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Simple Summary: Brain tumors are the most common solid cancer in children and are traditionally
diagnosed via a tissue biopsy or resection. Liquid biopsy offers the possibility to characterize brain
tumors based on their circulating DNA in blood, cerebrospinal fluid or even urine. Moreover, disease
progress can be monitored accurately and sometimes even detected before radiographic progression.
More trials are needed to standardize the use of liquid biopsy in pediatric brain tumors.

Abstract: Background: Pediatric brain tumors are the most common solid tumor in children. Tradi-
tionally, tumor diagnosis and molecular analysis were carried out on tumor tissue harvested either via
biopsy or resection. However, liquid biopsy allows analysis of circulating tumor DNA in corporeal
fluids such as cerebrospinal fluid or blood. Methods: We performed a systematic review in Pubmed
and Embase regarding the role of liquid biopsy in pediatric brain tumors. Results: Nine studies with
a total of 570 patients were included. The preferred corporeal fluid for analysis with a relatively high
yield of ct-DNA was cerebrospinal fluid (CSF). For high-grade glioma, liquid biopsy can successfully
characterize H3K27mutations and predict tumor progression before it is radiographically detected.
Moreover, liquid biopsy has the potential to distinguish between pseudo-progression and actual
progression. In medulloblastoma, ct-DNA in the CSF can be used as a surrogate marker of measurable
residual disease and correlates with response to therapy and progression of the tumor up to three
months before radiographic detection. Conclusion: Liquid biopsy is primarily useful in high-grade
pediatric brain tumors such as diffuse midline glioma or medulloblastoma. Disease detection and
monitoring is feasible for both tumor entities. More trials to standardize its use for pediatric brain

tumors are necessary.

Keywords: liquid biopsy; pediatric brain tumors; pediatric neurosurgery; diffuse midline glioma;
medulloblastoma

1. Introduction

Pediatric brain tumors (PBT) are the most common solid tumors in children, with
an incidence of 5.7 per 100,000 children, and the leading cause of tumor-related mortality
in children [1,2]. The two most common PBTs are gliomas and medulloblastoma (MB).
Gliomas, of which a third are classified as high grade, comprise the majority of all PBTs,
whereas medulloblastomas are the most common malignant PBT [3,4]. Over the previous
years, considerable advances have been made in classifying these tumors on a molecular
basis and identifying mutations in specific tumor types [5-7]. This development has also
been implemented in the new World Health Organization (WHO) classification of central
nervous system (CNS) tumors, which highly relies on molecular classification [8]. Pediatric
high-grade gliomas (pHGG) are now classified as diffuse midline gliomas (DMG) H3 K27-
altered, diffuse hemispheric glioma H3 G34-mutant, and diffuse pHGG H3-wildtype and
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IDH-wildtype [8]. Similar changes were also applied to medulloblastomas [8]. Traditionally,
these molecular markers are identified on tumor DNA harvested from a tissue sample
through biopsy or resection; however, over the last few years, new methods in which
circulating cell-free DNA or tumor DNA (ct-DNA), can be harvested from other corporeal
fluids such as cerebrospinal fluid (CSF), blood, or urine, the so called ‘liquid biome’, gained
popularity [9-11]. Such procedures are called liquid biopsies as the tumor DNA stems
from a corporeal fluid, instead of the solid tumor itself. Liquid biopsies are especially
promising for highly eloquent tumors, such as midline gliomas in the brainstem, in which
biopsy carries a high risk of postoperative morbidity [10]. Moreover, traditional tumor
biopsy carries the risk of sampling error due to tumor heterogeneity, whereas liquid
biopsy by measuring ct-DNA represents the entire tumor [9,11]. Hence, liquid biopsy
could be a potential new method for minimal invasive tumor diagnosis and allow for a
molecular tumor follow-up and disease monitoring [11-14]. To detect and quantify ct-DNA,
highly sensitive analyses such as digital droplet polymerase chain reaction (PCR) or next
generation sequencing are used, which allow detection and quantification of mutant tumor
alleles on the backdrop of normal cf-DNA [9,11,14-16].

So far, the literature on liquid biopsy in pediatric brain tumors is scarce and mainly
limited to midline gliomas and medulloblastomas [13,14]. The aim of this systematic review
is to give a comprehensive overview of the present knowledge and role of liquid biopsy in
pediatric brain tumors and to present a potential future prospective.

2. Materials and Methods

For this systematic review, we searched the databases PubMed and Embase and
included articles in English from their induction until the 1st of March 2022. We created a
search string including the keywords ‘liquid biopsy’ or ‘cf-DNA’ or ‘ct-DNA’ and ‘brain
tumor’ (Figure 1). We included randomized trials, retro- and prospective cohort studies, as
well as case series, but excluded reviews and technical reports. We only included studies
describing solely PBTs, which we defined as patients <20 years. After removal of duplicates,
which was done with the help of the web-based software Rayyan [17], all articles were
screened according to their titles by two authors independently (L.G. and N.F.). Thereafter,
the remaining articles were assessed according to their abstracts and full-texts by L.G. and
N.F. independently and a final list of articles was compiled. In case of a disagreement
concerning the in- or exclusion of a study, the senior author (J.S.) took the final decision.
This review was performed in accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines and registered with the research registry
(ID number 7820) [18].

((liquid biopsy [Title/Abstract]) OR (liquid biop* [Title/Abstract]) OR (circulating DNA
biops*[Title/Abstract]) OR (cfDNA[Title/Abstract]) OR (cell free DNA[Title/Abstract])
(cell-free DNA[Title/Abstract]))

AND

(((brain tumor [Title/Abstract]) OR (brain tumour [Title/Abstract]) OR (central nervous
system tumor [Title/Abstract]) OR (CNS tumor [Title/Abstract]) OR (CNS tumour
[Title/Abstract]) OR (central nervous system tumour [Title/Abstract]) OR
(gliom*[Title/Abstract]) OR (medulloblastoma [Title/Abstract]))

Figure 1. Detailed search string used in Pubmed to identify the relevant studies.

3. Results

We included nine studies with a total of 570 patients in this systematic review
(Figure 2) [13-16,19-23]. Five studies included only diffuse midline gliomas (127 patients),
three studies included medulloblastomas (212 patients) and one study included any CNS
tumor (258 patients, Table 1). All studies included were prospective non-randomized
trials. Two studies mainly aimed to test if liquid biopsy is feasible to profile pediatric brain
tumors [19] and specifically to detect H3 mutations in DMG [21]. One study reported
their optimization of ctDNA detection sensitivity in DMG [20]. The majority of studies
aimed to investigate whether liquid biopsy allows reliable monitoring of either DMG or
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MB and allows detection or even prediction of tumor progression by measuring changes
in ct-DNA concentrations [13-16,22,23] (Table 1). Only one technical report describes
the successful identification of micro-RNA-21 in five pediatric medulloblastoma patients
but, due to its lack of information on clinical data, it was not included in this systematic
review [24]. Through our systematic search, no further clinical study on pediatric brain
tumors describing liquid biopsy based on RNA were identified.

Identification of studies via databases and registers

Identification

[

Records identified from:
Databases (n = 320)
PubMed 44
Embase 276

Records removed before
screening:
Duplicate records removed (n
=55)

4

Records screened
(n = 265)

Records excluded
(n = 170) title

4

Reports sought for retrieval
(n=95)

v

v

Reports not retrieved
(n =44)

Screening

Reports assessed for eligibility
(n=51)

Reports excluded:
Review (n = 11)
Adults (n = 20)
Wrong outcome (n =7)
Different tumors (n=3)

Included

Studies included in review
(n=10)

Figure 2. PRISMA flowchart depicting the inclusion process of the studies.

Table 1. Overview of the included studies.

Author and No of Analyzed Targeted
Year of . Analyzed Tumor yzee 8¢ Method of Analysis Results
. Patients Corporeal Fluids Mutations
Publication
CNS tumors
(102 LGG,
Pages et al 35 HGG, 27 MB, Ultra-low-pass whole Low levels of
: 258 5 ATRT, CSF, blood, urine multiple genome sequencing 5 o
2022 [19] 2 ependymoma, (ULP-WGS) ct-DNA <1%,
1 pineoblasotma,
7 others)
. .. Reliable detection of
Lietal. Digital droplet .
2021 [20] 7 DMG CSF, blood H3K27M PCR (ddPCR) H2K27M .mutatlon
with liquid biopsy
Panditharatna CSF, blood, DEtECﬁ.OH of response
etal. 2018 [15] 48 DMG cyst fluid H3K27M ddPCR to radiotherapy and

recurrence in plasma
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Table 1. Cont.
Author and
Year of N(.) of Analyzed Tumor Analyzed . Targe‘t ed Method of Analysis Results
. Patients Corporeal Fluids Mutations
Publication
Sanger sequencing
for H3F3A and Liquid biopsy
Huang et al. H3K27, HIST1H3B,
2017 [21] 1 DMG CSF H3.3G34 and Nested PCR with ~ Successfully detects
) oo mutations in DMG
primers specific
to H3F3A
H3K27,
H3.3G34,
BRAFV600E,
Izquierdo et al. CSF, blood, G328V, Successful detection
2021 [14] 3 DMG and HGG cyst fluid IDH1, ddPCR of mutations in DMG
TP53,
PIK3CA,
MYCN
Spike in ct-DNA
detects and predicts
recurrence prior
C;‘g;‘z’r[%]‘“l' 28 DMSSE?}:” B?oscf(’:l H3K27 ddPCR to imaging,
P distinguishes between
progression and
pseudo-progression
CTNNB1, Ct-DNA.hig.her in
SUFU, ' metastatlF dls'ease,
D, CHEBE, | e i diens
Liu et al. KBTBD4, OW coverage who'e - progression priot to
123 MB CSF genome sequencing radiological
2021 [13] PT53, . .
(IcWGS) progression, higher
DDX3X, DNA Jevels i
PICHI Cturnors celz)]:estz)n
KDM6A CSF system
KMT2D,
KMT2C,
SMARCA4, BCOR,
TP53,
Sun et al. PTCH1, Next-generation Increase in ct-DNA in
2021 [16] 58 MB CSF, blood EP300, sequencing (NGS) disease progression
NF1,
SETD2,
MED12,
SPEN
. Whp le—genome.: Detection of different
bisulfite sequencing methvlation pattern:
(WGBS) and RN
. . pecific
Lietal anti-cytosine-5- methylation pattern
. 4 MB CSF Methylation methylenesulfonate
2020 [22] . changes throughout
(anti-CMS) thera dindi
. N py and indicates
Immunoprecipitation .
. response, significant
sequencing

(CMS-IP-seq)

association with PFS

Abbreviations: PCR = polymerase chain reaction, CNS = central nervous system, ct-DNA = circulating tumor
DNA, CSF = cerebrospinal fluid, LGG = low-grade glioma, HGG = high-grade glioma, MB = medulloblastoma,
ATRT = atypical rhabdoid teratoid tumor, DMG = diffuse midline glioma.

3.1. Analysis of Corporeal Fluids Used

All studies used CSF as body fluid whereas six studies additionally used blood.
Two studies also analyzed tumor cyst fluid and one study investigated urine as well
(Table 1). The concentration of ct-DNA is significantly higher in CSF compared to blood or
urine of PBT patients [14,15,19]. Cyst fluid, which was only available in two patients (0.3%),
showed the highest level of ct-DNA; however, it can only be obtained through surgical
procedures or post-mortem [14,15]. Ct-DNA in CSF seemed superior for disease monitoring
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CSF

all studies (n=9)

higher concentrations of ct-DNA than
blood, urine

difficult to obtain in children

ct-DNA higher in tumors close to CSF spaces

compared to ct-DNA in plasma [15,23]. Liu et al. detected that ct-DNA levels were increased
in MBs located close to the CSF spaces, such as the fourth ventricle, compared to MBs
located within the cerebellar hemisphere [13]. The study by Cantor et al. investigating
DMG, did not detect any difference in concentration depending on the different locations
(brainstem, thalamus, spinal cord) [23], whereas a third study investigated the different
concentration of ct-DNA with respect to tumor location and found that ct-DNA is more
abundant in the directly adjacent CSF spaces of the tumor [15] (Figure 3). These findings
suggest CSF to be the preferred corporeal fluid for liquid biopsies in pediatric brain tumors.

’ most studies (n=6)
’ one study ’ two patients
’ ¢asy to cbtainin children lowest concentrations of ?\\(jh(‘\? concentrations of
’ Ct-DNA ’ ct-DNA
ct-DNA can detect response to theropy
’ o i very difficult to obtain (surgically or
’ very easy to obtain in children ’ post-mortem)

Figure 3. Characteristics of the different corporeal fluids used for liquid biopsy [13-15,19].

3.2. High-Grade Glioma and Diffuse Midline Glioma

Five studies (55.5%) analyzed the efficacy and utility of liquid biopsies in HGG or
DMBG. Four of the studies included only patients with DMG. One study included in addition
to DMG, other high-grade gliomas, whereas one study included various PBTs (258 patients),
of which 35 (13.5%) were HGG or DMG [14,15,19-21,23]. All these studies investigated
their samples for H3K27 mutation. Two studies also detected additional mutations for
HGG, such as H3G34 and BRAF (V600E), IDH1, PIK3CA, and TP53 [14,21] (Table 2). In the
study by Huang et al., the patient with the H3G34 mutation suffered from a supratentorial
glioblastoma and was used as a control for patients in which no H3K27 mutation was
expected [21]. Harvesting enough DNA to detect a H3K27 mutation was successful in
67-96% of the collected CSF samples and 33-90% of the collected plasma samples from
patients with DMG [14,15,21,23].

Three studies described the feasibility of detecting H3K27 mutations reliably in CSF
or serum, with the aim of proving the concept of liquid biopsy [19-21]. The other three
studies investigated whether liquid biopsy is feasible for monitoring of DMG or HGG and
detection, or even prediction, of progression [14,15,23] (Table 2).

One study showed that in 83% of all patients undergoing radiotherapy a significant
decrease in ctDNA with H3K27 mutation could be detected in plasma [15]. Moreover, a
larger amount of ctDNA was detected in 60% of all patients during disease progression
or increase in tumor size [15]. Another study by Cantor et al. showed that a decrease
in ct-DNA mutations in CSF correlated significantly with a prolonged progression-free
survival (PFS), whereas the number of ct-DNA mutations in plasma did not reach statis-
tical significance [23]. An increase in ct-DNA in plasma was measured before the actual
radiographic tumor progression was noticed in 50% and occurred with progression in
18.5%. In the CSEF, a ct-DNA spike preceded progression only in 45% [23]. Moreover, in two
patients, changes in ct-DNA measuring H3K27M mutations could differentiate between
pseudo-progression and pseudo-response after bevacizumab treatment [23]. Similar results
were reported by Izquierdo et al., who described two cases of DMG, in which an increase in
plasma ct-DNA correlated with and preceded a shorter time interval to progression. On the
other hand, they also reported two cases of hemispheric HGG with BRAFV600 mutations
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who showed an early decrease in plasma ct-DNA concentration, correlating with increased
progression-free and overall survival (OS) [14].

Table 2. The role of liquid biopsy in different tumor types.

Differentiation
Specific Mutations Detection Monitoring of Disease Progression vs.
Pseudoprogression
1_11133;2;1 Response to radiotherapy
BR AFV606E (plasma) (83%) and Differentiation between
High-grade glioma G328V ’ Reliable detection recurrence (plasma/CSF) progression /
(including DMG) IDHL. in CSF (60%) measurable pseudoprogression/
TP53, (64-96.5%) recurrence can be detected  pseudoresponse (2 patients
PIK3C:A before radiographic only, 18%)
MYCN ’ recurrence (50%)
CTNNBI,
SUFU,
KMT2D/C
CREBBP,
K?EFE?LL’ Reliable detection Response to
DDX3§( in CSF treatment detectable
PTCHlI (26-85%) progression can be detected
Medulloblastoma KDM6A 62% of cytology before radiographic -
SMARCA4 negative CSF samples progression (50%)
BCOR ’ were positive for MRD during therapy
EP300: ct-DNA correlates with shorter PFS
NF1,
SETD2,
MED12,
SPEN

Abbreviations: DMG = diffuse midline glioma, CSF = cerebrospinal fluid, MRD = measurable residual disease.

Liquid biopsy, mostly from CSF but also from plasma, in DMG can successfully charac-
terize H3K27mutations and predict tumor progression before it is radiographically detected.
Moreover, liquid biopsy has the potential to distinguish between pseudo-progression and
actual progression.

3.3. Medulloblastoma

Four studies analyzed the efficacy and utility of liquid biopsies in MB. Three stud-
ies (30%) included in this systematic review focused on MB only, whereas the study by
Pages et al. included MB patients (n = 27, 10.4%) in addition to other CNS tumors. The
most common subgroup of MB in the included studies was group 4 (1 = 75, 45%), followed
by SHH (n = 42, 25%), WNT (n = 25, 15%) and group 3 (n = 23, 14%). Pages et al. did
not mention the different subgroups of MB [13,16,19,22]. The detection rate of cf-DNA
in MB ranged from 26-64% [13,16] (Table 2). The study by Liu et al. detected the follow-
ing mutations: CTNNB1, SUFU, KMT2D, CREBBP, KBTBD4, PT53, DDX3X, PTCH1 and
KDMB6A [13]. Sun et al. additionally identified KMT2C, SMARCA4, BCOR, EP300, NF1,
SETD2, MED12 and SPEN as genetic alterations in MB patients [16]. All studies aimed to
prove the feasibility of liquid biopsy in MB but also aimed to monitor disease progression
with ct-DNA in MB patients [13,16,22] (Table 2).

The study by Liu et al. is the largest study on liquid biopsy in MB. They measured
tumor-associated chromosomal copy-number variations (CNVs) as a surrogate of measur-
able residual disease (MRD). In 62% of cytologic-negative CSF samples, ct-DNA CNVs
could be detected showing the superiority of liquid biopsy in comparison to traditional
cytology. They showed that MRD correlated with the extent of the disease as well as
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prediction of progression. Patients who showed a disease progression had a significantly
higher MRD during therapy than patients who showed stable disease. Furthermore, in
50% of all patients who achieved a radiographic response, MRD detection preceded a radi-
ologically detected recurrence by over 3 months. Liu et al. could also show that detected
MRDs in patients after radio- or during chemotherapy were associated with a significantly
worse PFS [13].

The study by Li et al. investigated the different methylation patterns to characterize
MB cf-DNA [22]. They detected reliable methylation signatures of ct-DNA in CSE. Moreover,
in one patient the methylation signature changed in correlation with treatment response in
serial CSF samples, which allows for monitoring disease progression [22].

Sun et al. investigated in how many patients the CSF obtained cf-DNA and genomic
DNA from tumor tissue share alterations and they found that in only 22% shared alterations
were identified, indicating a high intratumoral change in mutations throughout the disease.
All these patients had in common that their CSF sample was taken intraoperatively com-
pared to the remaining patients where CSF samples were obtained later [16]. High amounts
of cf-DNA correlated with metastasized or progressive disease in 6 patients (10%) [16].

MB has a high rate of tumor mutation throughout the course of the disease. Ct-DNA
in the CSF can be used as a surrogate marker of measurable residual disease and corre-
lates with response to therapy and progression of the tumor up to three months before
radiographic detection of tumor progression.

3.4. Other Pediatric CNS Tumors

Only one study included various types of CNS tumors, including low grade gliomas
(n = 102), atypical teratoid rhabdoid tumors (ATRT, n = 5), ependymomas (n = 2), pi-
neoblastomas (1 = 1) and others, including craniopharyngioma, germ cell tumors, heman-
gioblastoma, meningioma, nerve sheath tumor, choroid plexus tumors and pineal tumors
(n =7) [19]. In nearly all samples, tumor fraction was <1% in cf-DNA, which limits the
power of detection, and most of the tumors showed low rates of mutations [19].

Some of the other studies also included different types of tumor but only as negative
controls or subanalysis and not in a systematic manner [13,21]. In this setting, however,
Liu et al. also showed that their findings regarding MB are applicable to other embryonal
tumors such as ATRT [13].

Low-grade tumors express a low rate of ct-DNA, making their characterization
more cumbersome.

4. Discussion

To our knowledge, this is the first systematic review regarding the role of liquid biopsy
in pediatric brain tumors. Based on this systematic review, CSF has the highest level of
ct-DNA in comparison to blood or urine and is the preferred corporeal fluid for liquid
biopsy in pediatric brain tumors. Liquid biopsy results showed successful monitoring and
prediction of disease progression in DMG and MB [13-16,19-23].

4.1. Tumor Detection and Characterization with Liquid Biopsy

Positive detection rates of ct-DNA in CSF range from 26-96% in high-grade tumors
but in a mixed cohort ct-DNA levels were extremely low, limiting standardized use of
liquid biopsy [13-16,19,21,23]. Moreover, ct-DNA represents only a small percentage
of overall cf-DNA that is produced by cell turnover. Harvesting enough of this small
fraction of ct-DNA with a short half-life of around 2 h remains one of the main challenges
in liquid biopsy [11,24]. Other parts of the liquid biome are micro-RNA and proteins;
however, due to the single-strand nature of RNA, its analysis is more challenging than of
ct-DNA [11]. Several studies have shown that ct-DNA is increased in patients with tumors
adjacent to the ventricular system and even different gradients of ct-DNA in the ventricular
system in relation to the tumor location were identified [13,23]. The much lower ct-DNA
fraction in blood compared with CFS is probably due to the blood-webrain barrier (BBB),
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which makes liquid biopsy more difficult in CNS malignancies compared to other organ
system tumors [25,26]. The BBB is partially disrupted in high-grade glioma although to a
lesser extent than assumed, but it is widely accepted that the BBB is disrupted by radio-
and chemotherapy, which could lead to a distribution of ct-DNA into the bloodstream
and explain the higher detection rate after initiation of therapy [14,15,23,27]. This could
explain why the study by Panditharatna et al. detected a high fraction of ct-DNA in plasma,
allowing them to monitor the response to treatment [15]. Moreover, as ct-DNA stems mainly
from necrotic cells, it is assumed that with increased tumor-cell turnover, induced by rapid
growth or metastasis, the release of ct-DNA will increase [15,28,29]. These assumptions also
account for the lower ct-DNA fraction detected in low-grade tumors, due to their slower
growth. In addition, low-grade tumors often express only single mutations in their DNA,
whereas high-grade tumors can harbor multiple ones, facilitating their detection via liquid
biopsy [19,30,31]. Some studies in adult MB show higher detection rates compared to the
pediatric studies, which is probably due to the higher rate of mutations in adult tumors
compared to pediatric MB [22,32]. Hence, in low-grade tumors an increase in the detection
rate could be reached by harvesting more biological fluid; however, in clinical practice, this
can be cumbersome, especially in children where the collection of high volumes of blood
or CSF might not be safe [19]. In the included articles, only few mutations are described
for DMG or HGG, whereas various are reported for MB. Moreover, the study by Sun et al.
showed that only 22% of genetic alterations were similar in the obtained CSF and tumor
tissue and they found more mutation in the CSF samples than in the tumor itself [16]. These
differences could be accounted for by biopsy sampling errors, which are a known problem
in conventional biopsy of a heterogenous tumor. Moreover, MB and HGG, albeit to a lesser
extent, are known to change their molecular and methylation profile over time, throughout
therapy and during disease progression [16,33-35].

4.2. Disease Monitoring with Liquid Biopsy

Several studies have shown that liquid biopsy is feasible and reliable in DMG and
MB to detect and monitor disease progression [13—16]. This is especially useful in highly
eloquent tumors such as DMG, in which biopsies are associated with a relatively high
morbidity [36]. Against the traditional practice not to biopsy brainstem tumors suggestive
of DMG, nowadays a tissue diagnosis is sometimes helpful to guide molecular based
therapy and especially inclusion into clinical studies [14,37,38]. Furthermore, the study
by Cantor et al. could detect spikes in ct-DNA up to three months prior to radiographic
progression. Similar results were detected for MB [13]. High ct-DNA after treatment
correlated with a short PFS and an increase in ct-DNA in MB also preceded radiographic
progression in half of all tested patients [13]. Particularly in high-grade tumors, such as
DMG, with a dismal prognosis with short OS, early detection of disease progression can be
of paramount importance to guide therapy. However, this would mean that patients would
need to undergo regular sampling of CSF at the time, which can be unpleasant or could even
predispose them to CSF infections [23,39,40]. However, as liquid biopsy is becoming more
widespread, extraction rates will probably improve and regular blood sampling could be
sufficient for tumor monitoring. Liquid biopsy cannot only detect early tumor progression
but was also shown to distinguish between pseudo-progression and progression [23].
Despite all technical improvements in neuroimaging, it remains challenging to clearly
distinguish between tumor progression or pseudo-progression caused by a reaction of the
tumor to the therapy [41]. However, larger clinical trials will be needed to confirm these
findings and standardize liquid-biopsy-centered tumor monitoring.

4.3. Future Prospective of Liquid Biopsy in PBT

Currently, liquid biopsy in PBTs is mainly used in the setting of clinical studies and
not as a standard clinic diagnostic platform yet [14,20-22]. This is mostly due to the low
ct-DNA extraction rates and low numbers of patients [14,15,19]. Most studies included
in this review still use tumor tissue as a positive quality control and have not yet been
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generally established to replace biopsy for tumor diagnosis. However, liquid biopsy in
CSF and blood reliably detects H3K27M mutations, which allows tumor diagnosis and
monitoring of DMG [20,23]. Similar results are available for pediatric MB, which can be suc-
cessfully detected and monitored with liquid biopsy [13,16]. Preferably, liquid biopsy could
replace biopsy for any PBT, which would be especially useful in incidentalomas [19,42,43].
So far, however, ct-DNA extraction has proven to be difficult in low-grade PBT and no
standardized or reliable measurements for PBTs in general are available yet [19]. So far,
the clinical use of liquid biopsy seems to be restricted to high-grade PBTs, but, with the
technical advances made in DNA extraction and purifying techniques, liquid biopsy might
become the standard tool for systematic screening and diagnosis of PBT.

4.4. Limitations

Despite conducting a systematic review, this study has several limitations. First, we
searched only two databases and only included studies in English. Further, we focused our
search on pediatric tumors, which could lead to omitting certain studies that included both
adult and pediatric patients. Moreover, this study contains inherent publication bias due to
possible negative unpublished trials. Based on the available data, even if we had included
a broader spectrum of papers (of which, most would be phase one trials or case reports),
conducting a meta-analysis was not feasible at this point. In addition, most of the included
studies had small numbers of patients and ct-DNA extraction rates were low, resulting in
small numbers for statistical analysis with an increased risk of skewed results.

5. Conclusions

This systematic review shows that, to date, liquid biopsy is primarily useful in high-
grade pediatric brain tumors such as diffuse midline glioma or medulloblastoma. CSF as
substrate for ct-DNA extraction is superior to blood or urine. In both high-grade gliomas
and medulloblastomas, liquid biopsy can successfully characterize and monitor tumor
progression and can detect tumor progression prior to radiographic detectable disease
progression. These results need to be confirmed and standardized in larger clinical trials in
the future.

Author Contributions: Conceptualization, L.G. and ].S.; methodology, L.G. and N.F,; data curation,
L.G. and N.F,; writing—original draft preparation, L.G.; writing—review and editing, all authors.;
supervision, ].S. and R.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Ostrom, Q.T.; Gittleman, H.; Truitt, G.; Boscia, A.; Kruchko, C.; Barnholtz-Sloan, ].S. CBTRUS Statistical Report: Primary Brain and
Other Central Nervous System Tumors Diagnosed in the United States in 2011-2015. Neuro-Oncol. 2018, 20, iv1-iv86. [CrossRef]
[PubMed]

Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2021. CA A Cancer ]. Clin. 2021, 71, 7-33. [CrossRef] [PubMed]
Carta, R.; Del Baldo, G.; Miele, E.; Po, A.; Besharat, Z.M.; Nazio, F; Colafati, G.S.; Piccirilli, E.; Agolini, E.; Rinelli, M.; et al. Cancer
Predisposition Syndromes and Medulloblastoma in the Molecular Era. Front. Oncol. 2020, 10, 566822. [CrossRef] [PubMed]
Diwanji, T.P.; Engelman, A.; Snider, ].W.; Mohindra, P. Epidemiology, Diagnosis, and Optimal Management of Glioma in
Adolescents and Young Adults. Adolesc. Heal. Med. Ther. 2017, 8, 99-113. [CrossRef] [PubMed]

Miklja, Z.; Pasternak, A.; Stallard, S.; Nicolaides, T.; Kline-Nunnally, C.; Cole, B.; Beroukhim, R.; Bandopadhayay, P.; Chi, S.;
Ramkissoon, S.H.; et al. Molecular Profiling and Targeted Therapy in Pediatric Gliomas: Review and Consensus Recommenda-
tions. Neuro-Oncol. 2019, 21, 968-980. [CrossRef]

Northcott, P.A.; Buchhalter, I.; Morrissy, A.S.; Hovestadt, V.; Weischenfeldt, J.; Ehrenberger, T.; Grobner, S.; Segura-Wang, M.;
Zichner, T.; Rudneva, V.A,; et al. The Whole-Genome Landscape of Medulloblastoma Subtypes. Nature 2017, 547, 311-317.
[CrossRef]

Northcott, P.A.; Robinson, G.W.; Kratz, C.P.; Mabbott, D.].; Pomeroy, S.L.; Clifford, S.C.; Rutkowski, S.; Ellison, D.W.; Malkin, D.;
Taylor, M.D.; et al. Medulloblastoma. Nat. Rev. Dis. Primers 2019, 5, 11. [CrossRef]


http://doi.org/10.1093/neuonc/noy131
http://www.ncbi.nlm.nih.gov/pubmed/30445539
http://doi.org/10.3322/caac.21654
http://www.ncbi.nlm.nih.gov/pubmed/33433946
http://doi.org/10.3389/fonc.2020.566822
http://www.ncbi.nlm.nih.gov/pubmed/33194646
http://doi.org/10.2147/AHMT.S53391
http://www.ncbi.nlm.nih.gov/pubmed/28989289
http://doi.org/10.1093/neuonc/noz022
http://doi.org/10.1038/nature22973
http://doi.org/10.1038/s41572-019-0063-6

Cancers 2022, 14, 2683 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Louis, D.N.; Perry, A.; Wesseling, P.; Brat, D.J.; Cree, L.A.; Figarella-Branger, D.; Hawkins, C.; Ng, HK.; Pfister, S.M.;
Reifenberger, G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A Summary. Neuro-Oncol. 2021,
23, 1231-1251. [CrossRef]

Azad, T.D,; Jin, M.C,; Bernhardt, L.J.; Bettegowda, C. Liquid Biopsy for Pediatric Diffuse Midline Glioma: A Review of Circulating
Tumor DNA and Cerebrospinal Fluid Tumor DNA. Neurosurg. Focus 2020, 48, E9. [CrossRef]

Bounajem, M.T.; Karsy, M.; Jensen, R.L. Liquid Biopsies for the Diagnosis and Surveillance of Primary Pediatric Central Nervous
System Tumors: A Review for Practicing Neurosurgeons. Neurosurg. Focus 2020, 48, E8. [CrossRef]

Bonner, E.R.; Bornhorst, M.; Packer, R.J.; Nazarian, J. Liquid Biopsy for Pediatric Central Nervous System Tumors. Npj Precis.
Onc. 2018, 2, 29. [CrossRef] [PubMed]

Ignatiadis, M.; Lee, M.; Jeffrey, S.S. Circulating Tumor Cells and Circulating Tumor DNA: Challenges and Opportunities on the
Path to Clinical Utility. Clin. Cancer Res. 2015, 21, 4786—4800. [CrossRef] [PubMed]

Liu, A.PY,; Smith, K.S.; Kumar, R.; Paul, L.; Bihannic, L.; Lin, T.; Maass, K.K,; Pajtler, KW.; Chintagumpala, M.; Su, ].M.; et al.
Serial Assessment of Measurable Residual Disease in Medulloblastoma Liquid Biopsies. Cancer Cell 2021, 39, 1519-1530.e4.
[CrossRef] [PubMed]

Izquierdo, E.; Proszek, P; Pericoli, G.; Temelso, S.; Clarke, M.; Carvalho, D.M.; Mackay, A.; Marshall, L.V.; Carceller, F,;
Hargrave, D.; et al. Droplet Digital PCR-Based Detection of Circulating Tumor DNA from Pediatric High Grade and Diffuse
Midline Glioma Patients. Neuro-Oncol. Adv. 2021, 3, vdab013. [CrossRef]

Panditharatna, E.; Kilburn, L.B.; Aboian, M.S.; Kambhampati, M.; Gordish-Dressman, H.; Magge, S.N.; Gupta, N.; Myseros, ].S.;
Hwang, E.I; Kline, C,; et al. Clinically Relevant and Minimally Invasive Tumor Surveillance of Pediatric Diffuse Midline Gliomas
Using Patient-Derived Liquid Biopsy. Clin. Cancer Res. 2018, 24, 5850-5859. [CrossRef]

Sun, Y,; Li, M; Ren, S,; Liu, Y,; Zhang, J; Li, S.; Gao, W.; Gong, X,; Liu, J.; Wang, Y.; et al. Exploring Genetic Alterations in
Circulating Tumor DNA from Cerebrospinal Fluid of Pediatric Medulloblastoma. Sci. Rep. 2021, 11, 5638. [CrossRef]
Rayyan—Intelligent Systematic Review. Available online: https://www.rayyan.ai/ (accessed on 16 March 2022).

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 Statement: An Updated Guideline for Reporting Systematic Reviews. BM]J 2021, n71.
[CrossRef]

Pages, M.; Rotem, D.; Gydush, G.; Reed, S.; Rhoades, J.; Ha, G.; Lo, C.; Fleharty, M.; Duran, M.; Jones, R.; et al. Liquid Biopsy
Detection of Genomic Alterations in Pediatric Brain Tumors from Cell-Free DNA in Peripheral Blood, CSF, and Urine. Neuro-Oncol.
2022, noab299. [CrossRef]

Li, D.; Bonner, E.R.; Wierzbicki, K.; Panditharatna, E.; Huang, T.; Lulla, R.; Mueller, S.; Koschmann, C.; Nazarian, J.; Saratsis, A.M.
Standardization of the Liquid Biopsy for Pediatric Diffuse Midline Glioma Using DdPCR. Sci. Rep. 2021, 11, 5098. [CrossRef]
Huang, T.Y; Piunti, A.; Lulla, R.R.; Qi, J.; Horbinski, C.M.; Tomita, T.; James, C.D.; Shilatifard, A.; Saratsis, A.M. Detection of
Histone H3 Mutations in Cerebrospinal Fluid-Derived Tumor DNA from Children with Diffuse Midline Glioma. Acta Neuropathol.
Commun. 2017, 5, 28. [CrossRef]

Li, J.; Zhao, S.; Lee, M; Yin, Y; Li, J.; Zhou, Y.; Ballester, L.Y.; Esquenazi, Y.; Dashwood, R.-H.; Davies, PJ.A; et al. Reliable Tumor
Detection by Whole-Genome Methylation Sequencing of Cell-Free DNA in Cerebrospinal Fluid of Pediatric Medulloblastoma.
Sci. Adv. 2020, 6, eabb5427. [CrossRef] [PubMed]

Cantor, E.; Wierzbicki, K.; Tarapore, R.S.; Ravi, K.; Thomas, C.; Cartaxo, R.; Nand Yadav, V.; Ravindran, R.; Bruzek, AK,;
Wadden, J.; et al. Serial H3K27M Cell-Free Tumor DNA (Cf-TDNA) Tracking Predicts ONC201 Treatment Response and Progres-
sion in Diffuse Midline Glioma. Neuro-Oncol. 2022, noac030. [CrossRef] [PubMed]

Wang, C.; Liu, Y,; Chen, R.;; Wang, X.; Wang, Y.; Wei, J.; Zhang, K.; Zhang, C. Electrochemical Biosensing of Circulating MicroRNA-
21 in Cerebrospinal Fluid of Medulloblastoma Patients through Target-Induced Redox Signal Amplification. Microchim. Acta
2022, 189, 105. [CrossRef] [PubMed]

Diehl, F,; Schmidt, K.; Choti, M.A.; Romans, K.; Goodman, S.; Li, M.; Thornton, K.; Agrawal, N.; Sokoll, L.; Szabo, S.A.; et al.
Circulating Mutant DNA to Assess Tumor Dynamics. Nat. Med. 2008, 14, 985-990. [CrossRef]

Schiavon, G.; Hrebien, S.; Garcia-Murillas, I.; Cutts, R.].; Pearson, A.; Tarazona, N.; Fenwick, K.; Kozarewa, I.; Lopez-Knowles, E.;
Ribas, R.; et al. Analysis of ESR1 Mutation in Circulating Tumor DNA Demonstrates Evolution during Therapy for Metastatic
Breast Cancer. Sci. Transl. Med. 2015, 7, 313ral182. [CrossRef]

Sarkaria, ].N.; Hu, L.S.; Parney, LE,; Pafundi, D.H.; Brinkmann, D.H.; Laack, N.N.; Giannini, C.; Burns, T.C.; Kizilbash, S.H.;
Laramy, ].K.; et al. Is the Blood-Brain Barrier Really Disrupted in All Glioblastomas? A Critical Assessment of Existing Clinical
Data. Neuro. Oncol. 2018, 20, 184-191. [CrossRef]

Jahr, S.; Hentze, H.; Englisch, S.; Hardt, D.; Fackelmayer, F.O.; Hesch, R.D.; Knippers, R. DNA Fragments in the Blood Plasma of
Cancer Patients: Quantitations and Evidence for Their Origin from Apoptotic and Necrotic Cells. Cancer Res. 2001, 61, 1659-1665.
Newman, A.M.; Bratman, S.V.; To, J.; Wynne, J.F; Eclov, N.C.W.; Modlin, L.A.; Liu, C.L.; Neal, ].W.; Wakelee, H.A ;
Merritt, R.E.; et al. An Ultrasensitive Method for Quantitating Circulating Tumor DNA with Broad Patient Coverage. Nat. Med.
2014, 20, 548-554. [CrossRef]

Ramkissoon, S.H.; Bandopadhayay, P.; Hwang, J.; Ramkissoon, L.A.; Greenwald, N.F,; Schumacher, S.E.; O’'Rourke, R.; Pinches, N.;
Ho, P; Malkin, H.; et al. Clinical Targeted Exome-Based Sequencing in Combination with Genome-Wide Copy Number Profiling:
Precision Medicine Analysis of 203 Pediatric Brain Tumors. NEUONC 2017, 19, now294. [CrossRef]


http://doi.org/10.1093/neuonc/noab106
http://doi.org/10.3171/2019.9.FOCUS19699
http://doi.org/10.3171/2019.9.FOCUS19712
http://doi.org/10.1038/s41698-018-0072-z
http://www.ncbi.nlm.nih.gov/pubmed/30588509
http://doi.org/10.1158/1078-0432.CCR-14-1190
http://www.ncbi.nlm.nih.gov/pubmed/26527805
http://doi.org/10.1016/j.ccell.2021.09.012
http://www.ncbi.nlm.nih.gov/pubmed/34678152
http://doi.org/10.1093/noajnl/vdab013
http://doi.org/10.1158/1078-0432.CCR-18-1345
http://doi.org/10.1038/s41598-021-85178-6
https://www.rayyan.ai/
http://doi.org/10.1136/bmj.n71
http://doi.org/10.1093/neuonc/noab299
http://doi.org/10.1038/s41598-021-84513-1
http://doi.org/10.1186/s40478-017-0436-6
http://doi.org/10.1126/sciadv.abb5427
http://www.ncbi.nlm.nih.gov/pubmed/33067228
http://doi.org/10.1093/neuonc/noac030
http://www.ncbi.nlm.nih.gov/pubmed/35137228
http://doi.org/10.1007/s00604-022-05210-y
http://www.ncbi.nlm.nih.gov/pubmed/35157147
http://doi.org/10.1038/nm.1789
http://doi.org/10.1126/scitranslmed.aac7551
http://doi.org/10.1093/neuonc/nox175
http://doi.org/10.1038/nm.3519
http://doi.org/10.1093/neuonc/now294

Cancers 2022, 14, 2683 11 of 11

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Wang, Y.; Springer, S.; Zhang, M.; McMahon, K.W,; Kinde, I.; Dobbyn, L.; Ptak, J.; Brem, H.; Chaichana, K.; Gallia, G.L.; et al.
Detection of Tumor-Derived DNA in Cerebrospinal Fluid of Patients with Primary Tumors of the Brain and Spinal Cord. Proc.
Natl. Acad. Sci. USA 2015, 112, 9704-9709. [CrossRef]

Parsons, D.W.; Li, M.; Zhang, X.; Jones, S.; Leary, R.J.; Lin, ].C.-H.; Boca, S.M.; Carter, H.; Samayoa, ].; Bettegowda, C.; et al. The
Genetic Landscape of the Childhood Cancer Medulloblastoma. Science 2011, 331, 435-439. [CrossRef] [PubMed]

Kim, H.; Zheng, S.; Amini, S.S.; Virk, S.M.; Mikkelsen, T.; Brat, D.J.; Grimsby, J.; Sougnez, C.; Muller, F; Hu, J.; et al. Whole-
Genome and Multisector Exome Sequencing of Primary and Post-Treatment Glioblastoma Reveals Patterns of Tumor Evolution.
Genome Res. 2015, 25, 316-327. [CrossRef] [PubMed]

Wang, J.; Cazzato, E.; Ladewig, E.; Frattini, V.; Rosenbloom, D.LS.; Zairis, S.; Abate, F; Liu, Z.; Elliott, O.; Shin, Y.-J.; et al. Clonal
Evolution of Glioblastoma under Therapy. Nat. Genet. 2016, 48, 768-776. [CrossRef] [PubMed]

Gajjar, A.; Robinson, G.W.; Smith, K.S; Lin, T.; Merchant, T.E.; Chintagumpala, M.; Mahajan, A.; Su, J.; Bouffet, E.; Bartels, U.; et al.
Outcomes by Clinical and Molecular Features in Children with Medulloblastoma Treated with Risk-Adapted Therapy: Results of
an International Phase III Trial (SJMBO03). JCO 2021, 39, 822-835. [CrossRef] [PubMed]

Hamisch, C.; Kickingereder, P.; Fischer, M.; Simon, T.; Ruge, M.I. Update on the Diagnostic Value and Safety of Stereotactic Biopsy
for Pediatric Brainstem Tumors: A Systematic Review and Meta-Analysis of 735 Cases. |. Neurosurg. Pediatrics 2017, 20, 261-268.
[CrossRef] [PubMed]

Koschmann, C.; Wu, Y.-M.; Kumar-Sinha, C.; Lonigro, R.; Vats, P.; Kasaian, K.; Cieslik, M.; Cao, X.; Anderson, B.; Frank, K,; et al.
Clinically Integrated Sequencing Alters Therapy in Children and Young Adults With High-Risk Glial Brain Tumors. JCO Precis.
Oncol. 2018, 2, 1-34. [CrossRef] [PubMed]

Soleman, ]. MRI-Based Diagnosis and Treatment of Pediatric Brain Tumors: Is Tissue Sample Always Needed? Childs Nerv. Syst.
2021, 37, 1449-1459. [CrossRef]

Li, D.; Romanski, K; Kilgallon, M.; Speck, S.; Bowman, R.; DiPatri, A.; Alden, T.; Tomita, T.; Lam, S.; Saratsis, A.M. Safety of
Ventricular Reservoir Sampling in Pediatric Posthemorrhagic Hydrocephalus Patients: Institutional Experience and Review of
the Literature. J. Neurosci. Nurs. 2021, 53, 11-17. [CrossRef]

Bin Nafisah, S.; Ahmad, M. Ommaya Reservoir Infection Rate: A 6-Year Retrospective Cohort Study of Ommaya Reservoir in
Pediatrics. Childs Nerv. Syst. 2015, 31, 29-36. [CrossRef]

Strauss, S.B.; Meng, A.; Ebani, E.J.; Chiang, G.C. Imaging Glioblastoma Posttreatment: Progression, Pseudoprogression, Pseudore-
sponse, Radiation Necrosis. Radiol. Clin. N. A. 2019, 57, 1199-1216. [CrossRef]

Soleman, J.; Kozyrev, D.A.; Ben-Sira, L.; Constantini, S.; Roth, J. Management of Incidental Brain Tumors in Children: A Systematic
Review. Childs Nerv. Syst. 2020, 36, 1607-1619. [CrossRef] [PubMed]

Kozyrev, D.A.; Soleman, ].; Tsering, D.; Keating, R.F.; Hersh, D.S.; Boop, FA.; Spennato, P.; Cinalli, G.; Tamburrini, G.;
Thomale, U.-W.,; et al. Pediatric Thalamic Incidentalomas: An International Retrospective Multicenter Study. ]. Neurosurg.
Pediatrics 2021, 29, 1-9. [CrossRef] [PubMed]


http://doi.org/10.1073/pnas.1511694112
http://doi.org/10.1126/science.1198056
http://www.ncbi.nlm.nih.gov/pubmed/21163964
http://doi.org/10.1101/gr.180612.114
http://www.ncbi.nlm.nih.gov/pubmed/25650244
http://doi.org/10.1038/ng.3590
http://www.ncbi.nlm.nih.gov/pubmed/27270107
http://doi.org/10.1200/JCO.20.01372
http://www.ncbi.nlm.nih.gov/pubmed/33405951
http://doi.org/10.3171/2017.2.PEDS1665
http://www.ncbi.nlm.nih.gov/pubmed/28621573
http://doi.org/10.1200/PO.17.00133
http://www.ncbi.nlm.nih.gov/pubmed/32832832
http://doi.org/10.1007/s00381-021-05148-1
http://doi.org/10.1097/JNN.0000000000000566
http://doi.org/10.1007/s00381-014-2561-x
http://doi.org/10.1016/j.rcl.2019.07.003
http://doi.org/10.1007/s00381-020-04658-8
http://www.ncbi.nlm.nih.gov/pubmed/32377829
http://doi.org/10.3171/2021.6.PEDS20976
http://www.ncbi.nlm.nih.gov/pubmed/34715651

	Introduction 
	Materials and Methods 
	Results 
	Analysis of Corporeal Fluids Used 
	High-Grade Glioma and Diffuse Midline Glioma 
	Medulloblastoma 
	Other Pediatric CNS Tumors 

	Discussion 
	Tumor Detection and Characterization with Liquid Biopsy 
	Disease Monitoring with Liquid Biopsy 
	Future Prospective of Liquid Biopsy in PBT 
	Limitations 

	Conclusions 
	References

