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Abstract

Tissue analysis is the current gold standard for cancer diagnosis and characterization,
although it may neither fully represent spatial tumor heterogeneity nor clonal evolution
under treatment pressure. The analysis of circulating tumor cells (CTCs) and cell-free
DNA (cfDNA) holds great potential to partially overcome this limitation. One major uncer-
tainty is, however, whether both constituents (CTC vs. cfDNA) provide clinical informative
value in a competitive or complementary way. Therefore, reflection of the mutational pro-

file of tumor tissue in CTCs and cfDNA was investigated.

Applicability of cfDNA-based mutation analysis in colorectal cancer (CRC) patients in re-
lation to disease stage was systematically investigated using Droplet Digital™ PCR. From
65 patients, the KRAS and BRAF gene status was assessed in plasma and compared to
tumor tissue. In 17 of 25 (68%) patients with stage IV tumors, the tissue status was dis-
played in plasma. In patients with stage I-1ll tumors, concordance was only 43% (12 of
28 patients). Interestingly, in one stage Il patient, cfDNA analysis revealed a different
mutation compared to the respective colon cancer. Instead, the KRAS mutation of the
synchronous stage IV tumor of the pancreas was detected in plasma. This case indicated
the ability of liquid biopsy (LB) to identify the predominant cancer in patients with simul-

taneous malignancies.

In contrast to cfDNA levels, CTC detection rate in the CRC cohort was independent of
tumor stage, indicating complementarity of cfDNA and CTCs. To investigate this hypoth-
esis in neoplasms with different metastatic organotropisms, possibly affecting the clinical
value of LB, panel sequencing of cfDNA and CTCs from patients with advanced CRC,
head and neck squamous cell carcinoma (HNSCC) and melanoma (MEL) was performed.
Only one of seven CTC samples isolated from four of 18 patients reflected the status of
the solid tumor. In contrast, 78% of tissue mutations were displayed in high input cfDNA
samples (30-100 ng, N=8). Highest concordance was observed in MEL and CRC with
100% and 92%, respectively, compared to only 50% in HNSCC.

These results emphasized that, when analyzing cancer patients in the advanced setting,
cfDNA is superior to CTCs with respect to sample handling and mutation concordance.
CTCs implicated clinical use in earlier cancer stages and for the analysis of tumor heter-
ogeneity. Overall, clinical value of LB analysis was demonstrated in special patient cases
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by detecting tumor heterogeneity and clonal dynamics under selective pressure, which

represent the main drivers of acquired resistance and subsequent treatment failure.

Zusammenfassung

Gewebeanalysen stellen den gegenwartigen Goldstandard fur die Krebsdiagnose
und -charakterisierung dar, obwohl dadurch weder die raumliche Tumorheterogenitat
noch die klonale Evolution unter selektivem Druck einer Therapie vollstandig widerge-
spiegelt werden. Die Analyse zirkulierender Tumorzellen (CTCs) und zellfreier DNA
(cfDNA) besitzt ein hohes Potential diese Limitation partiell zu Gberwinden. Allerdings
besteht Ungewissheit dartber, ob beide Bestandteile der Flissigbiopsie (LB) Informatio-
nen von klinischer Relevanz bermitteln und ob diese von kompetitiver oder komplemen-
tarer Natur sind. Folglich wurde untersucht, inwiefern CTCs und cfDNA das Mutations-

profil des soliden Tumorgewebes reprasentieren.

Die Eignung der cfDNA-basierten Mutationsanalyse in Relation zum Krankheitsstatus von
Patienten mit Kolorektalkarzinom (CRC) wurde mittels Droplet Digital™ PCR systema-
tisch untersucht. Der KRAS und BRAF Genstatus wurde in Plasmaproben von 65 Pati-
enten ermittelt und mit dem im Gewebe verglichen. In 17 von 25 (68%) Patienten mit
Tumoren im Stadium IV, hat das Plasma den bekannten Gewebestatus wiedergegeben.
In Patienten mit Krebsstadium I-11l lag die Konkordanz bei nur 43% (12 von 28 Patienten).
Interessanterweise, wurde in einem Patienten ein zum Tumorgewebe (Stadium Il) wider-
spruchliches Ergebnis in der cfDNA offenbart. Stattdessen wurde im Plasma der KRAS-
Status des synchronen Pankreastumors (Stadium V) widergespiegelt. Dieser Fall impli-
zierte den Anwendungsbereich, anhand der LB den vorherrschenden Tumor in Patienten

mit multiplen Krebserkrankungen zu identifizieren.

Im Gegensatz zum cfDNA-Level war die CTC-Detektionsrate in der CRC-Kohorte unab-
hangig vom Tumorstadium, was auf eine Komplementaritat der Komponenten hindeutete.
Zur Untersuchung dieser Hypothese in Neoplasien mit unterschiedlichem Organotropis-
mus wurde eine Panel-Sequenzierung von cfDNA und CTCs von Patienten mit fortge-
schrittenem CRC, Kopf-Hals-Karzinom und Melanom durchgefuihrt. Nur eine von sieben
CTC-Proben, die von vier der 18 Patienten isoliert wurde, spiegelte das Mutationsprofil
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des soliden Tumors wider. Im Gegensatz dazu, wurden 78% der Gewebemutationen in
hoch konzentrierten cfDNA-Proben detektiert (30-100 ng, N=8). Die hichste Ubereinstim-
mung lag bei 100% und 92% in Patienten mit Melanom und CRC, verglichen zu 50% bei

den Kopf-Hals-Karzinomen.

Diese Ergebnisse zeigten, dass cfDNA-Analysen in Patienten mit fortgeschrittenem Tu-
morstadium beziglich der Probenhandhabung und Reprasentation des Tumormutations-
profils den CTC-Analysen Uberlegen sind. CTCs schienen hingegen zur Untersuchung
der Tumorheterogenitat als auch in friheren Krebsstadien einen klinischen Nutzen zu
versprechen. Insgesamt wurde in einigen speziellen Patientenfallen der klinische Stellen-
wert der LB-Analyse demonstriert, indem Tumorheterogenitat und klonale Dynamiken un-
ter selektiven Therapiedruck detektiert wurden, welche die Haupttreiber erworbener Re-

sistenz und folgendem Therapieversagen reprasentieren.
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1 Introduction

Precision oncology implies different strategies to identify and target cancer-related alter-
ations. This includes the routine analysis of predictive tissue markers to indicate sensitiv-
ity to targeted treatment, such as wild type status of KRAS and BRAF in colorectal cancer
(CRC) with regard to cetuximab treatment and the presence of BRAF mutations in mela-
noma (MEL) as a prerequisite for BRAF-MEK-inhibition. Frequently, however, initial clin-
ical response to small molecules and monoclonal antibodies is transitory. At present, ini-
tial cancer diagnosis and characterization is based on the analysis of a section of diag-
nostic tumor tissue biopsy, with the inherent limitation to fully represent the entire spatial
and temporal tumor portrait. In particular, heterogeneous tumor genetics play a pivotal
role in the development of acquired resistance to targeted treatments, since certain sub-
clones, present at low frequencies and often not recognized in a single tissue biopsy,
might gain competitive advantages and expand during the selective pressure of treat-
ment. In accordance with this, Khan et al. reported a significant fraction of RAS wild type
tumors to remain refractory to cetuximab treatment, due to expanding clones with re-
sistance mutations already present initially with allele frequencies below the detection
threshold (1). To anticipate emerging resistance precociously, collection of consecutive
tissue samples from all coexisting lesions would be necessary, but impractical due to

limitations in access to tumor sites.

1.1 Liquid biopsy: The analysis of CTCs and cfDNA

Liquid biopsy is suggested as a minimal invasive alternative for serial monitoring of can-
cer, by analyzing tumor-derived biomarkers in body fluids, including blood, urine and cer-
ebrospinal fluid. Especially blood-based analysis of CTCs and cfDNA received consider-
able interest for the potential use as a surrogate of inter- and intratumoral heterogeneity.
However, the informative value and clinical relevance of liquid biopsies and their different

constituents remains elusive, requiring further investigation prior to clinical application.

CTCs represent cancer cells shedding from the solid tumor into circulation, with only
0.01% of tumor cells estimated to result in metastases (2). The multi-step nature of me-
tastasis to distant organs requires tumor cell survival despite detachment from the extra-
cellular matrix (anoikis-resistance), evasion of the immune system, arrest within blood

vessels and subsequent invasion of surrounding tissue (diapedesis). A prognostic value
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of CTCs has been shown in multiple studies of CRC, breast and prostate cancer, corre-
lating the presence of = 3 and = 5 tumor cells in 7.5 ml blood with reduced progression-
free survival and overall survival (3-5). Due to the low abundance of CTCs in blood (1-10
CTCs and 5-10 x 10° white blood cells per milliliter of whole blood) (6) and various pos-
sible phenotypes, including epithelial, mesenchymal, EMT-like (epithelial-mesenchymal-
transition) and cancer stem cell characteristics, manifold approaches were established to
enrich CTCs prior to detection and further characterization. Methodologies can be divided
in two groups: biological and physical property-dependent technologies. The former uti-
lizes marker expression for negative and positive cell selection (depletion of CD45-posi-
tive leucocytes vs. capture of tumor marker-expressing CTCs), whereas the latter uses
size exclusion based on larger cell dimensions of CTCs compared to normal blood cells.
To allow genomic analysis of a single cell (6 pg total DNA) (7), whole genome amplifica-
tion is required, which is susceptible to errors based on amplification bias as well as com-
plete failure due to insufficient DNA integrity. Besides those methodological constraints,
analysis of viable CTCs will have a prominent role in enlightening mechanisms of cancer

progression and reflecting tumor heterogeneity.

In comparison, cfDNA is released by healthy and diseased cells, undergoing apoptosis
or necrosis (8). Therefore, circulating tumor DNA (ctDNA) can only be identified by the
detection of genomic aberrations, such as single nucleotide variations and copy number
alterations. Cancer-related mutations are present in frequencies as low as 0.01% (9),
necessitating highly sensitive and specific detection methods. At present, five cfDNA as-
says have approval, covering EGFR testing in lung cancer and detection of RAS muta-
tions in colorectal cancer (10). In contrast, only the CellSearch® system for CTC detection
and isolation was FDA-cleared (U.S. Food and Drug Administration), allowing clinical use

in specific countries.

1.2 Research questions

Shedding of CTCs and ctDNA into the bloodstream might be affected by tumor size, its
anatomic location and vascularization, potentially limiting the clinical value of LB for vari-
ous tumor entities and early cancer stages. Moreover, the tendency of a certain tumor
type to spread to specific organs (metastatic organotropism) might also affect the utility

of LB. To elucidate those issues, cfDNA and CTCs were quantified and characterized in
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two patient cohorts and the genetic compositions were compared between LB and corre-
sponding tissues. Within the first study as part of the OncoTrack research project, suita-
bility of cfDNA analysis for mutation detection in KRAS and BRAF with respect to disease
stage was investigated in CRC patients (stage I-IV). To analyze differences in tumor
entities with distinct metastatic patterns, patients with HNSCC (predominant locoregional
disease progression), CRC (primarily metastatic spread to the liver through the portal
vein) and MEL (systemic hematogenous dissemination) were enrolled in the second

study, in which 327 cancer-related genes were profiled via panel sequencing.
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2 Methods

2.1 Patients

For all studies, informed consent was obtained prior to tissue and blood collection. The
OncoTrack research project enrolled patients with early and advanced CRC (stage I-1V),
whereas the following project focused on CRC, HNSCC and MEL patients presented with
distant metastasis and therefore an elevated risk of high CTC numbers and increased
levels of ctDNA in blood. The ethics committee of the Charité University Medicine ap-
proved all studies (EA 1/069/11 and EA 4/087/15). The Medical University of Graz and
the St John of God Hospital Graz approved patient recruitment for the OncoTrack study
in Graz (23-015 ex 10/11).

2.2 Isolation of blood-based biomarkers including cfDNA and CTCs

Peripheral blood was collected prior to surgery and processed within two hours. With
increasing experience on the preservation of blood-based biomarkers, including type of
collection tubes and protocols for sample processing, methods differed between publica-
tions. Between 2010 and 2016, BD Vacutainer® PST™ || heparin tubes were used for
blood collection of the OncoTrack patient cohort. When working with cfDNA nowadays,
one preferred anti-coagulant is ethylenediaminetetraacetic acid (EDTA) (11, 12), which is
why blood was collected in BD Vacutainer™ K2-EDTA tubes for the comparative study
of CTCs and cfDNA (recruitment from 2016-2017).

For cfDNA analysis, initial blood processing included two centrifugation steps to isolate
and purify plasma prior to storage at -80°C (see respective publications for details (13,
14)). Cell-free DNA was isolated from plasma with two different kits, depending on the
coagulant present in vacutainers employed. Plasma samples from heparin tubes were
processed with the QlAamp DNA Blood Midi kit (Qiagen, Hilden, Germany), whereas
EDTA samples were compatible with the QIAamp Circulating Nucleic Acid kit (Qiagen),
which was reported to increase the yield of smaller, tumor-derived ctDNA fragments (15,
16). Independently of the cfDNA isolation kit, samples were concentrated following the

specifications of Zymo's DNA Clean & Concentrator®-5 kit (Irvine, USA).

In contrast to the isolation of plasma-derived biomarkers, enrichment and isolation of liv-

ing CTCs was performed immediately after blood sampling. Previously, the EasySep™
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Human CDA45 Depletion kit (Stemcell Technologies) was used to enrich CTCs, applying
a tetrameric antibody complex and magnetic particles to deplete CD45-positive cells (On-
coTrack study). However, internal comparisons demonstrated superior performance of
the RosetteSep™ Human CD45 Depletion Cocktail with respect to enhanced depletion
efficiency of blood cells and higher CTC detection levels (data not published). Therefore,
the RosetteSep™ kit was used for the sequencing project. Here, the depletion cocktail
clusters erythrocytes, granulocytes and peripheral blood mononuclear cells (PBMCs),
which pellet, when centrifuged over a density gradient centrifugation medium, whereas
unbound cells (including CTCs) are present at the interface between plasma and density
medium. In both projects, enriched cells were stained with fluorescence-labelled antibod-
ies to differentiate between remaining PBMCs and CTCs (see respective publications for
details (13, 14)). Additionally, the LIVE/DEAD™ Fixable Blue Dead Cell Stain for UV ex-
citation (Life Technologies) was used to identify only viable tumor cells, specifically
stained for the corresponding tumor markers. Viable CTCs were identified based on their
CD45-negativity and the detection of at least one expressed tumor marker (MEL: mela-
noma-associated chondroitin sulfate proteoglycan antigen (MCSP); CRC/HNSCC.: Epi-
thelial cell adhesion molecule (EpCAM), endothelial growth factor receptor (EGFR) and
CD73, a regulatory molecule of tumor growth, metastasis and immune evasion (17)). The
DMI3000B fluorescence microscope (Leica, Wetzlar, Germany) was utilized for micro-
scopic analysis, including micromanipulator-assisted single cell isolation using the Mi-

croinjector IM-9B (Narishige Group, Tokyo, Japan).

2.3 Nucleic acid preparation from CTCs, whole blood and tissue specimens

The sequencing project included genotyping of tissue, whole blood, cfDNA and CTCs.
Isolated CTCs were subjected to an overnight whole genome amplification (WGA) using
the REPLI-g Single Cell kit (Qiagen). An insufficient DNA integrity of single cells might
lead to unsuccessful amplification during WGA. Therefore, a quality control PCR (QC-
PCR) was performed with 1 pl of the WGA product, amplifying up to four DNA regions of
various length and chromosomal location to predict successful downstream application

(Ampli1™ QC kit from Menarini Silicon Biosystems, Castel Maggiore, Italy).

Formalin-fixed and paraffin-embedded (FFPE) tissue slides from primary and metastatic
tumor tissue were deparaffinized and processed accordingly to manufacturer's protocol
of the High Pure FFPET DNA Isolation kit (Roche, Basel, Switzerland). To differentiate
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between germline variants and tumor-specific somatic mutations, DNA from 1-2 ml whole
blood was isolated using the QIAamp DNA Blood Midi kit (Qiagen). Accordingly to ex-
pected concentrations, DNA was quantified using the Implen NanoPhotometer® P-Class
P 330 (Implen, Munich, Germany) or the highly sensitive Qubit® dsDNA HS Assay kit
(Thermo Fisher Scientific, Waltham, USA). Additionally, Agilent's High Sensitivity DNA
Kit was used with the 2100 Bioanalyzer (Agilent, Eugen, USA) to analyze cfDNA fragment
length.

2.4 Mutational analysis using Droplet Digital™ PCR and Next Generation Se-

quencing

Two highly sensitive methods for the mutation detection in cancer-related genes were
applied. The analysis of cfDNA of CRC patients was based on the knowledge of reported
mutations in the two oncogenes KRAS and BRAF from tumor tissue. Therefore, the Drop-
let Digital™ PCR (ddPCR) platform was used to investigate to which extend cfDNA re-
flected the gene status of the solid tumor. Here, a water-oil emulsion droplet technology
fractionated each PCR sample into 20,000 droplets, resulting in individual PCR reactions
with approximately one amplicon per droplet. The two detection channels were used to
differentiate the wild type sequence from the point mutation (HEX and FAM-labelled
probes, respectively). Multiple assays were designed, detecting the V600E variant of the
BRAF gene as well as the KRAS mutations G12A/C/D/V and G13D with a limit of detec-
tion of 0.01% and a false positive rate of one event (see respective publications for details
(13, 14)). Analysis of patient-derived material was performed in duplicates, furthermore
including corresponding controls, harboring the mutation of interest with a frequency of

1% or a non-template control (positive and negative controls, respectively).

To compare informative potential of cfDNA and CTCs in different types of neoplastic dis-
ease, next generation sequencing (NGS) was used for a broader detection range. The
Haloplex™ HS target enrichment system (Agilent, Santa Clara, CA) was used for library
preparation, enriching the exonic sequence (1.47 Mb) of our in-house panel of 327 fre-
guently mutated genes (18). The High Output v2 sequencing kit (300 cycles, lllumina,
San Diego, CA) was used to perform paired-end sequencing on the Illumina NextSeg500
platform executed by amedes genetics (amedes Medizinische Dienstleitungen GmbH,

Berlin, Germany). Only sequencing of tumor tissue from the MEL subcohort was con-
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ducted differently as part of the precision oncology program Treat20 Plus (19). Collabo-
rators at the Max Planck Institute performed DNA isolation from the metastatic tissue and
whole exome sequencing (WES) on the HiSeq™ system using the Nextera Rapid Cap-

ture Exome and Expanded Exome kit (lllumina, 62 Mb).

2.5 Data analysis

Final evaluation of ddPCR results considered only samples with 210,000 analyzed drop-
lets to guarantee reliable statistical analysis of the QuantaSoft™ software. Wildtype and
mutation events were differentiated based on their various fluorescence amplitudes, re-
sulting from different probe concentrations used respectively. Outliers were excluded
prior to quantification of positive events. Furthermore, only those samples with mutation

event counts above the false positive rate were considered as positive.

Regarding the NGS analysis, raw fastq files were trimmed and aligned to the hg19 refer-
ence genome using Agilent’s SureCall software (version 3.5.1.46), furthermore, removing
duplicates and identifying preliminary variants for subsequent analysis. Personal altera-
tions were excluded when detected in the patient-specific germline sample. Common pol-
ymorphisms (minor allele frequency >2%) and artifacts were filtered out and relevant mis-
sense or nonsense mutations were sieved based on the predicted damaging effects an-
notated by the two data bases COSMIC (20) and Cancer Genome Interpreter (21). Alter-
ations from FFPE and cfDNA with an allele frequency below 5% were excluded. Variant
calling in CTC pools was not limited by an allele frequency cut-off due to different cell
counts in each sample and an inestimable amplification bias during WGA. CTC and
cfDNA-derived variants with a sequencing depth >30 and = 5 for total and altered reads
were integrated into final analysis. Discordant results between tissue and liquid biopsy
samples from the same individual underwent manual inspection, partly identifying sub-
threshold mutations. WES results of metastatic tissue from MEL patients were provided

by Alacris Theranostics GmbH (Berlin, Germany).

2.6 Statistical analysis

Continuous variables were summarized by median and range, and categorical variables
by frequency. Due to the small sample size, only exploratory analyses but no formal com-

parisons were made.
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3. Results

3.1 Previous work: The pre-clinical OncoTrack platform (published in Schiitte et al.,

Nature Communications (22))

Our laboratory was part of the OncoTrack consortium (2011-2016), aiming to identify
novel markers associated with treatment effects in stage I-IV CRC. | joined the laboratory
in July 2014 and was involved in the methodological work for CTC detection since then.
Extensive omics data from patient-derived xenograft (N=59) and organoid models (N=35)
as well as 116 matched tumor samples highlighted the contribution of intra-tumor heter-
ogeneity and clonal dynamics to therapy resistance (22). From this patient cohort, CTCs
were quantified from blood samples in our laboratory (details in section 3.4), however,
molecular analysis failed at that time due to the low input material originating from single
cells. Subsequently, corresponding CTC protocols were improved and additional meth-
ods for the isolation and analysis of cfDNA were established for the following liquid biopsy
projects.

3.2 KRAS and BRAF mutation profiling in cfDNA from CRC patients in relation to

disease stage (published in Liebs et al., Cancer Medicine (13))

Plasma samples from 65 patients with early and advanced CRC (OncoTrack cohort) were
analyzed to detect common point mutations in KRAS and BRAF in cfDNA and compared
to solid tissue. Tumors from 10 patients (15%) harbored the BRAF V600E mutation, a
KRAS mutation in codon 12 or 13 was reported in 25 patients (38%), and tumors from 18
patients (28%) were wild-type for both oncogenes (Table 1). For 12 patients, the KRAS

and BRAF tissue status was unknown.
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Table 1: Patient characteristics

Characteristics Total Stage | Stage |l Stage lll  Stage IV
Number of patients N =65 N=9 N =12 N =15 N =29
Age at enrollment, years
Median 67 67 69 70 63
Range 36-92 49-79 46-79 39-83 36-92
Sex, n (%)
Male 39 (60%) 6 (67%) 7 (58%) 10 (67%) 16 (55%)
Female 26 (40%) 3 (33%) 5 (42%) 5(33%) 13 (45%)
Tissue gene status, n (%)
KRAS-MUT 25 (38%) 2 (22%) 2 (17%) 6 (40%) 15 (52%)
BRAF-MUT 10 (15%) 2 (22%) 4 (33%) 1 (7%) 3 (10%)
WT 18 (28%) 2 (22%) 4 (33%) 5(33%) 7 (24%)
Unknown 12 (18%) 3 (33%) 2 (17%) 3(20%) 4 (14%)

CTC detection rate, n (%)
Performed CTC analysis 54 (83%) 7 (78%) 12 (100%) 13 (87%) 22 (76%)
Patients with CTCs 29 (54%) 4 (57%) 7 (58%) 8 (62%) 10 (45%)
Patients without CTCs 25 (46%) 3 (43%) 5 (42%) 5(38%) 12 (55%)
CTC numbers

Median 1 1 2 1 0
Range 0-8 0-4 0-8 0-6 0-5
Not available 11 2 0 2 7

KRAS-MUT comprises the amino acid substitutions G12D, G12V, G12C and G13D, the V600E
mutation is listed as BRAF-MUT. From Liebs et al. (13) Copyright © 2019 The Authors (Repro-
duced with permission from Springer Nature)

Independent of plasma volume or DNA concentration, cfDNA was detected in 100% of

patient samples. CfDNA concentrations increased with higher tumor burden, ranging be-

tween 59 ng/ml in healthy donors to 156 ng/ml in patients with distant metastasis (Figure

1). Across all tumor stages, ddPCR assays demonstrated 100% specificity, verifying all

wild type statuses from tumors in the corresponding cfDNA sample (Table 2). Sensitivity

was limited with only 11 of 35 (31%) retrieved tissue mutations in plasma, including 2 of
10 (20%) BRAF and 9 of 25 (36%) KRAS mutations. Mutant copies were detected with 2

to 227 ddPCR events, resulting in allele frequencies (AF) of 0.01 to 0.52.
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Figure 1: Quantitative analysis of cfDNA concentrations in relation to disease stage: (A) CfDNA
levels in stage |-V CRC patients in comparison to healthy individuals. Box plot showing median,
first and third quartiles with whiskers from minimum to maximum. (B) Median cfDNA concentra-
tions increase with higher tumor burden. From Liebs et al. (13) Copyright © 2019 The Authors

(Reproduced with permission from Springer Nature)

Table 2: Concordance of the BRAF and KRAS gene status between tumor tissue and cfDNA
cfDNA analysis

Total Stage | Stage |l Stage lll Stage IV
(N=53)
MUT WT | MUT WT | MUT WT | MUT WT | MUT WT
Tissue  MUT | 11 24 0 4 1 5 0 7 10 8
analysis  WT 0 18 0 2 0 4 0 5 0 7
Sensitivity 31% 0% 17% 0% 56%
Specificity 100% 100% 100% 100% 100%
Accuracy 55% 33% 50% 42% 68%

From Liebs et al. (13) Copyright © 2019 The Authors (Reproduced with permission from Springer
Nature)

Despite the detection of increasing ddPCR event counts when analyzing higher cfDNA
concentrations, no correlation of high event counts with successful tissue mutation detec-
tion in plasma was observed (Figure 2). However, ten of the eleven verified mutations
were detected in the stage IV cohort, resulting in a total concordance rate of 68% for CRC
patients with distant metastasis (all wild-type samples (N=7) and 10 of 18 (56%) muta-
tions were recovered). In contrast, only one of 17 (6%) mutations in all stage I-1ll tumors

was also detected in the periphery, resulting in an overall concordance rate of 43%.
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Figure 2: Comparative analysis of the concordance of tissue and plasma mutations with levels of
detectable cfDNA and CTCs: Total ddPCR events increased in higher concentrated cfDNA sam-
ples, but did not correlate with the detection of tissue-reported variants in plasma. CTCs were
detected independently of cancer stage, suggesting complementarity of both LB components. t
In patient 374-CB-M, the KRAS G12C mutation from the CRC was not detected in plasma, but
the G12D variant from the synchronous stage IV cancer of the pancreas. From Liebs et al. (13)

Copyright © 2019 The Authors (Reproduced with permission from Springer Nature)

3.3 Identification of the predominant tumor in a patient with synchronous primary

cancers using cfDNA analysis (published in Liebs et al., ESMO Open (23))

One OncoTrack patient with colon cancer and liver metastases was of particular interest,
since only in this case a discrepancy in the KRAS mutation status of cfDNA and tissue
was identified (Figure 2). Whereas a KRAS G12D mutation was detected in plasma with
an AF of 0.10, the stage Il colon cancer harbored a KRAS G12C mutation (AF: 0.41).
However, cfDNA results were in concordance with the detected alteration in both the liver
metastasis (AF: 0.47) and the synchronous adenocarcinoma of the pancreas (AF: 0.23).
Those results suggested the pancreas tumor as the origin of ctDNA and the metastatic

lesion, which was verified by further histologic studies.
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3.4 Comparative analysis of mutation profiles of tumor tissue, CTCs and cfDNA
in CRC, HNSCC and MEL patients (published in Liebs et al., Oncogene (14))

In contrast to high cfDNA levels associated with advanced disease, CTC counts were
independent of tumor stage in the OncoTrack cohort, varying between 1-8 CTCs in 29 of
54 CRC patients (54%). This observation emphasized the differences between cfDNA
and CTCs, furthermore, indicating complementarity of both LB constituents. To investi-
gate this hypothesis more closely and specifically in relation to different metastatic or-
ganotropisms, archival tissue and liquid biopsy samples from 18 patients with advanced
CRC, HNSCC and MEL were sequenced using a 327 cancer gene panel. Median cfDNA
concentrations were 139.7 ng/ml, 4.7 ng/ml and 7.1ng/ml in CRC, HNSCC and MM pa-
tients, respectively (Figure 3). In 13 of 18 (72%) patients, 1-33 CTCs were detected. How-
ever, from only 12 patients, CTC samples were isolated and whole genome amplified,
resulting in sufficient DNA concentrations for NGS analysis from seven of 16 samples
(44%).
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Figure 3: Total CTC counts and cfDNA concentrations possibly influenced by clinical parameters.
CT: chemotherapy, IT: immunotherapy, LB: liquid biopsy collection, mo: months, RT: radiother-
apy, SURG: surgery, TT: targeted therapy, Tx: treatment, At: time span,  available NGS data
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from whole genome amplified CTCs. From Liebs et al. (14) Copyright © 2021 The Authors (Re-
produced with permission from Springer Nature)

In primary and metastatic tumor tissue specimens (N=30), 92 tissue mutations were iden-
tified and assessed for reflection in 18 cfDNA and seven CTC samples (Figure 4).
Whereas highly concentrated cfDNA samples demonstrated a total concordance rate of
78% with tumor tissue, low input samples displayed only 8% of tissue mutations (44% of
patients with 30-100 ng cfDNA input for NGS and 56% with <30 ng, respectively). Com-
parative mutation analysis of tissue with CTC samples was performed for only three pa-
tients, harboring one, two and 20 tumor mutations (after applying the filter algorithm de-
scribed in method section 4.5, no tissue mutations were detected in the forth patient with
sequenced CTCs). Only a pool of 13 CTCs mirrored the molecular profile of the colon
tumor tissue from patient CRC002.1, although two additional CTC samples from that pa-
tient with comparable genome integrity indices were sequenced as well (eight and five
CTCs harbored respective wild type sequences only). The TP53 p.Q100* variant from
patient CRC001.1 was not detected in either of the two CTC samples (one and five tumor
cells), whereas the corresponding cfDNA reflected the mutation status. Only one of 20
rather sporadic tissue mutations from patient HNSCCO004.1 was displayed subthreshold

in the respective CTC sample (single tumor cell).
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Subsequently, liquid biopsies were evaluated for additional mutations, which were origi-
nally not detected in tissue samples possibly due to tumor heterogeneity or the presence
of rare subclones. In cfDNA and CTCs, 43 and 204 mutations were identified, respec-
tively. After manual inspection, 15 of 43 (35%) and 18 of 204 (9%) mutations were also

detected at subthreshold levels in tissue (Figure 5).
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3.5 Liquid biopsy assessment of tumor heterogeneity (published in Liebs et al., Onco-
gene (14))

In patient CRCO002.1, tumor heterogeneity was investigated to a broader extent by se-
quencing of cfDNA, three CTC pools and two spatial regions of the colon tumor tissue
(Figure 6A). Two mutations in the tumor suppressor genes APC and TP53 were detected
in both tumor samples and reflected in one CTC and the cfDNA sample. The other two
CTC samples only displayed the respective wild type sequence. In total, 121 variants
were identified in all three CTC pools, of which only 34 (28%) were also found in at least

one other specimen.

Mutated genes were assigned to corresponding pathways and cancer hallmarks using
the databases KEGG (Kyoto Encyclopedia of Genes and Genomes) and COSMIC.
Genes associated with genome instability, immune escape and tumor invasion were more
frequently mutated in and private to CTC samples (Figure 6B/C). In contrast, mutations
shared by tumor tissue and CTCs were rather related to induction of angiogenesis, pro-

liferative signaling, inflammation and resistance to cell death.
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Figure 6: Shared and private mutations of tumor tissue and CTCs might be associated with the
requirements for tumor growth and dissemination to distant organs: (A) Distinct mutation profiles
of corresponding cfDNA, tissue and multiple CTC samples from patient CRC002.1 were assigned
to cancer hallmarks, (B/C) demonstrating proportional changes in affected cancer-related path-
ways. Whereas mutations private to CTCs were more frequently associated with invasion and

avoidance of immune destruction, shared mutations with tumor tissue were more frequently in-



Results 20

volved in pathways of proliferative signalling, tumor-promoting inflammation and induction of an-
giogenesis. FIC: Ficoll-enriched CTCs, ROS: RosetteSep™-enriched CTCs. From Liebs et al.
(14) Copyright © 2021 The Authors (Reproduced with permission from Springer Nature)

3.6 Detection of subclonal resistance in cfDNA (published in Liebs et al., Oncogene (14))

In a melanoma patient refractory to immunotherapy and BRAF-MEK-inhibition
(MELO003.1), subclonal resistance was indicated when analyzing multiple metastatic le-
sions and cfDNA (Figure 7). Whereas initial analysis of a cutaneous metastasis revealed
a BRAF V600E mutation, presence of a secondary NRAS G13R mutation was detected
in a second skin metastasis when the patient progressed under BRAF-MEK-inhibition.
Liguid biopsy was collected when the patient presented with progressive disease during
subsequent immunotherapy. CTCs were detected, however, DNA integrity was insuffi-
cient for further analysis. In contrast, NGS of cfDNA did not only display both tissue mu-
tations, but also the emergence of an additional NRAS Q61R mutation. Using ddPCR,
four metastatic lesions (resected between 2015 and 2017) and cfDNA (isolated in 2017)
were analyzed for the presence of BRAF V600E, NRAS G13R and Q61R. All three mu-
tations were verified in plasma. BRAF V600E was detected in all four metastases,
whereas, consistent with WES results, NRAS G13R was only found in one subcutaneous

lesion. In contrast, NRAS Q61R was detected in none of the tissue samples.
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Figure 7: Schematic illustration of the clinical course of a melanoma patient refractory to immu-
notherapy and BRAF-MEK-inhibition: Tissue and plasma samples were collected (indicated by
scalpel and syringe, respectively) and analysed for the presence of BRAF and NRAS mutations
using NGS and ddPCR, demonstrating the emergence of potentially resistance-associated NRAS
mutations (G13R and Q61R) at different time points during treatment. AF: Allele frequency. From
Liebs et al. (14) Copyright © 2021 The Authors (Reproduced with permission from Springer Na-

ture)
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4. Discussion

4.1 Short summary of results

The presented studies clearly emphasized what a promising disease surveillance tool
liquid biopsy may be to guide cancer management. Analysis of cfDNA from the Onco-
Track cohort highlighted the limited utility of cfDNA analysis for early cancer detection,
but its great potential for cancer monitoring in CRC patients with metastatic disease. The
case report of a patient with synchronous primary cancers displayed the ability of liquid
biopsy to identify the predominant tumor burden. Comparative analysis of CTCs and
cfDNA proved superiority of cfDNA-based tissue mutation detection compared to CTCs
in CRC, MEL and HNSCC, but also underlined the advantages of CTC analysis for the
investigation of tumor heterogeneity. In one MEL patient, emergence of a mutation pos-
sibly mediating resistance to the given treatment was identified in cfDNA but not in avail-
able tissue samples.

All of these examples indicated various advantages of LB, a real-time tool that is sug-
gested to provide a more comprehensive cross-section of the complex clonal divergence
of single and coexisting lesions compared to individual tissue profiling. Nevertheless, the
potential and possible pitfalls of this methodology have to be critically evaluated and val-
idated before LB will be implemented into clinical routine. Thus, based on the findings of
our publications, advantages and disadvantages of LB will be discussed in the following

sections, furthermore, including additional aspects from the current literature.

4.2 Interpretation and embedding of results into the current state of research

In Liebs et al. (Cancer Medicine (13)), 11 of 35 (31%) tissue mutations were retrieved in
plasma samples, including only one of 17 (6%) mutations in stage I-11l and 10 of 18 (56%)
mutations in stage IV CRC patients. Low concordance between tumor tissue and cfDNA
might not only be affected by biological factors such as cancer stage and tumor burden,
but also by pre-analytical and analytical factors as reported by Guo et al (24). In our study,
sample age as well as the utilized cfDNA isolation kit might have limited assay perfor-
mance (kit compatibility with anticoagulant in blood collection tube had to be taken into

account, although a different kit was reported to result in superior cfDNA quantities (25)).
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Additionally, Beije et al reported that different analysis methods might vary in their sensi-
tivity and specificity of mutation detection (26)). Taken all of this into account, the detec-
tion of cancer-related aberrations (up to 10 - 1000 mutant copies per 5 ml plasma (27))
in front of the background of wild-type signals originating from non-cancerous cells re-
quires highly sensitive and specific detection methods as well as standard operating pro-
tocols for plasma handling to guarantee successful detection of circulating tumor DNA
even at low allele frequencies. Thus, in the last decade and still ongoing, many research
groups tested different techniques for the exploration of cfDNA to identify the optimal

setting for reliable mutation detection in concordance with the underlying disease.

In our study, the analysis of plasma samples from 53 CRC patients with known BRAF
and KRAS gene status resulted in only one discordant finding between tissue and plasma.
A patient with a KRAS G12C mutation in the stage Il CRC tumor displayed a KRAS G12D
mutation in plasma, which instead displayed the status of the synchronous stage IV pan-
creatic cancer. Although no serial LB sampling was performed since the patient died be-
fore systemic treatment was started, our case report demonstrated the utility of cfDNA to
identify and track the predominant cancer over time (23), which was consistent with ob-
servations from other groups. Lakis et al reported different cancer driver mutations of
different allele frequencies in EGFR and KRAS in synchronous pulmonary lesions, of
which the KRAS-mutated lesion did not response to targeted therapy resulting in cancer
progression and subsequent treatment failure (28). The identification of the unresponsive
cancer histology via the detection of an increase of circulating melanoma cells, whereas
epithelial CTCs originating from the synchronous CRC decreased under chemotherapy,
was published by Fusi et al (29). However, in this context, it is also important to empha-
size that prerequisites for disease monitoring via LB include the existence and stability of
disease markers over time and a sufficient release of CTCs and/or cfDNA into the periph-

ery to detect those traces in blood samples.

Another crucial variable to be investigated with regard to applicability of LB is if the diag-
nostic value of CTCs and cfDNA is affected by different tumor characteristics of certain
cancer histologies. Clinical manifestation of metastasis in a secondary organ follows a
cascade of stochastic events, which are affected by extrinsic and intrinsic factors, includ-
ing anatomical site and circulation patterns, vascularization, the ability to cross physical

barriers as well as the interaction with and modification of the host organ microenviron-
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ment (27, 30). Consequently, different organ-specific patterns of metastasis were ob-
served in multiple tumor entities, including predominant locoregional progress of HNSCC,
sequential organ-specific metastasis of CRC in liver and then lung, and the ability of MEL
to colonize many different distant organ sites. In our study, no significant difference in the
informative value of CTCs and cfDNA between those three entities was demonstrated
(Liebs et al, Oncogene (14)). However, this observation requires further validation in a
bigger patient cohort to prove LB as a biomarker independent of the underlying tumor

entity.

Superiority of cfDNA over CTC analysis was already suggested in previous studies (31,
32), however, the biology of CTC and cfDNA release into the bloodstream and therefore
the potential informative value might be different. Whereas cfDNA is released by apop-
totic cells rather reflecting the overall profile of cancer cells, a subpopulation of CTCs
depicts cells which escape treatment and patient’s immune response, eventually forming
new tumor lesions. Thus, the applicability of cfDNA and CTCs to represent the mutation
tissue profile was compared (Liebs et al, Oncogene (14)), demonstrating that cfDNA out-
performed CTC analysis in terms of concordance with corresponding tissue. Besides the
already outlined limitations of cfDNA analysis, also CTC detection and characterization
are still restricted in multiple manners. Different CTC phenotypes (mesenchymal, epithe-
lial, hybrids) express distinct subsets of proteins on their surfaces, which have to be con-
sidered when establishing an antibody panel for the detection of the entire set of existing
CTCs per blood sample. This is especially necessary due to the low frequency and quan-
tity of CTCs (33, 34), which is a major limitation for their implementation into clinical prac-
tice. CTCs have to be enriched before isolation and whole genome amplification prior to
mutation detection is prone for technical defects including allelic imbalance and/or drop-
out caused by insufficient DNA integrity in isolated single cells. Furthermore, only 0.01%
of CTCs have the capacity to form metastases at distant sites. Nevertheless, CTC anal-
ysis yields multiple benefits including the possible identification of new therapeutically
targetable signatures and the investigation of tumor heterogeneity to assess possible re-
sistance mechanisms. The latter was also demonstrated in our study, showing that con-
sistent with other publications (35-37) the majority of CTC mutations (79%) were private.
Interestingly, unique CTC mutations were associated with the cancer hallmarks ,activat-

ing invasion and metastasis" as well as ,avoiding immune destruction® (38). In contrast,



Discussion 25

shared mutations by tumor tissue and CTCs were assigned to pathways such as ,induc-
tion of angiogenesis®, ,deregulation of cellular energetics” and ,sustainability of prolifera-
tive signaling“ being in line with basic conditions of progressing tumor lesions. Besides
the other outstanding case in our cohort, in which a possible resistance-associated mu-
tation was detected in cfDNA but not in available tissue, did multiple other studies even
predict therapy resistance by the emergence of mutations in blood before relapse clini-
cally demonstrated (32, 39-41).

4.3 Implications for practice and future research

All three studies as well as findings from other research groups proposed manifold capa-
bilities of disease surveillance via liquid biopsies. Despite the high need for informative
biomarkers in precision oncology, validity and utility of liquid biopsy for clinical routine are
still subject to debate. One explanatory variable for this is that at current state, multiplicity
of liquid biopsy approaches for the isolation and analysis of cfDNA and CTCs hampered
agreement of the clinical and scientific community on the clinical value of LB, due to the
absence of robust and consistent results verified in large comparative studies. Further-
more, in many cases, abundance of gene alterations in liquid biopsy can jeopardize clin-
ical benefit, when targets of therapeutic relevance are lacking and knowledge about in-
terpretation and translation into clinic is low. In order to resolve those issues, multiple
aspects should be considered in the future application of liquid biopsies: Procedures of
sample processing and profiling have to be standardized and verified in bigger patient
cohorts than is presently the case to allow highest possible sample quality for the detec-
tion of mutations even of low allele frequencies. Associated with that, assay performance
including sensitivity and specificity have to be further optimized. Especially for clinical
use, cancer panels targeting mutations of clinical relevance have to be implemented and
applied to longitudinal liquid biopsy samples to allow early detection of therapy-induced
emergence of resistant subclones or changes in mutation allele frequencies as an indi-
cator of treatment response. With regard to unknown variants and their involvement in
cancer progression, more detailed research has to be performed in close cooperation
between laboratories analyzing LB samples and those performing more basic research
on aberrated cancer pathways. For this, a database, such as COSMIC, collecting pre-
sumably irrelevant alterations from LB samples might expose more abundant variants

correlated with cancer progression. Thus, further research on the identification of new
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targetable signaling pathways of tumor cells has to be performed followed by the estab-
lishment of novel biomarkers and inhibitors. Additionally, simultaneous analysis of CTCs,
cfDNA and even further blood components such as exosomes should be taken into con-
sideration to increase the sensitivity of tissue profiling via LB by covering the diverse foot-

prints of those complementary disease markers.
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5. Conclusions

At current state and apart from a few clinical applications (42, 43), LB is of experimental
value only and not accepted as an alternative to standard tissue profiling. However, LB
should not only be an option for patients from which serial invasive sampling would be
contraindicated or no sufficient DNA quantities are available for mutation profiling. In-
stead, LB should rather be recognized as a relevant complementary biomarker to tumor
tissue analysis, since from a clinical perspective, assistance to track changes in the highly
dynamic clonal composition of cancers is urgently needed to predict treatment outcome
and identify patients who are at risk for relapse. Especially, serial liquid biopsies are most
promising to predict treatment failure before clinical recurrence, allowing dynamic patient
monitoring that will potentially precede image-based detection of clinical progress and

identify potential targets for medical intervention.
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Abstract

Enthusiasm has emerged for the potential of liquid biopsies to provide easily accessi-
ble genetic biomarkers for early diagnosis and mutational cancer characterization. We
here systematically investigated the suitability of circulating cell-free DNA (cfDNA)
analysis for mutation detection in colorectal cancer (CRC) patients with respect to
clinicopathological disease stage. Droplet Digital PCR (ddPCR) was performed to
detect common point mutations in the KRAS and BRAF oncogenes in cfDNA from
65 patients and compared to mutations in tumor tissue. Stage of disease was classi-
fied according to UICC (Union for International Cancer Control) criteria. In tumor
tissue, KRAS or BRAF mutations were present in 35 of 65 cases (44% UICC stage
I, 50% stage 11, 47% stage 111, and 62% stage IV). Although cfDNA was detected in
100% of patients, ddPCR displayed the tumor tissue mutation in only 1 of 6 (17%)
stage II patients, whereas 10 of 18 (56%) reported variants were verified in cfDNA
samples of the stage IV cohort. No BRAF or KRAS mutation was detected in cfDNA
from patients with wild-type tumor tissue. In one case of mutant stage II colon cancer
(KRAS-G12C), the G12D variant was detected in cfDNA instead. Further workup
revealed that circulating tumor-derived DNA and liver metastases originated from
a synchronous KRAS-mutated cancer of the pancreas. Our results demonstrate that
ddPCR-based analysis is highly specific and useful for mutation monitoring, but the

sensitivity limits its usefulness for early cancer detection.
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<l>Wl LEY—Cancer Medicine _ -
1 | INTRODUCTION

Colorectal cancer (CRC) is the second most common cause
of cancer death in Eumpc:.1 The 3-year survival rate of 92%
in stage I cancer patients decreases to 12% in those present
with distant metastasis, demonstrating the crucial need for
early detection and treatment.’ Up to 40% of CRC patients
are unlikely to benefit from EGFR-targeted therapies, such as
cetuximab and panitumumab, due to mutations in the KRAS
oncogene.” Even early responders with RAS wild-type tu-
mors develop secondary resistance under pressure of EGFR-
directed treatments due to emerging tumor subclones.*
Furthermore, 8%-15% of CRC patients with KRAS wild-type
tumors harbor BRAF mutations, which have been proven to
be an additional negative predictor of response to anti-EGFR
treatment. Given that, patient management requires muta-
tional monitoring of the disease as a basis for personalized
medicine. In clinical practice, tissue biopsies are obtained for
molecular profiling although a fragment of a single lesion
might be inadequate to reflect intratumoral heterogeneity
presented at low frequencies. Therefore, blood-based muta-
tional profiling is suggested as a promising approach to pro-
vide a more comprehensive molecular profile of the disease
in a minimally invasive manner. Liquid biopsy includes the
analysis of tumor-derived biomarkers in any body fluid, such
as plasma, urine, and cerebrospinal fluid. In particular, se-
rial blood testing is proposed as a convenient real-time tool
to identify spatial and temporal heterogeneity predicting re-
sponse or resistance to targeted algents.5

Circulating ¢fDNA is composed of small nucleic acid
fragments liberated from cells by rupture, necrosis or apop-
tosis originating from normal and deceased cells. Thus, cir-
culating tumor-derived DNA (ctDNA) is only identified via
the detection of cancer-related mutations. In correlation with
tumor burden, mutant allele frequencies were reported to
range between less than 10 and up to 1000 mutant copies per
5 mL plasma in stage I-IV cancer patients,® suggesting lim-
itations in early stage cancer. We here systematically investi-
gated the sensitivity and specificity of the analysis of somatic
mutations in plasma samples from CRC patients in relation
to disease stage. Since circulating tumor cells (CTC) can pro-
vide an alternative source of genetic information in liquid bi-
opsies, the mutation detection in ¢cfDNA was compared with
the presence of CTCs.

2 | MATERIAL AND METHODS

2.1 | Patients

Patients with early and advanced CRC were included in the
OncoTrack research project at the Charité and the Medical
University Graz between 2010 and 2016.” Informed consent
was obtained prior to blood and tissue specimen collection.

The study was approved by the ethics committee of the
Charité University Medicine (Charitéplatz 1, 10117 Berlin,
Germany; EA 1/069/11). It was also approved and confirmed
by the ethics commission of the Medical University of Graz
(Auenbruggerplatz 2, 8036 Graz, Austria) and the ethics
commiltee of the St John of God Hospital Graz (23-015 ex
10/11), respectively. Disease stage was classified according
to the criteria of the Union for International Cancer Control
(7th edition).®

2.2 Cell lines

DNA isolated from human-derived cell lines with reported
wild-type or mutation status in the oncogenes KRAS and
BRAF was used to establish Droplet Digital PCR (ddPCR)
assays (Table S1). All cell lines were cultured in media sup-
plemented with 10% heat-inactivated fetal bovine serum
(Thermo Fisher Scientific, Waltham, USA) and 1% peni-
cillin/streptomycin (Biochrom GmbH, Berlin, Germany) at
37°C and 5% CQO,. Prior to DNA isolation, cell lines were
tested negative for mycoplasma using the Promokine PCR
Mycoplasma Test KIT I/C following manufacturer’s speci-
fications (PromoCell GmbH, Heidelberg, Germany). Cell
line authenticity was validated by single nucleotide polymor-
phism profiling with Multiplexion GmbH (Friedrichshafen,
Germany). Following manufacturer's instructions, the
GeneJET Genomic DNA Purification kit (Thermo Scientific,
Waltham, USA) was used to isolate DNA eluted in 100 pL
double distilled water.

2.3 Nucleic acid preparation from
blood and tissue specimens

Prior to tumor resection, peripheral blood samples were
collected in BD Vacutainer® PST™ II heparin tubes (BD,
Franklin Lakes, USA) and directly processed by centrif-
ugation for initial plasma storage at —80°C (1500 g for
10 minutes or 10 minutes at 800 g followed by 1600 g for
10 minutes). Furthermore, heparin blood from six healthy
donors was centrifuged at 1811 g for 7 minutes followed
by 3061 g for 10 minutes. In 2010, when patient recruit-
ment started for the OncoTrack research project, the knowl-
edge about stabilizing ctDNA in plasma samples was not
as advanced as it is today. Most publications regarding the
superior effect of EDTA and other blood collection tubes
on preserving cfDNA and CTCs, while preventing hemat-
opoietic cells from lysis, were published since 2016."'" In
2004, Lam et al reported that EDTA 1is a superior anticoag-
ulant compared to heparin, but only when blood processing
was delayed, whereas comparable results regarding DNA
concentrations were obtained when plasma was isolated
within 6 hours after blood draw."" In our study, plasma was
directly isolated after blood collection. Furthermore, at the
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time of patient recruitment, internal analysis in our group
demonstrated comparable DNA concentrations when using
EDTA and heparin collection tubes, which, however, was
not published. Based on this knowledge, we decided to
use the stored plasma samples from the OncoTrack project
for the analysis of cfDNA. A ¢fDNA assay system devel-
oped for heparin blood samples was employed. All plasma
samples were centrifuged at 2000 g for 15 minutes prior
to cfDNA isolation using the QIAamp DNA Blood Midi
kit (Qiagen, Hilden, Germany). Briefly, 0.4-3.0 mL plasma
was incubated with protease and Buffer AL for 10 min-
utes at 70°C, transferred to the QIAamp Midi column and
washed with Buffer AW1 and AW2 at 4258 g for 1 minute
and 15 minutes, respectively. Nucleic acid was eluted in
250 pL Ultra Pure water and further concentrated to 55 uL
using Zymo's DNA Clean & Concentrator®-5 kit accord-
ing to the protocol specifications (Irvine, USA).

Within the large scale deep sequencing program of
OncoTrack, whole genome and whole exome sequencing
of tumor tissue specimens was performed, resulting in an
accessible database of omics data.” In tissue samples not
sequenced within the OncoTrack program, variant detec-
tion was performed using the same ddPCR assay as for
cfDNA samples. Ten micrometer thick formalin-fixed par-
affin-embedded (FFPE) tissue slides were deparaffinized
and processed following the specifications of the High Pure
FFPET DNA Isolation kit (Roche, Basel, Switzerland).
The GeneJET Genomic DNA Purification kit (Thermo
Scientific, Waltham, USA) was used to isolate DNA from
fresh frozen tissue following the manufacturer's instruc-
tions using the double amount of enzymatic solutions.
Digestion of tumor tissue was performed for 2 hours at
56°C each. After purification, DNA from fresh frozen tis-
sue was eluted in 150 puL double distilled water, whereas
FFPE-derived DNA was cluted in 30 pL.

24 DNA quantification and
fragment analysis

DNA concentrations were quantified using the DeNovix
DS-11 FX+ (Biozym Scientific GmbH, Hessisch Oldendorf,
Germany). DNA isolated from fresh frozen tissue and cell
lines was quantified via UV-Vis absorbance, whereas con-
centrations of FFPE-derived and circulating cell-free DNA
(cfDNA) were determined using the Qubit® dsDNA HS
Assay kit (Thermo Fisher Scientific). Additionally, frag-
ment length of cfDNA was analyzed on the Agilent 2100
Bioanalyzer using the High Sensitivity DNA Kit (Agilent,
Eugen, USA). To exclude cfDNA from normal cells of higher
fragment size from tumor-derived DNA fragments, the corre-
lation area under the curve in the region from 50-260 bp was
determined to compare the resulting cfDNA concentrations
(ng/mL) between patients of different tumor stages.

2.5 Variant detection via ddPCR

Expecting low allele frequencies of mutant variants in cfDNA,
the highly sensitive Droplet Digital™ PCR platform was
used for mutation detection (Bio-Rad Laboratories GmbH,
Munich, Germany). Our study design consisted of two parts:
a first evaluation of 2-3 somatic mutations or the wild-type
of the KRAS oncogene detected via a multiplex assay and a
verification duplex PCR only detecting the wild-type or one
of the mutations. Two KRAS multiplex assays were designed,
one detected variants G12D/A or G13D (KRAS I multiplex)
whereas the second assay detected G12V/C (KRAS II multi-
plex). Differentiation between mutations in multiplex assays
was enabled by using different concentrations of FAM-la-
beled probes whereas the wild-type was detected with a HEX-
labeled probe. Due to our main focus on the V60OE variant of
the BRAF gene, only a duplex PCR was used here for sample
testing without further verification. Primers and probes were
designed and tested for specificity using the Primer3, Primer-
BLAST., and UCSC In-Silico PCR software.'>

Each ddPCR reaction mixture was prepared using 3 puL
DNA and 17 uLL mastermix containing 2X ddPCR Supermix
for Probes with no dUTP (Bio-Rad Laboratories GmbH,
Munich, Germany), each primer at final concentrations
of 900 nM and probe concentrations as listed in Table S2.
Analyzing cell line-derived gDNA as control samples,
EcoRI-HF (New England Biolabs) was further added to the
reaction mix resulting in a final enzyme concentration of 0,5
units/uL. Droplets were generated using the QX200 Droplet
generator, manually transferred to a 96-well PCR plate
(Eppendorf, Hamburg, Germany) and heat-sealed with the
PX1 Plate Sealer (Bio-Rad). PCR reactions were performed
in the T-100 thermal cycler (Bio-Rad) with the following pro-
gram: 1 cycle at 95°C for 10 minutes, 40 cycles at 94°C for
30 seconds and at 56°C or 59°C for 1 minute (BRAF or KRAS
assays, respectively), and 1 cycle at 98°C for 10 minutes.
Droplets were read in the QX200 Droplet Reader (Bio-Rad)
and analyzed using the QuantaSoft software (version 1.7.4,
Bio-Rad). Patient-derived samples were analyzed in dupli-
cates. Each run included nontemplate controls to exclude the
presence of contaminations. Cell line-derived gDNA harbor-
ing the mutations of interest were diluted in wild-type gDNA
with a frequency of 1% to demonstrate successful target am-
plification within each run.

2.6 Determination of assay
performance and evaluation strategy of
ddPCR results

False-positive rate (FPR) and limit of detection (LOD)
were determined for multiplex and duplex assays. FPR was
evaluated by determining the number of unspecific events
in the mutation channel when analyzing nontemplate
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controls and only wild-type cell line-derived DNA sam-
ples with many and few copies per microliter adjusted to
expectant cfDNA levels (500 and 100 cpm, respectively).
All assays demonstrated a FPR of 0 to 0.8 events, resulting
in a defined cutoff value of one event. Mutant gDNA was
diluted in constant wild-type gDNA (ranging from 10% to
0.001%), identifying a LOD of 0.01% for all established
assays.

The evaluation strategy is depicted in Figure S1A. Briefly,
only samples with >10.000 generated droplets were included
into the final analysis. Two dimensional plots of gDNA sam-
ples derived from cell lines harboring the mutation of interest
were used for first threshold setting, which was corrected if
necessary, using the 1D plot. Outliers regarding high-fluores-
cence signals were excluded during quantification of positive
cvents. Events in the wild-type and mutation channel were
quantified and evaluated by being dispersed or overlapping
with the positive controls in the 2D plot. Despite an FPR of
one event in the multiplex set up, when analyzing the com-
plete data set, three or more events in the multiplex PCR were
proven to be positive in the validation duplex as well.

2.7 J Circulating tumor cell enrichment and
quantification

Up to 50 mL of whole blood was collected in BD Vacutainer®
heparin tubes for the enrichment and detection of circulat-
ing tumor cells. Between 8 and10 mL of whole blood was
added to 40 mL of 1X Red blood cell lysis buffer (Stemcell
Technologies, Vancouver, Canada) and incubated at room
temperature for a maximum of 15 minutes. Remaining cells
were washed with PBS (290 g, 5 minutes, 4°C) and resus-
pended in PBS containing 2% FCS and 2 mM EDTA to a
concentration of <5 x 107 cells per milliliter for subse-
quent CD45 depletion using the EasySep™ Human CD45
Depletion kit (Stemcell Technologies). Incubation with the
CD45-recognizing tetrameric antibody complex as well as
the incubation with the magnetic particles was performed at
4°C for 15 minutes each. Labeled cells were separated using
the EasySep™ magnet for 5 minutes at room temperature.
The depleted cell fraction was washed and resuspended in
100 uLL PBS prior to incubation with 10 uL FcR blocking
reagent (Miltenyi Biotec, Bergisch Gladbach, Germany) for
10 minutes at 4°C. To discriminate remaining leukocytes
from tumor cells, an antibody against IgG1-AF555 (1 pL Life
Technologies, Carlsbad, USA) recognizing the CD45 deple-
tion cocktail as well as anti-EpCAM-AF488 (2 pL Biolegend,
San Diego. USA) and anti-CEA-AF488 (2 uL Biolegend)
were incubated for 20 minutes at 4°C. Additionally, 2 uL.
LIVE/DEAD™ Fixable Blue Dead Cell Stain for UV exci-
tation (Life Technologies) was incubated for 10 minutes at
4°C to identify dead cells. Tumor cell quantification was
performed using the DMI3000B fluorescence microscope

(Leica, Wetzlar, Germany), whereby only living cells posi-
tive for EpCAM and/or CEA but negative for CD45 were
identified as CTCs.

2.8 Statistical analysis

Categorical variables were summarized by frequency and
continuous variables by median and range. Assay perfor-
mance was evaluated by the detection of reported KRAS and
BRAF tissue mutations in cfDNA samples (sensitivity) and
by confirming plasma samples determined as wild-type from
the tissue analysis (specificity).

3 | RESULTS

3.1 | Characteristics of the patient cohort

From the OncoTrack cohort, 65 plasma samples collected
prior to treatment and resection of tissue specimens were
accessible for ¢fDNA isolation. Patients' median age was
67 years (range 36-92 years). Thirty-nine patients were male
(60%) and 26 were female (40%). Ten patients (15%) had
tumors with a BRAF V60OE mutation and 25 patients (38%)
had tumors with KRAS mutations in codon 12 or 13 (G12D/
V/C or G13D). Patients with a reported BRAF mutation were
presumed to harbor KRAS wild-type and vice versa, since co-
existence of mutations in both oncogenes occurs with a prob-
ability of only 0.0001%." A detailed overview of patients’
clinicopathological characteristics was presented in Table 1.

3.2 | Quantitative analysis of cfDNA

Quantitative analysis of cfDNA samples demonstrated an
increase in cfDNA concentrations with higher tumor burden
varying from 59 ng/mL in healthy individuals to 156 ng/mL
in patients with metastasized colon cancer (Figure 1A, 1).
Correlating with increasing cfDNA level, ddPCR analysis
detecting the BRAF and KRAS oncogenes resulted in higher
events in the wild-type and mutation channel, which, how-

ever, did not correlate with successful tissue mutation retrieval
in ¢fDNA samples (Figure 2). Highly concentrated cfDNA
samples did not necessarily present circulating tumor DNA.

33 Mutation status analysis from tumor
tissue and plasma

Within our study cohort, KRAS or BRAF mutations were pre-
sent in 35 of 65 (54%) tumor specimens. cfDNA was detected in
100% of patients independently of plasma volume or DNA con-
centration. No correlation between plasma volume and success-
ful ctDNA detection was observed. Comparably low plasma
volumes (<0.5 mL) were available from only three patients
harboring a tissue mutation; however, the cfDNA concentration
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TABLE 1  Demographic and clinical
characteristics of study participants
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Characteristics

Number of patients
Age at enrollment,
years
Median
Range
Sex, n (%)
Male
Female
Tissue gene status,
n (%)
KRAS-MUT
BRAF-MUT
WT
Unknown

CTC detection rate,
n (%)
Performed CTC
analysis
Patients with CTCs

Patients without
CTCs

CTC numbers
Median
Range

Not available

Total

N=65

67
36-92

39 (60%)
26 (40%)

25 (38%)
10 (15%)
18 (28%)
12 (18%)

54 (83%)

29 (54%)
25 (46%)

0-8
11
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Stage I Stage IT

49-79

6 (67%)
3(33%)

2 (22%)
2(22%)
2 (22%)
3(33%)

7 (78%)

4 (57%)
3 (43%)

0-4
2

N=12

69
46-79

7 (58%)
5 (42%)

2 (17%)
4 (33%)
4 (33%)
2 (17%)

5

WiLEY |
Stage ITI Stage IV
N=15 N=29
70 63
39-83 36-92
10 (67%) 16 (55%)
5(33%) 13 (45%)
6 (40%) 15 (52%)
1 (7%) 3 (10%)
5(33%) 7 (24%)
3 (20%) 4 (14%)

12(100%) 13 (87%)

7 (58%)
5(42%)

0-8
0

8 (62%)
5 (38%)

0-6
2

22 (76%)

10 (45%)
12 (55%)

0-5
7

KRAS-MUT includes the G12D, G12V, G12C and G13D variants, whereas BRAF-MUT refers to the V60OE

mutation.

Abbreviation: CTC, circulating tumor cells.
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FIGURE 1  Cell-free DNA (cfDNA) concentrations und mutation detection in relation to disease stage. A, Quantitative analysis of cfDNA
isolated from stage I-IV colon cancer patients in comparison to healthy individuals. Box plot showing median, first and third quartiles with

whiskers from minimum to maximum. B, Median ¢fDNA levels demonstrate an increase with higher tumor burden

from only one of them was very limited (22.86 ng/mL) pos-
sibly explaining the absence of the tumor-derived mutation
in plasma (Table S3). Mutational profiling of ¢fDNA veri-
fied CRC-related mutations in 11 of 35 (31%) corresponding

plasma samples (Figure 2), including 2 of 10 (20%) BRAF and
9 of 25 (36%) KRAS mutations. Independently of tumor stage,
mutant allele frequencies ranged between 0.01 and 0.52 (more
than 50-fold) with mutations detected with 2 to 227 ddPCR
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circulating tumor cells (CTCs). Corresponding to higher cfDNA levels, total Droplet Digital PCR detection events in the wild-type and mutation
channel increased, which, however, did not correlate with successful retrieval of tissue-reported variants in plasma. CTCs were detected in blood
samples from paticnts of all cancer stages, highlighting that the analysis of tumor-derived cells in the periphery will possibly complement the
limited information received by cfDNA analysis. "The CRC-derived KRAS mutation (G12C) was not verified in plasma from patient 374-CB-M:
however, the G12D variant originating from the synchronous stage IV cancer of the pancreas was detected

events (more than 100-fold). Individual data for each mutant
cfDNA sample are shown in Figure S1B. No BRAF or KRAS
mutation was detected in cfDNA from patients with wild-type
tumor tissue. Thus, ddPCR assays showed 100% specificity
throughout all stages with increasing accuracy in patients with
higher tumor burden (Table 2). However, sensitivity was very
limited with a maximum of 56% in stage IV patients. Only 1
of 17 (6%) CRC-derived gene variants was verified in all stage
[-11I patients. In stage II patient 249-CB-P, the BRAF mutation
in the tumor was detected in the corresponding plasma sam-
ple with an allele frequency of 0.05 (27 mutation events). In
comparison to cfDNA levels of the remaining stage IT patients

(median: 143.6 ng/mL), 249-CB-P demonstrated a strikingly
higher concentration (1064.25 ng/mL), increasing the possibil-
ity of successful ctDNA detection.

34 Discordance between colon
tissue and ¢fDNA

There was one discrepancy in the KRAS gene status be-
tween the colon tumor tissue and cfDNA. Enrolled in the
OncoTrack study with an adenocarcinoma of the colon
and synchronous liver metastasis, the KRAS GI12C vari-
ant detected in the primary tumor was not displayed in

TABLE 2 BRAF and KRAS gene status concordance between tumor tissue and cfDNA

cfDNA analysis
Total (N =53) Stage 1 Stage 11 Stage 111 Stage IV
MUT WwT MUT wT MUT wT MUT wT MUT wT
Tissuc analysis

MUT 11 24 0 4 1 0 7 10 8
WT 0 18 0 2 0 4 0 0 7
Sensitivity 31% 0% 17% 0% 56%
Specificity 100% 100% 100% 100% 100%
Accuracy 55% 33% 50% 42% 68%

Abbreviation: ¢cfDNA, cell-free DNA.
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the corresponding cfDNA from patient 374-CB-M (Figure
S1C, D). In contrast, the KRAS G12D mutation was found
in plasma with an allele frequency of 0.1 (15 mutation
events) as well as in the metastatic tissue. This indicated
that both ctDNA and the metastasis were originated from
the synchronous stage IV cancer of the pancreas, which
was further verified pathologically.

3.5 Circulating tumor cells

Blood samples for CTC quantification were available from
54 of 65 patients (83%), the tissue status of whom was known
for 42 patients. CTCs were enriched from 50 mL whole
blood and identified via fluorescence microscopy detecting
EpCAM and/or CEA tumor marker expression. In 29 of 54
patients (54%), CTCs were successfully detected indepen-
dently from tumor stage with a range of 1-8 CTCs per pa-
tient (Table 1). The detection of ctDNA was rather limited
to patients with stage IV cancers, whereas circulating tumor-
derived cells were detected even in patients with nonmetasta-
sized CRC (Figure 2), emphasizing the differences between
¢fDNA and CTCs, making them not equivalent but comple-
mentary biomarkers for prognosis of the overall cancer dis-
ease for clinical management.

4 DISCUSSION

One of the most desirable clinical applications of cfDNA
analysis might be cancer diagnosis prior to metastatic spread,
allowing early treatment to improve patients' survival. In
recent years, different studies demonstrated the prognos-
tic value of ¢fDNA in the breast, pancreatic, prostate, and
CRC'®" further hypothesizing that its analysis might identify
patients with localized tumors who are at risk of recurrence.
Therefore, our study systematically investigated the utility of
cfDNA to reflect molecular characteristics of the underlying
disease with respect to tumor stage. Our assays have proven
the highest precision with all variants detected in cfDNA
being consistent with reported tissue status, except for one
patient with stage II cancer of the right flexure of the colon.
Here, cfDNA analysis revealed the KRAS mutation of the syn-
chronous stage IV cancer of the pancreas. No BRAF or KRAS
mutation was detected in cfDNA from patients with wild-type
tumor tissue, resulting in 100% assay specificity among all
four cancer stages. However, we observed a considerable dif-
ference in sensitivities regarding the retrieval of known mu-
tations from tissue in cfDNA between patients of different
tumor burden. No mutations were detected in cfDNA in stage
I and stage III patients and only 1 of 6 mutations was verified
in the stage II cohort. Highest accuracy (68%) was achieved
in patients with distant metastases, demonstrating that cfDNA
analysis in patients with noninvasive cancer is limited.

Beije et al concluded that performance of ctDNA detec-
tion assays varies, inter alia, according to the methods ap-
plied. When comparing various targeted detection assays in
paired samples of ¢fDNA and tumor tissue from 12 mCRC
patients, sensitivity was highest with digital PCR.” Here, 13
of 14 mutations (93%) observed in the primary tumor and/or
the metastases were also detected in cfDNA. In contrast, next
generation sequencing retrieved only a limited number of re-
ported variants with a concordance between cfDNA and pri-
mary tumor and the metastasis of 39% and 55%, respectively.
Guo et al used panel sequencing to detect tissue-matched
mutations in cfDNA of 56 early-stage and advanced-stage
patients with nonsmall cell lung cancer (NSCLC). They re-
ported an overall concordance rate of 54.6% and 80%, respec-
tive]y.z' Of particular importance is their observation that the
concordance rate can be strongly affected by multiple pre-an-
alytical, analytical, and biological factors. Regarding that, we
might explain the sporadic mutation detection in our patient
cohort with limitations, such as sample age and inconsistent
processing, storing, and delivery conditions at two different
hospitals. Furthermore, due to blood being collected in hep-
arin vacutainers, we used the QIAamp DNA Blood Midi kit
for cfDNA isolation. In contrast to other isolation kits, such as
the QIAamp Circulating Nucleic Acid kit, the QIAamp DNA
Blood Midi kit is reported to be inferior regarding the iso-
lation of short-fragmented ctDNA.?* Considering that there
is room for improvement in study design, different studies
confirmed that ctDNA concentrations increase with tumor
size and cancer stage.23 This is consistent with the analysis
of Bettegowda et al, who revealed a 47% sensitivity of KRAS
mutation detection in ¢fDNA in stage I CRC patients, which
increased to 87% in stage IV cancer.® Diehl et al reported that
the number of mutant APC gene molecules in the circulation
of CRC patients depends on tumor stage being as little as
0.01% in stage 1 patients.24 Although the detection limit of
our assays theoretically allowed for variant detection of an
allelic frequency of 0.01%, the total amount of detected KRAS
or BRAF molecules was so low in plasma samples of the stage
I cohort that mutation detection would be below the FPR.

Taken together, we have confidence in the reliability
when detecting a cancer-related mutation in plasma, how-
ever, the absence of detectable mutant molecules does not
eliminate the occurrence of genomic alterations in blood
possibly undiscovered due to low allelic frequency or tech-
nical limitations. Those challenges highlight the urgent need
of standard operating protocols to guarantee optimal sample
management regarding storage, processing and analysis of
plasma samples. Furthermore, most studies complement their
method of choice by enlarging their panel of cancer-related
genes further including the detection of methylation patterns
or circulating proteins, resulting in a more robust approach
toward earlier cancer detection and disease monitorin,g.ﬁ'26
In our case, we strongly recommend the use of CTCs and
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cfDNA as complementary biomarkers as we successfully
detected circulating tumor cells in 29 of 54 patients (54%)
independently of tumor burden. Inter- and intratumoral het-
erogeneily remains a challenge in cancer treatment, empha-
sizing the importance of individualized therapy. Therefore,
liquid biopsy comprising the analysis of CTCs and cfDNA as
acomplementary approach holds great potential for precision
cancer medicine.

5 CONCLUSION

In the last decade, administration of targeted therapies im-
proved cancer patient management. Nevertheless, real-time
detection of mechanisms of early and acquired resistance is
still needed, requiring accurate biomarkers that can be applied
in a minimally invasive manner. The analysis of cfDNA has
proven to be convenient regarding sample preservation and
processing. However, its analysis for early diagnosis and
monitoring of patients with localized and advanced tumor is
still of limited value, even though method sensitivities and
specificities are constantly improving. Mutation detection
in plasma was only sporadically successful in our stage I-111
cohort, whereas only in patients with distant metastasis 68%
concordance between tissue and ¢fDNA was demonstrated.
Therefore, we hypothesize that a multi-marker approach, such
as molecular profiling of cfDNA and CTCs, might be an al-
ternative surrogate for tissue analysis to monitor an evolving
genomic landscape of tumor cells and adapt treatment regi-
mens accordingly.
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Genetic investigation of tumor heterogeneity and clonal evolution in solid cancers could be assisted by the analysis of liquid
biopsies. However, tumors of various entities might release different quantities of circulating tumor cells (CTCs) and cell-free DNA
(cfDNA) into the bloodstream, potentially limiting the diagnostic potential of liquid biopsy in distinct tumor histologies. Patients
with advanced colorectal cancer (CRC), head and neck squamous cell carcinoma (HNSCC), and melanoma (MEL) were enrolled in
the study, representing tumors with different metastatic patterns, Mutation profiles of cfDNA, CTCs, and tumor tissue were assessed
by panel sequencing, targeting 327 cancer-related genes. In total, 30 tissue, 18 ¢fDNA, and 7 CTC samples from |8 patients were
sequenced. Best concordance between the mutation profile of tissue and cfDNA was achieved in CRC and MEL, possibly due to the
remarkable heterogeneity of HNSCC (63%, 55% and | 1%, respectively). Concordance especially depended on the amount of cfDNA
used for library preparation. While 21 of 27 (78%) tissue mutations were retrieved in high-input cfDNA samples (30-100 ng, N = 8),
only 4 of 65 (6%) could be detected in low-input samples (<30 ng, N = 10). CTCs were detected in |3 of 18 patients (72%). However,
downstream analysis was limited by poor DNA quality, allowing targeted sequencing of only seven CTC samples isolated from four
patients. Only one CTC sample reflected the mutation profile of the respective tumor. Private mutations, which were detected in
CTCs but not in tissue, suggested the presence of rare subclones. Our pilot study demonstrated superiority of cfDNA- compared to
CTC-based mutation profiling. It was further shown that CTCs may serve as additional means to detect rare subclones possibly
involved in treatment resistance. Both findings require validation in a larger patient cohort.

Oncogene; https://doi.org/10.1038/s41388-021-01928-w

INTRODUCTION

Tumor heterogeneity is a major driver of treatment failure in
cancer management [I-3]. Genetic, epigenetic, and phenotypic
differences between distinct subpopulations of cells within the
same tumor lesion may foster a survival benefit for resistant
subclones, resulting in primary or secondary resistance [4]. Serial
analysis of spatial and temporal heterogeneity within a single
lesion and between multiple tumor sites has been suggested to
improve in-depth disease monitoring during systemic treatment
[5. 6]. To circumvent the invasive procedure of tissue sampling
and to overcome its limitations in depicting the highly dynamic
genetic complexity of a tumor, the analysis of blood-based
biomarkers (liquid biopsy, LB) might increase therapeutic preci-
sion. Uncertainty exists concerning the diagnostic information
contained in different components of peripheral blood. Circulating
tumor cells (CTCs) represent cells disseminating from the tumor
tissue, which potentially initiate the formation of metastasis [7-9].

Cell-free DNA (cfDNA) is mainly released from apoptotic and
necrotic cells [10]. Despite remaining technological limitations in
detection and characterization of c¢fDNA and CTCs, there is
emerging evidence that the analysis of both constituents might
allow disease surveillance and therapy guidance [I1-13].
Increased CTC numbers and cfDNA concentrations were demon-
strated to be of prognostic and predictive value in various tumor
entities [14, |5]. Diagnostic applications and longitudinal monitor-
ing of treatment response were mainly based on mutation
profiling of LB [13, 16, 17]. Several studies indicated complemen-
tarity of CTCs and cfDNA [I8, 19], increasing the potential benefit
of LB-based patient monitoring based on a single blood draw. The
diagnostic potential of CTCs and cfDNA should depend on tumor
features including its anatomic location, growth kinetics, invasive-
ness, and routes of metastatic spread [20, 21], and could thus
differ between distinct tumor histologies. To elucidate the ability
of liquid biopsies to depict mutations in solid cancers with
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different metastatic routes, patients with head and neck
squamous cell carcinoma (HNSCC), colorectal cancer (CRC), and
melanoma (MEL) were enrolled in this study, and the mutation
repertoire of primary and/or metastatic tumor tissue was
compared with those of ¢fDNA and CTCs. The three tumor
entities were selected based on their different metastatic patterns,
as HNSCC is clinically characterized by a predominance of
locoregional disease progression, CRC by primarily hepatic
metastasis through the portal vein, and MEL by frequent systemic
hematogenous spread.

RESULTS

Characteristics of the patient cohort

The study enrolled a total of 18 patients with metastatic HNSCC,
CRC, or MEL (six each) at a time when high CTC counts and cfDNA
levels were expected based on the underlying cancer progression
or no previous or ongoing cancer therapy. Two patients had not
received any treatment prior blood collection. Patients who had
already undergone radio-, chemo-, immuno-, and/or targeted
therapy had either a break from treatment (21.5 months) or were
progressing under therapy at the time when LB was collected.
Archival tissue samples were collected between 2010 and 2017,
whereas blood samples were drawn in 2017. Tissue of distant
metastasis or secondary cancer was available from 17 of 18
patients (94%). Except from four patients, metastatic tissue and LB
collection was on the same day (N = 5) or after 3-16 weeks (N =
9). Sufficient material for paired analysis of primary and metastatic
tumor tissue using next-generation sequencing (NGS) was
available from eight patients (44%), allowing identification of
persistent mutations in contrast to cancer plasticity under
treatment pressure. A detailed summary of patient and sample
characteristics is provided in Supplementary Tables | and 2.

Liquid biopsies

The median concentration of isolated cfDNA per milliliter plasma
was |39.7 ng/ml (4.4-468 ng/ml), 4.7 ng/ml (3.3-130 ng/ml), and
7.1 ng/ml (5.3-19.3 ng/ml) in CRC, HNSCC, and MEL patients,
respectively. In an exploratory analysis, high ¢fDNA concentrations
were associated with shorter overall survival (OS) of CRC and MEL
patients (229.4 and 210.5 ng/ml with OS < 5 months, respectively),
whereas the opposite was observed in the HNSCC cohort
(Supplementary Table ). No correlation between cfDNA concen-
trations and CTC counts was found. CTCs were detected in 13 of
I8 patients (72%). Except for two CRC patients with 15 and 33
detectable CTCs (CRCOI.l and CRCO002.1, respectively), total tumor
cell counts ranged between zero and six cells within the entire
patient cohort. The presence of three or more CTCs per 7.5 ml
blood was associated with worse OS in CRC patients (£ 5 months,
Supplementary Table I). No association was observed in MEL and
HNSCC. CTC counts, <fDNA concentrations, and clinicopathological
characteristics of each patient are presented in Fig. |.

In total, 16 CTC samples were collected from |2 patients. For
three patients, CTC enrichment was done in parallel using two
different protocols, i.e., single CTCs were not only isolated after
RosetteSep-based CD45 depletion but CTCs were also collected
together with some remaining leucocytes after Ficoll density
gradient centrifugation. PCR-based quality control (QC-PCR)
results after whole genome amplification (WGA) suggested
sufficient DNA integrity for NGS analysis in only 7 of 16 samples
(44%) from four patients (Supplementary Fig. 1).

Representation of tissue mutations in cfDNA

In total, solid and LB samples from 18 patients were analyzed,
originating from primary and metastatic tumor tissue (n = 30),
fDNA (n=18), and CTCs (n=7). Variant calling identified
92 somatic mutations in tissue samples (CRC: 19, HNSCC: 62,
MEL: 11), which were examined with regard to their

SPRINGER NATURE

35 1000
— Qs
L] DNA
» ° oc
° -
5
2 ™ E
: = 4
& 20 E
o ° B
o ° =
= 15 ® g
° 8
= ] 0 <
10 ° 2
° a
° ® ° e ° S
5 °
EAEIE .—.—|_| .

Colorectal Head and Neck Melanoma

Fig. | Patient characteristics in comparison to the corresponding
cfDNA concentrations and total CTC counts. For each patient, the
detectable CTC count and <fDNA concentration were examined,
possibly affected by the therapy status, including treatment prior to
study enrollment and the time span (At) between the last therapy
(Tx) and liquid biopsy collection (LB). CT chemotherapy, IT
immunotherapy, RT radiotherapy, SURG surgery, TT targeted
therapy, mo months. ‘available NGS data from whole genome
amplified CTCs.

representation in cfDNA. Overall, tissue mutations were detected
in 11 of 16 (69%) cfDNA samples (in the remaining two cases, no
tissue mutation in the respective panel of genes was identified,
leading to the exclusion of those two patients from the analysis of
tissue mutation reflection in plasma). Successful retrieval of tissue
mutations in plasma depended on the amount of ¢fDNA used for
library preparation and not on the temporal distribution in sample
collection. The analysis of high-input ¢fDNA samples (30-100 ng,
n = 8) resulted in an overall concordance rate of 78% (CRC: 92%,
HNSCC: 50%, MEL: 100%; Fig. 2A). Of the patients for whom the
total yield of (fDNA was less than 30 ng (n = 8), only 4 of 65 (6%)
tissue mutations were also found in plasma (Fig. 2B).

Representation of tissue mutations in CTCs

In addition to the retrieval of tissue alterations in plasma, CTC
samples were analyzed to investigate concordance in mutation
profiles with the solid cancer. Limited by the CTC detection rate
(72%) and the fraction of samples with sufficient DNA integrity for
WGA and sequencing (44%), NGS data were obtained from only
seven CTC samples isolated from four patients. In patient
HNSCCO006.1, the analysis of tumor tissue from the local recurrence
in the oral cavity and the lung metastasis did not reveal any
mutations. Therefore, assessment of the concordance between
tumor tissue and CTCs was limited to patients CRC001.1, CRC002.1,
and HNSCCO004.1, harboring 1, 2, and 20 tissue alterations,
respectively.

For patient CRCO002.1, mutations in the tumor suppressor genes
APCand TP53 identified in the colon tumor tissue were also found
in a pooled sample of 13 CTCs (Fig. 2A). However, the analysis of
two additional samples from five and eight CTCs revealed only the
wildtype despite comparable DNA integrities (Supplementary Fig.
1). The TP53 p.Q100* variant detected in the rectum and liver
metastasis of patient CRCO00I.| was not represented in either of
the two available CTC samples (one and five tumor cells) but was
detected in the respective cfDNA. Only | of 20 tissue mutations
identified in patient HNSCCO004.1 was verified at subthreshold
allele frequency (AF) in the corresponding sample from a single
CTC (confirmed to represent a high-quality sample per QC-PCR,
Fig. 2B).

Indication of heterogeneity and clonal evolution in LB
Sequencing results from liquid biopsies were examined for
additional alterations, which had not been identified in tissue.

Oncogene
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We hypothesized that these genetic variations could already be
present in solid tumor tissue, though at very low frequencies, and
might identify rare subclones that numerically expanded during
disease course to the time point of LB collection. In cfDNA, variant
calling determined 58 mutations in the entire patient cohort,
including |15 tissue mutations (represented in high-input cfDNA
samples only). After manual re-analysis (as described in the method
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section), 15 of 43 (35%) plasma-derived mutations were detected at
subthreshold levels in tissue (Fig. 3). CTC samples harbored 206
variants in total, including two predominant tissue mutations (APC
and TP53 mutations in the tumor of CRC002.1). Forty-four (21%) CTC
mutations were also found in at least one other specimen from the
same patient, including another CTC, ¢fDNA, and/or formalin-fixed
paraffin-embedded (FFPE) tissue (Fig. 4). However, only 18 (9%) CTC
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Fig. 4 Concordance of CTC-derived alterations with correspond-
ing samples from the same individual. Of a total count of 206 CTC-
derived mutations detected in four patients, 44 (21%) were also
retrieved in another CTC, fDNA, and/or tissue sample from the
same patient, whereas 162 (79%) were unique for the analyzed
circulating tumor cell.

alterations were also detected in corresponding tumor tissue, out of
which 11 (61%) were furthermore retrieved in another LB sample.

Tumor heterogeneity in patient CRC002.1

Two cancer patients stood out from the entire cohort, highlighting
the advantages of LB-based cancer profiling to analyze tumor
heterogeneity (CRC002.1) and clonal evolution (MEL003.1). From

SPRINGER NATURE

patient CRC002.1, three CTC pools were sequenced, allowing
broader assessment of tumor heterogeneity. Genome integrity
indices were comparable between CTC samples with three to four
bands in QC-PCR (Supplementary Fig. |). CTC mutation burden
increased with rising cell counts, ranging between |5 and 71
alterations (|15 mutations in 5 cells, 36 mutations in 8 cells,and 71
mutations in | 3 cells). In contrast, tumor tissue genotyping of two
spatial areas of the colon revealed only two mutations in APC and
TP53, which were also detected in the respective cfDNA sample
(100 ng input). Only one of three CTC samples (CRC002.1-CTCI, I3
CTCs) reflected the molecular profile of the tissue, whereas the
other CTC pools derived from the same patient only displayed the
respective wildtype.

With regard to additional variations found in CTC samples, only
a small fraction was recovered in other specimens from patient
CRC002.1. Sixty-nine mutations were detected in CRC002.1-CTCI,
including the two predominant tissue mutations in APCand TP53.
Nine of 67 (13%) CTC mutations were also found at subthreshold
AF in the tumor tissue. Tumor heterogeneity was also reflected by
the detection of only 8 variants (12%) in another CTC, 7 (10%) in
cfDNA, and | (1%) in <fDNA and another CTC, whereas 42
alterations (63%) were unique for CRC002.1-CTCI. Consistently,
only 9 of 54 mutations (17%) detected in the two other CTC
samples from patient CRC002.1 were overlapping with at least one
other specimen. The analysis of cfDNA resulted in one additional
mutation in the FANCA gene, which was not displayed by any
other specimen of this patient.

Oncogene
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Fig. 6 Tissue and plasma genotyping of a patient with refractory melanoma to immunotherapy and BRAF-MEK-inhibition at different
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due to side effects (flash) or progressive disease (red circles), and tumor genotyping conducted on tissue (indicated by a scalpel) or plasma
(indicated by a syringe). Allele frequencies (AF) of BRAF and NRAS mutations were determined by ddPCR analysis.

Kyoto Encyclopedia of Genes and Genomes mapping and
further database research (COSMIC, Genetics Home References,
National Institutes of Health, PubMed NCBI) was conducted to
evaluate pathways possibly impaired by the detected mutations in
CTCs and tissue. Pathways were assigned to one or multiple
cancer hallmarks, defined by Hanahan and Weinberg [22], and
proportional changes between hallmarks specific for the shared
mutations of solid tumor tissue and CTC as well as those only
found in CTCs were evaluated. It was demonstrated that private
CTC mutations were more frequently involved in pathways
correlated with invasion, genome instability and avoidance of
immune destruction. In contrast, mutations shared by tissue and
liquid biopsies were associated with proliferative signaling, tumor-
promoting inflammation, resistance to cell death and induction of
angiogenesis. A detailed summary of all mutated genes,
concordance between specimens, and affected pathways is
displayed in Fig. 5.

Oncogene

Identification of subclonal resistance through LB
One patient with refractory MEL to immunotherapy and BRAF-
MEK inhibition was of special interest due to the mutation
spectrum detected in tissue and ¢fDNA (Fig. 6 schematically
depicts the clinical course of MEL003.I, including genotyping of
tissue and plasma). Whole exome sequencing (WES) of a
subcutaneous metastasis was performed as part of a precision
oncology program of the Charité, revealing the BRAF V600E (AF:
0.64) and secondary NRAS GI3R (AF: 0.41) mutation. After few
months of nivolumab treatment, the patient presented with new
pulmonary, hepatic and cerebral metastases. At that time, cfDNA
displayed the previously reported BRAF V600E mutation (AF: 0.26)
as well as the NRAS G| 3R mutation at subthreshold level (AF: 0.02).
In addition, cfDNA revealed the emergence of the NRAS Q6I1R
mutation with an AF of 0.15.

Validation by the highly sensitive Droplet Digital™ PCR (method
description in Supplementary information and Supplementary
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Table 3) confirmed the presence of all three mutations in cfDNA at
slightly different AF (V600E: 0.18, GI3R: 0.01, Q6IR: 0.05). In four
metastases resected between 2015 and 2017, BRAF V600E was
found at AF of 0.31-0.61 in all samples, NRAS GI3R (AF: 0.33) was
only present in one subcutaneous lesion as already known from
WES, whereas NRAS Q6IR was not even detected on subclonal
level. All three mutations were proven to be tumor-derived based
on their absence in the respective germline sample of the patient
(mutant AF: 0.00). Five CTCs were isolated from MEL003.1;
however, QC-PCR demonstrated insufficient DNA integrity of cells
for sequencing.

DISCUSSION

Previous studies have suggested superiority of cfDNA as
compared to CTC-based mutation profiling [23, 24]. However,
mutation detection in cfDNA reflecting the overall profile of
cancer cells may differ in informative value from the subset of
CTCs, representing a population of cells possibly evading therapy.
In this pilot study, we evaluated the feasibility of CTCs and cfDNA
in representing the mutational landscape of corresponding tumor
tissue in cancer types with distinct metastatic routes. Thus, only
patients with advanced disease were enrolled in this study and
blood samples were collected shortly after recurrent tumor
dissection when highest concordance in the mutation profiles of
the solid tumor and LB can be expected.

We observed no difference regarding the informative value of
liquid biopsies between tumor entities with distinct metastatic
tropism. However, best overall concordance was achieved in CRC
followed by MEL, whereas LB-based cancer profiling in HNSCC was
less concordant possibly explained by the notoriously hetero-
geneous mutation profile of this cancer type [25]. A limitation of
our study was the small patient cohort, requiring further validation
of our observations with a sufficient sample size. In spite of the
small number of cases covered per tumor entity, patients were not
obviously different from other cohorts with regard to age, sex,
clinical course, and metastatic tumor location.

CfDNA outperformed CTC analysis not only with regard to
convenience of sample handling, but primarily in reflecting the
genomic profile of the solid tissue more closely. Despite the
slightly lower cfDNA concentrations isolated in our study
compared to previously published data [26-28], tissue mutations
were detected in 69% of cfDNA samples. In contrast, Lebofsky
et al. found matching mutations in ¢fDNA and tumor biopsies in
79% of patients with metastatic cancer, recovering 28 of 29 (97%)
tissue mutations in plasma [29]. In our study, concordance
between tumor tissue and cfDNA was 63%, 55%, and |1% in
CRC, MEL, and HNSCC, respectively. In contrast, different groups
reported detection of 56-87% of tissue mutations in plasma of
CRC patients [20, 26, 30], 73-85% in MEL [17, 31], and 42-92% in
HNSCC patients [32, 33]. However, it should be considered that
sequencing of high-input (fDNA samples (8 of |18 samples with 30—
100 ng) allowed the detection of 21 of 27 (78%) tissue mutations in
plasma from our cohort. Thus, concordance rates in highly
concentrated fDNA samples achieved comparable values as
previously reported (92% in CRC, 100% in MEL, and 50% in
HNSCC). Another interesting exploratory finding was that higher
cfDNA concentrations were associated with a shorter OS in CRC
and MEL, which is in line with previous results from Bettegowda
etal. [20]. The opposite was observed in HNSCC patients; however,
this observation must be validated in a bigger patient cohort.

Achieved CTC detection rates were consistent with previous
publications or even exceeded reported detection levels (100% of
CRC patients: 1-33 CTCs, 67% of HNSCC: 1-6 CTCs, and 50% of
MEL: 1-5 CTGCs). This might be explained by high tumor
aggressiveness in our patient cohort, since ten patients deceased
within 6 months after LB collection, whereas only three patients
showed an OS of 3.5-4 years to date. In comparison, multiple
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studies reported detection levels of 20-60% in stage IV CRC
patients (1-61 CTCs) [19-21], 41-43% in advanced HNSCC (I CTC)
[I5, 34], and 25% in patients with metastatic MEL (22 CTCs)
[35, 36]. CTC counts were associated with shorter OS in CRC
patients, using the cutoff of 23 CTCs/7.5 ml [37]. In contrast,
application of reported prognostic CTC counts of 22 CTCs/7.5 ml
blood did not show any association with OS in MEL [35] and
HNSCC [15] patients. However, these analyses are exploratory in
nature due to the limited sample size and only validation with a
larger patient cohort would allow interpretation of this preliminary
observation.

The fact that in a significant portion of patients no or only few
CTCs were detected might be explined by the limited set of
markers applied to identify tumor cells in the peripheral
circulation. Different CTC phenotypes express a subset of proteins
on their surfaces, hampering the isolation of epithelial, mesench-
ymal, and hybrid phenotypes of CTCs [38, 39]. Sequencing of
solely living CTCs further limited the approach to extracellular
markers. Low frequency and quantity of detectable CTCs may limit
their diagnostic potential in clinical practice. Even if the analysis of
those cells might increase our understanding of the mechanisms
of metastatic spread, only 0.01% of CTCs are reported to harbor
the potential for colonization in a secondary organ [9], which in
turn might contribute to the low concordance between CTCs and
metastatic tissue in our study. In addition, technical limitations
should not be dismissed when working with single cells. Uniform
WGA of CTCs might be impaired by insufficient DNA integrity or
allelic imbalance and dropout, reducing the informative value of
CTCs for cancer proﬁling. as seen in our study. Only one
sequenced CTC sample reflected the tissue mutation, highlighting
the potential of CTCs to reflect tumor heterogeneity, which was
particularly evident in patient CRC002.1.

In CRC002.1, tumor heterogeneity was depicted in partially
complementary mutation profiles of three CTC samples compared
to two spatial areas of the colon tumor tissue and the respective
cfDNA sample. Multiple studies determined diversity of mutational
status and gene rearrangements in CTCs from the same individual
in several cancerous diseases [40-42]. De Luca et al. even reported
almost all of the detectable aberrations to be private to each
single CTC isolated from breast cancer patients [42]. Interestingly,
we demonstrated that gene mutations detected in CTCs were
cumulatively assigned to cancer hallmarks matching the require-
ments of tumor cells circulating in the periphery, including
activation of invasion and metastasis [43] as well as avoidance of
immune destruction [44]. In contrast, alterations shared by CTCs
and tumor tissue were rather associated with requirements of
progressing tumor lesions, such as sustaining proliferative
signaling, inducing angiogenesis and deregulating cellular ener-
getics [22]. In contrast to cfDNA analysis, only expression profiles
of CTCs may provide insight into altered pathways to possibly
identify new therapeutically targetable CTC signatures. For
example, in the study of Miyamoto et al., CTC heterogeneity in
the non-canonical Whnt signaling pathway was linked to resistance
against androgen receptor inhibition in a small cohort of prostate
cancer patients [45].

In addition, we investigated cancer-clone dynamics in several
tumor tissues and the corresponding ¢fDNA sample from
MEL003.1. Here, cfDNA analysis displayed the occurrence of a
NRAS Q6IR mutation after multiple lines of treatment, possibly
mediating drug resistance. This case report indicated the pivotal
role of clonal evolution under therapeutic pressure and the
advantages of LB analysis to detect predominant tissue mutations
in plasma when lesions are not accessible for biopsies or only
insufficient DNA quantities and/or qualities are available for tissue
profiling. Especially in MEL, rapid adaption of the mutational
signature in response to selective treatment has been reported
[46]. In the study by Gorges et al.,, continuous changes of the
mutation profiles were detected in CTCs from MEL patients
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regarding the genes BRAF, NRAS, EGFR, and MAP2KI|. Cancer
plasticity during targeted therapy has not only been evident from
the analysis of cfDNA and CTCs but also from studies of blood-
derived extracellular vesicles as previously published by our group.
In the study of Yap et al,, a change in the mutant variant profile
from BRAF V600E to V600K was detected in extracellular vesicles
from a MEL patient under BRAF-MEK inhibition, and the
emergence of KRAS GI2D mutation was found after cetuximab
treatment of a CRC patient with a KRAS wildtype primary tumor
[47]. This highlights how promising LB analysis is to detect escape
mutations prior to clinical manifestation of cancer progression.

Simultaneous analysis of multiple LB components such as CTCs
and ¢fDNA might improve patient surveillance. Comparable to our
results, previous analysis of our group demonstrated an indepen-
dence of CTC and <fDNA levels in CRC patients (stage 1-1V),
indicating the great potential for complementary analysis of both
fractions [26]. Similarly, synergy was also discussed by Gorges et al.,
demonstrating that the parallel analysis of CTCs and cfDNA in MEL
patients provided supplementary information for monitoring of
the underlying disease [46]. This was supported by Onidani et al,,
who performed NGS analysis of CTCs and cfDNA from patients with
HNSCC, CRC, esophageal, and gastric cancer [48]. Low concordance
indicated that both biomarkers exhibit private mutation footprints,
allowing an increased sensitivity of tissue profiling when analyzing
both constituents. Multiple studies reported that 26-52% of
variants were solely seen in liquid biopsies [32, 46, 49]. Concerning
our pilot project, a possible explanation for the exclusive detection
of gene alterations in liquid biopsies but not in tissue is that most
of the patients presented with multiple cancer foci, of which only
one or two were sequenced and compared to LB. Therefore,
analysis of all metastases might reveal increased concordance
rates. More importantly, this is again consistent with a high
influence of tumor heterogeneity on mutation prevalence in a
spatial and temporal manner [3].

From a clinical perspective, adequate diagnostic tools to closely
monitor changes in clonal cancer architecture toward disease
progression are urgently needed, since most patients develop
recurrent or progressive disease despite the many advances in
patient management. Therefore, LB should be recognized notasa
surrogate for standard tissue profiling but rather as a relevant
complementary biomarker to depict the molecular profile of the
underlying disease and reveal therapy-induced emergence of
cancer subclones. Our results clearly emphasized the advantages
of cfDNA-based cancer profiling, indicating a superior utility in
CRC and MEL compared to HNSCC. It was furthermore demon-
strated that in some patients CTCs may serve as an additional
means to detect rare subclones and more closely investigate
wmor heterogeneity, possibly leading to treatment resistance.
Prior to clinical application, however, standardization of isolation
and analysis procedures remains a prerequisite.

MATERIAL AND METHODS

Patient recruitment and study cohort

Eighteen patients diagnosed with metastasized HNSCC, CRC, and
MEL were enrolled in our study at the Charité University Hospital.
Patients’ informed written consent was obtained prior to sample
collection, which included blood and archival FFPE tissue. Qur
study was approved by the local ethics committee (EA 4/087/15).

CTC isolation and whole genome amplification

CTCs were enriched using the RosetteSep ™ Human CD45 Depletion
kit (Stemcell Technologies, Vancouver, Canada). During the pre-
liminary recruiting phase, an additional blood sample was processed
in parallel, from which peripheral blood mononuclear cells were
isolated together with CTCs by a density gradient centrifugation
protocol using Ficoll-Paque PLUS (GE Healthcare Life Sciences/Merck
KGaA, Darmstadt, Germany). CRC- and HNSCC-derived tumor cells
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were stained for EpCAM and EGFR, whereas MCSP was detected on
MEL-CTCs. Leucocytes were identified based on their CD45
expression. In addition, a viability staining was performed using
the LIVE/DEAD™ Fixable Blue Dead Cell Stain (Thermo Fisher
Scientific, protocol details in Supplementary information). Using
Leica’s DMI 3000B inverted microscope for visualization (Leica
Biosystems, Wetzlar, Germany), viable CTCs were identified as CD45-
negative and tumor marker-positive cells and isolated using the
Microinjector IM-9B (Narishige Group, Tokyo, Japan). CTC samples
were subjected to an overnight WGA as single or pooled cells
according to the manufacturer’s instructions of the REPLI-g Single
Cell kit (Qiagen). To evaluate DNA integrity of CTCs and thus
effective WGA procedure, a QC-PCR was performed according to the
manufacturer’s protocol (Amplil ™ QC kit from Menarini Silicon
Biosystems, Castel Maggiore, ltaly). The Amplil ™ QC kit amplifies up
to four DNA fragments of different size and chromosomal location
to predict successful downstream application.

Library preparation and targeted sequencing

A detailed description of the DNA isolation from whole blood,
plasma, and FFPE specimens is given in the Supplementary
information. The HaloPlex™ HS target enrichment system for
lllumina sequencing (Agilent Technologies, Santa Clara, USA) was
used for mutational profiling of archival tumor tissue from CRC
and HNSCC patients as well as the LB-derived samples from the
entire cohort. Our in-house panel was designed to detect
frequently mutated genes of functional relevance in cancer [50],
targeting the exonic sequence of 327 genes (1.47 Mb). Library
preparation was performed as previously described following
manufacturer’s protocol (Agilent, protocol version Cl, December
2016) [50]. DNA input varied depending on the available DNA
concentrations isolated from different starting material, such as
FFPE tissue, whole blood, cfDNA, or CTCs, ranging between 10 and
100 ng. Paired-end sequencing was carried out on the lllumina
NextSeq500 platform with the High Output v2 sequencing kit (300
cycles, lllumina, San Diego, USA).

Sequencing of the metastatic tissue of the MEL-cohort was
performed as part of the Treat20plus study conducted at the Max
Planck Institute in partnership with the Charité Comprehensive
Cancer Center. WES was performed on the HiSeq™ system
following the protocol of the Nextera Rapid Capture Exome and
Expanded Exome kit (lllumina), which covers 201,12] rarget
regions and comprises approximately 62 Mb of DNA.

Sequencing data analysis and variant calling

Raw fastq files were processed with the Agilent SureCall Software
(version 3.5.1.46). A median sequencing depth of 158-fold, 83-fold,
74-fold, and 47-fold was achieved in germline, FFPE, cfDNA, and
CTC samples, respectively. Personal alterations were excluded
when detected in the individual whole blood sample. Remaining
alterations were sieved based on their predicted deleterious effect
annotated in the COSMIC database [51, 52] and the Cancer
Genome Interpreter [53, 54]. Further analysis was performed as
previously described [50]. The detailed procedure of variant calling
and data analysis is described in the Supplementary information
and depicted in Supplementary Fig. 2. Sequencing data will be
available from the corresponding author upon reasonable request.

Statistical analysis

Continuous variables were summarized by median and range, and
categorical variables by frequency. Due to the small sample size,
no statistical comparisons were made.
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