Figure 24. Longitudinal monitoring of plasma EV concentration in GBM patients.
EVs were isolated from 2mL of plasma collected from five GBM patients at follow-up, and their concentration was
measured by TRPS. The average value from technical triplicates is reported above each bar. When available, the results of

MRI were reported below the corresponding timepoint.

4.9 DNA is associated with plasma EVs

Tumour cells shed nucleic acids in the blood, either cell-free (cf) or associated to proteins

and extracellular particles, including EVs?!?

. Driver tumor mutations have been retrieved by
liquid biopsy, either associated with the plasma EV compartment or with cfDNA%>213214 Tn
brain tumors, the detection of ctDNA in plasma is extremely challenging as its mutant allele
fraction is quite low?!>216, Nevertheless, given the significant increase of EVs concentration
in plasma from GBM patients, we ought to address whether GBM-EVs carry tumour DNA,
and if this DNA mirrors the genomic alterations of the corresponding primary tumor, and
relevant for GBM classification!. This would support the use of EV-DNA as a reliable
surrogate for tissue DNA, representing a non-invasive tool for tumor profiling that may
significantly impact clinical practice.

Optical fluorescence microscopy has proven to be a powerful tool for the study of biological
molecules, providing spatial information of the biomolecular structure, organization and
protein interactions in many cellular and extracellular networks. However, the spatial
resolution of widefield and confocal fluorescence microscopy is limited by diffraction to
~200 nm. Moreover, the identification of EVs in the extracellular environment is affected
by significant limitations, such as low EVs fluorescence signal. The nanoscale size of EVs
poses a challenge for their detection after deposition on glass surface, where the specific
fluorescence signal is reduced to background levels.

These issues do not allow to discriminate single EVs and assess the colocalization of EVs
and DNA at the single-EV level. Previous attempts to stain single EVs using Dil and PKH
dyes have demonstrated the challenges associated with this approaches. Thus, we exploited
a bead-based assay, previously optimized for surface tetraspanins detection by conventional
flow cytometry, to capture EVs on 3.8um beads by peptide affinity. Briefly, bead-bound
EVs are stained with a pan-tetraspanins (PAN-TS), APC conjugated antibody to allow their
detection, and deposited on a glass surface before DNA staining using Hoechst dye.

We conducted a pilot experiment on EVs isolated from a representative primary GBM cell
line (GBM#7) to test the efficiency of coupling bead-based EV staining and DNA staining.
Next, we optimized high-resolution imaging parameters to capture EVs and DNA

colocalization. We stained 5 x 108 GBM primary cell-derived EVs, as we previously
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determined that this number of EVs allows robust detection of tetraspanins in flow
cytometry. A blank control (beads without EVs) was included to evaluate the aspecific
fluorescence signals.

Samples were acquired by 3D widefield microscopy by a 1.4 NA 60x oil-immersion
objective to guarantee the maximal resolution and sensitivity. Single beads were identified
based on their FITC mean autofluorescence intensity. The different levels of FITC/PE
signals are intrinsic to distinct beads populations coated with different antibodies. While this
feature is useful for multiplex surface protein analysis, it was not relevant for this
experiment. After beads detection by FITC fluorescence, the APC and Hoechst staining was
evaluated for each bead.

The detection of the blank sample revealed a negligible non-specific signal from APC
staining, while Hoechst background was higher, showing an aspecific affinity of the dye
with the bead surface (Figure 25a, b). This evidence paved the way to correctly assess EVs

and DNA co-staining experiments, avoiding possible artifacts.
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Figure 25. Evaluation of APC and Hoechst background signals.
3D widefield acquisition (a) and fluorescence quantification (b) of blank beads stained with PAN-TS antibodies targeting

EVs and Hoechst DNA dye. APC signal corresponds to EVs bound to microbeads. FITC signal corresponds to microbeads.

Moving to GBM primary cell-derived EVs, we first defined APC-positive (APCP) and
APC-negative (APC"*®) beads based on the reference threshold set in the blank sample. The
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mean intensity value calculated for APC™¢ beads was used to define the negative beads
subpopulation, showing a total or semi-total absence of EVs on the surface. Thus, we set the
Hoechst threshold based on the aspecific Hoechst signal of APC"¢ beads.

Interestingly, we identified several APCP*/HoechstP* beads (Figure 26a): in these samples,
the intensity of both Hoechst and APC signals increased proportionally (Figure 26b, c),
indicating not only that DNA is associated with cell-derived EVs, but also that the amount
of DNA correlates with the abundance of detected EVs.
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Figure 26. Measurement of EVs and DNA colocalization in primary GBM cell-derived EVs.

3D widefield images (MaxIP) (a) and fluorescence quantification (b) of 5 x 108 GBM#7-derived EVs stained with PAN-
TS antibodies targeting EVs (APC signal) and Hoechst DNA dye. FITC signal was used to select individual microbeads.
(c) Correlation of fluorescence intensity of APC and Hoechst in GBM#7-derived EVs.

Next, we investigated EVs isolated from healthy plasma. Using the same bead-based assay,
we determined by flow cytometry the optimal number of plasma-EVs required to achieve
good tetraspanins detection (1 x 10! EVs). At saturation, despite a 15 folds increase in the
input of EVs, tetraspanins abundance in plasma EVs remained lower with respect to
GBM#7-derived EVs, especially for CD63 and CDS81 (Figure 27), suggesting variations in
the characteristics of the EV populations between these two samples. Accordingly, we might

expect a lower APC signal intensity detectable in widefield microscopy.
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Figure 27. Assessment of optimal input of EVs for pan- tetraspanins detection.
Analysis of pan-tetraspanins expression on 5 x 108 GBM#7-derived EVs and 1el0 plasma-EVs isolated from healthy
plasma (C1-B6) by bead-based multiplex flow cytometry.

We could detect APCP*/Hoechst?* beads confirming that DNA is also associated with EVs
circulating in plasma (Figure 28a). As expected, based on the flow cytometry data, the
APCP* subpopulation showed lower APC signal intensity in the plasma sample than
observed in the GBM primary cell-derived EV sample (Figure 28b). Also the Hoechst
threshold defined on APC"*¢ beads was higher than that measured in the GBM primary cell-
derived EVs (Figure 28b). The intensity variations between different experiments were
mainly due to the experimental conditions (number of beads, Hoechst dye and APC antibody
concentration per bead, labelling saturation), which affected the intensity threshold in each

sample.
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Figure 28. Measurement of EVs and DNA colocalization in healthy plasma EVs.
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3D widefield images (MaxIP) (a) and fluorescence quantification (b) of 1e10 EVs isolated from healthy plasma (C1-B6)
stained with PAN-TS antibodies targeting EVs (APC signal) and Hoechst DNA dye. FITC signal was used to select

individual microbeads. (c) Correlation of fluorescence intensity of APC and Hoechst in C1-B6 plasma-derived EVs.

Having assessed the feasibility and the optimal settings to measure the colocalization of EV's
and DNA by high-resolution imaging exploiting peptide affinity capture beads, we
conducted a more comprehensive experiment including EVs isolated from two GBM cell
lines, and plasma-EVs from two healthy (C1-B21, C1-H19) and two GBM subjects (GBM-
H24, GBM-H32). We employed an automated fluoresce microscopy workflow!®, following
an analysis-driven protocol (3.10.5 A.M.L.CO. (Automated Microscopy for Image
Cytometry) analysis) that allows the automated acquisition of multi-channel images with
high-resolution, and their processing to identify single events (i.e. beads).

This pipeline allowed to obtain a high statistical sampling able to collect and analyze
hundreds of beads, and a classification of the subpopulation of beads obtained by
quantitative measurements of the fluorescence signals on several fluorescence channels with
high sensitivity. With the integrated retrieval algorithm, every event (i.e. bead) can be
visualized and physically re-positioned on the microscope stage, allowing the execution of
a second image-collection phase for a deeper investigation with confocal imaging. Beads
position was estimated according to the transmitted light (TL) profile and their identification
was based on the mean intensity of FITC and PE signals and morphological parameters (i.e.,
size (area) and shape (circularity)) (Figure 29a, b). EVs bound to bead surface were detected
and quantified by APC mean intensity signal, DNA content quantification was estimated by

Hoechst dye mean intensity per bead (Figure 29a, b).

Microbead Microbead
APCreg/Hoechstneg APCros/Hoechstros

Hoechst APC Hoechst

Fluorescence Intensity Images

67



Figure 29. Identification of microbeads and bead-associated EVs and DNA.

(a, b) 2D widefield imaging of microbeads via their transmittet light (TL) profile, and acquisition of bead-associated
fluorescence. PE and FITC autofluorescence of microbeads was used to confirm beads position. Blank (a) and EV-bound
(b) beads were identified based on APC signal intensity. DNA content of bead-bound EVs was estimated by Hoechst signal

intensity.

Widefield images were then analyzed by the A.M.I.C.O. software!®*-1°2 developed by the
IEO Imaging Development Unit, that first pre-processes the images to subtract the
background and homogenize illumination to allows proper single bead identification. Then,
it generates single-bead data that include geometrical parameters and mean fluorescence
intensities per each channel. The software allows to further refine the single-beads selection
by gating events per circularity and area, and their FITC/PE autofluorescence (Figure 30a).
Lastly, it enables to set gates on fluorescence intensities (i.e. APC and Hoechst to identify
EVs and estimate DNA content, respectively) exploiting a flow-cytometry like interface with
2D plots (Figure 30b, ¢). Thanks to the fully automated acquisition workflow coupled to the
image analysis software, we were able to identify APC"*¢/HoechstP*® beads to set a threshold

for the quantification of APCP°/Hoechst"*® beads (Figure 30b, c).
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Figure 30. Analysis of widefield images by the A.M.L.C.O. software.
(a) 2D plot representation of single-bead data generated by A.M.L.C.O, including microbeads area, circularity and mean
fluorescence intensity (MFI). (b) APC and Hoechst signal intensities of negative beads are quantified to set a threshold for
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the identification of EVs and estimation of DNA content. (c) Representative detection of double-negative and double-
positive beads by automated widefield imaging, and conversion of imaging data into flow cytometry-like plots by the

AM.IC.O. software.

The developed image-cytometry tools provided a precise classification of beads-related
subpopulations based on APC and Hoechst signals, generating statistics of the corresponding
number of events, global (total beads), or relative (restricted to a gated subpopulation),
percentage representation, and the average value per bead for every measured parameter in
the selected population. We isolated and quantified a relevant population of beads
APCP*/HoechstP*-in all samples (Figure 31a), ranging across samples from 10% to 50% of
the total beads identified (Figure 31b, ¢). We also identified APCP°/Hoechst"¢ beads
(Figure 31a), representing 8% to 36% of total beads in different samples (Figure 31b, ¢),
likely indicating that EVs bound to bead surface carry a negligible amount of DNA.

The intensity of the APC signal in APCP* beads was higher in GBM#7 and T98G cell-
derived EVs than in plasma EVs (Figure 31d), as expected from previous flow-cytometry
experiments (Figure 27). Conversely, the Hoechst signal intensity of Hoechst’* beads was

comparable across all samples (Figure 31e).
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Figure 31. Quantification of beads, EVs and DNA.
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(a) Identification of bead-bound EVs and estimation of their DNA content by APC and Hoechst mean fluorescence

intensities (MFI). (b, ¢) Quantification of total, APCP**¢ and HoechstP**¢ beads (b) and the fraction of APCP®**¢ and/or

HoechstP*™°2 beads over the total number of beads quantified in each sample (c). (d, €) Mean fluorescence intensity (MFI)

of APC (d) and Hoechst (¢) in APCP*™¢ and/or HoechstP***¢ beads.

Thanks to the possibility to identify all beads populations and to physically reposition target

events on the microscope stage, we acquired confocal images of selected beads per each

group (EVs derived from GBM primary cells, GBM plasma and healthy plasma), to observe

the 3D distribution of EVs and DNA around the microbeads. Indeed, 3D analysis showed

overlapping staining patterns for APC and Hoechst, confirming that DNA is associated to

EVs from different sources (Figure 32).
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Figure 32. Confocal imaging of EV-associated DNA.
Orthogonal, split and merged view of DNA associated with EVs derived from GBM#7, GBM (GBM-H24) and healthy
(C1-H19) plasma. Beads, EVs and DNA are identified by FITC (490nm)/PE (561nm), APC (647nm) and Hoechst (405nm)

signals, respectively.

4.10 DNA in EV-rich SEC fractions is scarce and not informative regarding parental genetic

alterations

Having stated the presence of DNA in association with plasma EVs, we extracted DNA from
EV-rich SEC fractions using the SeleCTEV kit. DNA from SEC F1-4 was barely
quantifiable, with detectable levels found in only 3 out of 12 samples (Figure 33a). The low
yield limited the evaluation of DNA size and quality. When quantifiable, the DNA mainly
comprised short fragments, averaging approximately 170 base pairs (bp) (Figure 33b).
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Figure 33. Analysis of the concentration and size of DNA extracted from EV-rich SEC fractions.

(a) Quantification at Qubit of DNA extracted from SEC F1-4 eluted from 2mL of GBM plasma. When quantifiable, DNA
concentration was normalized for the input mL of plasma. Values of Ong/mL indicates that the sample’s concentration was
below the Qubit detection limit. (b) Size profile at bioanalyzer representative of one of the three samples that were

quantifiable with Qubit.

We analysed the DNA samples by droplet digital PCR (ddPCR) which has higher sensitivity
and allows the detection of genetic alterations with low input of DNA. Indeed, ddPCR
targeting adaptor related protein complex 3 subunit beta 1 (AP3B1) - a consensus reference
gene — or EGFR — a gene often mutated or amplified in GBM - revealed the presence of
DNA in all samples (Figure 34a), despite the relatively low number of copies/uL of both
targeted genes confirms the scarcity of EV-DNA. This poses a major challenge to retrieve
genetic alterations having a relatively low variant allele frequency (VAF), which is the case
for most GBM mutations®!”. In fact, in a pilot experiment on a cohort of glioma patients, we
could not detect any genetic alteration (i.e. IDH1 mutation and EGFR amplification) in DNA
extracted from SEC F1-4 (Figure 34b).
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Figure 34. Analysis of DNA in SEC F1-4 by ddPCR.

(a) ddPCR targeting AP3B1 and EGFR in DNA extracted from SEC F1-4 eluted from 2mL of plasma from GBM patients.
(b) ddPCR targeting IDH1 mutation and EGFR amplification in DNA SEC F1-4 DNA from 2mL of plasma from glioma
(Glio) patients. Genetic alterations were previously identified in tumor tissue via IHC (EGFR amplification), microsatellite

analysis (CDKN2A deletion), and Sanger sequencing (TERT mutation).
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4.11 The dilution of mutant DNA affects the sensitivity of mutation detection by ddPCR

Plasma EVs originate from very heterogeneous sources, and presumably all cell types secrete
EVs as mediators of intercellular communication. In pathological conditions (i.e. cancer),
EVs derived from disease cells constitute a minority of all EVs in circulation?'¥2!°. The
enumeration of tumor-derived EVs in GBM is challenged by the lack of molecular GBM-
biomarkers, but it’s expected that they are less than 10% of total EVs, and in some patients

this fraction could fall below 1%.

The dilution of tumor-derived EVs, poses significant limitations for the retrieval of tumor
genetic mutations in plasma. We addressed the impact of EVs dilution on the efficiency of
detecting genetic mutations by ddPCR. To do so, we isolated EVs from the TP53-mutant
GBM cells line T98G (c.711G>A)?** and verified that the mutation could be retrieved in
T98G-derived EV-DNA via ddPCR, even with low DNA input (Figure 35).
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Figure 35. Analysis of TP53 mutation in T98G GBM cells.
Fractional abundance of TP53 mutation in DNA isolated from T98G-derived EVs. TP53-wild type (wt) tissue DNA was

used as negative control.

Then, we spiked in serial dilutions of T98G-EVs (from 100uL to 0,01pL) in 2mL of healthy
plasma, and then isolated EVs and DNA from SEC F1-4 as before. The detection of TP53
mutation was optimal up to 10uL of spiked-in EVs, then the fractional abundance of TP53-

mutant droplets decreased and the mutation could not be detected at 1uL of spiked-in EVs
and below (Figure 36).
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Figure 36. Assessment of the impact of dilution on targeted detection of genetic mutations.

ddPCR analysis of TP53 mutation in healthy plasma spiked with serial dilution of TP53-mutant EVs isolate from T98G
GBM cells. TP53-wt tissue DNA and TP53-mut T98G cell DNA were used as negative and positive controls, respectively.
DNA extracted from 2mL of plain healthy plasma (plain HP) was analysed to confirm the absence of TP53 mutation.

4.12 Analysis of total extracellular DNA from GBM plasma does not recapitulate the tumor

genetic alterations

The analysis of DNA in EV-rich SEC fractions showed that EVs purification by SEC does
not correspond to an enrichment of EV-associated tumor DNA. Actually, the content of
DNA of EV-poor SEC fractions F5-13 was comparable to or higher than F1-4, both in
AP3BI1- and EGFR-targeting assays (Figure 37). This suggests that EV isolation does not

provide an advantage for the identification of parental alterations by liquid biopsy.
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Figure 37. Analysis of DNA in EV-poor SEC fractions.
(a, b) ddPCR targeting AP3B1 (a) and EGFR (b) in DNA extracted from EV-rich and EV-poor SEC fractions from 2mL
of GBM plasma.

In agreement with these results, a recent study also showed that the enrichment of EVs upon
SEC is not mirrored by an enrichment in DNA?2!, The loss of genetic material due to plasma
processing was even more evident when comparing the DNA content in SEC fractions and

matched unprocessed plasma.
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Given these evidences, we extracted DNA from unprocessed plasma, to increase the
likelihood of capturing tumor-derived information in plasma extracellular DNA (exDNA),
whether associated with EVs or not. We identified both short and medium-to-high molecular
weight fragments in plasma exDNA from GBM patients, and its concentration was

significantly higher with respect to DNA from SEC fractions (Figure 38).
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Figure 38. Analysis of the size and concentration of exDNA extracted from plasma.

(a, b) Size profile at bioanalyzer (a) and quantification at Qubit (b) of exDNA extracted from 2mL of GBM plasma.

We assessed the presence of EGFR amplification, CDKN2A deletion and TERT mutation
(124C->T) in matched samples of exDNA and tumor DNA. ddPCR confirmed the presence
of genetic alterations in tissue DNA, but not in exDNA (Figure 39). Also in this case, we
suppose that the dilution of tumor-derived material in plasma impedes the detection of

parental genetic alterations via liquid biopsy.

EGFR amplification CDKN2A deletion TERT mutation (124C-->T)
Sample ID Tumor tissue ExDNA Tumor tissue ExDNA Tumor tissue ExDNA
GBM-E02 del wt mut (8,2% FA) wt
GBM-E04 del wt mut (45,5% FA) wt
GBM-EO05 amp (73,1) not amp del wt mut (33,4% FA) wt
GBM-E06 amp (45,1) not amp homo del wt mut (44,4% FA) wt
GBM-EO08 amp (34,8) not amp del wt mut (42,9% FA) wt
GBM-E09 del wt mut (25,9% FA) wt
GBM-E11 del wt mut (42,9% FA) wt
GBM-E12 amp (36,9) not amp del wt
GBM-E13 del wt mut (20,4% FA) wt
GBM-E14 amp (47,6) not amp del wt mut (24,3% FA) wt
GBM-E15 del wt mut (43,7% FA) wt
GBM-E17 del wt mut (18,6% FA) wt
GBM-E18 del wt
GBM-E19 del wt
GBM-E21 del wt
GBM-E22 del wt mut (24,1% FA) wt
GBM-E23 del wt mut (19,8% FA) wt
GBM-E24 amp (85,9) not amp del wt mut (43,1% FA) wt
GBM-E27 amp (53,2) not amp del wt
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Figure 39. ddPCR analysis of matched tumor tissue and extracellular DNA.

ddPCR analysis of matched tumor tissue and exDNA targeting EGFR amplification, CDKN2A deletions and TERT
mutation. Genetic alterations were previously identified in tumor tissue via [HC (EGFR amplification), microsatellite
analysis (CDKN2A deletion), and Sanger sequencing (TERT mutation). EXDNA was extracted from 2mL of plasma from
GBM patients.

4.13 exDNA fragment size, rather than concentration, provides clinical value in liquid biopsy

Several studies demonstrated the utility of assessing cfDNA abundance and size in plasma
from GBM patients with respect to healthy controls??2-22°, In our cohort, we did not observe
significant differences in exDNA concentration between GBM and healthy samples (Figure

40a), while exDNA fragment size was smaller in GBM plasma (Figure 40b).
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Figure 40. Analysis of exDNA abundance and size in GBM and healthy plasma.

(a) exDNA was isolated from 2mL of GBM (n=53) and healthy (n=49) plasma and quantified at Qubit. (b) Size analysis at
bioanalyzer of plasma exDNA from GBM patients (n=25) and healthy controls (n=18). (Mann-Whitney test. P-value <
0,0001).

4.14 Shallow Whole-Genome Sequencing analysis identifies tumor-matched and private

alterations in plasma exDNA

Whole-genome sequencing (WGS) provides a comprehensive strategy for the identification
of a wide range of genomic alterations, such as single nucleotide variants (SNVs), insertions
and deletions (INDELS), copy number variations (CNVs), and structural variants (SVs)?%°,
Notably, low-coverage sequencing approaches have demonstrated both specificity and

sensitivity in the analysis of CNVs from cancer plasma samples?2’-228

. In this regard, large
chromosomal aberrations are frequent in GBMs (e.g. chr7 gain/chr10 loss?*®, EGFR
amplification?’, CDKN2A/B homozygous deletion?®') and currently used for GBM
diagnosis!. These features, coupled to their higher frequency with respect to gene mutations

in GBM, make them interesting targets in our liquid biopsy approach.
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We exploited shallow WGS to determine whether exDNA in plasma could reliably reflect
the genomic alterations of the tumor. We analyzed matched plasma exDNA, tissue DNA and
germline DNA from six GBM patients at the baseline. For some samples, whole-exome
sequencing (WES) data and the copy number aberration (CNA)-profile by multiple ligation
probe amplification (MLPA) approach were also available (Table 3).

Shallow WGS WES MLPA CNAs
Patient ID Tumor Plasma Germline Tumor Germline Tumor
GBM-E6 v v v v v v (1p, 9p, 10q, 17p, 19q)
GBM-E23 v v v v (9p, 10q)
GBM-E27 N N N N v v (9p, 10q, 19q)
GBM-H7 N N N v (10q, 17p)
GBM-H30 N N N

Table 3. Resume of DNA samples included in the analysis.
Matched plasma, tumor and germline DNA from six GBM patients was analyzed by sequencing (shallow WGS, WES).
When available, MLPA CNA features are outlined.

Sequencing coverage was similar among samples (Figure 41). The total number of reads
averaged at 47M, and >70% of reads were sequenced at >1X coverage in all samples (Table

4).
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Figure 41. Assessment of the quality of shallow WGS.
(a) Coverage distribution on high quality regions for CNA analysis.
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Patient ID

GBM-E6

GBM-E23

GBM-E27

GBM-H7

GBM-H30

Table 4. Assessment of the quality of shallow WGS.

Sample type

Germline
Plasma
Tumor

Germline
Plasma
Tumor

Germline
Plasma
Tumor

Germline
Plasma
Tumor

Germline
Plasma

Tumor

Total reads
M]
35.1
73.4
43.1
34.5
54.3
41.3
39.3

64
39.3
35.6
49.3
50.5
58.6
45.1
44.5

Mean read
length (bp)

134-125
135-130
135-127
135-122
135-127
134-128
134-127
135-129
134-127
135-127
134-130
134-128
134-126
136-127
135-125

21X

74
89
75
72
82
74
75
85
71
73
75
81
85
76
76

23
48
25
23
35
21
25
41
20
23
31
28
35
31
23

Reads coverage (%)

>10X >30X

11
24
12
11
17
8
12
21

N W L W R D= W = R W W N

-
=

—_ N = N = = N = N = = W =

Number of reads, reads length and percentage of reads coverage in germline, tumor and plasma extracellular DNA from

five GBM patients.

We performed CNV analysis. In patients for which WES data were available, we observed

that CN'Vs detected by shallow WGS in tissue DNA overlapped with the matched WES

profiles (Table 5). In detail, copy gains (CN =3) and hemizygous deletions (CN=1) were the

most frequent variants identified in GBM tissues, while amplifications (CN=4) and high-

level amplifications (CN>5) were detected to a lower extent (Figure 42).

Shallow WGS allowed also variants detection in exDNA. Most CNVs identified in exDNA

mapped to intronic and intergenic regions, thus they didn’t match with WES data (Table 5).

CNVs in exDNA were either copy gains or hemizygous deletions (Figure 42).

Tumor DNA

Plasma exDNA:

Match tumor/plasma

Tumor DNA

Plasma exDNA

Match tumor/plasma

E06 E23 E27
I T T T 1 I T
0 1000 2000 3000 2000 3000 0 1000
Count Count
H7 H30
Em Copy neutral
Bl Copy gain
B Amplification
High-level amplification
Hemizygous deletion
r T T 1 T 1
0 1000 2000 3000 2000 3000
Count

1
3000
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Figure 42. Analysis of the type of CNVs identified in matched GBM tissue and plasma DNA.

Bar plots representing the number of copy neutral (CN=2), copy gain (CN=3), amplifications (CN=4), high-level
amplifications (CN>50) and hemizygous deletion (CN=1) regions identified in matched GBM tissue and plasma
extracellular DNA.

Patient ID CNA matched WES/WGS tissue CNA matched WES/WGS plasma

GBM-E6 46 (72%) 1(1,5%)
GBM-E23 13(100%) 0
GBM-E27 47 (96%) 0

Table 5. Comparison of WES and WGS CNYV profile of GBM tumor tissue and plasma DNA.
Comparison of whole exome sequencing (WES) profiling of GBM tumor tissue with the CNVs identified in matched GBM

tumor tissue and plasma extracellular DNA by shallow whole genome sequencing (WGS) from three GBM patients.

The tumor fraction was consistently higher in tissue DNA than in matched plasma exDNA
(Table 6). Matched tissue and plasma DNA shared a small part of CNAs, while most CNAs
were private to the tissue or plasma DNA sample (Figure 42, Table 6).

Tumor fraction

Patient ID Tissue Plasma CNV WGS tissue CNV WGS plasma CN‘;;::?/;:‘:S‘;‘:’GS
GBM-E6 60,28% 5,56% 1901 (85%) 257 (11%) 99 (5%T, 38%P)
GBM-E23 12,13% 1,91% 716 (32%) 359 (16%) 69 (9%T, 19%P)
GBM-E27 65,30% 5,41% 801 (35%) 217 (9%) 71 (8%T, 32%P)
GBM-H7 46,59% 5,59% 843(37%) 282 (12%) 0
GBM-H30 55,50% 3,23% 846 (37%) 484 (21%) 133 (15%T, 27%P)

Table 6. Comparison of WGS CNA profile of matched GBM tumor tissue and plasma DNA.

Comparison of the tumor fraction and the CNV profiles of matched tissue and plasma DNA identified by shallow whole
genome sequencing (WGS). Columns 2-3 indicate the tumor fraction of matched tissue and plasma exDNA. Columns 4-5
indicate the total number of CNVs identified in tissue and plasma DNA, and the percentage of CNV regions (in brackets)
versus all sliding windows analyzed along the reference genome (2232 regions of 1Mb for each sample). Column 6
indicates the number of shared CNVs between tissue and plasma exDNA, and its fraction (in brackets) with respect to the

total number of CNVs identified in tissue (T) and plasma (P) DNA respectively.

CNVs in tissue and plasma DNA had different amplitudes (Figure 43), in agreement with

the lower tumor fraction in exDNA with respect to the matching tissue (Table 6).
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Figure 43. CNV profiles in matched tissue DNA and plasma exDNA.

Representation of the average whole genome CNV profile in matched GBM tissue DNA (upper panel) and plasma exDNA
(lower panel) in five GBM patients. The x-axis represents chromosome positions, and the y-axis shows the copy number
as a log2 ratio. Dots represent bins, and horizontal fluorescent green lines represent regions of predicted subclonal copy

number events.

4.15 LC-MS/MS analysis of plasma EVs is feasible and can capture differences in GBM and

healthy plasma EV cargo

Plasma EVs carry a consistent protein cargo that determines their fate and function?*2. EV
proteins are a rich source of biomarkers of pathologic conditions?**-2%’, thus we characterized
the proteomic landscape of GBM plasma EVs to identify a distinctive GBM-EV protein
signature, with clinical utility at diagnosis and to monitor the tumor’s molecular evolution.
We performed a pilot mass spectrometry experiment including five GBM patients and five
healthy controls to assess the feasibility of the proteomic analysis of plasma EVs. In total,
we identified 2232 unique proteins with high confidence (FDR<0,01), and at least 1750

unique proteins per sample (Table 7).
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Total quantified

Sample ID Total yield (pg) proteins

GBM-H7 21,6 2055
GBM-H8 19,05 2109
GBM-H9 13,54 1757
GBM-H10 16,02 1826
GBM-H12 19,81 1794
CI-HC8 17,49 2128
CI-HC9 17,54 1932
C1-HC10 19,08 1896
CI-HCl11 23,89 2255
CI-HCI12 20,06 2165

Table 7. Protein yield and number of proteins identified by mass spectrometry analysis.

To verify the presence of EV-associated proteins, we compared our dataset with a reference
list of 388 EV markers (here as ‘reference EV-markers’) obtained by merging three
consensus EV protein repositories most commonly used in EV studies, namely
MISEV2023!"7 (n=214), EVpedia®*® (n=200) and Exocarta?** (n=100) (Table 8). Only 22
proteins were in common to all three repositories, which supports our choice of merging

multiple databases to obtain a comprehensive list of reference EV-markers.

Common (n=22) CLTC RAN ITGAM ITGAY IL1Y ITGA2 ANXAY PAICS ACTBL2
ACTN4 PKM EEFIA1 TUBEI VSP4B ARRDCI ATGYA CD14 RACKI1 RALA
ANXA2 UBAI RABSC TUBDI ITGA3 IL1FS IL1F9 ITGA10 CAPZAI CLU
ANXA6 FASN MVP ITGAS HLA-A IL15 TFR2 ITGA4 CALR ARF4
ANXA1 GNAI2 GDI2 IL16 SHH L2 GOLGA2 Evpedia (n=103) VIM PPP2RIA
ITGBI1 LDHA HSP90AAT TUBG2 CANX ILY CAV1 RAB2A ARHGDIA RAB35
LGALS3BP A2M ATPIAL VPS4A CYCl IL11 TUBA3C CD44 PRDX6 ATP5B
FLOT1 RAPIB RABTA IL19 1L10 GYPA Acta2 PSMA2 PSMA3 NPM1
MFGE8 CCTs PRDX2 1L26 ANXA10 ERBB2 TUBGI1 ACTR3 PSMAI CTSD
SDCBP RABIA YWHAB CHMP6 H2-K ITGA7 APOB VCL CANDI GPI
ITGA6 PFN1 RABSA CD37 TUBB7P ILIF6 A4 RPS2 KRTI VATI
ALB CDC42 YWHAZ TGFB2 ANXA3 CHMP3 TXLNA HSPBI PHGDH CCT8
D9 GNBI PGK1 CHMP4A IL17B IFNG ITGAL CCT4 RUVBLI CPNE3
GAPDH TPI1 Evpedia & MISEV (n=11)  TOMM20 1L22 HLA-DP ILS PDCD6 PDIA3 RPS4X
ANXA4 PDCD6IP TUBA4A D3 CD47 IL17F IL13 RPS18 KRT10 RPS3
HSP90ABI YWHAE ARF6 IL17D 1L34 1L4 TUBA3FP RABIB B2M ATIC
CDS81 ACLY CD59 IL28B CD55 CD82 FGF1 RDX CAPI1 PSMA7
RHOA HSPAS ITGAV IL33 APOA2 CHMPIB IL25 TLNI CNP RPLP2
HSPAS CFL1 LAMPI1 ITGA11 ITGAD TUBB6 CD53 KRT9 TAGLN2 PGD
ANXAS YWHAQ TUBB4B PECAM1 AHSG ILIF10 IL12A Jup ATP6VIA DYNCIHI
ANXATI1 PPIA TUBB IL23A BHSPAS H2-Q IL28A RPL7 MDHI RPS16
TUBAIB KPNBI ACTN1 EGF CD5L TSPANS IL1F8 GANAB VTN RPL18
BSG CCT2 ANXA7 UMOD 1L31 121 KRTI8 RPLPO EIF4A1 HSPG2
Exocarta & MISEV (n=6) ~ MYH9 HSPY0BI IL1A CHMPS CcoL ITGAS PGAMI P4HB PEBP1
LAMP2 EHD4 FN1 ALIX ADAMI0 TUBBSB IMMT GSN CYFIP1 GNAI13
TUBAIA RABI4 Exocarta (n=8) TUBB2A ANXAI3 LMNA ITGBS GNAI3 PSMAS KRT2
HSPAIA TFRC HIST1H4B IL20 H2-D ITGB8 CD73 EHD1 CCT6A

CD63 HISTIH4A PTGFRN HLA-DR TUBAS APOALI TUBB4A FLNB SLCIAS

TSG101 THBSI RABSA 1L32 1TGB4 HLA-C CHMP4B APOE S100A11

TUBAIC LDHB GNAS Actgl ABCCI1 FGF2 IST1 PSMD2 ARPC4

Evpedia & Exocarta (n=64) GNB2 HIST2H4A ITGB6 1L.29 124 MAPT MYOIC RAP2B

ACTB PRDX1 RABSB HLA-B CAV2 ITGB2 IL6 WDRI1 MYL6

ENO1 EZR ACTG1 CD90 TUBB8 ITGAE ITGAL 3 RPSA

TKT ARF1 SLC16A1 CHMP2A TUBA3D IL27A TUBBI PSMB3 GSTP1

RACI vep MISEV (n=174) TUBB2B ITGB3 VEGFA TUBA3E RABIO SLC2A1

YWHAH CCT3 IL17A ANXA8 TUBA3GP APOBI100 CHMP4C HSPD1 EEF1G

EEF2 SLC3A2 FLOT2 HLA-DQ TUBA4B L7 EPCAM PSMBI1 RPS8

STOM ALDOA ITGA2B GP9 TUBB3 CHMPIA Actel TXN ACTR2

YWHAG FLNA IL8 IL1B L3 CHMP7 ITGAX RPL12

TCP1 CLICI CHMP2B ANXASLI TGFBI APP IL17C 1QGAP1 CcCT7

MSN AHCY Actal ITGB7 Actb IL1F7 ILIRN PPIB HBAI

Table 8. Reference EV-markers list.
A list of reference EV-markers was generated by merging three consensus EV protein databases. Only 22 proteins were in
common among the three repositories, while the remaining 366 proteins were either common to two datasets or unique to

one of them.
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We confirmed the presence of over 60% of the reference EV-markers were present in our

dataset (Figure 44).

Our dataset (2232)

Reference EV markers (388)

Figure 44. Assessment of the presence of reference EV-markers in our proteomic dataset.

Venn diagram showing the intersection of the list of reference EV-markers and the 2232 proteins we identified in plasma

EVs by mass spectrometry.

The gene ontology (GO) analysis of the 2232 identified proteins revealed the enrichment of
biological processes (BP) related to secretion, exocytosis and vesicle-mediated transport,

alongside the enrichment of cellular components (CC) of extracellular vesicles and

exosomes (Figure 45).
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Figure 45. Gene ontology (GO) analysis of the 2232 identified proteins.

Bar plots showing the top 15 biological processes and cellular components enriched by GO analysis in the 2232 proteins

identified in plasma-EVs.
Differential expression analysis (DEA) between GBM and healthy samples identified 529

differentially expressed proteins (DEP), of which 115 and 414 were upregulated in GBM
and healthy samples, respectively (Figure 46).
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Figure 46. Differential expression analysis of the GBM and healthy EV proteomes.
Volcano plot showing the differentially expressed proteins in GBM vs healthy EVs.

4.16 LC-MS/MS analysis of plasma EVs allows the identification of a GBM-associated

protein signature

To identify candidate GBM biomarkers, we extended the proteomic analysis of plasma EVs
to a larger cohort of 23 preOp GBM patients and 31 healthy controls. We also assessed the
changes in EV protein expression upon tumor resection including 21 plasma samples from
GBM postOp patients, of which 17 matched with preOp samples.

A total of 1937 proteins were quantified, with an average of 1668, 1690 and 1740 proteins
in GBM preOp, GBM postOp and healthy samples respectively. We observed a broad
dynamic range of protein expression in all three cohorts (Figure 47a), indicating that the
composition and abundance of the identified proteins varied widely within each
experimental group. We observed that around 65% of the reference EV-markers defined
previously (Table 8) were present in the dataset (Figure 47b). Additionally, consensus EV
markers including the tetraspanins CD9, CD63 and CDS81, as well as SYNTENIN-1
(SCDBP), ALIX, FLOT1/2, and TSG101 were among the top 50% of all identified proteins
(Figure 47¢).
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Figure 47. Analysis of the characteristics of the plasma EV proteome.

(a) Dynamic range plot of the expression of the 1937 proteins identified by mass spectrometry in plasma-EVs from pre-
operative GBM patients (n=23), healthy subjects (n=31) and post-operative GBM patients (n=21). (b) Venn diagram
showing the intersection of the list of reference EV-markers and the 1937 proteins identified in plasma EVs by mass

spectrometry. (¢) Ranking of selected reference EV markers among all EV proteins identified in GBM plasma samples.

We further characterized the features of our proteomic dataset via GO analysis. BP terms of
platelet degranulation and aggregation, secretion, exocytosis, transport and regulation of the
immune response were mostly represented in this dataset (Figure 48), mirroring the
observations of the pilot experiment (Figure 45). Similarly, the top enriched cellular

highlighted the abundance of extracellular vesicles, exosomes, surface adhesion and junction

proteins (Figure 48).
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Figure 48. Gene ontology (GO) analysis of the 1937 identified proteins.

Bar plots showing the top 20 biological processes and cellular components enriched by GO analysis in the 1937 proteins

identified in plasma-EVs.

Unsupervised hierarchical clustering separated all three groups, with the exception of three

GBM preOp and two healthy samples that clustered with the healthy samples (Figure 49a).
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Principal component analysis (PCA) confirmed that GBM preOp, healthy and GBM postOp
samples can be distinguished by their EV protein content (Figure 49b).
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Figure 49. Clustering analysis of plasma EV samples based on EV protein expression.

(a, b) Unsupervised hierarchical clustering (a) and principal component analysis (PCA) (b) of GBM pre-operative (n=23),
healthy (n=31) and GBM post-operative (n=21) plasma EV samples. The clustering was performed on 1166 proteins which
were significantly different among the three groups by one-way Anova (FDR < 0,05), using Pearson correlation distance

and average linkage.
We performed differential expression analysis between GBM preOp and healthy samples

and identified 139 and 272 proteins respectively up- and downregulated in GBM preOp EVs
(Figure 50).

87



-log10(p-value)

-4 -2 0 2 4

Log2(FC) GBM preOp vs C1

Figure 50. Differential expression analysis of the GBM and healthy EV proteomes.
Volcano plot showing differentially expressed proteins in GBM vs healthy EVs.

In GBM preOp EVs, BP terms of keratinization, lipoprotein particle organization, protein-
lipid complex organization and lipid transport were enriched, while processes associated
with fatty acid metabolism, redox reactions, and cellular respiration were downregulated
(Figure 51a). The most significantly upregulated cellular components in GBM preOp EVs
included proteins of the extracellular space, membrane proteins, and lipoproteins.
Conversely, consistent with the BP ontologies, protein components of mitochondria and the

respiratory chain were downregulated (Figure 51b).
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(a, b) Dot plots showing the top biological processes (a) and cellular components (b) up- and downregulated in GBM pre-
Next, we compared the proteome of GBM preOp and postOp EVs and identified a total of

Figure 51. Gene ontology (GO) analysis of plasma EV proteins deregulated between GBM and healthy samples.

operative plasma EVs with respect to healthy controls.
271 deregulated proteins (Figure 52).
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Figure 52. Differential expression analysis of the GBM pre- and post-operative EV proteomes.
Volcano plot showing differentially expressed proteins in GBM pre-operative (GBM preOp) vs GBM post-operative (GBM
postOp) EVs.

GBM preOp EVs were enriched in BP terms of cholesterol efflux and regulation of
cholesterol transport, production of molecular mediators of the immune response and
remodeling of high-density lipoproteins. On the other hand, BP of the respiratory electron
transport chain, cellular respiration, redox processes and fatty acid processing were
downregulated (Figure 53a). In terms of cellular components, immunoglobulin complexes,
plasma membrane and extracellular proteins, and lipoproteins were augmented in GBM pre-
operative samples, while mitochondrial proteins and components of the respiratory chain

complex were down-modulated (Figure 53b).
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Figure 53. Gene ontology (GO) analysis of plasma EV proteins deregulated between GBM pre-operative and post-

operative samples.
(a, b) Dot plots showing the top biological processes (a) and cellular components (b) up- and downregulated in GBM pre-

operative vs GBM post-operative plasma EVs.

4.17 Weighted gene co-expression network analysis (WGCNA) reveals protein sets enriched

in EV markers that provide further insights into GBM pathogenesis

In the last years, several papers demonstrated that blood-derived EVs present a protein
corona that is constituted by soluble plasma proteins, mainly albumin and apolipoproteins®4°.
While corona proteins have been shown to stabilize EVs in plasma!®®, their abundance poses
a significant challenge in proteomic studies, limiting the identification of disease biomarkers
and relevant deregulated biological processes?*!. By co-expression network analysis we were

able to cluster soluble plasma proteins (“contaminants”) separately from “EV proteins”?42,

91



and identify nine modules of co-expressed proteins and enriched either in contaminants or
EV proteins (Figure 54). Contaminants were found mainly in three of the nine clusters
(black, pink and yellow), while EV proteins were enriched in six of the nine modules (blue,

brown, green, red, turquoise, yellow) (Figure 54).

Black ‘
77.4

Blue 68.8
Brown o . ‘ . 60.2
Green 516

Magenta ‘ 43
Pink . 34.4

Red @ 25.8
Turquoise : o 7.2
Yellow 86
o

Figure 54. WGCNA analysis of plasma EV proteins.

Bubble plot showing the size of the nine modules identified by WGCNA, along with the enrichment of “‘contaminants” and
“EV proteins” in each cluster. The dimension of the bubbles in the ‘Size’ column is proportional to the the fraction of the
1937 identified proteins present in each module, and matches the color scale. In the other columns, the bubbles size and
color indicate the percentage of proteins of each module that are found within each group. “Contaminants” include the
proteins of the Human Plasma Peptide Atlas (HPPA), while “EV proteins” were extrapolated from the Human Extracellular
Vesicles Peptide Atlas (HEVPA)?*2. The bubble plot also shows the number of proteins enriched or down-modulated in
GBM pre-operative (GBM preOp) EVs vs healthy (C1) and GBM post-operative (GBM postOp) EVs.

Proteins within the black cluster were mostly upregulated in GBM preOp vs healthy (C1)
EVs. BP terms of activation and regulation of the complement and coagulation cascade,
platelets degranulation and activation were enriched in this module (Figure 55a). Similar
pathways were enriched in the pink cluster, which contained few contaminants and EV
markers, and mostly proteins upregulated in GBM preOp EVs with respect to GBM postOp
samples (Figure 55f).

In clusters enriched in EV markers and proteins upregulated in GBM preOp EVs, enriched

BP included neutrophil degranulation, immune system, vesicles, focal adhesion (blue)
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(Figure 55b), cell adhesion, and endosome development (green) (Figure 55d). Additionally,
proteins in the green cluster were involved T-cell signaling, regulation of T-cell activation,
Thl and Th2 cell differentiation and TCR signaling. The magenta cluster was rich of
keratins, that were upregulated in GBM preOp with respect to healthy EVs (Figure 55e).

In line with the GO analysis performed above, genes associated to oxidative
phosphorylation, TCA cycle, metabolism, interaction of ER and mitochondria, fatty acid
metabolism and mTORCI1 signaling were down-modulated in GBM preOp EVs, and
clustered in the brown module (Figure 55c¢). The red, turquoise and yellow clusters were
also enriched in EV markers. While proteins annotated as ‘red’ or ‘yellow’ didn’t contain
many deregulated proteins, more than 30% of the ‘turquoise’ proteins were downregulated
in GBM preOp EVs. Enriched BP in this module recalled mTORCI1 signaling and
development of the nervous system, alongside cell-substrate junction, focal adhesion, innate

immune system and platelet aggregation (Figure 55h).
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Figure 55. Gene ontology (GO) analysis of EV proteins clustering by WGCNA.

(a-1) Dot plots showing the top biological processes enriched in each cluster identified by the co-expression analysis of EV

proteins.

4.18 GBM EVs are enriched in proteins implicated in GBM tumorigenesis

The clustering analysis allowed to identify modules of proteins upregulated in GBM preOp
samples, that are more likely associated with the EV, rather than with the soluble
compartment of plasma. In order to identify candidate GBM biomarkers, we focused our
attention on the proteins of the blue and green clusters that were enriched in GBM preOp
EVs. Few proteins stood out as they were also among the reference EV markers listed above
(Table 8), including the lysosome-associated membrane protein 2 (LAMP2), cluster of
differentiation (CD) 59, CD63, CD81, integrin beta 5 (ITGB5) and APOE (Figure 50,
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Figure 52). Bulk RNAseq data from the GEPIA repository (http://gepia.cancer-pku.cn/)

confirmed the overexpression of these targets in GBM vs normal tissue (Figure 56).
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Figure 56. Average level of candidate biomarkers in in GBM and normal tissue based on GEPIA database.
Boxplot of the transcript levels of expression of candidate GBM-EV biomarkers selected from our proteomic analysis. Dots

represent different GBM (n=163) and normal (n=207) tissue samples.

The involvement of these proteins in tumorigenesis has been described in literature. For
instance, the constitutive activation of LAMP2, also known as CD107b, promotes cancer
cell survival via chaperone-mediated autophagy (CMA) in breast cancer?®’, and its
overexpression acts as prognostic biomarker as well as marker of immune infiltration in

various human cancers?*

. In glioma stem cells, LAMP2 levels correlate with the expression
of stem cell markers (i.e. SOX2 and SOX?9), and scRNAseq and proteomic analysis revealed
the higher expression of LAMP2 in GBM tumor center with respect to matched peri-tumoral
edema zone and low-grade glioma samples, suggesting the activation of LAMP2-associated
programs that promote cancer progression?#4243,

Also ITGBS, a surface protein involved in cell adhesion and cell-surface signaling, has
potential implications in GBM development. ITGBS5 has a major role in Type3 epithelial-to-

mesenchymal transition (EMT) which is associated with poor prognosis, immune escape and
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invasiveness in GBM?%, Indeed, despite GBM cells originate from astrocytes and not from
an epithelial lineage, EMT-like processes are active in GBM cells?*, and contribute to their
migratory/infiltrating potential®*3,

CD59, a well characterized complement regulator, is highly expressed in glioma tissues and
cell lines, and to a lower degree in normal astrocytes**°. CD59 acts as an immune system
component associated with GBM microenvironment, and is expressed on GBM cells and not
on tumor-associated macrophages (TAMs)?>°. GBM cells that express CD59 are resistant to
complement-mediated lysis?>>!. Indeed, among complement regulators, CD59 was
considered the key complement regulator of GBM cells!.

We found few studies that state an association between the expression of the tetraspanins
CD63 and CD81 and GBM development and/or progression. One review on the role of EVs
in GBM, highlighted that high expression of EV markers, including both CD63 and CD81,
is associated with poor survival in glioma patients?>2, CD63 expression investigated by IHC
was significantly higher in glioblastoma with respect to other astrocytomas®>3. A recent study
also demonstrated that CD63+ EVs in plasma from GBM patients are loaded with a tumor-
associated variant of EGFR, and that their abundance is higher in GBM than in healthy
plasma®*,

Despite not included in the reference EV markers list defined above (Table 8), we found
interesting the upregulation of NOTCHI - and its ligand jagged canonical Notch ligand 1
(JAGI) - in GBM EV samples, given its multifaceted role in cell proliferation, apoptosis,
migration, self-renewal, and differentiation®>®. Several papers reported the activation of
NOTCH signaling in the glioblastoma stem cells (GSCs) niche, where it suppresses
differentiation and contribute to the maintenance of stem-like properties, supporting GBM

236257 GSCs expressing high levels

tumorigenesis and resistance to conventional treatments
of NOTCH displayed higher tumor initiation and self-renewal capacity, by increasing the
expression of stem cell markers such as Oct4, Sox2, and CD44%%, Finally, spatial proteomic
analysis of GBM tissues detected high levels of expression of five proteins related to Notch
signaling in clusters enriched in TCGA glioma gene signatures®’.

Of note, all these proteins were downregulated in matched GBM postOp samples (Figure
57). This makes them interesting candidate biomarkers to validate, with potential clinical

utility for both GBM diagnosis and monitoring.
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Figure 57. Expression levels of candidate GBM EV biomarkers in matched pre- and post-operative GBM plasma.

The expression of selected candidate GBM biomarkers dropped in 17 matched GBM pre- and post-operative plasma EV

samples analyzed by mass spectrometry.
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5. Discussion

The study of circulating biomarkers is fundamental for the management of brain
malignancies such as GBM, whose anatomical location and heterogeneity hamper the
longitudinal and comprehensive monitoring of tumor dynamics. Since EVs cross the blood
brain barrier, carrying tumor-associated information, they are a promising tool for GBM care

by liquid biopsy.

From a clinical perspective, we established a rapid, economic, and straightforward assay that
allowed us to demonstrate the specific enrichment of plasma EVs in GBM. To our
knowledge, this is an unprecedented result. Our method allows the efficient isolation of EVs
from as low as 2mL of plasma using SEC, in a short time and with minimal costs per patient.
Our data prove that TRPS provides precise and reproducible measurement of EV
concentration and size, which is cardinal for their use as biomarkers. Indeed, we assessed
TRPS reproducibility systematically, finding that EV measurements were largely consistent
across replicates, even with different sample dilution. Importantly, variability in repeated
measures was noted primarily when the particle rate fell outside the recommended range (i.e.
100 and 1500 particles/min) or neared the extremes. These findings reaffirm the necessity of
evaluating the reliability of EV measurements to support their translation from bench to

bedside.

We demonstrated that pre-operative GBM (GBM preOp) plasma contains, on average, ten
times more EVs compared to healthy controls (C1) and patients with other CNS pathologies
(C2). This highlights the potential of assessing EVs abundance as a companion biomarker
for GBM detection, achieving a diagnostic specificity that MRI alone may not always
provide. One reasonable hypothesis underlying the higher abundance of EVs in GBM plasma
is the increased cell-to-vessels ratio in GBM with respect to the healthy brain and to other
CNS pathologies®®. The cerebral vasculature is already very dense per se, but in GBM the
degree of vascularization is boosted by vasculogenesis and sprouting angiogenesis, as well
as less canonical mechanisms including vessel co-option, vascular mimicry and
transdifferentiation of GBM stem cells to give rise to tumor endothelium?#%2%. In fact,
increased microvascular proliferation is a key feature of high grade gliomas'?2. It is also
reported that GBM endothelial cells (EVs) show increased ability to develop an intensive
vasculature (i.e. vessels are longer and more branched)?*°

(LGG) and meningiomas (MNG) ECs. Additionally, vessels created by GBM ECs are more
99
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permeable, and the vasculature was overall more fenestrated?®®. As a consequence, the
secretome of most cells of GBM tumor core and TME will have increased access to the
bloodstream.

Within the C2 cohort, the subgroup of brain metastasis showed higher EVs abundance in
comparison to the other brain tumors, but not to GBMs. Brain metastasis derive from diverse
primary tumors and represent a systemic disease. Indeed, EVs were shown to take part in
tumor progression via the establishment of pre-metastatic niches that favor the colonization
of circulating tumor cells (CTCs) to specific organs, including the brain?®!. As a result, an
increase in the levels of plasmatic EVs could be observed in patients with metastatic tumors.
The significance of the differences in EV concentration among the C2 subgroups is limited
by the low number of patients enrolled. We will enlarge the cohort of brain metastasis and
other gliomas patients to validate the potential of plasma EVs concentration for the
differential diagnosis of these CNS malignancies.

Upon tumor resection, EVs concentration drops significantly, reaching levels resembling
those of healthy samples. These data confirm that the augmented abundance of EVs in GBM
plasma is strongly dependent on tumor presence. We will assess if the abundance of GBM
postOp EVs in plasma correlates with MRI data and is indicative of the extent of tumor
resection. Further, the comparison with patients’ clinical parameters (PFS, OS) will reveal
if plasma EV concentration is also a reliable prognostic indicator.

Alongside EV concentration, we also measured the EV size and showed that GBM EVs are
larger compared to both C1 and C2 samples. EVs > 150nm were the least abundant in all
cohorts, but we found a relative enrichment of these medium-size EVs in GBM plasma. To
our knowledge, these are unprecedented results. We speculate that tumor-associated EVs
might be mostly in the size range of microvesicles (MVs), whose blebbing from the plasma
membrane is a fast process?$2. Exosomes secretion, on the other hand, is multi-step and
tightly regulated by the interplay of several enzymes and subcellular compartments®®2. Thus,
fast proliferating cells (i.e. tumor cells) might prefer MVs secretion for intercellular
communication within the tumor core and the TME. The isolation and characterization of
small- and medium- GBM EVs will allow to understand if they have different implications
in GBM pathology and if tumor-associated cells derive from specific biogenetic routes.
Notably, we could distinguish brain metastasis EVs from GBM EVs based on their reduced
size.

EV size drops after tumor resection in matched pre- and post-operative samples, mirroring
tumor presence. Accordingly, the relative abundance of medium-size vesicles (i.e. EV

diameter > 150nm) is higher in preOp GBM plasma, while EVs smaller than 100nm are
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enriched in postOp GBM samples. These data demonstrate that also EV size distribution is
a valuable companion biomarker of GBM presence.

We extended the measurement of EVs longitudinally in GBM plasma collected one month
post-operative, at regular two months intervals after treatment and, when possible, until
relapse. In the patients analyzed this far, EV fluctuations reflected disease progression as
monitored by MRI: in detail, when MRI showed signs of relapse, EV concentration was
increased with respect to the early post-operative timepoint. Actually, EV concentration at
follow-up increased before clear signs of progression were detectable by MRI. We also
measured high levels of EVs at relapse, and a drop after tumor removal, consistent with our
observations at the baseline. These results suggest that routine screening of plasma
vesiclemia?®® in GBM patients can serve as non-invasive monitoring tool of disease
progression, and could complement MRI for the early detection of tumor progression and
relapse. We will extend the longitudinal analysis to a larger cohort of patients and assess if
measurements of EVs abundance correlate with treatment efficacy as well as disease
progression, allowing prompt therapeutic intervention.

Of note, we also assessed the changes in EV size in longitudinal plasma samples but we did

not observe a clear correlation with disease progression.

DNA can be found in circulation either free (cfDNA) or associated with proteins and
membranous particles, including EVs?!2. We demonstrated that DNA is associated with EV's
from GBM and healthy plasma, and that some EVs show a higher content of nucleic acids.
Biologically, the variability in the amount of DNA associated with plasma EVs could be
attributed to their heterogeneity in terms of cell of origin, biogenesis, function and
ultimately, their cargo?$429, We assessed if plasma EV-DNA cargo is informative about the
primary tumor. We found that EV-DNA is scarce and not enriched in EVs. Of note, DNA
concentration remained undetectable by Qubit even when we scaled up the input volume of
plasma from 2mL up to 6mL. We also compared different DNA isolation methods but none
improve our results.

The targeted detection of parental mutations and copy number alterations in EV-DNA was
inconclusive. These findings are in line with the current literature on circulating EV-DNA

96,266

in other tumors , and devalue the use of EV-DNA as surrogate of tissue DNA for tumor

profiling. Considering that the DNA cargo of cell-derived EVs recapitulates the genomic

landscape of parental cells?!2267

, it is likely that the utility of plasma EV-DNA as surrogate
of tumor DNA has intrinsic challenges related to its dilution in physiological EV-bound and
cell-free DNA. Similarly, plasma extracellular DNA (exDNA, including both EV-DNA and
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cfDNA) did not mirror the genetic alterations present in the matched tumor tissue, despite
the higher concentration with respect to EV-DNA alone.

We did not find significant differences in exDNA abundance between GBM and healthy
samples. The variability in the outcome with respect to other studies might depend on the
biofluid collection and DNA isolation procedures?$®, on patient’s physiology?®®, as well as
to the presence of the BBB, whose extent of disruption and permeability in different patients
might affect the levels of cfDNA detectable in plasma. On the other hand, we measured a
smaller fragment size of exDNA in GBM patients with respect to healthy controls, in

agreement with previous observations??+27

, and witnessing the secretion of truncated DNA
from apoptotic cells?’!. The size of our cohort will be increased, and longitudinal GBM
samples will be included, to demonstrate the clinical impact of the analysis of exDNA
fragment size.

The assessment of genomic alterations by shallow WGS revealed that exDNA recapitulates
only a small subset of the alterations found in matched tumor tissue. Ongoing analysis of
shared CNA regions will determine their relevance for GBM diagnosis. The low tumor
fraction in exDNA indicates that, even with sNGS, the dilution of tumor DNA in plasma
limits the retrieval of CNAs present in tissue samples. Additionally, the significant tumor
heterogeneity in GBM may account for the discrepancies between alterations detected in
tissue versus extracellular DNA. We plan to apply a guided molecular targeting approach,
selecting genomic alterations with a high variant allele frequency (VAF) in the tumor tissue
from each patient, and searching for these in exDNA via ddPCR and targeted sequencing.
The utility of this analysis will be evaluated at follow-up.

Private alterations are often identified in GBM tissue sampled from different tumor
regions??*, highlighting the extensive intratumor heterogeneity. In this context, we will
further investigate the private mutations identified in exDNA, hypothesizing that we may
uncover genetic alterations overlooked in tumor biopsies due to sampling bias. If so, the
analysis of exDNA could provide a non-invasive method for detecting tumor presence and

potentially profiling GBM at the time of diagnosis.

EV proteins are abundant, and a rich source of disease biomarkers***2*7, In a pilot
experiment we showed the feasibility of analyzing the EV protein cargo by LC-MS/MS and
the potential to identify DEPs among GBM and healthy plasma EVs. In a large cohort of
GBM pre-operative, healthy and GBM post-operative samples, we detected a broad range of
protein expression levels, in line with other proteomic studies of plasma EVs?¥7272, A

majority of reference EV markers were present and abundant in our dataset, further
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confirming the efficiency of SEC to enrich EVs from plasma. Few proteins (n=173)
overlapped with the Human Plasma Peptide Atlas (HPPA) database®*?, including albumin,
apolipoproteins, serpins and complement proteins. While they constitute a small fraction of
our EV proteomic datasets, they are overall more abundant than EV-markers.

The functional annotation of identified proteins highlighted the enrichment of biological
processes related to platelets activation, neutrophils degranulation and immune system
activation. Indeed, platelets and immune cells are the major contributors of circulating
EVs!83:273.274 "and the GO analysis highlights that most EV's in our samples derive from non-
tumor cells and likely from cells outside the CNS.

The unsupervised clustering of all deregulated proteins highlighted similar protein
expression across samples, suggesting that the separation of GBM, healthy and GBM postOp
cohorts based on the plasma EV proteome relies on the differential expression of few
proteins, among which we ought to identify candidate GBM biomarkers. Indeed, a GBM-
specific signature of 139 proteins emerged from the differential expression analysis of the
GBM and healthy EV proteomes. Notably, some proteins included in this signature were
downregulated in GBM post-operative plasma. This EV protein signature will be monitored
longitudinally to confirm its clinical significance for GBM detection and to track disease
progression.

While SEC outperforms other EV isolation methods to purify EVs from plasma
contaminants, it does not completely remove soluble proteins or the protein corona

276 adhere to

surrounding EVs?”>, Proteins such as immunoglobulins?*’ and apolipoproteins
the EV surface, co-elute with EVs and appear in proteomic datasets. The abundance of these
proteins in EV preparations complicates the identification of disease biomarkers, which are
often expressed at lower levels?’2. To address this, we applied weighted co-expression
network analysis to identify clusters of proteins with minimal content of “contaminants”.
Indeed, “contaminants” and intrinsic “EV proteins” segregated into distinct modules. In
contaminants-rich clusters, proteins upregulated in pre-operative GBM samples were
enriched in pathways related to the complement and coagulation cascades, consistent with
previous findings from our 1ab!®’. The high levels of complement proteins suggest a
hypercoagulable state in GBM patients, aligning with evidence of thrombosis and
coagulation disorders commonly observed in GBM?"’. Moreover, there is evidence that
GBM cells promote the expression of complement proteins by the TME, co-opting them to
support growth and maintain stemness features?’827.

Within clusters with fewer contaminants and higher levels of true EV proteins, we identified

biological processes likely linked to GBM that did not emerge in the initial, unbiased GO
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analysis. In particular, pathways of T-cell signaling, regulation of T-cell activation, Th1 and
Th2 cell differentiation and TCR signaling were enriched in GBM preOp EVs. It is now
established that infiltrating T-cells are abundant in the GBM tumour microenvironment
(TME) and play key roles in immunity and disease progression?®*2%!, The enrichment of
specific immune markers in pre-operative GBM samples highlights the potential of plasma
EV proteomics to provide insights into active immune responses within the TME.
Furthermore, the protein cargo analysis of GBM-derived EVs reveals metabolic
dysregulations, a hallmark of GBM?2. In GBM, genetic alterations affecting TCA cycle and
oxidative phosphorylation (OXPHOS) enzymes lead to the disruption of oncogenic
pathways, making metabolic reprogramming frequent and essential for sustained cancer cell
proliferation?33.

We identified potential GBM biomarkers within clusters enriched in EV markers and
proteins that are upregulated in pre-operative GBM EVs. Our primary focus was on proteins
previously linked to GBM tumorigenesis and whose levels decrease following tumor
resection. Further validation of these proteins through targeted approaches, coupled with the
evaluation of their expression in longitudinal plasma EV samples and in relation with
patients’ clinical parameters (PFS, OS), will help confirm their biomarker role. Ultimately,
our major goal is the identification of a panel of reliable biomarkers to enrich GBM-
associated EVs. By this strategy, we could improve the analysis of EV-DNA, damping the
effect of the dilution of tumor-derived material in plasma on the efficiency of retrieving
parental genetic alterations. This additional layer of data will support the implementation of
liquid biopsies in clinical practice, enabling early GBM detection and effective monitoring

of disease progression.
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Annex

In the final three months of my PhD, I visited Professor Samir El Andaloussi's lab at
Karolinska Institutet in Stockholm to learn and apply single-EV imaging flow cytometry
(IFCM) for validating the selected candidate biomarkers. Although the results are still

preliminary, they are promising, and I will briefly present them in this annex.

To verify that IFCM can reliably detect single EVs, we stained serial dilutions of SEC-
isolated GBM EVs with a cocktail of FITC-conjugated antibodies targeting the tetraspanins
CD9, CD63 and CDS81 (PAN-TS). FITC+ events were gated based on the background
detected in unstained EVs. Optimized IFCM settings'®’ enabled us to distinguish smaller,
SSClow/FITC+ events (EVs ranging from 70 nm to 350 nm) and larger, SSCint/FITC+
events (EVs between 400 nm and 1 pm).. The number of FITC+ events was proportional to
the input quantity of EVs. The number of SSCint/FITC+ events was lower with respect to
SSClow/FITC+ at all concentrations. This aligns with the prevalence of EVs in the 50 nm to

350 nm range observed during SEC EV characterization.
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Given the feasibility of analyzing SEC EVs by IFCM, we began the validation by staining
EVs from GBM and healthy control samples with a mix of FITC-conjugated antibodies
targeting CD63 and CD81. In this pilot experiment, we pooled equal numbers of EVs from
five GBM and five healthy subjects. IFCM analysis confirmed higher CD63/CDS81
expression in GBM EVs across both SSClow and SSCint size ranges.
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Next, we stained EVs from five GBM patients and four healthy subjects with antibodies
against CD49c, CD107b and ITGBS. For all three targets, we counted more SSClow
fluorescent events in GBM samples compared to healthy controls. The number of fluorescent
events within the SSCint gate was always below the background. Additionally, we verified

the higher expression of CD63/CD81 in GBM EVs.
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We tested the expression of CD59 and NOTCHI too. However, a high antibody background
signal for CD59 interfered with the detection of CD59+ EVs, and further antibody testing is
ongoing. For NOTCHI, despite minimal background, we detected no fluorescent events in
either GBM or C1 EVs. Indeed, as NOTCHI1 is not annotated as an EV marker, and both
plasma and EV proteomic studies suggest that NOTCH1 is more likely a secreted protein,

our findings are consistent with these observations.
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We are currently validating these preliminary results on a larger cohort of GBM patients and
healthy subjects, and plan to include post-operative GBM samples to further corroborate the

proteomic data.
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