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A serum-based DNA methylation assay provides
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Abstract

Background. The detection of somatic mutations in cell-free DNA (cfDNA) from liquid biopsy has emerged as a noninva-
sive tool to monitor the follow-up of cancer patients. However, the significance of cfDNA clinical utility remains uncertain
in patients with brain tumors, primarily because of the limited sensitivity cfDNA has to detect real tumor-specific somatic
mutations. This unresolved challenge has prevented accurate follow-up of glioma patients with noninvasive approaches.
Methods. Genome-wide DNA methylation profiling of tumor tissue and serum cfDNA of glioma patients.
Results. Here, we developed a noninvasive approach to profile the DNA methylation status in the serum of pa-
tients with gliomas and identified a cfDNA-derived methylation signature that is associated with the presence
of gliomas and related immune features. By testing the signature in an independent discovery and validation
cohorts, we developed and verified a score metric (the “glioma-epigenetic liquid biopsy score” or GelLB) that
optimally distinguished patients with or without glioma (sensitivity: 100%, specificity: 97.78%). Furthermore, we
found that changes in GelLB score reflected clinicopathological changes during surveillance (eg, progression,
pseudoprogression, and response to standard or experimental treatment).

Conclusions. Our results suggest that the GeLB score can be used as a complementary approach to diagnose and
follow up patients with glioma.
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Importance of the Study

Current glioma diagnostic and classification criteria
that guide clinical management relies on the tissue pro-
filing obtained by invasive surgical approaches (tissue
biopsy or excision). We investigated whether glioma
could be identified in a noninvasive manner by profiling
epigenome-wide methylation of cell-free DNA in serum.
We defined highly specific and sensitive noninvasive

Gliomas are a heterogeneous group of intracranial tumors
that constantly evolve, generally recur, and frequently prog-
ress to more malignant subtypes. Specific genomic and
epigenomic alterations define subtypes of glioma that have
distinct prognostic outcomes'® (eg, isocitrate dehydro-
genase [IDH] mutation, 1p19q chromosomal deletion, and
the glioma-CpG island methylator phenotype [G-CIMP]).
Currently, the detection of such molecular abnormalities re-
lies on profiling tissue obtained invasively by surgical ap-
proach (tissue biopsy or excision). However, this surgical
approach does not allow for serial tissue evaluation to study
the dynamic molecular evolution of these tumors; might not
be feasible to obtain sufficient tumor material for molecular
analysis in deep or surgically inaccessible tumors thereby
delaying disease diagnosis. Currently, magnetic resonance
imaging (MRI) is the preferred noninvasive method to diag-
nose and follow up the evolution of gliomas; however, be-
sides being costly and cumbersome, MRI has limited ability
to distinguish (1) gliomas from other tumors (eg, primary
central nervous system [CNS] lymphoma), (2) progression
from pseudoprogression resulting from therapy-induced
necrosis, or (3) minimal or remnant tumoral burden.*®

A liquid biopsy (LB) constitutes an attractive minimally or
noninvasive method that may overcome some of the chal-
lenges and limitations faced by the other approaches. LB
allows the detection of materials shed by tumors, including
circulating tumor cells and genomic specimens® in biofluids
(eg, blood and cerebrospinal fluid [CSF]), enabling the iden-
tification of biomarkers that reflect tumor burden and dy-
namic evolution earlier or in real-time. In the past decade,
many researchers have investigated the diagnostic, prog-
nostic, and predictive applications of LB for many tumor
types throughout a patient’s disease course.””" For instance,
in CNS neoplasms, including gliomas, CSF has shown to be
a relevant source of molecular markers®'?>2" and was used
to track the evolution of gliomas.?2 However, the procedure
to obtain CSF is invasive and, to some extent, complex and
risky in patients harboring CNS tumors, which limits its use
for serial assessment of the disease. In contrast, LB of blood
is minimally invasive, quick, and thus can be easily per-
formed longitudinally.

One of the main limitations of blood-derived LB is
the dismal and often low yield of molecular material
released into the blood by CNS tumors, which may
hinder the detection of targeted molecular features.621.23
A more comprehensive “omics” approach, such as the
whole-genome DNA methylation profile, was proposed
to overcome that limitation®24 and was implemented for

epigenetic markers that distinguish gliomas from non-
gliomas. This study provides the framework to develop
a blood-based epigenetic panel marker to complement
the standard of care to diagnose, prognosticate, and
monitor disease recurrence or progression as well as
to stratify therapy which ultimately may improve the
quality of life of these patients.

certain cancer types.?32526 Not only is DNA methylation a
stable and tissue-specific marker, but it is also clinically
relevant to gliomas.??” The detection of tumor-specific
DNA methylation alterations in LB-derived specimens
has already been described in non-CNS neoplasms.?528
We hypothesized that the profiling of the genome-wide
methylome of circulating cell-free DNA (cfDNA) via mi-
croarray allows the identification of specific markers as-
sociated with glioma.22°

In this study, we identified a set of epigenetic signatures
in the serum that reflects the tissue methylome landscape
of glioma as well as immune signatures specifically associ-
ated with the detection of glioma. Using these signatures,
we developed a model through a supervised machine
learning (ML) that predicted the diagnosis of glioma in an
independent validation dataset and reflected tumor dy-
namic changes throughout tumor burden surveillance with
high accuracy. Our results lay the groundwork to apply
serum-derived methylation signatures to diagnose and
follow up patients with gliomas.

Materials and Methods
Patients

This study included 208 serum samples collected at pri-
mary visit only (n = 15), primary and recurrence or fol-
low-up visits (n = 33 patients with 71 serum samples), or
recurrence visit only (n = 14 patients with 28 serum sam-
ples) from 149 patients who underwent surgery to resect
gliomas, as well as serum from patients with brain met-
astatic tumor (n = 4), colloid cyst (n = 1), pituitary ad-
enoma (n = 14), primary meningioma (n = 42), recurrent
meningioma (n = 21), CNS lymphoma (n = 4), and non-
tumor brain diseases (n = 8) stored at the Department of
Neurosurgery, Hermelin Brain Tumor Center (HBTC) and
at the Henry Ford Health System (HFHS, Detroit, MI) from
2011 to 2019. In addition, publicly available data from
serum cfDNA from two patients with colorectal cancer33
were included. Longitudinal clinical annotation for 71 time
points (primary, recurrent, and/or off-treatment follow-up)
across 33 HBTC patients with glioma was rereviewed by
two neuro-oncologists (J.S. and TW.), one neuro-surgeon
(LL.), and two neuro-pathologists (A.M. and D.A.C.).
Detailed demographic information about the study cohort
is given inTable 1 and Supplementary Table S1. The project
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Table1 Summary of the Clinical Features

Total Primary (n = 48)

Characteristics

IDH Mutant (n = 19)

IDHWild Type (n=7) IDH Unknown (n = 22)

Clinical

Anaplastic astrocytoma 6(12.5%) 3(15.8%) 2 (28.6%) 1(4.5%)

Anaplastic oligodendroglioma 5(10.4%) 3(15.8%) 2 (28.6%) 0 (0%)

Glioblastoma 27 (56.3%) 3(15.8%) 3(42.8%) 21(95.5%)

Astrocytoma 5(10.4%) 5(26.3%) 0 (0%) 0 (0%)

Oligodendroglioma 5(10.4%) 5(26.3%) 0(0%) 0 (0%)
Age

Mean (SD) 54.5 + 15.7 47.8 +17.2 59.7+204 58.6 + 10.6

Range 21-82 28-78 21-79 44-32
Race

Black or African American 8(16.7%) 3(15.8%) 3(42.9%) 2 (9.1%)

Caucasian 38 (79.1%) 14 (73.6%) 4 (57.1%) 20 (90.9%)

Hispanic 1(2.1%) 1(5.3%) 0 (0%) 0 (0%)

Indian 1(2.1%) 1(5.3%) 0 (0%) 0(0%)
Survival

Mean (LQ-UQ) (months) 38(20.1-55.7) 50.4 (40.9-65.6) 27.1 (8.9-33.7) 30.8 (18.1-37.4)
Gender

Female 17 (35.4%) 9 (47.4%) 5(71.4%) 3(13.6%)

Male 31 (64.6%) 10 (52.6%) 2 (28.6%) 19 (86.4%)
1p19q Codel status

Intact 24 (50.0%) 10 (52.6%) 7 (100%) 7 (31.8%)

Co-deleted 9(18.8%) 7 (36.9%) 0 (0%) 2(9.1%)

Unknown 15 (31.2%) 2(10.5%) 0(0%) 13 (59.1%)
MGMT promoter status

Methylated 27 (56.2%) 15 (78.9%) 4 (57.1%) 8(36.4%)

Unmethylated 21 (43.8%) 4(21.1%) 3(42.9%) 14 (63.6%)

Abbreviations: LQ-UQ, lower quartiles-upper quartiles; MGMT, 0-6-methylguanine-DNA methyltransferase.

was approved by the HFHS Institutional Review Board
(#12490), and patients consented to allow their specimens
to be used for research purposes. Deidentified IDs were
used to protect patient privacy.

Serum Collection and Preprocessing

Peripheral blood (15 mL) was drawn from each subject at
the time of surgery (both for primary or recurrent sam-
ples), before opening the dura mater.The peripheral blood
of six patients was also drawn at follow-up (off-treatment,
7-42 months from diagnosis). Serum was separated within
1 h of collection by centrifugation at 1300 x g for 10 min at
20°C, aliquoted into up to five 2-mL cryovials, and stored
at —80°C until cfDNA isolation and processing.

Molecular (DNA/RNA) Isolation and Data
Generation and Processing

All patient cfDNA was extracted from 1.2- to 9.3-mL ali-
quots of serum (Supplementary Table S1) by using

the Quick-cfDNA Serum & Plasma Kit according to the
manufacturer’s protocol (Zymo Research, catalog #
D4076). DNA concentration and integrity were meas-
ured with a Qubit (Thermo Fisher Scientific) or a 4200
TapeStation (Agilent Technologies). For 22 patients
with available tumor tissue, DNA and RNA were iso-
lated from the tissue, and DNA methylation profiling
(lNlumina Human 450K array —HM450K), whole-genome
sequencing, and RNA sequencing were performed as
we reported previously'23233 (Supplementary Table S1).
From the entire cohort, serum cfDNA (2-100 ng) was
extracted, bisulfite-converted (Zymo EZ DNA methyla-
tion Kit; Zymo Research), and profiled using an lllumina
Human EPIC array (EPIC). Prior to profiling, the isolated
DNA was restored using a restoration kit provided by
[llumina. This allowed us to restore fragmented DNA
and concentrate the low yield. This is the same kit and
approach described by Moss et al.® They show repro-
ducible results using low cfDNA (up to 50 ng). The raw
cfDNA methylation intensity data files (IDAT) have been
deposited to Mendeley Data (ID: cgrz6zztfg). Serum
cfDNA methylation data from patients without glioma
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were obtained from previously published reports.30:3
IDAT files (derived from HBTC and published data) were
processed using the minfi package3* in R using a pro-
tocol described previously.?

Deconvolution

We used a published method® to deconvolute the rel-
ative contribution of different cell types to a given
sample based on the top 100 of the most specific
hypermethylated and hypomethylated CpG probes for
each cell type. Using those 100 probe signatures, we ap-
plied a nonnegative least squares method to deconvolute
the cell types of our serum and tissue cohorts by using
the standalone program provided by Moss and col-
leagues.’® We then normalized the percentages gener-
ated by the standalone program for each cell type from 0
to 100 by serum or tissue separately.

Development of the Glioma-Epigenetic-Liquid
Biopsy (GeLB) Score

We performed a supervised epigenome-wide differen-
tial analysis to identify specific, serum-based, epige-
netic markers associated with glioma and then applied
the signatures to a ML-based model to predict the pres-
ence of glioma. In order to capture glioma-specific
DNA methylation-based signatures, we compared the
methylome of matched serum and tissue from glioma pa-
tients and selected CpGs in which the methylation levels
were similar (<5% average DNA methylation difference).
In step 1, we randomly selected 38 samples from patients
with primary glioma and 42 from those without glioma
and classified them as our discovery set (n = 80). The re-
maining serum cfDNA methylation data from patients
with primary or recurrent gliomas or without glioma
were included in the validation and application sets
(n=125). In step 2, we randomized our discovery set into
training (80%) and test (20%) sets. In step 3, using the
training set and a supervised method, we selected the
top 500 differentially methylated probes sorted on the
basis of false discovery rate (FDR)-corrected Wilcoxon
rank-sum test P value. We confirmed the glioma origin
of the eLB signature by evaluating the measured DNA
methylation for each CpG in the glioma tissue profiled
as part of The Cancer Genome Atlas (TCGA) project. We
named these signatures “glioma-eLB” or “GelLB. In
step 4, with this training and signature (GelLB) dataset,
we created a predictive ML model using a random forest
(RF) method. In steps 5 and 6, we applied the model to
the test set (using the same selected GelLB data as the
training set [step 5]) to classify the samples as glioma
or non-glioma. This analysis provided us with a GelLB
score, which estimates the probability that a serum
cfDNA sample originates from a patient with glioma
(which depicts a high GelLB score, close to 100%) or
not (low GelLB score, close to 0%). A score was gener-
ated for each patient, and a receiver operating charac-
teristic (ROC) curve was analyzed to identify the optimal
cutoff score for maximum sensitivity and specificity. We

repeated steps 2 through 5 a thousand times, each time
reshuffling the discovery set into training and test sets
(step 2) and storing the RF scores for each testing sample
per iteration (Supplementary Figure S2A). The iteration
(or GelLB selection) that correctly identified gliomas
(n = 8) from non-gliomas (n = 11) in the test set, along
with the greatest difference in score (minimum score
of the gliomas minus the maximum score of the non-
gliomas) was then identified as the optimal GelLB signa-
ture. We selected the top 500 most significantly different
CpGs (FDR < 0.01) based on DNA methylation levels in
the serum. We identified 476 CpG sites (Supplementary
Figure S2B), now called as GelLB signature, which was
used to discriminate the serum of glioma from non-
glioma patients (Figure 2B). Using the GelLB signature,
we determined that a GeLB score cutoff of 49% accu-
rately distinguished serum from a patient with glioma
from another with non-glioma condition in our test set
(step 7).

Statistical Analysis

All processing and statistical analyses were done using R
(3.6.3). The Wilcoxon rank-sum test and adjustments for
multiple testing (eg, FDR) were used to identify differen-
tially methylated sites. To identify tissue-specific methylated
probes, we calculated the mean DNA methylation difference
for each CpG probe between serum and the tissue and set
the cutoff difference at less than 5%. We used RF analysis as
the ML method to classify and predict glioma.

Results

Serum cfDNA Methylome Profile Derived From
Primary Glioma

The total cfDNA quantity extracted from serum, normalized
by the genome size (genomic equivalents [GE]l/ml),
showed that patients with glioma had significantly higher
serum cfDNA levels than patients with other tumors or
conditions (mean + SE: 15 416.48 + 2221.5 vs 2694 + 638.9
GE/ml, Student’s t-test, P =.000001). The mean DNA input
used to profile methylation with the lllumina microarray
(EPIC) was 117.7 ng. Principal component analysis (PCA)
of the genome-wide c¢cfDNA methylation level showed a
distinct separation between primary gliomas (n = 48) and
non-tumorous or other neoplasms specimens (Figure 1A,
SupplementaryTable S1).

The composition of immune cell-specific methylation-
based signatures in the serum from patients with glioma
was distinct from the non-tumor serum and the glioma
tissue counterparts. For instance, B-cell-related signa-
tures were higher on average in patients with glioma
than in patients without tumor, both in serum (average
1.45-fold higher, P < .05) and tissue samples (20- and
18.88-fold higher, P < .05) (Figure 1B, Supplementary
Table S2). Conversely, CD4 T cells, monocytes, and
erythrocyte-related signatures were depleted in serum
from patients with tumors compared with those without
tumors (0.8-, 0.34-, and 0.17-fold lower, P < .05). In
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tissue, signatures from B cells, CD8T cells, monocytes, GeLB Score to Predict Patients With Glioma
vascular cells, natural killer cells, and neutrophils were

>1-fold higher (P < .05), and signatures from neurons  The majority of the published glioma-epigenetic signa-
were lower (P < .05) in the tumorous than in non-tumor  tures derived from tissue were undetectable in the serum
tissues. The serum from glioma patients contained high  methylome (Figure 1C, Supplementary Figure S1).
and variable amounts of neutrophil- and CD8 T-cell- order to explore the glioma specificity of the GelB sig-

related signatures.

nature, we used methylomes from independent cohorts
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Fig.2 Identification of glioma-specific epigenetic liquid biopsy (GeLB) as a diagnostic marker for gliomas. (A) Schematic diagram of the method
(supervised machine learning) and approach (discovery and independent validation) to identify the glioma-eLB CpG signatures used to generate
the GelB score (see Materials and Methods for details). (B) Principal component analysis. (C, D) Hierarchical clustering for (C) primary tumor
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Abbreviation: cfDNA, cell-free DNA.
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of primary glioma tissue and other non-glioma tumors
and showed that the glioma serum methylome clustered
with the primary glioma tissue counterpart (Figure 2C,
Supplementary Figure S2C, D), thereby corroborating our
initial observation that the eLB measurements reflected
the glioma tissue methylome. To further investigate the
content of the GelLB signature, we analyzed the similarity
matrix across available non-cancer cell-type data based
on methylation (brain-, neural-, and immune-associated
cell types) and found that the serum cfDNA methylome
from patients with glioma was similar to cell signatures
related to neutrophils, monocytes, and normal glia- and
neuronal-cell methylation than to other non-neoplastic
cell types originating from different cell lineages (Figure
2D). The non-tumor brain serum segregated with brain
and glial cell types, suggesting that the GeLB signature re-
flected tissue-of-origin signatures.

Next, we annotated the genomic location of the GelLB
signatures (N = 476). We found that 147 CpG probes
(31%) overlapped with known CpG Island; 107/147 were
hypermethylated and enriched in CpG Island (OR = 0.45,
95% CI: [0.30, 0.68], chi-square P <.0001) and 40/147 were
hypomethylated and enriched in CpG Island (OR = 1.94,
95% Cl: [1.31-2.86], chi-square P<.001) above the expected
distribution for the EPIC platform (data not shown). The
lack of gene expression data matched to normal brain
tissue DNA methylation limited our ability to investigate
the biological context of these GeLB signatures.

Independent Validation of the Gel.B Score

Given the tissue specificity of the detectable serum GelB
signature, we applied a supervised ML model to determine
the robustness of the GelLB signature to detect the presence
of glioma in an independent validation set (Figure 2E, F).
The validation set consisted of serum cfDNA methylation
data from primary (n = 18) and recurrent (n = 55) gliomas,
and LB from patients with non-tumorous diseases of the
brain (epilepsy and colloid cyst) or either intracranial (pi-
tuitary adenoma, meningioma, brain metastasis, and CNS
lymphoma) and extracranial tumors (colorectal cancer).
Using the GelB signature previously obtained by RF anal-
ysis on the discovery set, we generated a GeLB score, which
ranged from 0% to 100%, for each sample in the validation
set (Figure 2F, Supplementary Table S1). Interestingly, from
the discovery set, which had an equal distribution between
grade II/lll and grade IV glioma, the GelLB score was sig-
nificantly higher in low-grade (lI/lll) than high-grade (IV)
glioma at diagnosis, a condition in which the impact of the
hypermethylated epigenome (G-CIMP)" maximally differen-
tiates the two groups of tumors (Figure 2G). We evaluated
the GelB score as an independent validation at increments
of 1% and determined that, at our defined optimal cutoff of
49%, the signature could accurately (accuracy = 98%) distin-
guish a patient with primary glioma from one without (sen-
sitivity = 100% [18/18]; specificity = 97.78% [44/45], Figure
2E). The only false-positive was a primary aggressive and
atypical meningioma misclassified as glioma. Notably, the
four CNS lymphomas included in our non-glioma cohort
were correctly classified as non-glioma.

Identification of IDH Glioma Subtypes by
Noninvasive eL.B

Somatic mutation in one of the IDH genes (IDH1, IDH2)
is a prognostic marker for adult glioma (World Health
Organization [WHO] grade II-1V) and is traditionally identi-
fied from excised brain tissue. IDH status was available for
26 patients through targeted /DH sequencing or immuno-
histochemistry (/DH mutation [/[DHmut], n = 19 and wild-
type IDH [IDHwt], n = 7) (Table 1, Supplementary Table
S1) while 22 patients had unknown IDH status. There was
a significant difference in overall survival between pa-
tients with IDHmut and /IDHwt tumors (median [95% CI]:
50.4 months [41.4-59.4] vs 27.1 months [4.7-49.5], respec-
tively, Supplementary Figure S1A). We combined /DHmut
1p19q codeletion (n = 5, Codel) and IDHmut 1p19q intact
(n =10) into one class, IDHmut (n = 15).

Applying a supervised method and restricting our anal-
ysis to CpGs within autosomal chromosomes (chrom 1-22),
we identified 2647 IDH-eLB signatures (unadjusted P < .01)
that distinguished /IDHmut from [IDHwt gliomas (Figure
3A). To improve our specificity, we refined our analysis
further by selecting serum samples with a similar meth-
ylation pattern in the matching tumor tissue (CpG overlap
HM450K = 1525/2647) which generated specific IDHmut-
eLB and IDHwt-eLB signatures (n = 114/1525 [75%] and
n = 124/1525 [8%], respectively; Figure 3A, Supplementary
Figure S3A). Harnessing the matching tissue methylome
as well as pan-glioma methylome data from adult pa-
tients (Supplementary Figure S2E), we found that the
IDH-specific eLB distinguished the two IDH subtypes at
the tissue level and the IDH-serum methylome (/IDHwt and
IDHmut) clustered with the respective IDH tissue subtype
(Figure 3B, C, Supplementary Figure S3B, D), corrobor-
ating the specificity of the identified /IDH-eLB.

We defined IDH mutation score by analyzing the cfDNA
methylation data of serum from patients with IDH wild-
type or IDH-mutant tumors. We used the same approach
to define IDH-eLB as described for GelLB (ie, supervised
epigenome-wide differential analysis). We then inves-
tigated the potential functional or biological role of the
IDH-eLB signature by analyzing the methylome and tran-
scriptome (RNA-seq) from the matching glioma tissue.
Consistent with others who have shown enrichment in
islands and shores and depletion in open seas,?® we ob-
served that the overlapping CpG islands, shores, and
open seas of IDHwt-specific eLB were significantly en-
riched or depleted compared to the expected distribu-
tion set used by the methylation platform (chi-square
test P value 3.7E-04 enriched [CpG islands], 7.8E-05 en-
riched [shores], 8.9E-05 depleted [open seas], respec-
tively, Supplementary Figure S3E). This observation is
consistent with others who have shown enrichment in
islands and shores and not in open seas.?®> We identified
28 IDH-eLB-specific signatures linked to a gene promoter
(Supplementary Table S3), of which 14 transcripts were
differentially expressed in IDHmut vs IDHwt tissues. Ten
out of 14 transcripts were inversely expressed in relation
to the promoter methylation state (ie, hypermethylated
promoter and down-regulated expression or vice versa).
For instance, IDH-eLB signatures include the promoter
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IDH-specific eLB prognostic markers. (A) Mean genome-wide DNA methylation beta values in patient-derived serum from 15 with /[DHmut

(x-axis) and 7 with /DHwt (y-axis). t-Distributed stochastic neighbor embedding (t-SNE) using (B) /[DHmut and (C) /DHwt tissue-specific eLB
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hypomethylation of CXCR6, a gene that was reported to
be associated with poor prognosis when upregulated
and with longer survival when knocked out in an an-
imal model.?%3¢ Congruent with those reports, the
hypomethylated promoter of CXCR6 was associated
with its overexpression in IDHwt glioma tissues from
both TCGA and HBTC cohorts (Figure 3D, Supplementary
Figure S3F).

Another example detected in our IDH-eLB signatures
was the promoter hypomethylation of the PVT7 long non-
coding RNA (IncRNA) that when highly expressed was
associated with progression and poor prognosis in a
pan-cancer cohort from TCGA and poor response to che-
motherapy in patients with gliomas or squamous cell car-
cinoma of the head and neck.*’ In line with these findings,
hypomethylation of the PVT1 promoter was detected in
our IDH-eLB in association with overexpression of the cor-
responding gene in the subtype with the worst prognosis
(IDHwt) in samples from both the TCGA and the current co-
hort (Figure 3E, Supplementary Figure S3G).

The GeLB Score Changes Associated With
Treatment and Progression—Case Studies

The evolutionary history of glioma patients is typically
characterized by tumor recurrence, an event that can
also be associated with progression toward higher grade
glioma. Therefore, we investigated whether the GelLB
score was able to predict recurrence and/or progression.
To evaluate the application of the GelLB score as a poten-
tial tool to monitor glioma progression, we assessed the
GelLB score in 33 HBTC patients with glioma from whom
we had at least two serum samples from different time
points (primary and either recurrence or off-treatment fol-
low-up), comprising a total of 71 samples. The serum and
clinical history were acquired between 2011 and 2019 (eg,
before and after treatment, pathology report, and at signs
of progression on MRI scans) (Supplementary Table S1).
Patients’ treatment followed standard therapy paradigms.
The majority of patients received radiation with concurrent
chemotherapy followed by adjuvant chemotherapy with
temozolomide®; however, three patients participated in
clinical trials prior to a second or third surgery.

Compared to the baseline GeLB score at primary diag-
nosis (n = 33, median GelB: 78.41%), we observed a con-
tinuous decrease in the GeLB score of these patients during
longitudinal evaluation of recurrence (n = 27, median GelLB:
61.1 at first recurrence and 56.1% at second or third recur-
rence, P =.0001) (Figure 4A, Supplementary Figure S4A).
With the exception of eight cases (four of which are de-
scribed below), longitudinal samples represent persistent
or recurrent gliomas and these conditions are consistently
captured by the value invariably above 49%. However, the
shift in score from primary to recurrence suggests that the
methylation profile of recurrent samples differs from the
primary samples, a change that is likely induced by treat-
ment intervention.

Several HBTC patients were enrolled in different clinical
trials during the time of serum collection. Similar to patient
HBTC-01-¢c2777 who responded favorably to treatment and
the GelLB score dropped, we observed negative changes in

GelLB score (high to low) in all cases successfully treated
with various experimental agents consistent with the ab-
sence of the tumor in MRI for more than 6 months. Patient
HBTC-01-8fcd (Figure 4B) had initially been diagnosed
with anaplastic astrocytoma (AA), a baseline GeLB score
of 52%, and treated with standard chemoradiation and
surgery. Four years after surgery the tumor recurred and
was successfully treated with an experimental drug. After
6 months, reflecting a progression-free state of this patient
the GelLB score, remarkably dropped to 9%. In another
case, patient HBTC-01-9a7a’s GeLB score decreased during
the first recurrence (86%-71%) (Figure 4B). Following the
inclusion of this patient in an experimental study that led
to disease stabilization as ascertained by MRI, the GelLB
score decreased from 71% to 62%.

For all patients who underwent recurrence, the GelLB
score remained high or even increased further, and this
observation was associated with progression of the tumor
shown by MRI (Figure 4B, patient HBTC-01-b972). For ex-
ample, in the case of patient HBTC-01-6b1e (Figure 4B), the
increase in GeLB score coincides with glioma progression.
The patient’s initial tumor was diagnosed as glioblastoma
(GBM) and was treated with standard of care (chemo-
radiotherapy) for 6 weeks. Approximately, 8 months later,
the first sign of progression by MRI resulted in the second
line of treatment (surgery). The patient’s baseline GelLB
score corresponding to the primary diagnosis (GBM) was
low but still indicative of a glioma (51%) which increased
to 78% at progression.This patient died 7 months later. The
opposite scenario was observed in patient HBTC-01-¢c277,
initially diagnosed with AA and presenting a baseline GelLB
score of 93% (Figure 4B). Following surgery and chemo-
radiotherapy, after 6 years, the patient experienced long-
term remission, without signs of recurrence on MRI and a
concurrent serum GelLB score of 33%, considered a non-
glioma based on our defined cutoff (<49%). Patient HBTC-
01-cc0b (Figure 4B) who had been diagnosed with a grade
Il oligodendroglioma had a baseline GeLB score of 98% at
diagnosis, indicative of the presence of a glioma.Two years
after the initial diagnosis, the patient developed a cranial
infection at the surgical site without evidence of tumor re-
currence and with a GeLB score of 78% (decrease of 20%
from baseline). After 4 years, this patient showed clear
signs of recurrence confirmed by MRI when and the pa-
tient initiated chemotherapy for tumor progression. Cases
HBTC-01-6b1e and HBTC-01-b972 experienced recurrence
as documented by MRI imaging, GeLB score increased to
53% and 61% from baseline, respectively.

The GeLB Score may Discriminate
Pseudoprogression From True Progression
of Glioma

One of the most significant unmet challenges in the clin-
ical follow-up of patients with brain tumors is the ability
to distinguish pseudoprogression from true progression
with nonsurgical procedures. Currently, there are no reli-
able diagnostic noninvasive approaches that can discrimi-
nate pseudoprogression from true progression. We tested
whether the GeLB score could distinguish both states. Our
cohort included three patients who presented bonafide
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pseudoprogression as confirmed by MRI imaging and his-
tology. Patient HBTC-01-fa18 (Figure 5A) had initially been
diagnosed with astrocytoma grade Il and treated with
standard chemoradiation. At diagnosis, the patients pre-
sented a baseline GelLB score of 85%, consistent with the
diagnosis of glioma. Following the standard of care treat-
ment and monitoring with MRI assessment, the patient
showed signs of progression (MRI:T1,T2, and Gadolinium)

that required a second surgical resection. Following sur-
gery, pathology reports for the resected tumor indicated
necrosis or reactive tissue (ie, inflammatory response
mixed with gliosis). Interestingly, the concurrent GelB
score at that time point dropped to a score consistent with
a non-glioma specimen (27%). Congruent with the diag-
nosis of pseudoprogression, this patient is alive for more
than 6 years with no signs of progression. The baseline
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GelB score for patient HBTC-01-b4aa (Figure 5B) was 93%
and initially diagnosed as astrocytoma grade Il. Following
initial standard treatment, after 5 years, the tumor pro-
gressed and the patient underwent surgery confirming
GBM recurrence. One year later, a follow-up MRI (T1, T2,
and Gadolinium) indicated tumor recurrence, but the pa-
thology report of the new surgical specimen revealed only

the presence of extensive necrosis and the patient’s asso-
ciated GelLB score at that time point was 23% (75% drop
from baseline) (Figure 5B) indicative of a non-glioma state.
However, a routine MRI performed 5 months after the
second surgery showed a massive tumor regrowth and
the corresponding GelLB increased to 65%.The patient died
4 months later. Patient HBTC-01-8902 presented a baseline
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GelB score of 66% at diagnosis (GBM, Figure 5C). After
12 months, the patient showed signs of tumor recurrence
treated with an experimental agent (Phase 0/1), followed
by a second surgery that revealed predominant reactive
gliosis and necrosis with minimal tumor. At the time of sur-
gery, GelLB score was 54%, a 15% drop from baseline. After
1 month, GelLB increased to 64% consistent with the signs
of progression in the MRI. Based on the imaging results,
the patient underwent a third surgery and the histology
analysis diagnosed a recurrent GBM.

Discussion

It is established that tissue-derived methylation markers
have a role in stratifying patients with glioma. Additionally,
widespread and specific DNA methylation patterns reflect
the cell of origin both in tissue- and blood-derived speci-
mens."225273% Here, we tested whether, by profiling the
methylome of circulating cfDNA in the serum from a co-
hort of patients with gliomas and other tumors and non-
neoplastic conditions, using a methylation microarray,
we would identify methylation markers that recapitulated
the epigenetic features of glioma tissue. We defined a set
of serum signatures (GelLB) that distinguished patients
with glioma from their counterparts with high sensitivity
and specificity, suggesting its potential diagnostic role
of GeLB.* Applied to publicly available cohorts of tumor
tissue,? these signatures were more similar to the meth-
ylation of the matching glioma tissue than the cfDNA
methylome of other neoplasias or non-neoplastic condi-
tions (Figures 1 and 2, Supplementary Figures S1 and S2),
suggesting that GelLB is glioma-specific (Figures 1 and 2,
Supplementary Figures S1 and S2). Thus, using GeLB sig-
natures as input, we applied a ML approach and devel-
oped the GelLB score that accurately predicted whether
the serum cfDNA methylome originated from a patient
with glioma (GeLB score >50%) or a non-glioma condition
(Figure 2). Considering the high accuracy and specificity of
the GelLB score we observed, these signatures could po-
tentially be complementary to imaging in the pre-surgical
diagnosis of challenging cases faced in neuro-oncology
such as the differentiation of glioma and other CNS con-
ditions with similar features on imaging (eg, primary CNS
lymphoma; demyelinating disease, or metastatic disease)
and the diagnosis of tumors not amenable to resection due
to comorbidities or neuroanatomic location (eg, deep or el-
oquent regions in the brain).

We also investigated the application of a GelLB score in
a subset of patients with gliomas from which serum was
withdrawn during surveillance (Figure 5D). The absolute
level of the GeLB score did not seem to be significantly as-
sociated with ¢cfDNA amount, tumor size, glioma subtype,
or grading (eg, GBM, oligodendroglioma, AA, low-grade
astrocytoma, etc.) (Figures 2G and 4B, Supplementary
Figure 4). At the pre-surgical time point (primary), all the
patients were categorized as having gliomas by the GelLB
score (Figure 4B). During follow-up, the score decreased
from the baseline in the majority of the cases (22/33;

67%), 64% of which kept GelLB scores within the glioma
class and the remainder (36%) fell into the non-glioma
score (Supplementary Figure 4). In some cases, the var-
iation of the GelLB score levels was associated with spe-
cific features of the disease course such as progression,
pseudoprogression, and response to treatment (standard
or experimental) as shown in Figures 4 and 5. For instance,
the GeLB score steadily increased as the tumor evolved (pa-
tient HBTC-01-b972 and HBTC-01-6b1e); decreased during
an infectious process (patient HBTC-01-ccOb) followed by
a later increase in association with tumor progression as
shown by imaging assessment and decreased in associ-
ation with treatment with an experimental drug (patient
HBTC-01-9a7a). In three cases of pseudoprogression con-
firmed by the presence of necrotic tissue by pathology (eg,
patient HBTC-01-fa18, HBTC-01-b4aa, and HBTC-01-8902),
pre-surgical imaging suggested tumor progression whilst
the concurrent GeLB score decreased in relation to base-
line, two of them reaching a non-glioma score (eg, patient
HBTC-01-fa18 and HBTC-01-b4aa). As for diagnosis, these
promising results underscore the potential use of the GeLB
score as a personalized surveillance tool, in which varia-
tion in the score’s value from the patient’s baseline could
be useful to monitor disease evolution to differentiate be-
tween true disease progression and pseudoprogression
secondary to therapy (radiation- or chemotherapy-induced
necrosis or immunotherapy agents) as a complementary
approach to imaging methods.

We also defined an IDH-status methylation signature in
the serum from a small cohort of patients with IDH status
assessed by standard methods that distinguished patients
harboring IDH-mutant or wild-type glioma (Figure 3B, C,
Supplementary Figure S3B, D). Interestingly, by analyzing
the methylome and transcriptome (RNA-seq) from the
matching glioma tissue, these methylation signatures were
negatively associated with the expression of genes re-
ported to have prognostic role in glioma and other tumors
from the TCGA cohort (eg, CXCR6 and PVT1) (Figure 3D,
Supplementary Figure S3F). Further validation is required
to determine if this noninvasive approach can resolve an
unmet need to detect the /IDH tumor switch (/DHmut to
IDHwt) upon recurrence, a phenotype that has important
clinical implication as shown by our group and others.*'

The use of serum or plasma for the molecular char-
acterization of cfDNA is a point of discussion due to
genomic contamination and dilution of the circulating
nucleic acids in serum-derived specimens. Although
these factors may hinder the detection of somatic mu-
tations derived from the tumors, the choice of serum
may not interfere with the survey of specific methyla-
tion marks, as cfDNA preserves information from tissue
of origin as the fragmentation of the DNA released by
healthy or tumorous cells is not a random event*243;
in addition, low input of DNA (eg, <250 ng) does not
prevent the detection of methylation alterations using
microarrays.3*Therefore, we investigated whether using
serum would allow for the detection of epigenetic al-
terations directly or indirectly related to the glioma.
Interestingly, the plasma GelLB score was lower in
plasma than in serum (GelLB score mean values ~25%
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vs >50%, respectively), possibly reflecting the presence
of immune cell-related signatures in the serum but not
in plasma. By deconvoluting the cell composition of the
serum using cell-type-specific methylation signatures,
we found that the serum from patients with glioma con-
tained more neuronal, glial, as well as a distinct immune
cell landscape, compared to the serum of patients with
other intra- or extracranial tumors or non-neoplastic
conditions, suggesting that the serum methylome cap-
tured tumor-related markers (glial and neuronal cells)
as well as local and/or systemic immune response to
the tumor (immune cells).#**¢ In addition, we found
that applying the GelLB score to plasma specimens
was highly correlated to the results using serum speci-
mens to classify samples as glioma or non-gliomas (av-
erage Pearson’s r = 0.965, Supplementary Figure S4B)
in a small cohort of paired (from 6 patients with glioma
off-treatment) or unpaired (colorectal cancer or non-
neoplastic brain conditions) serum and plasma sam-
ples. Despite promising, these results warrant validation
in a larger cohort and by concurrently deconvoluting
the serum or plasma cell composition of patients with
gliomas using standard methods to compare with the
methylation-based deconvolution methods. These en-
couraging results provide a framework for prospective
studies with larger cohorts involving a blood-based epi-
genetic panel marker to assess tumor burden and mon-
itor the progression and response to treatment of an
ever-evolving disease such as malignant gliomas using
a minimally invasive approach.
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