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Abstract: Treatment of aggressive glioblastoma multiforme (GBM) must be based on very precise histological and
molecular diagnostic of GBM type. According to the WHO guidelines, only tissue biopsy is a relevant source of cel-
lular material evaluated in the diagnostic process to specify the tumor features. Nevertheless, obtaining a GBM
biopsy is complicated and relies mostly on resection surgery. Evaluating circulating free DNA and/or circulating
tumor cells (CTCs) in the clinic, using a liquid biopsy could represent a non-invasive cancer care optimization. In
the present study, the peripheral blood of patients undergoing GBM resection (n = 18) was collected and examined
for CTCs. The feasibility of GBM molecular diagnostics from a simple non-invasive peripheral blood withdrawal was
evaluated. The size-based enriched CTCs were analyzed using cytomorphology and their origin confirmed based on
mutational analysis. In addition, shared DNA mutations in CTCs and in primary tumor tissue were searched. For
the identification of CTCs, next generation sequencing (NGS) was used. The GeneReader™ sequencing platform
enables targeted sequencing of a 12-gene panel and direct evaluation of detected gene variations using QIAGEN
Clinical Insight Analyze (QCI-A) software with a special algorithm for liquid biopsy sequencing analysis. Herein, we
present a standard operating procedure for CTC enrichment in GBM patients, CTC in vitro culture, CTC cytomorpho-
logical evaluation, and NGS analysis of CTCs using the QIAGEN Actionable Insights Tumor (ATP) Panel. CTCs were
present in all tested patients (18/18). The NGS data generated for formalin-fixed paraffin-embedded (FFPE) primary
tumor tissues and CTCs reached significantly high-quality parameters. The comparisons between different sample
types (CTCs vs. primary tumors) and sampling area (different primary tumor regions) showed a significant level of
concordance, indicating CTC testing could be used for patient monitoring and recurrence awareness. Notably, more
mutations were detected when analyzing CTC samples compared with the paired primary tumors (n = 3). The results
confirm the feasibility of using CTCs as a source of tumor DNA in a diagnostic process, especially when evaluating
the molecular characteristics of GBMs. A major advantage of the presented NGS approach for detecting CTCs is
the simultaneous identification of several markers relevant for GBM diagnostics, allowing molecular diagnostics on
cytological specimens and potential administration of innovative targeted therapies.
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Introduction mately 16 months [2, 3]. Despite the aggres-
sive and highly invasive nature of GBM cells, the

Malignant primary brain tumors are the third tumor rarely develops extracranial metastasis.

leading cause of death in adults 15-34 years of
age [1]. One of the most common and aggres-
sive primary malignant brain tumors is gliob-
lastoma multiforme (GBM). The current median
overall survival (OS) of GBM patients is approxi-

However, clinical descriptions of GBM metasta-
ses have become more frequent. These obser-
vations indicate GBM can disseminate not only
via the cerebrospinal fluid (CSF), but also th-
rough the circulatory system such as blood-
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stream and lymphatic vessels [4]. Analyses of
cerebrum autopsy specimens showed the inci-
dence of extracranial glioma metastases has
an incidence of 0.4% [5]. These data indirectly
indicate the existence of circulating tumor cells
(CTCs) and disseminated tumor cells (DTCs) in
glioblastoma.

CTCs are cells that have been shed from the
site of tumor origin. CTCs could be used for dis-
ease monitoring in GBM patients if the proto-
col for CTC isolation and identification is stan-
dardized. In the present study, a CTC enrich-
ment protocol using peripheral blood of GBM
patients undergoing surgery was proposed.
Based on the study model, not only standard
GBM tissue was obtained but also size-based
enriched CTCs, and their relationship to the
primary tumor was confirmed on a molecular
level. The simplest way to confirm the associa-
tion between the primary tumor and CTCs is
the detection of known mutations. Because
many new genes have been discovered in GBM
research, next generation sequencing (NGS)
could provide significantly more information le-
ading to new clinical trials and targeted drug
administration for both the primary GBM and
recurrent tumors. There is a narrow therapeutic
window when clinicians can determine the dis-
ease progression and identifying CTCs with a
simple blood test during suspicious recurrenc-
es would be advantageous.

Evidence shows that CTC count and their char-
acteristics have prognostic validity in epithelial
cancers and is associated with progression-
free survival (PS), OS, and stage disease. The
clinical utility of CTCs in GBM is limited due to
the technical obstacles associated with their
isolation and detection.

A major revision of the WHO classification for
tumors of the central nervous system was im-
plemented in 2016 [6]. The main adjustment
was the incorporation of molecular criteria to
the diagnostic classification. In previous stud-
ies, molecular characteristics were shown to
not only hold a diagnostic value but also pro-
vide more detailed information regarding prog-
nosis [7, 8J.

Targeted panels in NGS allow parallel detec-
tion of several markers relevant for glioma dia-
gnostics and yield assay information that wo-
uld otherwise require several tests. The cost of
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NGS is rapidly decreasing and the test can be
performed on very limited tissue material (mini-
mal requirement for our protocol is 10 ng of
DNA from approximately 1,500 cells consist-
ing of at least 30% neoplastic cells) indepen-
dent of the method by which the tissue was
obtained (e.g., resection, biopsy, or cytology).

In the present study, CTCs were detected in
GBMs and analyzed using NGS. The obtained
sequencing data were used with clinical data to
improve the therapy outcome for patients.

Materials and methods
Patients

A total of 18 patients diagnosed with GBM and
who underwent surgical resection were enroll-
ed in the present study. Testing for the pres-
ence of CTCs in peripheral blood was perform-
ed to characterize the level of tumor dissemi-
nation. For each patient, two samples of ap-
proximately 8 mL of venous blood were drawn
from the antecubital vein prior to surgery and
placed into S-Monovette tubes (Sarstedt AG &
Co., Numbrecht, Germany) containing 1.6 mg
EDTA/mL blood as an anticoagulant. The sam-
ples were processed at room temperature us-
ing an isolation procedure and completed wi-
thin 24 hours after the blood draw. Clinical da-
ta were collected from all participating pati-
ents. The patient characteristics are shown in
Table 1.

The protocol for this study was approved by the
Ethical Committee of Krajska zdravotni a.s. in
Usti and Labem. Written informed consent was
obtained from all study subjects and the study
was conducted in accordance with the princi-
ples of the Declaration of Helsinki.

CTCs enrichment and culture

The presence of CTCs was determined based
on single cell cytomorphology followed by mo-
lecular testing (qPCR analysis).

To enrich CTCs, a size-based separation proto-
col and MetaCell® tubes were used (MetaCell
s.r.o., Prague, Czech Republic) [9-11]. The pro-
cess is based on the filtration of peripheral
blood through a porous polycarbonate mem-
brane (pores 8 uM in diameter). The minimum
and maximum volumes of the filtered periph-
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Table 1. Patient characteristics and paired CTCs and NGS results (CTCs, circulating tumor cells; NGS, next generation sequencing)

Sex Code Age Si;ﬁzry Histology Tumor special characteristics if any ~ Survival cre Mutation detected in CTCs tur::;:q(la—'ll?lli’E) L\I/I:E;aEt)lorngte t;f]tcidslrr:j Tlg:gptlimor
F 159116 51 resection GBM alive YES PIK3CA 3samples ALK, PIK3CA, KIT  PIK3CA
F 164616 46 resection LGGWHO Il Ki67 10-15%, without codeletion 13p19q alive YES 1 sample none
M 168716 51 resection GBM X YES 2 samples EGFR, PIK3CA EGFR, PIK3CA
F 192816 54 resection GBM X YES 2 samples PIK3CA PIK3CA
F 202516 65 resection GBM X YES 1 sample KIT, EBBR2
M 203516 52 resection GBM Ki 67 20% X YES 1 sample KIT
M 220216 32 resection LGG WHO Il LGG- astrocytoma grade Il alive YES 2 samples none PDGFR (second run)
M 230916 65 resection LGG-GBM X YES NO
M 231816 70 biopsy GBM Ki 67 20% X YES NO
M 249516 39 resection GBM Ki 67 20% X YES 2 samples PDGFR, EGFR PDGFR, EGDR
F 274216 37 resection GBM Ki67 30%, secondary GBM X YES
M 7818 75 resection GBM X YES ALK, BRAF, EGFR, PDGRA, PIK3CA 1 sample ALK, BRAF, EGFR,
PDGRA, PIK3CA
M 11518 63 resection GBM ATRX +, Ki67 25% X YES ALK, EGFR, PDGFR, PIK3CA 1 sample ALK, EGFR, PDGFR
M 86818 74 resection GBM X YES ALK, EGFR, KRAS, PDGFR, PIK3CA
M 37419 57 resection GBM Ki67 15% alive YES EGFR, PDGFR
F 41119 34 resection LGG without codeletion, 1p36/19q13 alive YES EGFR
M 47519 66 resection GBM Ki 67 20% alive YES EGFR, KIT PDGFR
F 59919 34  biopsy GBM alive YES EGFR, KIT KRAS, PDGFR, PIK3CA
4491 Am J Trans| Res 2021;13(5):4489-4499
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eral blood may be adjusted up to 50 mL with
fluid. The enriched CTCs were directly trans-
ferred onto a separation membrane in a 6-
well culture plate. Next, 4 mL RPMI media was
added to the filter top and CTCs were cultured
on the membrane in vitro under standard cell
culture conditions (37°C, 5% CO, atmosphere)
and observed using an inverted microscope.
CTCs were grown in FBS-enriched RPMI medi-
um (10%) for a minimum of 14 days on the
membrane. The cultured cells were analyzed
using vital fluorescent staining microscopy af-
ter 3-5 days of in vitro culture (Celltracker™,
NucBlue™, MitoTracker™, Thermo Fisher Sci-
entific, Waltham, MA, USA). Several cytomor-
phological parameters were evaluated. The via-
ble cells (stained on the separation membra-
ne) were examined using fluorescence micros-
copy at 20 x magnification to locate the cells
and at 60 x magnification for detailed cytomor-
phological analysis. Isolated cells and/or clus-
ters of cells of interest were selected, digitized,
and examined by an experienced researcher
and/or pathologist. CTCs were defined as ce-
lls presenting the following characteristics: (i)
nuclear size > 10 um; (ii) irregularity of the
nuclear contour; (iii) presence of a visible cyto-
plasm; (iv) prominent nucleoli (v) high nucle-
ar-cytoplasmic ratio; (vi) “fatty” cytoplasm; (vii)
mitochondrial network presence.

NGS analysis
Sample and DNA isolation

Formalin-fixed paraffin-embedded (FFPE) tu-
mor material from primary tumor tissue sam-
ples were collected. The following tumor tissue
types were considered: glioblastoma, low-gra-
de glioma, astrocytoma, and metastatic blad-
der carcinoma (Table 1). All samples were pro-
cessed using the routine diagnostic pipeline
from 2017 thru 2019. Simultaneously, CTCs
were collected, analyzed, and stored in RLT
buffer (-20°C) for DNA isolation. DNA was iso-
lated for both sample types (primary tumors
and CTCs) using the DNA mini-blood separa-
tion protocol using QIAcube (Qiagen, Hilden,
Germany). The purity and concentration of DNA
were determined using Nanodrop and Qubit
(Thermo Fisher Scientific).

GeneReader assay and sequencing
DNA (40 ng) from each sample was used as

template for the QIAGEN Actionable Insights
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Tumor (ATP) Panel. For each sample, the QI-
AGEN ATP Panel amplifies 330 amplicons cov-
ering 16.7 kb, interrogating 773 unique variant
positions in 12 genes of high prognostic and
therapeutic relevance in solid tumors (KRAS,
NRAS, KIT, BRAF, PDGFRA, ALK, EGFR, ERBB2,
PIK3CA, ERBB3, ESR1, and RAF1).

Targeted amplicons were further processed to
generate a library for sequencing. Libraries
were prepared using the QIAGEN GeneRead
DNA Library Kit and an automated protocol
on a QlAcube according to the manufactur-
er's instructions. Both PCR-enriched DNA and
GeneRead libraries were qualified and quanti-
fied externally using a capillary electrophoresis
system according to the manufacturer’s ins-
tructions. The clonal amplification was provid-
ed via emulsion PCR. Bead enrichment steps
were conducted using the GeneRead Clonal
Amp Q Kit and an automated protocol on Ge-
neRead QIAcube according to the manufactur-
er's instructions. Following clonal amplifica-
tion, amplicon libraries were sequenced using
the QIAGEN GeneRead Sequencing Q Kit and
an automated protocol on the GeneReader
instrument (all protocols available at http://
www.qgiagen.com).

GeneReader data processing

QIAGEN Clinical Insight Analyze (QCI-A) soft-
ware was used to perform the secondary an-
alysis of FASTQ reads generated automatically
by the GeneReader and align the read data to
the hg19 reference genome sequence, call se-
quence variants, and generate an interactive
report for visualization and quality control of
the sequencing results as well as a summary

of the data (Supplementary File).

All comparable variants were identified using
QCI-A secondary analysis pipeline for the ATP
on FFPE material (ATPf), where a 3% allelic fr-
action cut-off was used to call variants for FF-
PE samples. The pipeline for liquid biopsies
(ATPp), which allows a 1% allelic fraction cut-
off was not applied for CTCs as expected
because we also wanted the CTCs to receive
the same, strong conditions as FFPE.

After reviewing data validity, variants were
imported as industry standard variant call for-
mat (VCF) into the QClI-Interpret (QCI-I) web
interface, which enables data interpretation for
the previously identified variants. QCI-I then
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Figure 1. Circulating tumor cells (CTCs) in glioblastoma multiforme (GBM)
patients are shown after short term in vitro culture and vital fluorescent
staining (Celltracker™, NucBlue™, Mitotracker™) to enable evaluation of
cytological GBM features. Typically, CTCs in GBM appear as blast-like cells
with a smooth nucleus in lipid-enriched cytoplasm (A) with pale cytoplasm
in combination with typical cancerous nucleoli signs (B). Cells with several
nucleoli (e.g., >5) are often present.

generated a per sample report for each detect-
ed variant based on the curated content of
QIAGEN Knowledge Base including summary of
findings, direct link to the data source, and the
eventual recommended treatment.

Direct clinical relevance of GeneReader se-
quencing data

The ATP NGS assay was developed to focus
on clinically relevant mutations which are
included in approved therapeutic labels, pro-
fessional practice guidelines, and active late-
stage clinical trials. This approach results in a
selection of genes and variants with an unpar-
alleled level of direct clinical relevance. The
integrated bioinformatics pipeline QCI-A allows
analysis of the sequences and identification of
genetic aberrations while providing intrinsic
quality control measures to ensure confidence
in the call sequence of variants. QCI-I analyzes
direct clinical relevance and reports relevant
therapy or clinical trials.

Results

Herein, we present a standard operating pro-
cedure for CTC enrichment in GBM patients,
CTC in vitro culture, CTC cytomorphological
evaluation, and NGS analysis of CTCs using the
QIAGEN ATP Panel.

First, CTCs were detected preoperatively in
peripheral blood of patients (n = 18) who
underwent GBM resection. Size-based enrich-
ed CTCs were cultured in vitro and analyzed
using cytomorphology. Second, the feasibility
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of GBM molecular diagnostics
from a simple non-invasive
peripheral blood withdrawal
was evaluated.

Cytomorphological analysis

CTCs were evaluated in dupli-
cate (2 x 18) and detected in-
dependently in all blood sam-
ples tested (18/18). CTCs were
present in patients harboring
tumors of different histolo-
gical origin (GBM, low-grade
glioma, astrocytoma). Detailed
clinical data associated with
the presence and characteris-
tics of the CTCs are shown in
Table 1.

In general, cytomorphological analysis of CTCs
consisted of two microscopy evaluations at
two different time points (days 3 and 5 after
enrichment and in vitro culture) performed by
two independent evaluators.

Enriched CTCs are shown in Figure 1. Typically,
cells of blast-like phenotype with smooth
nucleus and rather pale cytoplasm were ob-
served. The cytoplasm was often enriched by
lipids, which is also typical for CTCs in testi-
cular cancer. The mitochondrial network was
usually very tightly organized. In more differen-
tiated cell subtypes, several nucleoli (e.g., 5)
were typically present. CTCs were not large in
size on average (< 15 um).

NGS of CTCs and primary tumors

For the clinical application of CTCs in GBM
management, the origin of the enriched CTCs
was confirmed using mutational analysis.
Shared DNA mutations in CTCs and in primary
tumor tissue samples were searched.

NGS was used for efficient CTC identification.
The GeneReader™ sequencing platform en-
ables targeted sequencing of an entire gene
group (n = 12) and direct evaluation of detect-
ed gene variants using the QCI-A software with
a special algorithm for liquid biopsy sequen-
cing analysis. Then, the QCI-A results were
interpreted using the QCI-I software.

The NGS data generated for FFPE primary
tumor tissues and CTCs reached significantly
high-quality parameters. The comparisons bet-

Am J Transl Res 2021;13(5):4489-4499
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Total number of detetected gene variants
in three samples from one tumor
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Figure 2. Total number of gene variants detected in three tissue samples
from the same primary tumor. High concordance between the three sam-
ples in number of NGS-detected gene variants was found for BRAF, EGFR,
KIT, PDGFRA, and PIK3CA genes.

Total number of detected variants for tested genes
in CTCs and primary tumors
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Figure 3. Total number of gene variants detected in CTCs and primary tu-
mors. The data were evaluated for the CTC and primary tumor samples and
averaged to minimize errors. As shown in the Figure, several of the mu-
tations are found more frequently in CTCs (e.g., more mutations in BRAF,
KRAS, and PIK3CA genes), indicating that only cell populations with these
mutations are circulating in the blood and may be prognostic factors for
more aggressive disease.

possibility of decreasing the
time necessary for preparing
and sequencing samples while
maintaining high accuracy and
run performance.

For each of the 8 CTC and 16
primary tumor samples test-
ed, 1,279,108 reads on aver-
age were detected (1,362,147
reads for primary tumors and
1,149,711 for CTCs) and the
samples were determined
valid. The results confirm the
feasibility of using CTCs as a
source of tumor DNA in the
diagnostic process, especially
when evaluating the mole-
cular characteristics of GBMs
(Figures 3, 4).

When duplicates and tripli-
cates of primary tumor tissue
samples were compared, sig-
nificant differences in read
quantity were not observed.
Similarly, if CTCs and primary
tumors from the same patient
were compared, the efficiency
of the NGS reactions generat-
ed similar read volumes, read
quality, and above-average
coverage (= 500). More detail
can be found in Supplemen-
tary File which include com-
pleted automatic reports for
every sample.

Based on the basic sequenc-
ing quality score, NGS results
for all tested samples were
determined valid. This indi-
cates the implemented Stand-
ard Operating Protocol (SOP)
for CTC sequencing (NGS) and

ween different sample types (CTCs vs. primary
tumors) and sampling areas (different primary
tumor regions) showed a significant level of
concordance (Figure 2). The reported quality
of NGS indicates CTC testing could be used for
patient monitoring and recurrence awareness.
Notably, more mutations were detected when
analyzing CTC samples compared with the
paired primary tumors (n = 3).

Targeted NGS using the semi-automatic work-
flow of the GeneReader System showed the
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generated data (sequences) can be used for
further software analysis and clinical interpre-
tation (Table 2). Several examples of detected
gene variants and their frequencies are shown
for CTCs and primary tumor sample types.

Reporting of NGS-detected sequence variants
to the clinics

The mutation (variant) calling process was suc-
cessfully based on connection of an automatic
data transfer, analysis, and interpretation. At

Am J Transl Res 2021;13(5):4489-4499
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The ratio of detected gene variants (VOIs vs. Total)
in CTCs
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detected mutation frequency
on the primary tumor level
(Table 3). These differences
are then interpreted for clini-
cal practice.

Hypothetically, this primary
tumor heterogeneity may be
overcome by using CTC po-
pulations, which statistically
could be more mixed and carry
all the mutations from the pri-
mary tumor inside the CTCs
from various tumors.

Comparison of the QCI-I re-
sults for chosen CTCs and

E VOl mTotal

paired primary tumor samples
with reported data on gene

Figure 4. Non-synonymous variants of interest (VOIs) and total number of variant  pathogenicity show

gene variants detected in CTCs. The data show that most mutations de-
tected in CTCs were found in EGFR, PDFGR, and PIK3CA genes.

the end of the analysis process, a clinically rel-
evant report summarizing the mutations with
pathogenic impact was obtained (according to
the American Molecular Pathologists classi-
fication) [12].

The transparency of the variant separation into
the four main categories (tiers) renders the
data easier to interpret for clinicians before
enqueuing patients into the running clinical
studies. Sequence variants in somatic condi-
tions are divided into four categories based on
their clinical impact: tier I, variants with strong
clinical significance (level A and B evidence);
tier Il, variants with potential clinical signifi-
cance (level C or D evidence); tier lll, variants
with unknown clinical significance; and tier 1V,
variants that are benign or likely benign. De-
tected somatic variants of the tested genes
included single nucleotide variants (SNVs), mis-
sense mutations, and indels.

The clinical impact of a detected gene variant
is determined according to currently available
evidence in genomic databases. In the Gene-
Reader system, this categorization process is
provided by the QCI-I software. We show some
of the comparisons for tumor duplicates (sam-
ples BC4 vs. BC5, BC6 vs. BC7, BC11 vs. BC12)
made on the QCI-I level that analyzing dupli-
cates may reveal significant differences in the
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more mutations are generally
detected in CTC than in prima-
ry tumor samples, however,
the variants were present at very low frequen-
cy. This is an issue because only mutations
with > 1% frequency are reported to the clinic.
If the frequency is < 1%, the quality of NGS
analysis for the specific gene has to be re-eval-
uated. As shown in Table 4, the above-men-
tioned frequency is significant; however, sever-
al mutations in the PIK3CA gene occurred.

Discussion

Brain tumors may be difficult to access and
surgery may result in morbidity. Processing of
tissue samples, including fixation and paraffin
embedding, may limit subsequent molecular
analysis. The use of liquid biopsies as a com-
plement to tumor biopsy analysis offers ad-
vantages in confirming diagnosis, identifying
mutations present, monitoring tumor evolution,
and response to therapy.

Circulating biomarkers, including circulating
tumor nucleic acids, CTCs, and extracellular
vesicles (EVs), which contain tumor DNA as
well as other macromolecules, have shown tre-
mendous promise as a type of liquid biopsy
in oncology [11, 12]. Although the technical
aspects of biomarker detection require further
optimization, these tools have already demon-
strated diagnostic, prognostic, and predictive
value in several tumor types.

Am J Transl Res 2021;13(5):4489-4499
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Table 2. Comparison of the frequency of non-synonymous variants of interest (VOIs) and total number
of detected variants in CTC and primary tumor samples

Non-synonymous VOIs Total number of detected variants
% Avg % CTC % Primary tumor % Avg % CTC % Primary tumor
ALK 20 20 1,836,735 878,187 9,774436 8,181818182
BRAF 7,5 8,57,1429 6,122449 5,382436 7,518797 4,090909091
EGFR 17,5 14,28571 18,36735 15,58074 15,03759 15,90909091
ERBB2 0 0 0 7,932011 5,263158 9,545454545
ERBB3 0 0 0 6,232295 3,007519 8,181818182
ESR1 16,25 11,42857 18,36735 7,082153 6,766917 7,272727273
KIT 13,75 5,714286 18,36735 10,1983 7,518797 11,81818182
KRAS 1,25 2,857143 0 7,365439 8,270677 6,818181818
NRAS 0 0 0 2,266289 2,255639 2,272727273
PDGFRA 16,25 20 12,2449 8,78187 9,022556 8,636363636
PIK3CA 12,5 17,14286 8,163265 19,83003 25,56391 16,36363636
RAF1 0 0 0 0,566572 0 0,909090909

As shown in the Table, certain gene variants were found more frequently in CTCs or primary tumors (shown in bold; the number
is higher than the average of CTC and primary tumor). Notably, the frequency of several mutations is doubled in CTCs (e.g.,
PDGFRA and PIK3CA genes) compared with primary tumors.

Table 3. Comparison of the QCI-I results for chosen primary tumor duplicates with reported data on
gene variant pathogenicity

Allelic frequency (%)

Gene Variant Tier Pathogenicity Effect

Sample BC4 FFPE Sample BC5 FFPE
EGFR c.2125G>A, p.E7T09K 2C U missense 4,81 -
PIK3CA ¢.3073A>G, p.T1025A 2C U missense - 11
KIT c.1737T>C, p.D579D 4 possibly not missense 4,17 -

Sample BC6 FFPE ~ Sample BC7 FFPE
PIK3CA ¢.1049A>G, p.D350G 2C U missense 4,49 -

Sample BC11 FFPE Sample BC12 FFPE
EGFR ¢.2508C>T, p.R836R 4 possibly not  synonymous 26 42
PDGFRA  ¢.661C>T, p.L221F 4 possibly not missense 36 40

Table 4. Comparisons of the QCI-I results for chosen CTCs and paired primary tumor samples with
reported data on gene variant pathogenicity

Allelic frequency (%)

Gene Variants Tier Pathogenicity Effect

CTC BC8 FFPE
BRAF ¢.1750C>T, p.L584F 1A U missense 0,59 -
PIK3CA €.241G>A, p.E81K 2C ] missense 1,01 -
ALK ¢.3833A>G, p.Y1278C 2C Very Likely missense 0,52 -
PIK3CA c.328G>A, p.E110K 2C Very Likely missense 1,3 -
PIK3CA ¢.3025G>C, p.G1009R 2C Very Likely missense - 4,03

More mutations were detected in the CTC samples than in the primary tumor samples (BC8), however, variants were generally
present at very low frequency (only mutations with > 1% are reported to the clinic). If the frequency is < 1%, the quality of NGS
analysis for the specific gene has to be re-evaluated. As shown in the Table, several mutations in the PIK3CA gene occurred.

Several independent groups have reported the Sullivan demonstrated that CTCs were identi-
presence of CTCs in blood samples from GBM fied in at least one blood specimen from 13
patients. of 33 patients (39%; 26 of 87 samples) with
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GBM [13]. In one study, only 29 (20%) of the
cohort including 141 patients with GBM had
detectable CTCs, and in many cases, only one
cell was found per 10-mL of blood sample per
patient [14]. MacArthur and colleagues des-
cribed the detection of GBM CTCs using nestin
and human telomerase as markers in a novel
telomerase assay. CTCs were detected in 71%
of patients and were predictive of disease pro-
gression [15].

Possible candidates for clinical applications in
glioblastoma, the challenging isolation, and the
low number of CTCs detected restrict the num-
ber of available studies. Traditionally, antibody-
mediated capture (positive selection) was used
to isolate CTCs by targeting extracellular mem-
brane proteins such as EpCAM. While success-
ful for most solid tumors, for non-epithelial
cancers such as brain gliomas, identifying a
tumor-specific membrane protein is extremely
difficult. Furthermore, only CTCs with the target
protein are isolated using this approach.

Glioma cells frequently undergo EMT to sup-
port tumor propagation and invasiveness [16].
Mesenchymal GBM appears to be the most
aggressive and regularly self-renews [17, 18].
The mesenchymal GBM is not the only sub-
type that contributes to metastases. GBM is
heterogeneous and all four subtypes can
coexist in the same tumor [19]. In a study by
Sullivan, all the GBM CTCs detected in patient
samples as well as patient-derived xenografts
shared a mesenchymal expression profile. Si-
milarly, in the index GBM patient with multiple
systemic metastases, all extracranial lesions
were predominantly mesenchymal [13].

We recently introduced a size-based separa-
tion method which efficiently achieves isola-
tion of CTCs, depletion of leucocytes without
lysis, and culturing of CTCs. CTCs have never
been isolated and directly cultured in patients
with GBM. The majority of patients with glio-
blastoma have circulating brain tumor cells
within the peripheral blood. Because these
cells are very rare and express a subset of
markers present in primary GBMs, their iden-
tification was made possible using the size-
based separation method. We were the first to
report on the successive long-term culturing of
GBM CTCs and sequencing comparison.
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Glioblastoma is a highly malignant brain tumor
with limited treatment options. However, pseu-
do-progression is observed in approximately
20% of patients [20, 21] and can be difficult
to distinguish from true progression. Magnetic
resonance imaging (MRI) is often the only al-
ternative for clinicians, but its effectiveness
is limited due to multiple factors. Only surgery
followed by pathological confirmation of vital
tumor cells in the lesion can verify the progres-
sive state. However, the surgery often leaves
the patient clinically unfit for further treatment.
Therefore, a less time-consuming and non-
invasive method for treatment monitoring is
needed and a blood-based biopsy appears
promising.

A liquid biopsy has several advantages com-
pared with tissue biopsy. Liquid biopsy is a sim-
ple and less invasive procedure that can pro-
vide similar information from certain body fluids
(mainly blood) than what is usually obtained
from a tissue biopsy sample [22]. In addition, a
liquid biopsy has potential clinical utility that
could facilitate early detection of cancer as we-
Il as improve patient follow-up by managing
tumor progression and monitoring therapy re-
sponse [23]. Liquid biopsy, and the associated
ease of monitoring treatment response, would
allow significantly more discovered (targeted)
drugs to be tested in clinical trials and eventu-
ally used in the clinic. Once established, using
liquid biopsy with NGS can become an easily
used routine in molecular pathology labora-
tories.
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