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A B S T R A C T

Background: Targeted therapies (TKI) have improved the prognosis of ALK-rearranged lung cancer (ALK+

NSCLC), but clinical courses vary widely. Early identification and molecular characterisation of treatment fail-
ure have key importance for subsequent therapies. We performed copy number variation (CNV) profiling and
targeted panel sequencing from cell-free DNA (cfDNA) to monitor ALK+ NSCLC.
Methods: 271 longitudinal plasma DNA samples from 73 patients with TKI-treated metastatic ALK+ NSCLC
were analysed by capture-based targeted (average coverage 4,100x), and shallow whole genome sequencing
(sWGS, 0.5x). Mutations were called using standard algorithms. CNVs were quantified using the trimmed
median absolute deviation from copy number neutrality (t-MAD).
Findings: cfDNA mutations were identified in 58% of patients. They included several potentially actionable
alterations, e.g. in the genes BRAF, ERBB2, and KIT. sWGS detected CNVs in 18% of samples, compared to 6%
using targeted sequencing. Several of the CNVs included potentially druggable targets, such as regions har-
boring EGFR, ERBB2, andMET. Circulating tumour DNA (ctDNA) mutations and t-MAD scores increased during
treatment, correlated with markers of higher molecular risk, such as the EML4-ALK variant 3 and/or TP53
mutations, and were associated with shorter patient survival. Importantly, t-MAD scores reflected the
tumour remission status in serial samples similar to mutant ctDNA allele frequencies, and increased with dis-
ease progression in 79% (34/43) of cases, including those without detectable single nucleotide variant (SNV).
Interpretation: Combined copy number and targeted mutation profiling could improve monitoring of ALK+

NSCLC. Potential advantages include the identification of treatment failure, in particular for patients without
detectable mutations, and broader detection of genomic changes acquired during therapy, especially in later
treatment lines and in high-risk patients.
Funding: This work was supported by the German Center for Lung Research (DZL), by the German Cancer
Consortium (DKTK), by the Heidelberg Center for Personalized Oncology at the German Cancer Research Cen-
ter (DKFZ-HIPO), and by Roche Sequencing Solutions (Pleasanton, CA, USA).
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Table 1
Patient characteristics.

All ALK+ NSCLC patients analysed in this study (n=73)

Age, median (SD) 57 (12)
Sex, % male 51%
Smoking status (% never smokers) 1 79%
ECOG PS (%) at baseline 2 0 49

1 22
2 0

Histology (%) adenocarcinoma3 72/73
ALK fusion variant 4 EML4-ALK V3

(E6:A20)
23

EML4-ALK V1
(E13:A20)
EML4-ALK V2
(E20:A20)

28

other 7
TP53 status at baseline, mutated5 14/51
ALK TKI, patient number crizotinib 53

ceritinib/alectinib/brigatinib 57
lorlatinib 5

Chemotherapy 35
Follow-up in months (median, [IQR]) 46 (28-74)
Number of samples analysed per patient (mean [range]) 3 (1-14)
- percentage of cases with treatment-naive samples 30%
- number of samples at disease progression per patient 1.8
- number of lines covered with LiBx per patient, average 1.7
- total number of lines in the patients’ treatment, average 2.8

SD: standard deviation; EML4-ALK: echinoderm microtubule-associated
protein-like 4 (EML4) and anaplastic lymphoma kinase (ALK) fusion; PS: per-
formance status; IQR: interquartile range; TKI: tyrosine kinase inhibitor.

1 data available for 68/73 cases.
2 data available for 71/73 cases.
3 one patient had an ALK+ large-cell neuroendocrine lung carcinoma

responsive to ALK inhibitors.
4 data available for 59/73 cases; two cases with E18A20, one with E9A20,

one with E17A20, one with K9A20 (KLC1), one with K24A20 (KIF5B), and
one with HIP1-ALK.

5 data available for 61 cases by NGS of tissue biopsies at diagnosis of
stage IV disease.

Research in context

Evidence before this study

Several works have highlighted the potential clinical utility of
targeted next-generation sequencing (tNGS) of circulating
tumour DNA (ctDNA) for molecular profiling of acquired resis-
tance and guiding selection of next-line therapy in anaplastic
lymphoma kinase positive non-small cell lung cancer (ALK+

NSCLC). For example, McCoach et al. (2018) and Dagogo-Jack
et al. (2019) describe detection of ALK resistance mutations
using liquid biopsies and the impact for patient management.

Added value of this study

The current study combines tNGS with copy number profiling
using shallow whole genome sequencing (sWGS) of ctDNA in
order to improve disease monitoring of ALK+ NSCLC. It shows
that sWGS can facilitate the identification of oncogene amplifi-
cations beyond those captured by tNGS. The t-MAD score as a
measure of copy number alterations indicates the tumour
remission status and correlates with established features of
molecular risk, such as EML4-ALK and TP53 variants.

Implications of all the available evidence

sWGS could improve disease monitoring in ALK+ NSCLC, espe-
cially for patients without detectable mutations in ctDNA, and
for patients with a broader spectrum of acquired genomic
changes during therapy, as is the case in later treatment lines
and with high-risk molecular features.

2 S. Dietz et al. / EBioMedicine 62 (2020) 103103
1. Introduction

Advanced non-small-cell lung cancer patients with ALK (Anaplas-
tic Lymphoma Kinase) gene rearrangements (ALK+ NSCLC) have cur-
rently a median life expectancy of over 5 years under tyrosine kinase
inhibitor (TKI) treatment [1]. However, clinical courses vary widely,
since acquired resistance mutations in the ALK kinase domain, ALK
amplifications, or activation of bypass signaling pathways emerge in
a poorly predictable manner [2�4]. Recent studies suggest that the
risk is affected by specific molecular factors, including the ALK fusion
variant and the presence of TP53 (Tumour Protein p53) co-mutations
[5�10]. Importantly, for patients failing TKI treatment, a second and
even a third disease remission is possible by applying different com-
pounds [1], the efficacy of which depends on individual resistance
mechanisms [2]. Therefore, early identification and genetic profiling
of treatment failure are instrumental for guiding next-line therapies.
Since serial tissue biopsies pose significant procedural risk, the analy-
sis of circulating cell-free DNA (cfDNA) and its tumour-derived frac-
tion (ctDNA) is increasingly gaining attention as a minimally invasive
alternative [11,12]. For example, cfDNA sequencing has recently been
shown to be comparable to standard of care tissue testing in identify-
ing actionable genetic alterations for therapeutic stratification of
treatment-naive patients with advanced NSCLC [13�15]. Further-
more, in both ALK+ and EGFR+ (Epidermal Growth Factor Receptor)
NSCLC, several studies have demonstrated the suitability of serial tar-
geted ctDNA sequencing for disease monitoring, early identification
of treatment failure, and identification of resistance mutations
[16�21]. However, the potential clinical utility of global cfDNA
assays, such as low coverage shallow whole-genome sequencing
(sWGS) [22�24], in ALK+ NSCLC has yet to be addressed. The objec-
tive of the current study was to explore the feasibility of combining
sWGS-based copy number variation (CNV) profiling with targeted
next-generation sequencing (NGS) using a large gene panel in order
to improve longitudinal monitoring of ALK+ NSCLC.
2. Methods

2.1. Patient cohort and clinical specimens

277 plasma samples were longitudinally collected from 73 ALK+

patients with metastatic NSCLC who received TKI treatment at the
Thoraxklinik Heidelberg and Lungenclinic Großhansdorf, Germany
(median 3; range 1�14 samples per patient; Table 1). Plasma was iso-
lated within one hour of venipuncture using the recommended dou-
ble spin plasma method [20, 25]. Briefly, whole blood collected in
K2EDTA tubes was centrifuged at 1,600 x g for 10 min without brake.
The plasma was centrifuged again at 3,400 x g for 10 min (without
brake) to remove cell debris. Plasma samples were stored at -80 °C in
the Lung Biobank Heidelberg/BMBH in accordance with pertinent
regulations. Clinical data, including results of radiologic assessment
with chest CT and brain MRI every 8�12 weeks, were collected
through a review of patient records with a cut-off on December 04,
2019 (Table 1). Diagnosis of ALK rearrangements was based on at
least two of the following assays: ALK immunohistochemistry (D5F3
clone, Roche, Mannheim, Germany), ALK fluorescence in situ hybrid-
isation (ZytoLight SPEC ALK probe, ZytoVision, Bremerhaven, Ger-
many), and RNA-based NGS (AmpliSeq RNA Lung Cancer Fusion
Panel ThermoFisher Scientific, Waltham, MA, USA) [26, 27]. In addi-
tion, 16 plasma samples from healthy donors were collected at the
Centro di Riferimento Oncologico (CRO) - National Cancer Institute,
Aviano, Italy.
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2.2. Ethics

This study was approved by the ethical committee of Heidelberg
University (S-270/2001, S-296/2016) and by the ethical committee of
L€ubeck University (AZ 12-238). Informed consent was obtained from
all participants of the study.

2.3. cfDNA isolation

cfDNA from lung cancer patients was isolated from 2 mL plasma
using the AVENIO cfDNA Isolation Kit (Roche Diagnostics, Mannheim,
Germany) following the manufacturer’s instructions, and utilised for
both capture-based targeted sequencing and shallow whole genome
sequencing as detailed below. cfDNA from healthy control samples
was isolated with the QIAamp MinElute ccfDNA Kit (Qiagen, Hilden,
Germany). DNA was quantified with the Qubit dsDNA High Sensitiv-
ity Kit (ThermoFisher). Enrichment of the characteristic mononucleo-
somal fragment peak (160�200 bp) and absence of contaminating
high molecular weight genomic DNA [28,29] were verified using the
Bioanalyzer 2100 High Sensitivity DNA Kit (Agilent Technologies,
Santa Clara, CA, USA).

2.4. Capture-based targeted sequencing

Libraries for panel sequencing were constructed from 1.5�50 ng
cfDNA (average 24.6 ng, median 20.3 ng) using the AVENIO ctDNA
Library Preparation Kit as described previously [30]. 93 sequencing
libraries were prepared with the AVENIO Targeted Panel and 184
with the AVENIO Surveillance Panel (both from Roche), which enrich
a 17-gene (81 kb) and a 197-gene (198 kb, including all regions of the
Targeted Panel) target region, respectively. Only regions covered by
both panels were considered for the data reported here. Both panels
cover fusions in intron 19 in the ALK gene as well as single nucleotide
variants (SNVs) and insertion-deletions (INDELs) in ALK exons 19�28
and in all TP53 exons. Equimolar amounts of 16 libraries were pooled
and sequenced on an Illumina NextSeq550 using the High Output Kit
V2 (300 cycles) according to the manufacturer’s protocol (Illumina,
San Diego, CA, USA). Raw data processing and data analysis were per-
formed using the AVENIO ctDNA analysis software (Roche, version
2.0.0) which applies the bioinformatics pipeline from CAPP-Seq [31]
with integrated digital error suppression [32]. Sufficient coverage (i.
e., at least 2,500 read counts) at loci of called mutations was checked
and reads spanning the DNA breakpoints in ALK intron 19 were
visualised using the Integrative Genomics Viewer (IGV) [33]. Six sam-
ples were excluded from the analysis due to low yield or low
sequencing quality. Lollipop and oncoprint plots visualising ctDNA
mutations were generated using the cBioPortal [34,35].

2.5. Shallow whole-genome sequencing

Library preparation, sWGS and data analysis were performed as
described previously [30]. Briefly, sequencing libraries for sWGS
were prepared from 1�2.5 ng cell-free DNA (after isolation with the
AVENIO cfDNA Isolation Kit and the QIAamp MinElute ccfDNA Kit for
NSCLC patient samples and healthy control samples, respectively)
using the KAPA HyperPrep Kit with KAPA Dual-Indexed Adapters
(both from Roche) for Illumina platforms. Following adapter ligation
for 15 h at 16 °C, the libraries were purified by double-sided size
selection and amplified using 11 PCR cycles. The clean-up of ampli-
fied libraries was performed according to the manufacturer’s proto-
col. Libraries were pooled in equimolar amounts and sequenced in
multiplexes of 48 to 56 libraries per lane on an Illumina HiSeq4000
with 100 bp paired-end reads. Raw sequencing reads were processed
and aligned using the automated pipeline OTP [36]. Genome-wide
copy number profiles and tumour fractions (TFx) were estimated
from sWGS data using the ichorCNA algorithm [22] (https://github.
com/broadinstitute/ichorCNA) in R (version 3.3.1) [37]. First,
HMMcopy Suite (http://compbio.bccrc.ca/software/hmmcopy/) was
used to partition the genome into equally sized bins of 1Mb. The read
counts were corrected for GC content and mappability biases using
the HMMcopy R package. A Bayesian statistical framework of the hid-
den Markov model (HMM) and an expectation-maximization (EM)
algorithm were used to predict CNVs and estimate TFx. A reference
panel of normal samples was generated from the sWGS data of the
16 healthy subjects for CNV analysis. Trimmed Median Absolute
Deviation from copy number neutrality (t-MAD) scores were calcu-
lated to quantify CNVs as described previously [38], but without prior
selection of small fragments and with a larger bin size of 1 Mb.

2.6. Statistical analyses

Survival data were analysed according to Kaplan�Meier and com-
pared using the log-rank test. Cox regression analysis was performed
to examine the relationship of ctDNA detectability and t-MAD scores
with survival. The Chi-square test was used to compare the ratios of
positive liquid biopsies across therapy lines. Correlation analyses
were performed based on the Pearson correlation coefficient. The
Mann-Whitney U and Kruskal�Wallis tests were used to compare t-
MAD patient groups. Statistical analysis and data visualization were
performed with GraphPad Prism 7 (GraphPad Software, La Jolla, CA,
USA), except for the Cox regression, which was performed with SPSS
version 24 (IBM, NY, USA). Clonal abundance was plotted using the
fishplot R package (https://github.com/chrisamiller/fishplot) [39].

2.7. Role of funding source

This work was supported by the German Center for Lung Research
(DZL), by the German Cancer Consortium (DKTK), by the Heidelberg
Center for Personalized Oncology at the German Cancer Research
Center (DKFZ-HIPO), and by Roche Sequencing Solutions (Pleasanton,
CA, USA.). Funders did not have any role in the study design, data col-
lection, data analysis, interpretation, or writing of the report.

3. Results

For the 271 evaluable samples, 13,300x mean target coverage pre-
duplication removal (Fig. S1a) was achieved. A positive correlation
was observed between the resulting 4,100x (median: 3,500x; range:
518x�12,467x) average unique target coverage (after deduplication)
and the amount of cfDNA used for library generation (p<0.0001;
Pearson r = 0.7320; Fig. S1b). The unique target coverage was higher
for samples sequenced with the Targeted Panel (mean: 5,000x;
range: 526x�12,467x) compared to the Surveillance Panel (mean:
3,490x; range: 518x�9,947x). Overall, targeted plasma NGS identi-
fied molecular alterations in 57.5% of patients (42/73) and 46.1% of
samples (125/271), including ALK rearrangements in 21.9% of
patients and ALK SNVs in 17.8% of patients (Table 2). We also found
alterations in genes other than ALK, including SNVs in TP53 (27.4% of
patients), KRAS, ERBB2, KIT and other genes (39.7%), as well as CNVs
of EGFR, ERBB2, andMET (12.3%, Table 2; Fig. 1).

3.1. Potential resistance and actionable mutations

Secondary ALK SNVs at the time of disease progression were
observed in 13 patients, with up to 6 distinct mutations, including
L1176C/L/V, L1196M, G1202R, and G1269A, in one case (Fig. S2a).
Among the 19 distinct secondary ALK mutations (Table S1, Fig. S2b,
c), we identified four novel alterations in the kinase domain-coding
region: ALK V1149A (c.3446T>C) at the time of ceritinib failure, ALK
L1187P (c.3560T>C) and ALK C1235R (c.3703T>C) at the time of cri-
zotinib failure, and the S1081R (c.3243C>A) missense mutation in
ALK exon 20 in a patient before initiation of targeted therapy, who

https://github.com/broadinstitute/ichorCNA
https://github.com/broadinstitute/ichorCNA
http://compbio.bccrc.ca/software/hmmcopy/
https://github.com/chrisamiller/fishplot


Table 2
Molecular alterations detected in plasma

Reported variants ALK fusion ALK SNVs TP53 SNVs Other co-mutations CNVs by tNGS a CNVs by sWGS b

Positive Samples (n) 125 55 46 61 66 16 48
n = 271 total b (%) 46.1 19.5 17.0 22.5 24.4 5.9 18.0
Positive Patients (n) 42 16 13 20 29 9 27
n = 73 total (%) 57.5 21.9 17.8 27.4 39.7 12.3 37.0

ALK: anaplastic lymphoma kinase; TP53: tumor protein 53; SNVs: somatic nucleotide variants; CNVs: copy number variations; tNGS: targeted NGS
a the AVENIO analysis workflow includes CNV analysis for EGFR, ERBB2, andMET.
b CNV detection by sWGS was performed with ichorCNA based on TFx > 1%; total number of samples evaluable with targeted sequencing was n= 271; for

sWGS n = 267 (s. Methods).
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subsequently responded to alectinib. Apart from ALK alterations,
SNVs in TP53were the most frequent ctDNA mutations. We identified
29 distinct TP53 mutations in 61 plasma samples (22.5%) from 20
patients (27.4%, Table 2, Fig. S3). Thereof, a TP53 Y220C mutation was
independently detected in cfDNA of three individuals (patients P34,
P56, and P68), whereas all other TP53 variants were private i.e., pres-
ent only in one individual. In addition, we found SNVs in several G-
protein and kinase genes, including KRAS (Kirsten Rat Sarcoma Viral
Oncogene Homolog) Q22K, KRAS G12V, KRAS G12R, BRAF (B-Raf Proto-
Oncogene, Serine/Threonine Kinase) V600E, ERBB2 R157W, ERBB2
K937R, a STK11 (Serine/Threonine Kinase 11) Y60* truncating mutation
as well as a KIT (KIT Proto-Oncogene, Receptor Tyrosine Kinase) exon 11
p.V559del INDEL. All aforementioned mutations are pathogenic
according to COSMIC, and for several of them (e.g., in BRAF, ERBB2,
and KIT), molecularly guided therapy options are available. The fre-
quency of positive liquid biopsies as well as the frequency of ALK
SNV, TP53 SNV and other co-mutations increased during the course
of the disease over successive treatment lines (Fig. 2a).

3.2. sWGS complements mutation analysis

Targeted sequencing also revealed amplifications of EGFR, ERBB2,
and/or MET (MET Proto-Oncogene, Receptor Tyrosine Kinase) in 6% (16/
271) of samples and 12% (9/73) of patients (Table 2, Fig. 1). As gene
amplifications have been associated with TKI failure in ALK+ NSCLC
[3], we assessed global copy number profiles using sWGS of cfDNA.
Evaluable sequencing data (mean coverage: 0.51x, range 0.02x-3.5x)
Fig. 1. Oncoprint of molecular alterations detected by targeted and shallow whole geno
graded as high if one cfDNA sample exceeds the first quartile cohort t-MAD value (0.01030)
computed tumor fraction of one cfDNA sample exceeded 1%, and negative otherwise.
were derived for 267 of 271 samples (98.5%). sWGS identified tumour
fractions (TFx) >1% and CNVs in 18% (48/267) of plasma samples and
37% (27/73) of patients. These included all patients (9/9), and almost
all samples (14/16) harboring CNVs as detected by targeted sequenc-
ing. The median predicted TFx was 7.5% (range 1.4�23.5%). sWGS
detected CNVs (i.e., TFx >1%) in 16 samples from 15 patients (20% of
all 73 evaluable samples) without reported ctDNA mutations,
whereas targeted sequencing identified alterations in 60 samples
from 26 patients (36% of all 73 evaluable cases) with undetectable
TFx levels. Significant correlation between variant allele frequencies
(VAFs) and TFx was observed.(Fig. S4: Pearson r = 0.5861 for ALK
fusions; r = 0.6906 for ALK SNVs, r = 0.6180 for TP53 mutations, all
p<0.0001).

We further used the sWGS data to compute the t-MAD score,
which is a genome-wide metric developed to detect copy number
alterations in cfDNA [24]. Since modifications compared to the origi-
nal work [24] were implemented with regard to sWGS library prepa-
ration and t-MAD calculation, we first compared the range of t-MAD
scores calculated from our healthy cohort (n = 16) with the range pre-
viously published for healthy plasma samples. Using the modified
protocol, the healthy t-MAD scores had a range of 0.003793�0.01008
(median 0.005346). These figures were within the range of the previ-
ously reported healthy t-MAD scores (i.e., 0.004�0.015), reflecting
the comparability of the method described here to that previously
reported [24]. Our patient samples had a t-MAD score range of
0.0035737-0.1238 (median 0.007765). Furthermore, our data showed
that VAFs correlated with t-MAD scores (Fig. S5: Pearson r = 0.7657
me sequencing of cfDNA in the investigated cohort. For t-MAD scores, a patient was
, and low otherwise. Similarly, a patient was evaluated positive for CNV by sWGS if the



Fig. 2. Genomic alterations detected in cfDNA show an increased trend across therapy lines. (a) Detection rates of all identified mutations, as well as mutations in ALK, TP53, and
other co-mutations by targeted sequencing of cfDNA across treatment lines. Comma-separated significance levels indicate P values for Chi-square test and Chi-square test for trend,
respectively. (b) t-MAD scores across treatment lines inferred from copy number profiling of cfDNA by sWGS. * P = 0.01-0.05; ** P = 0.001-0.01; *** P < 0.001; n.s. = not significant.
ALK: anaplastic lymphoma kinase; TP53: tumor protein 53; SNVs: somatic nucleotide variants; t-MAD: trimmed median absolute deviation from copy number neutrality.
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for ALK fusions; r = 0.6857 for ALK SNVs, r = 0.7735 for TP53 muta-
tions, all p<0.0001), in agreement with previous observations [24].
Finally, TFx and t-MAD scores correlated across all samples (Pearson
r = 0.7569, p<0.0001, Fig. S6).

3.3. CNVs as a surrogate for molecular risk

In several cases, cfDNA obtained at disease progression revealed
CNVs that had not been detected in preceding samples. For example,
sWGS of cfDNA from patient P44 revealed multiple CNVs at ceritinib
failure (day 636) that had neither been observed before TKI treat-
ment (day 115), nor at crizotinib failure (day 505, Fig. 3a). The t-MAD
score also increased during disease progression (Fig. 2b; Fig. 3a), with
significantly higher levels in the last compared to the first sample of
each patient (median values 0.0069 vs. 0.008, Mann-Whitney U test
p = 0.012, Fig. 3b). In addition, significantly higher t-MAD scores were
found in cfDNA of patients with known molecular risk factors [5].
Specifically, EML4 (Echinoderm Microtubule-Associated Protein-Like 4)-
ALK variant E6:A20 (V3)-positive samples showed higher t-MAD
scores compared to variants E13:A20/E20:A20 (V1/V2; median
0.0076 vs. 0.0083, Mann-Whitney U test p < 0.05, Fig. 3c). Samples
with TP53 mutations had similarly increased t-MAD scores compared
to samples with wildtype TP53 (Mann-Whitney U test p < 0.001;
median 0.0075 vs. 0.0092, Fig. 3d). EML4-ALK V3 and TP53 mutations
showed additive effects on the t-MAD score, with highest scores in
Fig. 3. Shallow whole genome sequencing (sWGS) informs global copy number numbe
sWGS of plasma cfDNA (patient P44). For (b-d), the Mann-Whitney U test was used to compa
whole-genome sequencing (sWGS) data of the first vs. the last available plasma sample fr
patients with EML4-ALK fusion variants E13:A20 (V1) and E20:A20 (V2) vs. patients with EM
without TP53 (TP53�) vs. with TP53 (TP53+) mutations. (e) Multigroup comparison of t-MAD
status. *P = 0.01-0.05; ** P = 0.001-0.01; *** P < 0.001; n.s. = not significant.
V3+TP53+ patients (p=0.002 for the effect of V3, p=0.003 for the effect
of TP53+, and p=0.001 for their interaction in a two-way ANOVA;
Fig. 3e).

3.4. Targeted NGS and sWGS of cfDNA independently predict poor
survival in ALK+ NSCLC

Cases with detectable ctDNA in targeted NGS under therapy
showed significantly shorter overall survival (OS) from the time of
liquid biopsy (14 vs. 40 months in median; log-rank p< 0.001; hazard
ratio (HR) = 2.7; 95% confidence interval (CI) = 1.8�4.0, Fig. 4a and
Table 3). Besides, cases with higher t-MAD scores showed signifi-
cantly shorter OS from the time of liquid biopsy (median 25 vs. 33
months; log-rank p = 0.0125; HR = 1.4; 95% CI = 1.2�1.6, Fig. 4b and
Table 3). Furthermore, a bivariable analysis showed that ctDNA
detectability with targeted NGS and t-MAD score as measured by
sWGS were independent predictors of shorter OS from the time of
sample collection (Table 3).

3.5. Integrated analysis of mutations and CNVs for therapy monitoring

Next, we compared longitudinal ctDNA monitoring with patient
clinical courses. Serial ALK fusion/mutation VAFs and t-MAD scores
correlated with each other and increased at the time of TKI failure.
Cases with multiple detectable SNVs, like patient P28 (Fig. 5a, b),
r changes in cfDNA. (a) Exemplary genome-wide copy number profiles inferred from
re differences between groups. (b) Comparison of t-MAD scores estimated from shallow
om each patient during follow-up. (c) Comparison of t-MAD scores from samples of
L4-ALK fusion variant 3 (V3). (d) Comparison of t-MAD scores from samples of patients
scores from samples of patients of the distinct variant subtypes and TP53 co-mutation



Table 4
Comparison of changes in VAF by targeted NGS results and t-MAD by sWGS dur-

Fig. 4. Detection of circulating tumor DNA (ctDNA) by either targeted next-genera-
tion sequencing (tNGS) or sWGS is associated with shorter overall survival (OS). (a)
OS for metastatic ALK+ NSCLC from the time-point of liquid biopsy according to the
detectability of ctDNA with tNGS. The median OS was 40 months from the time of liq-
uid biopsies without detectable mutations in plasma ctDNA vs. 14 months from the
time of liquid biopsies with detectable alterations in targeted NGS (log-rank P <

0.001). Only mutations included in both AVENIO kits were considered. (b) OS from the
time-point of liquid biopsy according to the t-MAD scores as global copy number varia-
tion (CNV) measure after dichotomizing the samples at the median t-MAD score
(0.0078). The median OS was 33 months from the time of liquid biopsies with a t-MAD
score below the median vs. 25 months from the time of liquid biopsies with a t-MAD
score above the median (log rank P = 0.0125).
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illustrated the persistence of this concordance despite alternating
predominant clones across TKI therapy lines. At the time of alectinib
failure (day 161), rising EML4-ALK V3 levels were accompanied by a
TP53 c.331-2A>G splice variant, two secondary ALK mutations
(G1202R and L1196M), as well as an increased t-MAD score. During
subsequent response to lorlatinib, tumour shrinkage was reflected by
dropping VAFs of EML4-ALK V3 and TP53 c.331-2A>G, a decreased t-
MAD score, and absence of ALK G1202R (day 225). At the time of lor-
latinib failure (day 271), ctDNA levels reflected the change in clinical
state: while the ALK G1202R variant remained undetectable, plasma
VAFs of EML4-ALK V3, TP53 c.331-2A>G, ALK L1196M and the t-MAD
score increased. Subsequent treatment with chemotherapy (CTx),
resulted in a drop of plasma VAFs and t-MAD score (day 301). After-
wards, VAF increased moderately and decreased again after switch-
ing to brigatinib therapy. On day 526, fulminant tumour progression
was reflected by a steep increase of VAFs for EML4-ALK V3, TP53
c.331-2A>G, ALK G1202R and t-MAD score, followed by the patient’s
death (Fig. 5a, b). The case of P28 also demonstrated that ctDNA
changes can precede clinical progression. The TP53 c.331-2A>G and
Table 3
Effects of liquid biopsy parameters on overall survival from the time of sam-
ple collection

OS from liquid biopsy collection

Hazard ratio p-value 95% CI

univariable Cox regression
ctDNA detectability (tNGS) 2.70 p = 9.4 £ 10�7 1.82 - 4.02
t-MAD score (sWGS) 1.39 p = 1.7 £ 10�7 1.23 - 1.57
bivariable Cox regression
ctDNA detectability (tNGS) 2.31 p = 0.0006 1.54 - 3.49
t-MAD score (sWGS) 1.30 p = 0.0008 1.14 - 1.49

95% CI: 95% confidence interval
ALK G1202R present at the time of alectinib failure had already been
detectable (albeit with low VAFs of 0.42% and 0.21%, respectively) in
a previous sample obtained 55 days earlier (day 106), while the dis-
ease was still radiologically stable. If this knowledge had been avail-
able during actual treatment, the patient would have been offered
lorlatinib, the only G1202R-active drug, on day 161. However, a tis-
sue biopsy at that time only revealed ALK L1196M, a putatively ceriti-
nib-sensitising mutation, which led clinicians to offer next-line
treatment with ceritinib without success (Fig. 5b).

The value of t-MAD scores was illustrated by patients P13, P3, and
P23 (Fig. 5c-e). In P13, ALK SNVs (E1129V and L1196M on days 610,
668, and 732) and a rising t-MAD score were detectable in plasma
under crizotinib therapy, several months before disease progression
became clinically evident (Fig. 5c). P13 also reflected how changes of
the t-MAD score can capture the outgrowth of SNV-negative clones,
since subsequent ceritinib failure corresponded with a rise in t-MAD
score and EML4-ALK V1 allele frequency, to a lower extent (day 932).
Similarly, ceritinib failure in patient P3 (Fig. 5d) was captured only by
an increased t-MAD score (day 200; Fig. 5d). Finally, patient P23 dem-
onstrated that even in the absence of detectable cfDNA SNVs and ALK
fusions, t-MAD score alone can reflect changes in the remission state
of the tumour (Fig. 5e): while the t-MAD score increased during pleu-
ral progression under crizotinib (days 367 and 430), it remained at
lower levels during subsequent therapy lines in the absence of extra-
cranial progression (Fig. 5e). Among all 44 instances of systemic
radiologic disease progression triggering change of treatment in our
cohort, with available previous liquid biopsy sample of the same
patient for comparison, an increased VAF of preexisting mutations or
an emergence of new mutations was noted in 67.4% (29/43), while
increased t-MAD scores were detected in 79% (34/43) of cases
(Table 4). The mean change of t-MAD scores compared to the previ-
ous sample of the same patient, was 10-fold higher in cases of pro-
gression (n=43) than the serial changes at other points in time
(0.0086 vs. 0.0008, Mann-Whitney U test p=0.0004). However the
values also showed considerable overlap (Fig. S8). Among the eight
instances of progression with no mutations, most (6/8) featured
increased t-MAD scores (Table 4). The two cases that showed
decreased t-MAD scores had interjacent initiation of treatment with
a new ALK TKI between the two samples available (Table 4).

Serial CNV profiles also paralleled the SNV dynamics and reflected
the tumour remission status. For example, in P28 (Fig. S7) only minor
CNVs were present at baseline, but multiple CNVs were detected at
alectinib (day 161) and ceritinib (day 200) failure. CNVs included a
gain of chromosome 7, reflecting the EGFR and MET amplifications
identified by targeted sequencing, as well as a focal amplification on
chromosome 12 which covers the KRAS gene locus. Upon therapy
switch to lorlatinib, copy number changes in cfDNA became less evi-
dent during the initial phase of stable disease, but increased at
ing systemic radiologic progression with change of treatment

sWGS changes

targeted NGS changes t-MAD increased t-MAD decreased a sum:

VAF increased or new
variants

25 4 29

VAF decreased 3 3 6
VAF absent (negative tNGS) 6 2 b 8
sum: 34 9 43
a 8/9 cases with decrease in the t-MAD had implementation of a new treatment

between the two samples (because the "first" sample was also collected at the
time of disease progression compared to the previous restaging): start of a new
ALK TKI in 5/9, start of chemotherapy in 2/9, tumor debulking operation in 1/9.

b 2/2 cases with negative targeted NGS and decreased t-MAD scores were
treated with a different ALK TKI between the two samples.



Fig. 5. Representative cases exemplifying the utility of tNGS and sWGS of cfDNA in monitoring ALK+ NSCLC tumour response across therapy regimens. (a) Clonal evolution of
anaplastic lymphoma kinase (ALK) and tumour protein 53 (TP53) mutations in plasma of patient P28 during sequential TKI and chemotherapy (CTx) treatment. (b-e) Mutation kinet-
ics identified by targeted sequencing and corresponding t-MAD levels inferred from shallow whole-genome sequencing (sWGS) of plasma cfDNA during sequential treatment of
patient P28 (b), patient P13 (c), patient P3 (d), and patient P23 (e). ERBB2: Erb-B2 Receptor Tyrosine Kinase 2; PD: progressive disease; bPD: brain-only progressive disease; pPD: pleu-
ral progressive disease; SD: stable disease.
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subsequent disease progression (day 271). At the end of follow-up,
sWGS revealed multiple copy number alterations in cfDNA (day 526).
The plasticity of CNV profiles in P28 was also reflected in the longitu-
dinal values of t-MAD, which increased at the time of disease pro-
gression under ceritinib, lorlatinib, brigatinib, and CTx, decreased
with tumour response to any therapy, and fluctuated at low levels
during phases of stable disease (Fig. 5b).

4. Discussion

The long survival of ALK+ NSCLC patients poses a particular chal-
lenge for longitudinal disease monitoring and individualised treat-
ment management. Profiling of ALK resistance mutations in liquid
biopsies has recently demonstrated potential clinical utility towards
this end [16�19,30]. For example, results of plasma cfDNA analysis
could assist the therapeutic choice after failure of 2nd generation ALK
TKIs, since the presence of ALK resistant mutations predicts a better
activity of lorlatinib, as reported recently [40]. However, the use of
liquid biopsies in clinical practice faces several challenges. For exam-
ple, the degree of ctDNA shedding varies according to the location of
disease progression or poorly defined biologic factors [41], and many
ALK+ NSCLC patients carry no detectable alteration in the blood
plasma. This is particularly the case after crizotinib failure [3], which
is associated with detectable ALK resistance mutations in only about
25% of cases [42], but affects about 50% of the patients after failure of
second-generation ALK inhibitors [4]. Our results demonstrate that
sWGS on cfDNA in ALK+ patients can complement targeted NGS by a
factor of 3 in cases with detectable CNVs (27% vs. 9%) and provide a
molecular marker for the majority of cases with clinically relevant
disease progression in cases with no detectable SNVs in the blood
plasma. This is particularly important in earlier treatment lines of
ALK+ NSCLC, in which the frequency of ALK and TP53 mutations and
co-mutations is low and other genetic markers might not be detect-
able in the blood. Of note, the sensitivity of detection of the ALK
fusion itself is considerably (about 10x) lower than the sensitivity for
the detection of SNVs [19,43], and therefore does not provide a solu-
tion to the problem. In contrast, the t-MAD score can be derived from
any cfDNA sample, shows a wide dynamic range similar to that of the
SNVs, and can reflect tumour changes in patients where other genetic
markers are absent.

However, our results also highlight limitations, namely that t-
MAD scores are lower and therefore possibly less useful in earlier
treatment lines, that some instances of clinically relevant disease pro-
gression might not be accompanied by increased t-MAD scores, and
that t-MAD score changes at the time of disease progression can
overlap with t-MAD fluctuations at a lower level during other time-
points of the disease course. Therefore, a potential future implemen-
tation of t-MAD score monitoring in clinical practice will have to be
preceded by the definition of clinically relevant cut-offs, and will
likely be more useful in combination with other clinical, radiologic,
or molecular parameters. At the biologic level, the potential utility
of copy number profiling and the t-MAD score for monitoring
NSCLC and other tumour entities [23,38,44�46] is based on their cor-
relation with the fraction of ctDNA among cfDNA, which makes them
a surrogate of tumour burden irrespective of the specific mutations
present. In addition, copy number profiling of cfDNA has been used
for histological classification of lung tumours [47] and as an early
indicator of immunotherapy response [48]. More recently,
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longitudinal monitoring of genomic copy number from cfDNA in
patients with small-cell lung cancer [49], squamous lung cancer [50]
and metastatic castration resistant prostate cancer[51] revealed the
utility of this approach for early detection of disease progression and
identification of genomic events associated with therapy resistance.
Longitudinal CNV profiling has also been explored in renal cell carci-
noma [52]—a known ctDNA-low malignancy—with limited but prom-
ising clinical implications. In hepatocellular carcinoma, the potential
for early cancer detection using CNV profiling in plasma DNA coupled
with innovative machine learning has been likewise recently reported
[53].

Beyond its potential utility for disease monitoring, our results
show that the t-MAD score has prognostic value as well. Like SNVs,
its value increases during the disease course and is associated with
shorter patient survival. Of note, the relationship of higher t-MAD
scores with adverse outcome is independent of the impact of detect-
able SNVs, even though the cfDNA TFx and t-MAD scores correlate
with each other. Moreover, t-MAD scores correlate with established
molecular features of higher risk, i.e. with the presence of TP53 muta-
tions and the EML4-ALK variant 3, which themselves portend worse
survival, both in carefully controlled retrospective [5,54�56] and
prospective trials [57]. While the EML4-ALK variant does not
change during the disease, TP53 mutations do emerge under treat-
ment, and their appearance is a marker of increased risk [6]. Simi-
larly, the t-MAD score also increases during the disease course and
could further refine the risk assessment in ALK+ NSCLC, since it
correlates with TP53 status, but is a continuous rather than a
binary parameter. Thus, the t-MAD score can decrease and
increase with gain and loss of tumour control, respectively. The
high t-MAD scores in samples from double-positive (V3+TP53+)
patients are of special interest and suggest that genetic instability
may play an important role in the poor prognosis of this unfavor-
able subset [8]. Case P28 illustrates this well with early develop-
ment of multiple ALK alterations, high t-MAD scores, and high
levels of the ALK fusion in the blood, combined with short progres-
sion-free intervals under all ALK inhibitors.

An important question is whether ctDNA can reveal disease pro-
gression earlier than radiological analysis. Our results suggest that
this might be possible in some cases using either the SNV VAFs, or
the t-MAD score. Three illustrative examples are patient P28 during
alectinib failure, patient P13 during crizotinib failure, and patient P3
during ceritinib failure. However, a systematic evaluation and com-
parison with radiological methods would require more cases and
samples. During the disease course, genetic complexity increases and
broader cfDNA profiling appears to gain further importance. Besides
the t-MAD score for disease monitoring, copy number profiling con-
firmed the CNVs of EGFR, ERBB2, and MET detected by targeted
sequencing, and could also identify potential novel drivers, e.g. a
KRAS amplification in patient P28. In addition, the use of larger panels
for targeted NGS of cfDNA can identify acquired driver mutations in
genes other than ALK, as exemplified by the various KRAS, EGFR,
ERBB2 mutations detected. Compared to focal tissue rebiopsies,
cfDNA assays might be superior in identifying multiple mutations
present in a patient, because they are less prone to limitations
imposed by spatial tumour heterogeneity and subclonal evolution.
For example, in patient P28 a tissue rebiopsy performed at the time
of alectinib failure (Day 161) showed only ALK L1196M, but failed to
reveal ALK G1202R, leading to administration of an ineffective next-
line therapy. Had a liquid biopsy been performed at that time, both
ALK mutations would have been detected. Furthermore, had liquid
biopsies been performed in the months prior to day 161, both muta-
tions would have been detected with rising frequencies much earlier
and considered in the therapeutic strategy. Conceivably, as spatial
tumour heterogeneity increases and genetic aberrations accumulate,
broader NGS vs. narrow, ALK-targeted sequencing panels are likely to
provide a larger benefit for therapy guidance. This is particularly
relevant for high-risk (e.g. double-positive V3+TP53+) cases, which
can develop multiple secondary genetic alterations much earlier than
other patients.

The main limitations of the current study are its retrospective
character with heterogeneous sampling timepoints and patient treat-
ment. The limited patient number also precludes definition of t-MAD
score cut-offs that would be required for the implementation in clini-
cal practice. Notwithstanding, the data presented here provide solid
evidence that broader cfDNA analysis by combined copy number and
targeted mutation profiling could improve monitoring of ALK+ NSCLC
compared to conventional liquid biopsies, particularly for patients
without detectable SNVs.
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