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Abstract

Background. Extracellular vesicles (EVs) play an important role in cell-cell communication, and tumor-derived
EVs circulating in patient blood can serve as biomarkers. Here, we investigated the potential role of plasma EVs in
meningioma patients for tumor detection and determined whether EVs secreted by meningioma cells reflect epi-
genetic, genomic, and proteomic alterations of original tumors.

Methods. EV concentrations were quantified in patient plasma (n = 46). Short-term meningioma cultures were
established (n = 26) and secreted EVs were isolated. Methylation and copy number profiling was performed using
850k arrays, and mutations were identified by targeted gene panel sequencing. Differential quantitative mass spec-
trometry was employed for proteomic analysis.

Results. Levels of circulating EVs were elevated in meningioma patients compared to healthy individuals, and the plasma
EV concentration correlated with malignancy grade and extent of peritumoral edema. Postoperatively, EV counts dropped to
normal levels, and the magnitude of the postoperative decrease was associated with extent of tumor resection. Methylation
profiling of EV-DNA allowed correct tumor classification as meningioma in all investigated cases, and accurate methylation
subclass assignment in almost all cases. Copy number variations present in tumors, as well as tumor-specific mutations
were faithfully reflected in meningioma EV-DNA. Proteomic EV profiling did not permit original tumor identification but re-
vealed tumor-associated proteins that could potentially be utilized to enrich meningioma EVs from biofluids.

Conclusions. Elevated EV levels in meningioma patient plasma could aid in tumor diagnosis and assessment of
treatment response. Meningioma EV-DNA mirrors genetic and epigenetic tumor alterations and facilitates molec-
ular tumor classification.
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Importance of the Study

Meningiomas represent the most common primary
intracranial neoplasms. Following tumor resection,
meningioma patients require long-term monitoring
to detect possible tumor recurrences. The tumor bi-
omarker potential of meningioma-derived extracel-
lular vesicles (EVs) has not yet been explored. Here,
we first demonstrate that levels of circulating EV are
increased in the blood of meningioma patients, corre-
late with malignancy grade and edema, and decline
postoperatively in association with extent of tumor re-
section. Furthermore, DNA extracted from EVs secreted

Meningiomas are the most common primary intracranial
neoplasms, accounting for 38% of all central nervous system
tumors.! The incidence of meningiomas increases with age,
and with the overall aging population these tumors are be-
coming increasingly more prevalent in neuro-oncology.?
Meningiomas are primarily treated with surgical resection, and
with the increasingly interdisciplinary concepts of adaptive
hybrid surgery, preoperative knowledge about the expected
aggressiveness of a meningioma would be of practical value
for surgical risk adaptation.This is particularly important as ap-
proximately 20% of tumors display aggressive behavior with
early recurrence, requiring repeated surgery, radiotherapy,
chemotherapy, or experimental molecular-targeted treatment,
resulting in significant morbidity and mortality.>* In addition,
for the further clinical course, having an easily accessible and
reliable biomarker would be highly valuable, as monitoring
during years-long follow-up currently relies on serial MRI
examinations, which are expensive, time-consuming, and
provide no information on molecular alterations, indicative
of progression towards a more aggressive tumor. Therefore,
the development of noninvasive liquid biopsy techniques that
allow continuous monitoring of the disease state, including
early detection of tumor recurrence with information on ge-
netic and epigenetic changes, is desirable.

Cancer cells secrete extracellular vesicles (EVs), such
as exosomes, microvesicles, and large oncosomes into
the tumor microenvironment and bloodstream. EVs carry
complex biologically active molecules, including proteins,
RNA, DNA, and lipids, which are protected from degrada-
tion and fragmentation by the surrounding EV membrane,
rendering EVs an attractive target for liquid biopsy in cancer
patients.5® We and others demonstrated that levels of circu-
lating EVs are elevated in the blood of glioblastoma patients
and glioma-bearing mice.”"° Increased plasma EV con-
centrations in glioblastoma patients drop after surgery but
rise again upon recurrence, suggesting that EV dynamics
can reflect the disease state.® We recently described that
genome-wide genetic and epigenetic alterations present in
glioblastomas are detectable by analysing the DNA of EVs
secreted by cultured glioblastoma cells.™

Little is known about the biomarker potential and proper
ties of EVs in meningioma patients.The rare published studies
focused on the micro RNA or protein composition of menin-
gioma EVs.">"3To our knowledge, no studies on meningioma
EV-DNA have yet been performed. The present study shows
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by meningioma cells faithfully reflects tumor-specific
methylation profiles, mutations, and copy number vari-
ations, thereby allowing molecular tumor classification.
Proteomic profiling identifies meningioma-associated
EV proteins that have the potential to serve enrichment
protocols for the isolation of tumor-derived EVs from
plasma to enhance the detection sensitivity for tumor-
specific epigenetic and genetic alterations. Translation
of our findings into the clinical practice could assist in
preoperative tumor assessment and monitoring menin-
gioma patients throughout their disease.

that circulating EVs are elevated in the blood of meningioma
patients and EV levels correlate with malignancy grade as well
as peritumoral edema. We performed methylation array anal-
ysis and gene panel sequencing of meningioma cell-derived
EV-DNA, and by using the Heidelberg brain tumor methylation
classifier we demonstrate that all EV samples were correctly
assigned to the brain tumor methylation class meningioma,
and in almost all cases also the methylation subclass was
assigned correctly. Genome-wide copy number variations
(CNVs) and mutations present in original tumor tissue were
accurately reflected in EV-DNA. Proteomic profiling identified
meningioma-associated proteins that could potentially be util-
ized for enriching meningioma EVs from biofluids.

Materials and Methods
Human Specimens

Meningioma tissue and nontumorous temporal lobe
tissue from patients undergoing epilepsy surgery were
obtained as approved by the medical ethics committee of
the Hamburg chamber of physicians (PV4904). Informed
written consent was obtained from all patients. Blood
samples (EDTA) were collected before the operation or be-
tween 1 and 6 days postoperatively.

Volumetric Measurement of Tumors

MRI images were analyzed by a single practitioner using the
cranial planning software Brainlab and the Smartbrush tool.
Tumor volume was measured by manually delineating the
contrast-enhancing tumor area on sequential gadolinium-
enhanced T1-weighted MRI images, followed by three-di-
mensional reconstruction. Similarly, FLAIR hyperintensity on
T2-weighted sequences was outlined by hand at every level,
creating a realistic three dimensional model of peritumoral
edema.Tumor and edema volumes were calculated in cm?3 by
the software.

Cell Culture

Meningioma cell cultures were established, following
a protocol for the generation of serum-free human
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glioblastoma stem-like cell cultures,’* as detailed in the
Supplementary Methods. Collections of supernatants
for EV preparation were initiated at the second medium
change when red blood cells and debris had been removed,
and were continued over about 2-4 weeks (depending on
the growth rate), after which meningioma cells were har-
vested for analysis.

Isolation and Size Analysis of EVs

EVs were isolated from plasma and conditioned medium
of primary meningioma cultures by differential centrifu-
gation and were analyzed by nanoparticle tracking anal-
ysis (NTA) as described previously' and as detailed in the
Supplementary Methods.

IFCM

Imaging Flow Cytometry (IFCM) analysis of EVs was per-
formed as described previously" and as detailed in the
Supplementary Methods.

Transmission Electron Microscopy (TEM)

The morphology of EVs was analyzed by TEM as described
before' and as detailed in the Supplementary Methods.

Methylation Array Analysis

Infinium MethylationEPIC arrays (850k) were used to obtain
genome-wide DNA methylation profiles as described previ-
ously.” DNA was isolated from EVs using the XCF exosomal
DNA isolation kit (SBI), and DNA from cells and tissue was
isolated using the Nucleospin tissue kit (Macherey Nagel).
Forty to 100 ng DNA quantified by Qubit (Invitrogen) were
used for analysis. Bisulfite treatment, whole-genome DNA
amplification, hybridization and single-base extension,
fluorescence staining, and scanning of the chips were per-
formed following the manufacturer’s instructions (lllumina).
Tumor methylation classification and per-sample CNV plot-
ting were performed using the DKFZ brain tumor classifier
version 11b4 (https://www.molecularneuropathology.org/
mnp) as described.”'® Data processing, normalization and
CNV analysis was performed using the R packages ChAMP
(v.2.24.0), conumee (v.1.28.0), ggplot2 (v.3.3.5), and custom
scripts.” T-distributed stochastic neighbor embedding
(t-SNE) analysis was performed using the R packages Rtsne
(v.0.15) and ggplot2 (v.3.3.5) as described.” For t-SNE anal-
ysis, a publicly available dataset of 82 defined brain tumor
classes containing 2801 individual tumor samples was used
as reference.'®

Mutation Analysis

Gene panel sequencing of the exonic regions of 169
genes known for frequent alterations in brain tumors
(Supplementary Table 1) was performed on a NextSeq se-
quencer 500 (lllumina) as described before' and as de-
tailed in the Supplementary Methods.

Differential Quantitative Label-Free Mass
Spectrometry-based Proteomics

Samples were analyzed by differential quantitative pro-
teomics, using a LC-MS/MS system as described before
and as detailed in the Supplementary Methods.

Statistical Analysis

One-way ANOVA with post hoc Bonferroni, or Kruskal-
Wallis test with Dunn’s correction were conducted to com-
pare multiple groups with normal or non-Gaussian sample
distribution. Comparisons between two groups were con-
ducted using paired and unpaired t-test, or Mann-Whitney,
and Wilcoxon matched-pairs signed rank test, for normal
or non-Gaussian distributed samples. Two-way repeated
measures ANOVA with Bonferroni correction or Friedman
test with Dunn's correction were used for timepoint com-
parisons between different groups. Statistical analyses
were performed using Graph Pad Prism 9.

Results

Meningioma Patients Have Elevated Levels of
Plasma EVs

To quantify circulating EVs in meningioma patients, we
isolated EVs preoperatively from the plasma of patients
with meningiomas WHO grade 1 (M1, n = 29), grade 2
(M2, n=12), and grade 3 (M3, n = 5) as well as from age-
matched healthy donors (HD, n = 18). EV levels were sig-
nificantly increased in meningioma patients compared to
healthy controls (Figure 1A). Mean concentrations were
elevated 2.4-fold in M1, 3.7-fold in M2, and 4.5-fold in M3
patients and correlated with histological malignancy grade
(r = 0.4082, P = .0049, Spearman). The EV size spectrum
did not differ significantly between meningioma patients
and healthy donors and fell within the expected range of
50-150 nm, as confirmed by NTA (Figure 1B).

Next, we investigated whether EV concentrations were
associated with tumor size or extension of peritumoral
edema. Tumor volume was quantified by measuring the
contrast-enhancing mass on T1-weighted images, and the
extent of peritumoral edema was determined as volume
of FLAIR hyperintense lesions (Figure 1C). EV plasma con-
centrations were not associated with tumor size (Figure
1D) but correlated with the extent of peritumoral edema
(r=10.6316, P <.0001, Spearman), (Figure 1E), and correl-
ations with edema were also significant for the Ml and Ml
subgroups, with a similar trend for MIll (Supplementary
Fig. 1). Furthermore, tumor size was not associated with
WHO grade, whereas increased edema correlated with
higher malignancy grade (r=0.4852, P=.0031, Spearman,
Figure 1F, G).

To assess whether the presence of the tumor was re-
sponsible for the elevated EV concentration in the blood
of meningioma patients, we compared plasma samples
obtained preoperatively with paired samples collected
4-6 days after the operation (n = 17 M1, 5 M2). Levels of
plasma EVs were significantly reduced in the postoperative
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Concentration of plasma EVs in meningioma patients. (A) EV levels in the plasma of meningioma patients (WHO grade 1-3) are increased

compared to healthy donors (HD), as determined by nanoparticle tracking analysis, (Kruskal-Wallis, Dunn's; horizontal lines represent means).
(B) Size distribution of plasma EVs. (C) Volumetric measurement of tumor size (top) and peritumoral edema (bottom) with 3D reconstruction
(right). (D) Relationship between tumor volume and plasma EV concentration (r2 = 0,0009). (E) Association between peritumoral edema volume
and plasma EV concentration (r% = 0.2806). (F) Tumor size of meningiomas of different WHO grades. (G) Association of edema with malignancy
grade (Kruskal-Wallis, Dunn's). (H) Reduction of EV concentrations to normal levels 4-6 days postoperatively (n =22, Wilcoxon signed-rank). (1)
EV reduction occurred within the first day after the operation (n = 15, Friedman, Dunn's). (J) Comparison of EV concentration changes (4-6 days
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samples (Figure 1H), suggesting that the presence of the
tumor is responsible for the elevated circulating EVs in me-
ningioma patients. In 15 of these patients (11 M1, 4 M2),
additional samples collected one day postoperatively were
available, and their analysis showed that the major drop
in circulating EVs occurred already at this early timepoint
(Figure 11), indicating that the majority of tumor-associated
EVs are cleared rapidly from the circulation.

Finally, we analyzed whether the extent of resection,
defined by Simpson grading with MRI confirmation,' af-
fected the postoperative decline in circulating EVs. The
postoperative reduction of circulating EVs was strongest in
the group of completely resected tumors (Simpson grade |,
P=.0093, n=10, Figure 1J). A trend towards reduced post-
operative EVs in Simpson grade Il resected tumors (dural
attachment coagulated but not removed), did not reach sig-
nificance (P = .1336, n = 10), and single cases of Simpson
grade lll and IV tumors showed little or no postoperative
reduction. These findings suggest that the extent of tumor
resection affects the degree of postoperative EV reduction
in patient blood, and further supports the notion that the
tumor is the main source of elevated circulating EVs in me-
ningioma patients.

Isolation and Characterization of EVs Secreted by
Meningioma Cells

In preliminary experiments we observed that in most
cases meningioma cells displayed improved in vitro
growth and prolonged viability when cultured as spheres
under neural stem cell conditions, compared to adherent
monolayers cultured with serum (not shown). To obtain
tumor cell-derived EVs, we therefore established primary
cell cultures from freshly resected meningioma tissue
using sphere conditions (Figure 2A). Collection of super-
natants for EV preparation was initiated at the second me-
dium change and repeatedly continued over 2-4 weeks,
after which meningioma cells were harvested for anal-
ysis. Supernatants were pooled and EVs were isolated
by differential ultracentrifugation. TEM showed that me-
ningioma EVs exhibited the typical cup-shaped form that
morphologically defines EVs,? (Figure 2A). EVs fell within
the expected size range of exosomes and microvesicles
(Figure 2B) and expressed the tetraspanin markers CD9,
CD63, and CD81 (Figure 2C, D).

DNA Methylome Analysis of Meningioma EVs

To determine whether meningioma EV-DNA reflects the
global DNA methylation pattern of parental cells and
original tumors, we purified DNA from EVs secreted by
cultured meningioma cells (n = 15), as well as from the
corresponding cultured tumor cells (n = 14) and original

Fig.1 Continued

tumors (n = 16). In one case, recurrent tumor samples
from 3 operations were available, and matching EVs
were obtained from 2 cultures (04-1_CL, 04-2_CL), how-
ever, one culture (01-1_CL) was eventually lost for analysis
(Supplementary Table 2). Methylation profiling was per-
formed using Infinium MethylationEPIC BeadChip Arrays.

Using t-distributed stochastic neighbor embedding di-
mensionality reduction (t-SNE) of normalised methyla-
tion intensities in EVs, cells, and tissue, we found that EVs
mostly mapped in close proximity to their corresponding
parental cells and tumor tissue (Figure 3A). We then
aligned our samples to the CNS tumor reference database,
including over 2800 reference samples, representative of
more than 80 tumor methylation classes.' All our samples
of EVs, cells, and tissue mapped to the meningioma cluster
(Figure 3B).

We next submitted the methylation data to the
Heidelberg brain tumor methylation classifier, which as-
signs unknown CNS tumors to different tumor methyla-
tion classes and subclasses based on prediction scores.®
All samples of EVs, cells, and tumors were correctly identi-
fied as meningioma with a high match score of >0.9 (Figure
3C). In addition, samples were subclassified into 6 menin-
gioma methylation classes, including 3 benign subclasses
(ben-1, ben-2, ben-3), two subclasses with intermediate
outcome (int-A, int-B), and one malignant class with highly
aggressive outcome (Figure 3C).2' EVs were correctly as-
signed to the methylation subclass of the corresponding
original tumor in 13 of 15 samples that were available for
paired analysis. In all except one (case 09) of the matching
EV samples, the match score was at least 0.6. In case 09,
the original tumor displayed a mixed epigenetic signature,
partially corresponding to int-A (score 0.63) and to int-B
(score 0.27), and for EV-DNA the int-A and int-B scores
were 0.45 and 0.42, reflecting the biological duality of the
tumor. In two other cases (12 and 16) the EV methylation
class did not match the cells and original tumors. In case
12, the EV-DNA quality was low according to the CNV pro-
file, which can serve as a quality control (Supplementary
Fig. 2). In case 16, the cultured cells exhibited a relatively
low match score of 0.52 for int-A compared to a high score
of 0.92 for the tumor and EVs were classified as ben-3,
suggesting that tumor heterogeneity and/or sampling
variation or in vitro cell selection may account for the
divergence.

In 4 of the 15 cases (01, 09, 18, and 33), the methylation
subclass of the cultured cells did not match that of the cor-
responding tumor. In cases 01 and 09 the copy number
variation (CNV) profiles of the cells were considerably
flatter than those of the corresponding tumors and EVs
(Supplementary Fig. 2), suggesting that tumor cells had
eventually become senescent and overgrown by fibro-
blasts, which is common to occur in meningioma primary
cultures?? and consistent with our microscopic impres-
sion of some cultures, although we did not systematically

postoperatively vs. preoperatively) in individual patients with different extent of tumor resection, as defined by Simpson grading (left panel,
n =22). Mean EV concentration changes in patient groups with different extent of resection (right panel). Postoperative EV reduction was only
significant in the Simpson grade | group (P=.0093, 2-way ANOVA, Bonferroni). Values in (F)—(H) are means + SEM. Pvalues are defined as * <.05,

** <01, **<.001, and **** <.0001.
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Fig. 2 Meningioma EV isolation and analysis. (A) Meningioma (MNG) tissue was taken into culture using neurosphere conditions and EVs
secreted by the tumor cells were analyzed. Electron microscopy demonstrates the typical cup-shaped morphology of EVs (arrows). (B) Size
spectrum of EVs isolated from a meningioma culture. (C) Detection of tetraspanin markers by imaging flow cytometry, representative image. (D)
Quantification of the percentage of tetraspanin single-positive and double-positive EVs.

document the microscopic findings of the cultures over
time. Of note, the collection of supernatants for EV prep-
aration was initiated after the first medium change and
continued over several weeks, after which the cells were
finally harvested. Conditioned media from different col-
lection time points were pooled for EV isolation, so that a
substantial proportion of EV-DNA was derived from earlier
cultures, explaining why in several cases EV methylation
profiles were more consistent with original tumors than

cell profiles. In cases 18 and 33 the original tumors ex-
hibited mixed epigenetic signatures with features of both
ben-3 (score 0.45) and ben-2 (score 0.33) in case 18, and of
int-B (score 0.72) and int-A (score 0.18) in case 33, whereas
in cell cultures the signature with the respective lower
score had become dominant, suggesting adaptation and
cell selection after prolonged culturing.

Taken together, our findings show that the methylation
pattern of meningiomas is usually maintained in EV-DNA,

ABoroouQ

-0INBN



Ricklefs et al. Meningioma extracellular vesicles

allowing unequivocal classification of meningioma in all
cases and meningioma subclassification in the vast ma-
jority of cases.

CNV Analysis of Meningioma EVs

Copy number alterations were determined by analysing
the methylation array data,®® (Supplementary Fig. 2).
Heatmap representation of gains and losses highlights
the CNV similarities between EV-DNA, cells, and matching
tissues (Figure 4A). Hemizygous deletions of 22g were
present in 14 of the 15 original tumors and were all also
detected in corresponding EV-DNA. Losses involving 1p
were found in 12 tumors and were also visible in EV sam-
ples except for case 12, in which the DNA quality was low.
Other recurrent large deletions in tumor tissue affected
chromosome arms 6q (8 tumors), 18q (7 tumors), 10q (6
tumors), 14q (5 tumors) 4p (5 tumors), and 11p (5 tumors),
and all of these losses were also detectable in EV-DNA ex-
cept for case 12. In addition, two tumors (T04-1 and T04-2)
harbored hemizygous deletions of CDKN2A/B, which were
also found in EV-DNA.

Chromosomal gains were infrequent and displayed no
recurrent pattern, however, in all cases in which gains were
present in tumors they were also present in corresponding
EVs (cases 01, 03, 04-1, 04-2, 25). In case 19, gain of 1p
newly occurred in cell culture and was also detected in
EVs, suggesting that the original tumor was either geneti-
cally heterogeneous or the gain was newly acquired during
culturing (Figure 4B). Likewise, loss on 7q in case 33 was
exclusively present in the tumor, suggesting that a tumor
subclone without this alteration was dominant in vitro.

Mutation Analysis of Meningioma EVs

All samples that underwent methylation profiling, as well
as two additional cases in which matching EVs and cells
were available (case 08 and 13), were analyzed by gene
panel sequencing to investigate 169 genes that are recur-
rently altered in meningiomas or other brain tumors. The
somatic origin of DNA sequence alterations was deter-
mined through public databases, and details on detected
alterations, including variant allele frequencies, are pro-
vided in Supplementary Table 3. The oncoprint diagram
highlights the high congruence of single nucleotide vari-
ants (SNVs) and indels detected in tumors, EVs, and cells
(Figure 5). NF2 mutations were found in 10 of 18 tumors,
and were all detectable in corresponding EV-DNA and cells
(Figure 5). Mutations in TRAF7 are second most common in
meningiomas,?' and alterations in this gene were found in
two tumors as well as corresponding EVs. SMO and PTEN
are also recurrently mutated in meningiomas, and alter-
ations in these genes each occurred in one tumor as well
as in matching EVs (Figure 5). No mutations were found in
other meningioma associated genes, such as KLF4, AKT1,
POLR2A, PIK3CA, SUFU, or the TERT promoter. Of note,
the SNV in KMT2D found in the tumor and EVs of case 01
was not detected in cells, which can be explained by even-
tual overgrowth by fibroblasts. In case 33, the alteration
in GSE1 was only present in the tumor, providing further

evidence for clonal heterogeneity which was observed in
the CNV analysis.

Proteomic Profiles of Meningioma EV's

To investigate whether meningioma protein signatures are
reflected in EVs, we analyzed the protein composition of
tissues, cells, and EVs from 4 meningioma patients by dif-
ferential quantitative proteomics. The total number of de-
tected proteins in EV samples ranged from 383 (case 37) to
650 (case 38), (Figure 6A, Supplementary Table 4). Of 321
proteins that were present in at least 3 of 4 EV specimens,
262 were also found in at least 3 of 4 tumor and cell sam-
ples (Figure 6B, Supplementary Fig. 3A).

Unsupervised hierarchical clustering of these proteins
showed that tumor tissue, cells, and EVs each formed
separate clusters and that tumors and cells shared more
in common than they shared with EVs (Figure 6C). The
similarity within the different groups of samples was con-
firmed by correlation analysis, however, no consistent cor-
relations between EVs and corresponding cells or tumors
were found (Figure 6D, Supplementary Fig. 3B and C).
Instead, all EV samples were most closely related to tumor
T35 and also the 4 cell cultures displayed highest similarity
with this tumor.

In order to identify proteins that are specifically enriched
in meningioma-derived EVs, we first compared the pro-
teins contained in meningioma tissue samples to 4 sam-
ples of normal brain, which could be another source of
the increased plasma EVs in meningioma patients, given
the tumor-associated disruption of the blood-brain bar-
rier. In total, 636 proteins were exclusively detected in
meningiomas (Figure 6E, Supplementary Table 5). Of
note, somatostatin receptor type 2 (SSTR2), a well-known
target for meningioma imaging with radiolabeled SSTR2
ligands,®?* was among these proteins. In addition to pro-
teins that were exclusively found in meningioma samples,
we further identified 727 proteins that were upregulated
>2-fold in meningiomas vs normal brain (Figure 6F
SupplementaryTable 6).

We then compared proteins that were (1) either ex-
clusively found in meningioma tissue, or (2) >2-fold
upregulated vs. normal brain, and (3) found in >3 EV
samples, as well as (4) >3 meningioma tissue samples
(Figure 6G). Of those proteins that were either exclu-
sive or upregulated in meningioma tissue, 139 (106 + 33)
were also detected in >3 EV and tumor samples (Figure
6G, Supplementary Table 7). Gene ontology analysis
revealed that many of these proteins were related to
exosomes/vesicles or extracellular matrix (ECM) inter-
actions (Supplementary Fig. 4A, B). In a previous study
we had analyzed EVs secreted by glioblastoma cells (n=4)
using the same proteomics approach, and had identified
114 proteins as exclusive or upregulated in glioblastoma
tissue vs normal brain and present in >3 EVs and tu-
mors." We therefore compared the 139 proteins identified
in meningioma EVs with those identified in glioblastoma
EVs. A third of all proteins overlapped between the two
entities and 77 proteins were exclusive to meningioma EVs
(Figure 6H, Supplementary Table 8). Among the latter was
desmoplakin, a well-known meningioma marker.?®> Other
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proteins that were specifically associated with menin-
gioma EVs included periostin, matrix gla protein, tenascin
X, and tetranectin, all of which are known to be normally
involved in connective tissue and bone formation.

Collectively, these findings demonstrate that while the
EV proteome does not allow to identify the precise tumor
of origin, it can identify proteins which are potentially
useful for enriching meningioma EVs.
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Discussion

In summary, our study presents the following major find-
ings: (1) Levels of circulating EVs are elevated in menin-
gioma patients, and plasma EV counts correlate with the
extent of tumor edema and malignancy grade; (2) the
magnitude of the postoperative decline in EV numbers is
associated with the extent of tumor resection; (3) methyl-
ation profiling of EV-DNA unequivocally allows accurate
tumor classification as meningioma, and in almost all
cases also correct methylation subclass assignment; (4)
tumor-specific genome-wide copy number alterations are
identifiable by meningioma EV-DNA methylome analysis;
(5) targeted gene panel sequencing of EV-DNA facilitates
the detection of meningioma-specific mutations, including
potentially targetable driver mutations; (6) proteomic EV
profiling does not permit original tumor identification but
recognizes tumor-associated proteins potentially valuable
for enriching meningioma EVs from biofluids.
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Several studies have previously reported that the
number of EVs is increased in the blood of glioblastoma
patients compared with healthy donors.””'? Osti et al. ob-
served a 3.3-fold increase in circulating EVs in glioblastoma
patients and suggested that this increase is specific for
glioblastomas and does not pertain to other brain tumors.®
However, only 6 meningioma patients (of undescribed
WHO grade) had been included in the investigation and re-
sults for meningiomas were pooled with other extra-axial
tumors. Our study shows that about half of the patients
with M1 displayed EV counts above those in healthy in-
dividuals and that EV concentrations increased with ma-
lignancy grade, up to a fold change of 5.4 in M3 which is
even higher than reported for glioblastomas.®® EV levels
were not associated with tumor size per se, but correlated
with the extent of tumor-associated edema, suggesting
that leakiness of the blood-brain barrier could primarily
be responsible for the elevated peripheral EVs. Notably,
other factors are also likely to affect levels of circulating
EVs, since for example three M1 patients with highest EV
counts displayed a rather broad range of tumor and edema
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volumes (8.0-150.0 cm? and 7.9-88.2cm?, respectively).The
rapid postoperative decline in circulating EVs and the as-
sociation of the magnitude of reduction with the extent of
resection strongly suggest that the presence of the tumor
is responsible for the observed vesiclemia in meningioma
patients. However, with currently available methods the
precise origin of EVs in the bloodstream cannot be defined,
and they may be derived from the tumor itself as well as
from the tumor environment. Nonetheless, our data show
that increased numbers of circulating EVs can serve as a bi-
omarker indicative of tumor presence especially in higher
grade meningiomas, which could potentially be useful in
monitoring disease status and treatment response.
Genome-wide methylation profiling is a powerful tool
for the classification of brain tumors. Methylation array
analysis can predict patient outcome and recurrence more
reliably than histological tumor grade.?'?® Integration of
methylomic findings with WHO grading, CNV, mutation,
and mRNA data can further refine prognostic accuracy.?’28
Our analysis of the methylomic, CNV, and mutational
profiles of meningioma EVs shows that tumor-specific

alterations are detectable in EV-DNA with high fidelity.
Methylation profiles of all EV samples were highly similar
to their corresponding original tumors, and all samples
were correctly identified as meningioma by the Heidelberg
classifier. By subclass analysis, all except two of the 15 EV
samples were correctly assigned to the methylation sub-
class of the tumor. In the two nonmatching cases, the di-
vergence could be attributed to either low EV-DNA quality
(case 12) or in vitro cell selection (case 16). CNVs present in
tumors were also detected in EV-DNA with high accuracy,
including CDKN2A/B deletions. In two cases, the cultured
cells (and EVs) differed slightly from the original tumor,
by either acquiring gain of 1p (case 19) or failing to show
loss on 7q (case 33). In case 33, sequencing revealed that
also a missense alteration affecting the GSE7 gene was
lost in vitro, indicating tumor heterogeneity and sampling
variation. In all other cases, tumor mutations were faith-
fully reflected in EV-DNA, including in particular known
meningioma driver mutations in NF2 and TRAF7.Taken to-
gether our results show that EVs reflect the epigenetic and
genomic aberrations present in meningiomas with high



y{iL1: 3 Ricklefs et al. Meningioma extracellular vesicles

A EV_T35 EV_T36 B c |-‘=| H %

(529) (439) Q
EV_T37 EV_T38 Cell culture ik
(383) (650) 4

198

w)
TS_T35
TS_T36
TS_T37
TS_T38
CL_T35
CL_T36
CL_T37
CL_T38
EV_T35
EV_T36
EV_T37
EV_T38

TS_T35

TS_T36 MNG tissue NB tissue
TS_T37

TS_T38
CL_T35

CL_T36 10
cL_Ts7

CL_T38
EV_T35

o
Pearson r

EV_T36
EV_T37 -0.5

EV_T38

Row z-score

G
Upregulated >3 EV
in MNG samples
>3 MNG
32 samples

&

Exclusive
in MNG

MNG GBM

-2 -1 0 1 2
Row z-score

Fig. 6 Proteomic profiles of meningioma EVs. (A) Numbers of proteins detected in EVs from cultured meningioma cells by differential quantita-
tive proteomics. (B) Proteins detected in at least 3 of 4 samples each of EVs, cells, and original tumors. (C) Unsupervised clustering based on 262
proteins present in all three sample types. (D) Pearson correlation analysis of the proteomes of EVs, cells (C), and tumor tissue (T). (E) Overlap



accuracy and that methylomic tumor subclassification can
be achieved via EV-DNA analysis.

Ideally, liquid biopsy could one day become a means
to noninvasively monitor disease dynamics, including in-
formation on temporal heterogeneity, that is molecular
changes over time that may prompt early therapeutic
intervention. To that effect, Nassiri et al. reported that
sequencing of methylated cell-free DNA (cfDNA) from pa-
tient plasma can in principle separate different groups of
brain tumors, including meningiomas, IDH-mutant and
IDHwt gliomas, and others.?® However, since the propor-
tion of tumor-derived circulating DNA is low in the blood
of patients with brain tumors,?3" it is questionable that
more subtle analyses of tumor subclasses and mutations
will be feasible based on complete cfDNA analysis. While
cfDNA is usually highly fragmented, EV-DNA is of higher
molecular weight,®? which may be advantageous, pro-
vided that tumor-derived EVs can be enriched from pa-
tient plasma for molecular analyses. We therefore aimed
to identify meningioma-specific proteins associated with
EVs that could help to specifically capture and enrich
tumor-derived EVs.

By differential quantitative proteomic analyses of me-
ningioma EVs we could not identify the precise tumors
or cells of origin. Instead, all EVs and also cells were most
similar to the same original tumor (T35), suggesting that
the proteome of this tumor most closely resembles the in
vitro signature. However, we identified 139 proteins that
were upregulated in meningiomas vs normal brain and
also present in EVs, and might thus be useful for EV en-
richment. Of note, despite being upregulated in menin-
gioma tissue samples, the SSTR2 was not among these
proteins and was completely nondetectable in EVs. The
comparison with glioblastoma EVs left 77 proteins exclu-
sive to meningioma EVs. Interestingly, many of these were
also previously found to be upregulated in meningioma
tissue vs normal brain, including desmoplakin, transgelin,
filamin-B, vinculin, and others, validating our current find-
ings.®® Most notably, desmoplakin is a well-known marker
for the diagnosis of meningioma, and a major compo-
nent of desmosomal intercellular junctions between me-
ningioma cells,?® suggesting that this protein might be a
candidate for enriching meningioma EVs for subsequent
molecular analyses. Additional potential candidates iden-
tified by us include periostin, matrix gla protein, tenascin
X, or tetranectin.

In conclusion, our study demonstrates that the number
of circulating EVs is increased in meningioma patients
and that epigenetic and genomic profiling of meningioma
EV-DNA allows methylomic classification as well as cor-
rect identification of mutations and CNVs. Future studies
are necessary to translate these findings to patients and

Fig.6 Continued
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investigate how circulating EVs can be leveraged for tumor
classification and long-term disease monitoring, and to ex-
plore whether EV enrichment via capture of meningioma-
associated proteins can support this task.

Supplementary Material

Supplementary material is available online at Neuro-
Oncology online.
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between proteins presents in >3 meningioma (MNG) tissue samples and in >3 samples of normal brain (NB). (F) Unsupervised clustering based on
all proteins detected in >3 MNG samples and >3 NB samples. (G) Proteins either exclusively detected in MNG tissue vs NB, upregulated >2-fold in
MNG vs NB, present in >3EV samples, and in >3 MNG tissue samples. (H) Overlap between proteins exclusive or upregulated in MNG tissue and
presentin >3EV samples as well as >3 MNG tissue samples, and proteins exclusive or upregulated in glioblastoma (GBM) tissue and present in at
least 3 of 4 GBM EV samples as well as 3 of 4 GBM tissue samples (re-analyzed GBM data are from Maire et al.").
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