panel on plasma-derived
circulating cell-free DNA (ccfDNA) of the same
patient cohort. ¢ Distribution of all variants when
combining tumor tissue and plasma analysis.
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Discussion

Liquid biopsy approaches, particularly the detection of genetic aberrations
in blood-derived ctDNA, show promising clinical applicability for perso-
nalized treatment management'®. In absence of a tumor tissue biopsy for
predictive testing, cell-free plasma is an alternative source for comprehen-
sive molecular analyzes of lung adenocarcinoma biomarkers'""’. Even when
tumor tissue biopsies are available, ctDNA testing may reduce costs and
accelerate time-to-treatment”. Although guidelines mandate comprehen-
sive molecular tumor profiling of lung adenocarcinoma, the number of
actionable targets remains limited. Therefore, mid-sized targeted panels
encompassing the most frequently occurring actionable mutations might
meet current clinical demands, as they generally have short hands-on and
turnaround times.

Here, the UltraSEEK Lung Panel on the MassARRAY System was used
to identify actionable mutations in BRAF, EGFR, ERBB2, and KRAS for
NSCLC. Previous studies revealed high concordances between UltraSEEK
and other ccfDNA-based mutation detection methods such as ddPCR and
the FDA-approved cobas EGFR Mutation Test v2*”’. An 82% patient-level
concordance was observed for variants that could be detected both with
NGS on tumor tissue and the UltraSEEK Lung Panel on plasma. Similar
concordances in selected cohorts were reported for using various ctDNA
analysis methodologies, including ddPCR (58-69%)**", small targeted
panels (51-91%)*>”, and broad NGS panels (80-90%)'>'*****~*, Sixty-eight
percent of mutations were concordantly detected between tumor tissue
NGS and plasma UltraSEEK analysis, in agreement with previous
comparisons™>*, Possible explanations for discordances include spatial
heterogeneity (intra- and inter-tumor), low to nonexistent shedding of
ctDNA, or lack of analytical sensitivity'*”.

Accurate identification of current actionable mutations is of critical
importance to guide therapy management. The detection rate of ther-
apeutically targetable mutations in an unbiased cohort was determined in
the current study. Similar gene variant distributions (Fig. 1a) were observed
as reported previously, as well as the absence of detectable genetic aberra-
tions in 37% of the cases™’. KRAS p.(G12C) mutations were detected in 20%
of lung adenocarcinomas, consistent with the previously reported pre-
valence in the Netherlands®. A comparable proportion of patients were

considered eligible for BRAF'*’-, EGFR-, or KRAS®"*-targeted therapies
based on tumor tissue NGS (25%) or ctDNA analysis (23%), indicating that
plasma is a valuable source for tumor mutation analysis. Eight potentially
actionable mutations were detected in plasma only, emphasizing the benefit
of mutation analysis using liquid biopsy approaches'’. Similar studies
evaluating baseline plasma samples using ccfDNA-based NGS panels
detected actionable variants in 31-36% of NSCLC patients; 25-27% of
patients harbored mutations in BRAF, EGER and KRAS”*. In the current
retrospective study, no clinical decisions were made based on the ctDNA
results; therefore, the treatment response and survival outcomes of plasma-
indicated therapy could not be assessed. A previous study evaluating the
response to plasma NGS-based treatment decisions reported that 86% of
patients achieved a durable response to targeted therapy™. Although data on
plasma-based treatment guidance is limited, these results suggest that
actionable mutations detected in ctDNA could be valuable for the perso-
nalized care of patients with advanced NSCLC. Prospective studies are
required to ascertain the actual clinical benefit of ctDNA-based molecular
profiling,

The limitation of ctDNA-based targeted gene panels - such as the
UltraSEEK Lung Panel - is its inability to detect gene fusions, which were
present in 8% of patients in our cohort based on tumor tissue. As such, when
(actionable) driver mutations cannot be identified in plasma, tumor tissue
must be analyzed for the presence of fusion genes. Cell-free plasma-based
fusion detection assays are in development and revealed first promising
results”*>, however remain far from clinical implementation. Another
constraint of the current panel is the inability to determine the plasma tumor
fraction. Some plasma-based comprehensive genomic profiling (CGP)-
NGS panels (e.g., FoundationOne Liquid CDx, Guardant360 CDx) and
shallow whole genome sequencing (sWGS) approaches (e.g., DELFI-tumor
fraction) can assess the plasma tumor fraction, which can be regarded as a
reliable estimate for tumor burden®.

The data imply that analysis of tumor-derived mutations in plasma
with a mid-sized targeted panel such as the UltraSEEK Lung Panel can assist
in treatment decision making for NSCLC patients. For UltraSEEK, the
average time-to-result — from ccfDNA extraction to variant reporting — was
on average sixteen and a half hours (Supplementary Table 2). However,
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Fig. 2 | Clinical and molecular data of non-small cell lung cancer patients
(Patients 1-90). Heatmap representing clinical features (i.e., 1. sex, 2. histology, 3. stage
of disease) and molecular analysis (i.e., 4. tumor tissue next-generation sequencing (NGS),
5. tumor tissue fusion and rearrangement analysis, plasma-derived circulating cell-free
DNA (ccfDNA) analysis using the UltraSEEK Lung Panel). For variants that can be
detected in plasma with UltraSEEK (6. green columns), it was indicated whether this
variant was identified in tumor tissue only (orange), plasma only (blue), or in both tumor
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I Eligible based on tumor tissue
M Eligible based on ccfDNA

Lung Panel (6. blue columns), as well as fusions and exon skipping (6. orange columns)
were displayed separately. For fusions, the fusion partner gene is indicated in the box. If
no fusion partner gene was specified, the fusion gene itself was stated in the box. For MET
variants, exon 14 indicated that a mutation resulted in skipping of exon 14. Genes that
were not analyzed in tumor tissue were highlighted in grey. Based on the molecular
profile, eligibility for targeted treatment is indicated (column 7). *G12_G13delinsCA.
IHC, immunohistochemistry; FISH, fluorescence in situ hybridization.
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Mutations covered by UltraSEEK Mutations not covered by UltraSEEK

Fusions and exon skipping

UMCG-CB-080 [ |

123 45 BRAF EGFR KRAS PIK3CA BRAF  IDH1 KIT KRAS PIK3CA ALK MET RET  ROS1

UMCG-CB-097 | |

UMCG-CB-104 | |

UMCG-CB-131

UMCG-CB-133

UMCG-CB-138 Q61H

SDC4

UMCG-CB-146

UMCG-CB-153

UMCG-CB-157 |_|

UMCG-CB-169 ||

EWL4
EML4

UMCG-CB-176

UMCG-CB-161 | | G12C

UMCG-CB-164 | |

EML4

UMCG-CB-175 | |

UMCG-CB-006

UMCG-CB-068

UMCG-CB-085

UMCG-CB-094

UMCG-CB-170 _V600E

UMCG-CB-051

UMCG-CB-061 G12V_

UMCG-CB-166 | |

UMCG-CB-017

G12C |

UMCG-CB-162

UMCG-CB-099 | |

UMCG-CB-105 | |

UMCG-CB-168 | |

UMCG-CB-037

UMCG-CB-040 | |

UMCG-CB-044 | |

UMCG-CB-059

UMCG-CB-148

UMCG-CB-177

UMCG-CB-004

UMCG-CB-159 | |

UMCG-CB-027

UMCG-CB-127 | _|

UMCG-CB-110 ||

UMCG-CB-132

UMCG-CB-071

UMCG-CB-014 G128

UMCG-CB-022

UMCG-CB-050

V600E G1049R |

UMCG-CB-107

UMCG-CB-092

UMCG-CB-021

UMCG-CB-090

UMCG-CB-117

UMCG-CB-163

UMCG-CB-102

UMCG-CB-024

UMCG-CB-074

UMCG-CB-125

UMCG-CB-143

UMCG-CB-001

UMCG-CB-003

UMCG-CB-005

UMCG-CB-008

UMCG-CB-018

UMCG-CB-046

UMCG-CB-086

UMCG-CB-089

UMCG-CB-115

UMCG-CB-119

UMCG-CB-122

UMCG-CB-129

UMCG-CB-173

UMCG-CB-007

UMCG-CB-078

UMCG-CB-096

UMCG-CB-116

UMCG-CB-057

UMCG-CB-062

UMCG-CB-072

UMCG-CB-095

UMCG-CB-098

UMCG-CB-108

UMCG-CB-112

UMCG-CB-114

UMCG-CB-134

UMCG-CB-151

UMCG-CB-152

UMCG-CB-065

UMCG-CB-056 | | |

UMCG-CB-034 Q61K

UMCG-CB-084

||
UMCG-CB-179 | [ |
UMCG-CB-100 B8] |

UMCG-CB-171

umcG-cB-045 | || |

1. Sex 3. Stage of disease 4.Tumor tissue NGS
M Male [] Stage lIA [] NGS analysis not performed
[ Female [ Stage lIB I NGS analysis performed

I Stage lliC
. [ Stage IVA " n

2. Histology ™ Stage VB 5. Fusion analysis
I Adenocarcinoma [] Fusion analysis not performed
[ Squamous cell carcinoma I IHC or FISH analysis performed
[C] Not otherwise specified [ NanoString analysis performed
[ Pleomorphic carcinoma [ Archer analysis performed

6. Mutation detection

7

| H.HEN. ) ENNENNENENEEEEE EENEEENNEENENENEEEENNNE EENNNEEE ' BE.N B...0 BN . .HEN [N EEE .EN |

[] Tumor tissue mutation analysis not performed

[ Mutation detected in tumor tissue
[ Mutation detected in ccfDNA

7. Eligibility for targeted therapy

[] Not eligible for targeted therapy
[ Eligible based on tumor tissue
Il Eligible based on ccfDNA

development of a standardized, clinically manageable liquid biopsy work-  using UltraSEEK”. In line, lower ccfDNA inputs impaired the detection rate
flow is required prior to implementation in routine diagnostics”. In the for variants in BRAF, EGFR, and KRAS in this study (Supplementary
current workflow, the maximum achievable ccfDNA input from available — Table 1; Supplementary Fig. 2). Increasing plasma volumes result in a higher
plasma was analyzed to reach the optimal sensitivity. Previous studies amount of ccfDNA that can be extracted, but different extraction methods
showed higher variant detection rates when using higher ccfDNA inputs  have limitations with respect to the volume of plasma that can be used”.
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Fig. 3 | Clinical and molecular data of non-small cell lung cancer patients
(patients 91-180). Heatmap representing clinical features (i.e., 1. sex, 2. histology, 3.
stage of disease) and molecular analysis (i.e., 4. tumor tissue next-generation
sequencing (NGS), 5. tumor tissue fusion and rearrangement analysis, plasma-
derived circulating cell-free DNA (ccfDNA) analysis using the UltraSEEK Lung
Panel). For variants that can be detected in plasma with UltraSEEK (6. green col-
umns), it was indicated whether this variant was identified in tumor tissue only
(orange), plasma only (blue), or in both tumor tissue and in plasma (orange and

blue). Variants that were not covered by the UltraSEEK Lung Panel (6. blue columns)
as well as fusions and exon skipping (6. orange columns) were displayed separately.
For fusions, the fusion partner gene is indicated in the box. If no fusion partner gene
was specified, the fusion gene itself was stated in the box. For MET variants, exon 14
indicated that a mutation resulted in skipping of exon 14. Genes that were not
analyzed in tumor tissue were highlighted in grey. Based on the molecular profile,
eligibility for targeted treatment is indicated (column 7). IHC, immunohis-
tochemistry; FISH, fluorescence in situ hybridization.

Patients in whom:

all mutations were detected in tissue and plasma
no mutations were detected in tissue and plasma
more mutations were detected in plasma

more mutations were detected in tissue

an incorrect mutation was called in plasma

gpomn

Fig. 4 | Concordance between variants identified in tumor tissue and in plasma.
a Pie chart summarizing the patient-level variant detection rates between tumor
tissue next-generation sequencing (NGS) and UltraSEEK Lung Panel analysis on
plasma-derived circulating cell-free DNA (ccfDNA). A patient-level concordance
(similar variant detection rate in tumor tissue and plasma) of 82% was determined
[BRAF, 64% (9/14); EGFR, 100% (9/9); KRAS, 68% (30/44)]. Four mutations [2 in

60

40

20

Number of mutations

0-

B Mutation detected both in tissue and plasma
=3 Mutation only detected in plasma

BEm Mutation only detected in tissue

B3 An incorrect mutation was called in plasma

EGFR and 2 in KRAS] were only detected in plasma; one mutation in KRAS
incorrectly genotyped in plasma. b Bar graph illustrating variant detection rates in
tumor tissue, plasma, or both separately. A variant-level concordance of 68% was
observed. All variants and subsequent interpretation are listed in Supplementary
Data 2 and Supplementary Data 3.

Fig. 5 | Eligibility for targeted treatment strategies
based on the molecular tumor profile. Distribution
of all patients (n = 180) eligible for targeted therapy
based on a tumor tissue NGS analysis only,

b UltraSEEK plasma analysis only, and ¢ the com-
bined analysis of tumor tissue and plasma.

a

C

\250/0
56%

BRAF p.(V600E)

EGFR

KRAS p.(G12C)

ALK rearrangement

MET exon 14 skipping

RET rearrangement

ROS1 rearrangement

Not eligible for targeted therapy

oooEmmn
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When no mutations are identified, a comprehensive mutation analysis
on tumor tissue is required, as well as for some specific variants with co-
occurring (resistance) mutations. For example, recent data suggest that
EGFR-mutant NSCLC with concurrent aberrations in TP53 was associated
with faster resistance evolution and reduced efficacy of (first-line) osi-
mertinib treatment****, which is therefore discouraged in Dutch guidelines®.
Furthermore, lung tumors harboring KRAS p.(G12D), STKI11 or KEAPI
mutations have poorer treatment outcome to immune therapy****¥". Since
the number of therapeutically relevant targets is rising, application of more
comprehensive liquid biopsy approaches (e.g, AVENIO ctDNA
Expanded™, FoundationOne Liquid CDx’, Guardant360 CDx") could be
considered'®. Plasma-based NGS assays can evaluate SNVs, indels, CNVs,
and chromosomal rearrangements simultaneously; however are more costly
and at present time not widely available'”. Furthermore, these methods in
general demand technical expertise and have longer turnaround times
compared to targeted panels’. Overall, ccfDNA analyses can be imple-
mented at different stages in the diagnostic process and provide an alter-
native when molecular analysis of tumor tissue is not possible or reduce
time-to-treatment. International guidelines state that genomic profiling on
tumor tissue for treatment decision making has to be performed within two
weeks after biopsy, which in previous evaluations does not occur in 81% and
93% of cases for KRAS and EGFR testing, respectively”. Comprehensive
genomic profiling (CGP) analysis on ctDNA for actionable target evaluation
can reduce the time-to-result with approximately two weeks'>*’, leading to
shorter time-to-treatment as well”’. The clinical utility of such a diagnostic
strategy must be validated in prospective studies on the clinical implications
of ctDNA testing.

The results of ctDNA analyses without knowledge of the histological
subtype of the tumor (e.g., small cell lung cancer [SCLC], NSCLC adeno-
carcinoma or squamous cell carcinoma) may potentially result in overstated
conclusions about options for effective targeted therapy. For instance,
previous studies question whether EGFR-TKI and ALK inhibitors induce
clinical benefit for patients with lung squamous cell carcinoma™. The
effectiveness of targeted strategies against BRAF p.(V600E) and KRAS
p-(G12C) mutations in lung squamous cell carcinoma is not yet available.
Similarly, it remains elusive if activating PIK3CA mutations, which are
associated with reduced survival of lung cancer patients™ can also be
inhibited with a specific inhibitor as in breast cancer”. As such, inter-
pretation of ctDNA results with respect to treatment options needs to be
performed with caution.

In conclusion, combined analyzes of tumor tissue and plasma-derived
ctDNA identified more patients with actionable targets than tumor tissue
testing alone (37% versus 33%, respectively). A liquid biopsy approach
singly might have diagnostic benefit as a pre-screening tool for actionable
mutations to reduce time-to-treatment, and as an alternative test when
tumor tissue NGS data is unavailable to assist in treatment decision making,
Assessment of performance and cost-effectiveness against comprehensive
sequencing panels should be performed to determine the diagnostic and
clinical value of mid-sized targeted mutation panels.

Data availability
Source data are provided in Supplementary Data 2. Other data from the
corresponding author will be made available on reasonable request.
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