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Abstract 
Diffuse midline glioma (DMG) with H3K27M mutation is an aggressive and difficult to treat pediatric brain tumor. 
Recurrent gain of function mutations in H3.3 (H3.3A) and H3.1 (H3C2) at the 27th lysine to methionine (H3K27M) are 
seen in over 2/3 of DMGs, and are associated with a worse prognosis. Due to the anatomical location of DMG, tra-
ditional biopsy carries risk for neurologic injury as it requires penetration of vital midline structures. Further, radio-
graphic (MRI) monitoring of DMG often shows nonspecific changes, which makes therapeutic monitoring difficult. 
This indicates a critical need for more minimally invasive methods, such as liquid biopsy, to understand, diagnose, 
and monitor H3K27M DMG. Here, we review the use of all modalities to date to detect biomarkers of H3K27M in ce-
rebrospinal fluid (CSF), blood, and urine, and compare their effectiveness in detection, diagnosis, and monitoring 
treatment response. We provide specific detail of recent efforts to monitor CSF and plasma H3K27M cell-free DNA 
in patients undergoing therapy with the imipridone ONC201. Lastly, we discuss the future of therapeutic moni-
toring of H3K27M-DMG, including biomarkers such as mitochondrial DNA, mutant and modified histones, and 
novel sequencing-based approaches for improved detection methods.

Key Points

•	 Liquid biopsy is proving valuable as an adjunct for disease monitoring and treatment 
stratification because there tends to be a correlation between biomarker levels in 
biofluids and tumor burden.

•	 Based on existing literature, cerebrospinal fluid tends to contain higher concentrations of 
biomarkers than plasma to due closer proximity to disease and the blood-brain barrier, 
but plasma is easier to obtain.

•	 Current best practices for liquid biopsy leverage droplet digital PCR or targeted 
sequencing techniques. Droplet digital PCR and rapid sequencing technologies are better 
for serial timepoint monitoring, while Next Generation Sequencing is better suited for 
periodic tumor evolution monitoring and screening.

H3K27-altered diffuse midline glioma (DMG), a recently defined 
entity within the 2021 World Health Organization Classification 
of Tumors of the Central Nervous System tumors (WHO CNS5), 
is a high-grade glioma most commonly occurring in midline 
structures such as the brainstem, thalamus, or spinal cord.1 
These tumors—previously referred to as Diffuse Intrinsic 
Pontine Gliomas (DIPG) when originating in the pons—are ag-
gressive and most frequently affect children, adolescents, and 
young adults.2 The H3K27 alteration occurs in ~80% of DMGs 
and is predictive of poor prognosis and worse clinical outcomes 
than wild-type DMGs, independent of location or histological 

grading.3,4 These tumors often involve vital structures and are 
locally invasive, which result in surgical difficulties to achieve 
biopsy and/or surgical resection. Unfortunately, chemotherapy 
has limited effectiveness in the treatment of DMGs, and 
standard adjuvant treatment is focal irradiation, which results 
in a median survival of less than 12 months.5,6 Fortunately, re-
cent clinical trials have shown promising results for extensions 
of survival, including ONC201,7 an oncolytic viral therapy,8 and 
CAR-T therapy.9,10

Current standard-of-care disease monitoring approaches 
leverage radiographic imaging (eg, MRI) to identify if a 
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tumor is responding to treatment. However, MRIs are ex-
pensive and may require general anesthesia in the pedi-
atric use-case.11 Especially in the case of H3K27M DMGs, 
diffuse disease and radiation-induced swelling12 can 
increase the difficulty of image interpretation (known as 
“pseudoprogression”). Research has shown across dif-
ferent cancer types that levels of biomarkers in biofluids 
(eg, blood or cerebrospinal fluid [CSF]) correlate with dis-
ease burden, indicating that serial quantification of these 
biomarkers can help monitor disease progression during 
treatment13; this analysis of biofluids is commonly referred 
to as “liquid biopsy” and offers a promising approach to 
help improve DMG patient management.14,15

Liquid biopsy use in H3K27M DMG patients presents a 
unique challenge due to the location of the tumor and the 
selective filter of the blood-brain barrier.16 Cerebrospinal 
fluid has been shown to be a useful biomaterial for liquid 
biopsy. Due to its proximity to tumor tissue, CSF generally 
has a much higher concentration of biomarkers compared 
to patient plasma.17 Obtaining CSF, however, is more inva-
sive than obtaining blood, especially in pediatric patients 
where general anesthesia is usually necessary to perform 
a lumbar puncture. Plasma is generally readily available 
due to routine blood draws in patients. However, due to 
selectivity of the blood-brain barrier, the concentration of 
DMG-derived biomarkers in plasma is much lower than in 
CSF.18 Thus, plasma assay sensitivity rates tend to be lower 
than CSF.19 As a result, researchers continue to work to de-
velop higher-sensitivity assays and investigate monitoring 
of other, higher-concentration biomarkers to realize the po-
tential utility of liquid biopsy for DMG management.

Mechanistic Overview of H3K27M

Recurrent gain of function mutation in H3.3 (H3.3A, previ-
ously H3F3A) and H3.1 (H3C2, previously HIST1H3B) at the 
27th lysine to methionine (H3K27M) are seen in over 2/3 
of DMGs. H3K27-altered DMGs are characterized by loss 
of trimethylation of histone H3 at lysine 27 (K27me3), fur-
ther defined by the mechanism of loss of trimethylation: 
H3K27-mutant, H3-wildtype with overexpression of EZHIP, 
or H3-wildtype with EGFR alteration (either mutation or 
amplification).1,20 These H3 alterations result in epige-
netic dysregulation due to inactivation or suppression of 
H3K27-specific histone methyltransferase enhancer of 
zeste homolog 2 (EZH2), a catalytic subunit of polycomb 
repressive complex 2 (PRC2), leading to further reduction 
in total chromatin H3 di- and trimethylation. These alter-
ations ultimately inhibit cellular differentiation and pro-
mote gliomagenesis.21,22

Detecting Biomarkers of Pediatric Brain 
Tumors in Liquid Biopsy Specimens

The earliest investigation of liquid biopsy for DMG at-
tempted to detect tumor-derived proteins in the CSF of 
DIPG patients.23 The study measured comprehensive pro-
tein profile of CSF from patients with DIPG and found 

528 unique proteins, 71% of which were secreted pro-
teins. Two secreted proteins, Cyclophilin A (CypA) and 
dimethylarginase 1 (DDAH1), were particularly upregulated 
in CSF samples from patients with DIPG compared to 
controls, including patients with lower-grade brain tu-
mors or with other neurological disorders.23 Interestingly, 
immunohistochemical staining showed that the cyto-
solic forms of CypA and DDAH1 were not selectively 
upregulated in patients with DIPG. Given high detection 
of secreted CypA and DDAH1 in CSF, the researchers also 
analyzed expression levels of CypA and DDAH1 in blood 
and urine samples. Western blot showed that the charac-
teristic upregulation of CypA and DDAH1 in DIPG can be 
detected in blood and urine samples as well, which re-
quire less invasive measures than obtaining CSF samples 
(Figure 1).23 Detectable in serum and urine, CypA levels 
may play a role in tumor diagnosis, subtype diagnosis, and 
treatment response. Additionally, patients with DDAH1 ex-
pression in CSF showed an aggressive clinical course and 
imaging results consistent with rapid tumor growth. Given 
that the differential expression of DDAH1 is detectable in 
CSF, it could have prognostic implications for patient strati-
fication and assessment of treatment outcomes.

Research then transitioned to detecting tumor-derived 
circulating tumor DNA (ctDNA). A tumor’s mutational pro-
file is extremely valuable for proper diagnosis, and for 
devising targeted clinical treatment. A 2017 study was the 
first to report histone H3 mutation detection in ctDNA in 
CSF samples from children with DMG. Their 2 strategies, 
Sanger sequencing and nested PCR, both demonstrated 
feasibility in detecting H3 mutations in CSF.24 Sanger 
sequencing requires a large quantity of gene fragments, so 
nested-PCR was used when ctDNA yield was low. Nested-
PCR helps to reduce nonspecific amplification of DNA and 
is used to help improve sensitivity of PCR amplification.24 
Their technique was 100% specific for H3K27M detection in 
patients with DMG, with 87.5% sensitivity when matched 
tissue was available. Cerebrospinal fluid collection may 
thus be considered for H3 mutation analysis in patients 
with DMG for diagnosis and molecularly directed cancer 
therapy.

While this work demonstrated that it was possible to de-
tect ctDNA in CSF, it was not able to accurately quantify 
ctDNA due to the limitations of Sanger sequencing. Droplet 
digital PCR (ddPCR) can be utilized for both detection of 
mutations and precise quantification (Figure 1).25 Droplet 
digital PCR works by fractionating a PCR reaction into tens 
of thousands of droplets such that each droplet contains 
approximately one template copy along with mutation-
specific probes. Mutant ctDNA variant allele fraction (VAF) 
is derived from the ratio of mutant-positive to total mutant- 
and wild-type-positive droplets. A 2018 study found that 
the number of copies of H3K27M mutant DNA detected in 
patient CSF obtained from the lateral ventricle is twice as 
great as CSF obtained from a lumbar puncture.26 This indi-
cates that proximity of CSF collection to the tumor may be 
important when measuring ctDNA. In vitro culture of DIPG 
cells showed that as the cells proliferate, more ctDNA is 
released into culture media, suggesting a correlation be-
tween ctDNA released into surrounding biofluids and 
tumor cell proliferation. When treated with radiation, total 
ctDNA, along with H3K27M copies, increases significantly 
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72–120 hours after radiation, after which the quantity 
levels off. These results indicate that we may be able to use 
ctDNA quantification from ddPCR to track tumor burden 
and response to treatment.26

Another 2018 study was the first to attempt serial 
timepoint collection and analysis of CSF samples to see if 
it was feasible to track treatment response in real patients 
using ddPCR.27 In the study, a total of 28 CSF samples were 
collected; histone H3 mutant and wild-type alleles were de-
tected in 75% of CSF specimens collected at diagnosis (3/4), 
67% of those collected during treatment (2/3), and 90% of 
those collected at postmortem (19/21).27 Again, location 
of CSF retrieval affected ctDNA abundance, as CSF sam-
ples obtained from areas in closer proximity to the tumor, 
such as the lateral ventricles, yielded more H3K27M copies 
than CSF from more distant locations. The study also 
sought to explore the possibility of using plasma for dis-
ease monitoring. H3K27M ctDNA was detected in plasma, 
but at much lower VAFs than CSF (P < .0001), perhaps as 
a result of the selective filtration by the blood-brain bar-
rier. Lastly, this study also used liquid biopsy to measure 
treatment response. VAF of H3K27M ctDNA was measured 
at various time points during treatment and compared to 
radiographic response. In 83% of cases (10/12), a decrease 
in H3K27M ctDNA corresponded with tumor response to 
radiotherapy.27 A 2019 study explored detection of H3K27M 
mutations in known-positive patients undergoing radio-
therapy.28 Plasma ctDNA analysis detected H3K27M ctDNA 
in 100% of subjects (6/6) postradiation, 100% of subjects 

(7/7) during treatment, 71% of subjects (5/7) at progression, 
and 100% of subjects (5/5) at the end-of-study visit. Taken 
together, these 2 studies demonstrate the translational rel-
evance of using ctDNA to supplement MRIs during disease 
monitoring and the feasibility of using ctDNA in plasma as 
a diagnostic and prognostic tool.

While ddPCR is a powerful tool for detecting and 
quantifying small allele fractions for specific hotspot mu-
tations (eg, H3K27M), it is not well suited to detect and 
monitor a wide variety of mutations. Next generation 
sequencing (NGS) is capable of sequencing gene frag-
ments from an arbitrary number of loci with high accuracy, 
allowing cancer panels to both monitor multiple cancer-
relevant genes for mutations and quantify VAF (Figure 1). A 
study in adult glioblastoma (GBM) in 2019 sequenced CSF 
ctDNA via NGS of a targeted cancer panel (MSK-IMPACT), 
allowing multigene assessment and tracking of tumor ev-
olution.29 CSF was obtained via lumbar puncture, and 
ctDNA was detected in CSF in 49.4% (42/85) of patients. 
They found that the genomic alterations found in CSF re-
sembled the genome in tumor biopsies. However, broad 
panel sequencing can require large amounts of CSF and 
ctDNA (>100 ng), which can be difficult or impossible to ob-
tain from pediatric DMG patients due to their size and the 
higher risk of complications associated with midline tumor 
location.

While flexible and highly accurate, NGS panel 
sequencing can be expensive and have long turn-around 
times due to batch economics. This makes it a less practical 
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Figure 1.   Past, present, and future of H3K27M focused liquid biopsy. Seminal work identified disease-specific proteins in cerebrospinal fluid 
(CSF)—as well as patient serum and urine. The current state of the art is focused on serial quantification of H3K27M circulating tumor DNA in CSF 
and plasma using accurate droplet digital PCR assays and correlation with radiographic imaging to identify if liquid biopsy could be leveraged 
to predict response to treatment and help resolve pseudoprogression. Newer liquid biopsy approaches will leverage alternative and novel bio-
markers such as mutant/modified histones derived from H3K27M mutant cells, routine, low-burden CSF collection via Ommaya reservoirs, as well 
as highly accurate and rapid sequencing approaches to simultaneously assay H3K27M along with other mutations (Created with BioRender.com).
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option for treatment response monitoring of H3K27M-
altered DMGs, as frequent, rapid results are desirable. 
To realize rapid, low-cost, and flexible panel sequencing, 
a 2020 study developed a protocol for “same-day” 
sequencing of amplicons from a small, in-house-designed 
panel using Oxford Nanopore sequencers. Results dem-
onstrated high sensitivity with patient-specific mutations 
using small volume of CSF (0.5–2 mL) from pediatric pa-
tients with DMG and cortical high-grade glioma.30 In this 
study, targeted Nanopore amplicon sequencing was per-
formed on a small number of H3K27M-DMG cases with 
serial CSF collected. In one patient treated with ONC201, 
an experimental impiridone,7 as the tumor size decreased 
in response to ONC201 treatment, VAF significantly de-
creased in parallel with multiple patient-specific alter-
ations over first 6 months of treatment, correlating with 
longer-term response.30 However, high native error rates 
of Nanopore sequencing precluded meaningful analysis of 
allele fractions lower than about 2%, motivating methods 
to improve accuracy. While Nanopore sequencing requires 
further investigation, it has demonstrated enormous po-
tential in diagnosis and monitoring in patients with DMG.

Liquid Biopsy for DMG Patients Treated 
With ONC201

Cantor et al. investigated the efficacy of tracking changes 
in ctDNA VAF as a prognostic tool for tumor progression in 
patients being treated with ONC201 after initial radiation. 
In a single arm of the phase 1 trial (NCT03416530), CSF 
was collected from 24 H3K27M DMG patients at baseline, 
2 months, and 6 months of treatment at the recommended 
phase 2 dose. Patients were enrolled using the following 
criteria: H3K27M DMG diagnosis, at most one prior line of 
treatment, were willing to have CSF collected via lumbar 
puncture, and had no signs of elevated intracranial pres-
sure (from clinical exam). To investigate the existence of a 
correlation between ctDNA VAF values and radiographic 
tumor area, MRI images obtained closest to the time of 
plasma or CSF sample collection were reviewed (Figure 
1). Collection of CSF was demonstrated to be both feasible 
and safe.12 ddPCR was used to quantify H3K27M VAF in all 
samples. H3K27M ctDNA was detected in 53/62 plasma 
samples (sensitivity of 85.4%) and 28/29 CSF samples 
(sensitivity of 96.5%). No H3K27M-positive droplets were 
detected in controls, indicating 100% specificity.12 Table 1 
summarizes the findings from studies that utilized liquid 
biopsy methods.

Assessment of the relationship between change in 
ctDNA VAF and progression-free survival (PFS) while on 
ONC201 demonstrated that a decrease in CSF ctDNA over 
time was associated with a longer PFS, and a trend to-
ward this association was seen in plasma.12 Importantly, 
some patients displayed a “spike” in ctDNA VAF, defined 
as an increase of at least 25% from baseline, that preceded 
tumor progression, indicating that spikes in ctDNA VAF 
can predict disease progression.12 These spikes tended 
to occur 1 to 3 months before radiographic progres-
sion, potentially allowing for earlier detection. Several 
cases demonstrated the utility of plasma ctDNA VAF for 

differentiating between true and pseudoprogression. 
In one case, a 6-year-old female with a thalamic DMG 
showed an increase in tumor area on MRI after being 
treated with ONC201 and initial radiation, followed by an 
85% regression of the tumor that persisted for 32 months 
on treatment.12 Her plasma VAF displayed a decrease 
in plasma ctDNA VAF, which more accurately reflected 
true response to treatment than concurrent imaging, 
indicating pseudoprogression. In contrast, in the case of 
a 14-year-old male with a spinal cord DMG, combination 
ONC201 and bevacizumab therapy resulted in a decrease 
of his spinal tumor area on T1 postcontrast MRI, which is 
expected with bevacizumab due to its effects on tumor 
perfusion. The patient, however, displayed a continued 
increase in his plasma VAF, which correctly predicted radi-
ologic progression 8 weeks later.12

There was no direct correlation between tumor size by 
MRI and plasma or CSF VAF, VAF and tumor location, VAF 
and tumor size, or CSF or plasma ctDNA concentration 
and H3K27M VAF percentage.12 Interestingly, this may be 
explained by the deviations of individual VAF values from 
tumor area that resulted from phenomena such as the ap-
parent decrease in tumor area or “pseudoresponse” that 
is expected as a result of bevacizumab treatment. In such 
cases, VAF values may be more clinically useful as dis-
cussed above in the case of a 14-year-old male with spinal 
cord DMG. Nevertheless, the cohort of this study was too 
heterogeneous to provide any statistical insight on such 
clinical situations.

This study demonstrated the utility of serial analysis 
of ctDNA from plasma and CSF as a complement to radi-
ographic monitoring of DMG patients and showed that a 
liquid biopsy approach can provide early indication of dis-
ease progression or remission. Given the enrichment of 
glioma ctDNA in CSF, detection and monitoring of other 
tumor biomarkers present in CSF could also be achieved 
via ddPCR. While CSF VAF trends are a better predictor of 
clinical response compared to plasma, clinical acquisition 
of CSF poses more inherent clinical difficulty and risk.12 
Plasma diagnostics require further optimization to aid or 
replace CSF analysis.

Ongoing Clinical Trials Leveraging 
Liquid Biopsy for DMG Monitoring

There are only a few clinical trials that are utilizing liquid bi-
opsy biomarkers to measure outcomes. However, greater 
use of liquid biopsy biomarkers in clinical trials could help 
optimize liquid biopsy assays and allow for its comparison 
to traditional methods to measure outcomes.31

One ongoing clinical trial (NCT01106794) incorporates 
plasma and CSF collection for analysis. The study, com-
posed of 100 pediatric patients with DIPG or brainstem 
glioma, includes genome-wide expression patterns of RNA 
in tumor samples, normal brain stem tissue, and CSF using 
Affymetrix gene expression profiling, as well as proteomic 
profiling of tumor, normal brainstem tissue, and CSF.

There are 4 CAR-T trials (NCT04196413, NCT04185038, 
NCT05768880, and NCT04099797) that are collecting 
CSF serially from Ommaya reservoirs. The ongoing trial 
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(NCT04196413) at Stanford is testing whether GD2-CAR 
T cells can be made from immune cells collected from 
patient with H3K27M altered DMG. The researchers are 
utilizing ddPCR to detect the H3K27M mutation, and 

their findings demonstrate that ctDNA levels are ele-
vated during peak inflammation posttreatment.10 In ad-
dition, they are tracking cytokine levels in CSF and blood 
to assess response to treatment. Though only 4 patients 

Table 1.  A Summary of Liquid Biopsy Detection Methods for H3K27M. Studies That Use Liquid Biopsy to Detect and Monitor H3K27M Mutant 
Disease Along With Their Markers, Biofluids, Tumor Types, Targets, Sensitivity, and Specificity

References Marker Detection 
Method

Biofluid 
Type

Tumor 
Type

Targets Sensitivity Specificity Main Findings and Conclusions

Saratsis et al. 
(2012)23

Protein Proteomics CSF, 
blood, 
urine

DIPG CypA and 
DDAH1 
levels

100%—
CypA and 
DDHA1 were 
upregulated 
in 10/10 DIPG 
samples.

N/A Demonstrated that proteins char-
acteristically upregulated in CSF, 
blood, and urine can be used for 
diagnosis and assessment of treat-
ment outcome.

Huang et al. 
(2017)24

ctDNA Sanger 
sequencing

CSF DIPG H3K27M 87.5% (7/8) 100% (8/8) Demonstrated that H3K27M can be 
detected in CSF.

Stallard et al. 
(2018)25

ctDNA ddPCR CSF DIPG H3K27M 100% (4/4) N/A Quantified ctDNA to monitor treat-
ment response in vitro ctDNA levels 
change with radiation.
Found that the number of copies of 
H3K27M mutant DNA detected in 
patient CSF obtained from different 
locations varied significantly.

Panditharatna 
et al. (2018)26

ctDNA ddPCR CSF, 
plasma

DMG H3K27M 87% (20/23) 100% 
(36/36)

Retrospective cohort demonstrating 
decreases in plasma ctDNA were 
noted after cycles of precision 
therapy, while increases in plasma 
ctDNA were noted with tumor 
growth in 1/1 CSF cases and 3/5 
plasma cases with H3K27M-DMG 
when assessed serially.

Pan et al. 
(2018)27

ctDNA NGS panel 
sequencing

CSF, 
plasma

Brainstem 
glioma

Glioma 
associated 
genes

82.5% (47/57) 
for any muta-
tion

N/A Indicated sequencing of CSF ctDNA 
can reliably detect mutations in 
brainstem tumors and that CSF has 
higher ctDNA levels than plasma. 
CSF analysis and biopsy sequencing 
can also identify more mutations 
than biopsy alone.

Mueller et al. 
(2019)28

ctDNA ddPCR Plasma DIPG H3K27M At diagnosis: 
85% (11/13)
During treat-
ment: 100% 
(7/7)
At progres-
sion: 71% (5/7)
At end of study 
visit 100% (5/5)

N/A Prospective clinical trial cohort fur-
ther demonstrating the feasibility of 
using ctDNA in plasma and CSF.

Bruzek et al. 
(2020)29

ctDNA Nanopore 
panel 
sequencing

CSF DMG, 
pHHG

H3K27M 67.9% (19/28) 100% 
(28/28)

Manuscript demonstrated Nanopore 
sequencing of CSF ctDNA is feasible 
and efficient with low-input samples. 
Serial monitoring of H3K27M was 
performed in 2 cases.

Cantor et al. 
(2022)12

ctDNA ddPCR CSF, 
plasma

DMG H3K27M CSF: 96.5% 
(28/29 sam-
ples); blood: 
85.4% (53/62 
samples)

100% 
(70/70)

Manuscript demonstrated the 
utility of ctDNA in plasma and CSF 
to supplement radiographic moni-
toring in prospective clinical trial in 
16 cases with serial CSF samples 
and 11 cases with serial plasma 
samples, and that increases in 
ctDNA of 25% predicted progres-
sion in 5/11 CSF cases and 8/16 
plasma cases.

Abbreviations: CSF= cerebrospinal fluid; ctDNA = circulating tumor DNA; ddPCR = droplet digital PCR; DIPG = diffuse intrinsic pontine glioma; 
DMG = diffuse midline glioma.
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have been included in the publication as the clinical ex-
perience is early, the findings indicate the utility of liquid 
biopsy in clinical trials. Moreover, the 2 trials at Seattle 
Children’s Hospital (NCT04185038 and NCT05768880) are 
studying B7-H3-specific CAR T cell locoregional immu-
notherapy for patients with DMG. Lastly, researchers at 
Baylor College of Medicine are determining the largest 
safe dose of GD2-CAR T cells that can be administered 
intravenously.

An ongoing trial, titled “Combination Therapy for the 
Treatment of Diffuse Midline Gliomas” (NCT05009992), is 
studying if the combination of ONC201 with panobinostat 
or paxalisib is effective in treating patients with DMG. 
Similarly, another ongoing trial called “ONC206 for 
Treatment of Newly Diagnosed, or Recurrent Diffuse 
Midline Gliomas, and Other Recurrent Malignant CNS 
Tumors” (NCT04732065) is studying the effects and best 
dose of ONC206, with or without radiation, in treating pa-
tients with DMG. ONC206 is a recently discovered drug 
that has shown the potential to kill brain tumor cells by 
inducing a stress response in the tumor cells. Both trials 
seek to evaluate the correlation of biomarkers in CSF and 
clinical outcomes. The researchers have also employed a 
prospective program for both scheduled serial plasma and 
CSF collection for DMG patients enrolled at either up-front, 
postradiation, and recurrence.

Lastly, Memorial Sloan Kettering received approval 
in 2019 for their in-house liquid biopsy test called MSK-
ACCESS (Analysis of Circulating cfDNA to Evaluate 
Somatic Status). MSK-ACCESS can detect the presence of 
genetic mutations in 129 cancer-associated genes using 
plasma. The team has published how the test was de-
signed and validated, and their paper reported findings 
from the first 681 blood samples that were analyzed using 
MSK-ACCESS.32 The results demonstrate that somatic al-
terations were detected in 73% of samples, 56% of which 
have clinically actionable alterations, indicating the impor-
tance of ctDNA in plasma as a genomic profile source with 
clinical applications.

Current State-of-the-Art and Future 
Directions

Most ongoing work in liquid biopsy of H3K27M mutant 
tumors is continuing to evaluate the utility of detection 
and quantification of ctDNA to track disease and monitor 
for treatment response. However, accurate quantification 
of small concentrations of ctDNA, especially in patient 
plasma, remains technically challenging and error prone, 
and special care must be taken when choosing the appro-
priate assay. Table 2 summarizes the existing approaches 
to measuring ctDNA in biofluids, their pros and cons, and 
also the suggested use for each approach for liquid biopsy 
treatment-response monitoring.

Regardless of detection method, spinal fluid has gener-
ally shown to be a superior analyte than plasma due to a 
higher concentration of tumor derived DNA33 but at the 
cost of increased patient burden. However, the recent in-
creased use of Ommaya reservoirs has greatly improved 
ease of access to CSF (Figure 1). Ommaya reservoirs are 
small implants that are inserted under the scalp and con-
nected to an intraventricular catheter. They are traditionally 
placed to improve administration of drugs directly to the 
brain, but also provide easy, routine access to CSF without 
a lumbar puncture and are well tolerated.34 While not cur-
rently standard of care for treatment of DMGs, increased 
usage would provide easy, and frequent access to CSF, and 
offer clear advantages over analysis of plasma.

Even with increased use of Ommaya reservoirs, plasma 
is still generally much easier to obtain. Routine blood draws 
could be sent to central testing facilities for analysis and 
would not require an expensive and disruptive site visit. 
Current best practices for liquid biopsy leverage ddPCR or 
error-corrected sequencing techniques such as Universal 
Molecular Identifiers as naive sequencing using current 
technologies has an error rate too high to resolve small 
ctDNA allele fractions. ddPCR offers clear advantages over 

Table 2.  ct-DNA Liquid Biopsy Methods, Their Pros and Cons, and the Applications in Liquid Biopsy for H3K27M Altered DMG

Ct-DNA Liquid  
Biopsy Method

Pros Cons Best Suited for

Sanger Sequencing Affordable, rapid, sequencing-based Cannot detect lower than ~15% VAF Generally not suitable for liquid 
biopsy

ddPCR Affordable, rapid, precise, can detect 
VAFs down to ~0.05%

Generally limited to single allele as-
says; assay design and validation are 
arduous

Frequent monitoring of known 
hotspot mutations

Targeted NGS 
sequencing

Can survey a wide variety of mu-
tations. Panel design is relatively 
low-effort

Expensive, long turnaround times Disease screening, initial diag-
nostics, and tumor evolution 
monitoring

Targeted nanopore 
sequencing

Affordable assays and equipment 
costs. Rapid turn-around times

Requires concatemeric assays for error 
correction to increase sensitivity for 
low VAF samples

Frequent monitoring of a panel 
of genes or known resistance 
markers

NGS WES/WGS 
sequencing

Characterization of the entire tumor 
genome/exome. Unparalleled breadth 
of diagnostic information

Expensive, long turnaround times, 
lower depth per locus limiting sensi-
tivity for low VAF samples

Limited utility due to current 
feasibility

Abbreviations: CapEx = capital expenditure/equipment cost; ddPCR = droplet digital PCR; DMG= diffuse midline glioma; NGS = next generation 
sequencing; VAF = variant allele fraction; WES = whole exome sequencing; WGS = whole genome sequencing.
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sequencing, including much lower cost, increased turna-
round time, and improved precision/reduced potential for 
amplification bias. However, assay design and validation 
is arduous, and the ability to track multiple mutations or 
screen for new mutations is limited as each assay must 
be carefully designed and validated for a particular point 
mutation. In the case of H3K27M altered DMGs, where 
100% of cases are defined by 2 point mutations, this is 
not a problem. But ddPCR will most likely never be a prac-
tical method to monitor for the development of resistance 
markers, or other treatment-relevant mutations.

Next generation sequencing offers a much more general 
approach. Because NGS uses targeted enrichment via hy-
brid capture or targeted amplification via PCR, assays 
are much simpler to design and validate, and can survey 
mutations at hundreds of thousands of loci. However, 
sequencing is more expensive, and generally much slower, 
often taking weeks to return a result. While a 1-week turn-
around time may not impact patient care, a shorter time-
frame with same-visit results that coincide with other 
diagnostics is desirable; especially given the aggressive 
nature of H3K27M-altered DMGs. Large-panel sequencing 
will be most useful for screening or for tumor evolution 
monitoring during inflection points in patient care such as 
clinical progression.

In addition to tumor DNA, many other tumor-derived 
biomarkers are present in CSF and plasma of H3K27M 
mutant glioma patients, including mutant or modified his-
tone proteins35 and nucleosome complexes.36 While one 
H3K27M mutant tumor cell contains one mutant nuclear 
DNA copy, each tumor cell contains tens of millions of mu-
tant histone proteins. Thus, mutant histones and nucleo-
somes are present in a much higher concentration than 
ctDNA in patient samples. Monitoring for global aberra-
tions in epigenetic histone modifications, such as methyla-
tion and acetylation, is shown to be useful in other cancers, 
and hence might also be used as a marker for H3K27M 
mutant DMGs. Tracking these proteins alongside ctDNA 
might allow increased precision and accuracy compared 
with ctDNA tracking, requires much less patient sample, 
and offers unique treatment-dependent kinetics that are 
different from that of nuclear ctDNA.

While detection of these alternate biomarkers might 
offer improved sensitivity compared to prior ctDNA moni-
toring techniques, ctDNA marker detection is still the most 
studied and standard method for monitoring treatment 
response and is immediately useful in clinic. This motiv-
ates the development of improved detection methods that 
are extremely sensitive, precise, and flexible in order to 
monitor for patient-specific markers. Targeted amplicon 
sequencing using real-time Nanopore sequencers offers 
an exciting alternative to ddPCR-based detection, given 
that it is low-cost, rapid, and allows for easier personalized 
assay design (Figure 1). Prior work leveraged this approach 
for CSF-based monitoring,30 but high error rates prevented 
use in plasma. Recent work has combined improvements 
in Nanopore sequencing chemistry and basecalling algo-
rithms along with concatemeric assay consensus error 
correction37 to improve sensitivity. Regardless of the ap-
proach, detection methods should focus on maintaining a 
reasonable cost and a time-to-result of at most 3 days in 

order to improve the likelihood of implementation as a lab-
designed test or in vitro diagnostic test.

While this review focuses on liquid biopsy use in 
H3K27M-altered DMGs, there are obviously many other 
cancers that would benefit from the lessons learned in this 
body of work. Many of the approaches and techniques de-
scribed here can be applied to any cancer, given a set of 
mutations or genes that are commonly mutated in that 
disease. In particular, H3G34R-altered diffuse hemispheric 
gliomas (DHG) could benefit from these lessons. H3G34R-
altered DHG is an emerging sub-class of pediatric diffuse 
gliomas, recently defined in the 2021 WHO CNS classifi-
cation guide. Like the H3K27M altered DMG subclass, this 
disease is classified by a single point mutation and has 
important prognostic and therapeutic implications. Thus, 
ddPCR assays and inclusion of the H3G34 locus in targeted 
panels are desired.

Conclusion

Given the anatomic location and aggressive nature of 
H3K27M mutant DMG tumors, liquid biopsy is proving val-
uable as an adjunct for disease monitoring and treatment 
stratification. Multiple techniques have been developed 
over a short period of time for clinically relevant tumor 
liquid biopsy using CSF and plasma, and new technology 
holds future promise for detection of additional tumor 
biomarkers with increased sensitivity and specificity. An 
additional important hurdle will be to move these assays 
to CLIA certification for broad use in the clinic (outside of 
research testing). The processes for this transition are un-
derway at University of Michigan, Tempus, and other ac-
ademic and private companies. Ultimately, the ability to 
utilize serial liquid biopsy specimens for disease moni-
toring can decrease morbidity and increase treatment ef-
ficacy, with the potential to improve clinical outcomes for 
patients with this deadly disease.
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