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Primary central nervous system lymphoma (PCNSL) is a rare but highly aggressive extra-nodal non-
Hodgkin's lymphoma, mostly of the diffuse large B-cell lymphoma (DLBCL) type. The present invasive
diagnosis and poor prognosis of PCNSL propose an urgent need to develop molecular markers for early
detection, real-time monitoring and treatment evaluation. Cerebrospinal fluid (CSF)-derived extracellular
vesicles (EVs) are promising biomarker carriers for liquid biopsy of CNS diseases and brain tumors;
however, research remains challenging due to the low concentration of EVs in the limited available
volume of CSF from each individual patient and the low efficiency of existing methods for EV enrichment.
Here, we introduce functionalized magnetic beads called EVTRAP (extracellular vesicles total recovery and
purification) for rapid and efficient EV isolation from CSF. By coupling with high-performance mass spec-
trometry, over 19000 peptides representing 1841 proteins were identified from just 30 uL of CSF.
Furthermore, up to 3000 phosphopeptides representing over 1000 phosphoproteins were identified from
about 2 mL of CSF. Finally, we analyzed the EV phosphoproteomics of CSF samples from PCNSL patients
and non-PCNSL controls. Among them, multiple phosphoproteins related to PCNSL, including SPP1,
MARCKS, NPM1 and VIM, were shown to be up-regulated in the PCNSL group. These results demon-
strated the feasibility of the EVTRAP-based analytical strategy in CSF EV phosphoproteomic analysis of

rsc.li/analyst PCNSL molecular markers.

Introduction

Primary central nervous system lymphoma (PCNSL), a rare
and aggressive extranodal non-Hodgkin’s lymphoma form, is
confined to the central nervous system without systemic
symptoms and is primarily of the diffuse large B-cell lym-
phoma (DLBCL) type." It is estimated that PCNSL accounts
for 4-6% of all extranodal lymphomas, 3% of all CNS
tumors and 1% of all lymphomas.> The diagnosis of PCNSL
is usually performed by stereotactic biopsy, which is similar
to tumor tissue biopsy and exhibits more influence on
lesions compared to plasma/cerebrospinal fluid (CSF)
biopsy.®> Moreover, the prognosis of PCNSL is poor due to
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delayed CNS toxicity." Thus, the development of non-invasive
and effective detection methods based on liquid biopsy is
important for PCNSL treatment.

CSF circulates around the central nervous system and can
directly reflect the biochemical changes in the brain, spinal
cord, and meninges. Multiple research studies have recently
highlighted the importance and influence of CSF in the field
of biomarker exploration for early diagnosis, real-time moni-
toring and prognostic evaluation of CNS diseases and brain
tumors.*® However, traditional biomarkers such as free pro-
teins and nucleic acids in CSF can be greatly interfered by
other abundant contaminant molecules and may undergo
some degradation mechanisms in biofluids, which makes bio-
marker discovery and application difficult.

To address these problems, research priorities have been
focused on a new field: profiling of extracellular vesicles (EVs).
EVs are lipid bilayer vesicles secreted by most cell types,
including tumor cells, and exist in many types of bio-fluids
(such as plasma, saliva, urine, and CSF) with a variety of
cargos (e.g., proteins, nucleic acids and lipids). Increasing evi-
dence indicates that EVs involve in various cellular processes
including tumor progression; therefore, EVs are recognized as
potential biomarker carriers for cancer liquid biopsy.”™*

This journal is © The Royal Society of Chemistry 2023
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However, existing methods for EV isolation vary from prin-
ciples to effects and there is still no standardized method.
Ultracentrifugation (UC) is currently regarded as the gold-stan-
dard technique for EV isolation, but it has a low throughput
and is time-consuming; thus, UC cannot be widely used for
clinical practice. Several other techniques for EV isolation have
been reported and commercialized, including size-exclusion
chromatography (SEC), polymer precipitation using commercial
EV isolation kits, immunoaffinity-based isolation strategies and
microfluidic strategies.’>"® Nevertheless, they have different dis-
advantages, including but not limited to low productivity, high
protein contamination, high expense and irreproducibility.
Therefore, establishment of a stable, specific and efficient EV
enrichment method has become the key to EV research.

Here, we employed recently introduced functionalized mag-
netic beads named EVTRAP (extracellular vesicles total recov-
ery and purification) for the isolation of EVs from CSF.
EVTRAP has been developed for the proteome and phospho-
proteome analysis of urine and plasma EVs,'*" but its appli-
cation has not been evaluated for CSF samples which typically
have a low volume. Therefore, we attempted to utilize EVTRAP
for the EV isolation of CSF. In detail, we first compared the
two EV isolation methods, EVITRAP vs. ultra-centrifugation
(UC), in aspects of EV concentration, abundance of EV
markers, CSF free proteins and protein coverage through
western blotting and LC-MS analysis. Then, we applied the
EVTRAP approach to analyze the differences in CSF EV phos-
phoproteomes between patients with PCNSL and non-PCNSL
individuals. Protein phosphorylation is one of the most exten-
sive post-translational modifications (PTMs) and is an impor-
tant regulatory mechanism in cancer and tumor progression,®
but its research and applications are restricted by the low
abundance of phosphoproteins and dephosphorylation in bio-
fluids. It is remarkable that EV-based analysis can reduce the
interference of free molecules in biofluids to improve the
detection of low-abundance proteins and prevent dephosphor-
ylation from the enzyme in biofluids by protecting the EV
bilayer membrane.'” Through EVTRAP-based CSF EV phospho-
proteome analysis, we obtained an unprecedented dataset of
the CSF EV phosphoproteome. Subsequently, using the label-
free quantitation method, several phosphoproteins, which
have been previously reported to be associated with PCNSL or
DLBCL, were identified to be up-regulated in the PCNSL
group. These results provide a reference for further discovery
and validation of potential biomarkers in PCNSL and also
demonstrate the feasibility of EVTRAP for CSF EV proteomic
and phosphoproteomic analyses.

Experimental

Detailed experimental materials and methods of UC, western
blot, transmission electron microscopy (TEM) imaging, nano-
particle tracking analysis (NTA), LC-MS sample preparation,
LC-MS/MS analysis, database search and label-free quanti-
tation analysis are included in the ESL}
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Collection and storage of CSF samples

All CSF samples were collected with ethical approval from
Huashan Hospital affiliated to Fudan University (the Huashan
Hospital Institutional Review Board (HIRB), approval no. 2018-
767), Shanghai, China, and all patients gave their consent
before the samples were collected. All frozen samples were
thawed and centrifuged at 2500g for 10 min to remove cell
debris, apoptotic bodies and other large particles. The super-
natant was collected and stored at —80 °C until further use.

Extracellular vesicle isolation by EVTRAP

EVTRAP beads were provided by Tymora Analytical and were
used as previously described."* The CSF samples were diluted
four-fold with the diluent buffer and 6 pL of EVTRAP beads
were added to 100 pL of CSF. The samples with EVTRAP beads
were then incubated by end-over-end rotation for 1 h. After
removing the supernatant using a magnet, the beads were
washed once with 0.01% Triton X-100/NP-40 PBS solution and
three times with PBS. Finally, the EVs were eluted by vortexing
for 10 min with 100 mM fresh triethylamine (TEA), and the
eluate was collected and freeze-dried.

LC-MS/MS sample preparation

For the proteomics experiment of EVs captured by EVIRAP
and UC, a starting sample volume of 100 pL of CSF was used
to isolate EVs. After lysis, digestion and desalting, EV proteins
from about 30 pL were injected for LC-MS/MS analysis. In the
case of phosphoproteome analysis of clinical CSF samples
from non-PCNSL controls and patients with PCNSL, the start-
ing sample volume was 3 mL. Phosphopeptides were enriched
using PolyMAC by following the provided instructions from
Tymora Analytical.

Results and discussion
Assessment of the EVTRAP-based EV isolation strategy

EVs derived from CSF are potential biomarker carriers for
nervous system diseases and brain tumors.'®'® However,
research studies are always confined by both the limited
volume of CSF and the low concentration of EVs in CSF. Here
we applied the EVIRAP method for the enrichment of EVs
from CSF. Functionalized with hydrophilic and lipophilic
groups on the magnetic beads, EVTRAP is highly efficient and
specific for EV isolation and has already been utilized for
phosphoproteome profiling of urine and plasma Evs.'*"*

For the application of EVTRAP in CSF EV isolation, first, EV
isolation and characterization were performed using TEM
imaging and NTA. After eluting off the beads, EVs were freeze-
dried and then redissolved for TEM imaging and NTA, with
100 pL and 1 mL of PBS, respectively. Intact EVs were visual-
ized in the TEM image (Fig. 1A). The size distribution was
detected by NTA, revealing a peak diameter of 160 nm and a
calculated concentration of 2.2 x 10° particles per milliliter of
CSF (Fig. 1B). We further evaluated the EV isolation efficiency
of the EVTRAP method using western blotting against three EV
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Fig. 1 Assessment of the EVTRAP-based EV capture method. (A) Transmission electron microscopy (TEM) image of EVs captured by EVTRAP from
CSF. (B) Nanoparticle tracking analysis of CSF EVs after elution of EVTRAP beads. (C) Detection of the TSG101, CD81, and CD9 EV markers using
western blot from EVs enriched by EVTRAP and UC. (D) Number (up) and overlap (bottom) of identified peptides based on LC-MS analysis from EVs
isolated by EVTRAP and UC. (E) Fold increase in the total proteome intensity of 11 EV proteins and 4 free CSF proteins from LC-MS data compared to

the UC sample.

markers, TSG101, CD81 and CD9. As shown in Fig. 1C, clear
bands of TSG101, CD81 and CD9 could be observed in the
EVTRAP lane, while no visible signal was observed in the UC
lane, demonstrating a much higher isolation efficiency of
EVTRAP than the UC method. Given that western blotting can
only provide specific analysis of target EV markers, we then
carried out LC-MS analysis of EV proteome samples processed
using the EVTRAP and UC methods to further compare their
efficiencies. A total of 22 035 and an average of 17 995 peptides
were identified among the three repeated mass spectrometric
measurements of EVs isolated from CSF by EVIRAP, whereas a
total of 13 285 peptides and an average of 11 613 peptides were
identified in the three repeated MS analyses of UC processed
samples (Fig. 1D and ESI Table S17).

In addition, among all identified peptides, there were 9492
overlapped peptides found in both EVTRAP and UC processed
samples, but 12 543 unique peptides were only found in CSF
EVs isolated using the EVIRAP method. This indicated a
similar but much broader proteome coverage of the EVTRAP
method compared to UC. We further evaluated the specificity
of the EVTRAP method by comparing the relative intensity of
11 typical EV proteins®® and 4 common CSF proteins®' in EV
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samples obtained using the EVITRAP and UC methods. As
shown in Fig. 1E, the intensity of EV markers and related pro-
teins in EVTRAP processed samples was much higher than
that of UC while the intensity increase of CSF free proteins was
less remarkable, illustrating good specificity of the EVITRAP
method. We also conducted a gene ontology analysis of the
whole proteome from CSF EVs isolated by EVTIRAP, using
DAVID Bioinformatics Resources.”>>* The identified proteins
were significantly enriched in Extracellular Exosome,
Extracellular Space and Extracellular Region annotated by the
DAVID cellular component. Meanwhile, brain-specific proteins
accounted for approximately 50% of the total proteins (ESI

Fig. S17).

LC-MS analysis of the EV phosphoproteome of clinical CSF
samples

PCNSL is a highly aggressive and rare non-Hodgkin’s lym-
phoma with a poor prognosis but there is still an increased
incidence among the aged population.>* While protein phos-
phorylation is a vital regulatory mechanism for signaling path-
ways in cancers and diseases, systematic investigation of phos-
phorylation in PCNSL has been lacking, let alone phosphoryl-

This journal is © The Royal Society of Chemistry 2023
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ation analyses in CSF EVs. After demonstrating the high
efficiency isolation of EVs from CSF samples, we attempted to
apply the EVTRAP approach to the analysis of clinical CSF
samples. The experimental workflow of proteome and phos-
phoproteome analyses of CSF EVs from patients diagnosed
with PCNSL and non-PCNSL controls (which means patients
diagnosed with other diseases or inflammatory reactions of
the nervous system) is outlined in Fig. 2. The samples were
grouped into PCNSL and control groups according to the clini-
cal diagnosis and both groups included 9 individual samples
with a volume of 1 milliliter each. CSF from each of the three
individuals (grouped by matching the age and gender compo-
sition among groups. Detailed information is provided in ESI
Table S2t) was pooled into a biological replicate (n = 3 biologi-
cal replicates/group x 2 groups = 6). EV proteins were extracted
in PTS buffer®® and digested with trypsin, followed by deter-
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Fig. 2 Workflow of EV phosphoproteomic analysis of CSF samples
from non-PCNSL controls and patients diagnosed with primary central
nervous system lymphoma.

A 600
400

200

Intersection of Identified Phosphoproteins

View Article Online

Paper

gent removal and desalting. Afterward, 1% of the peptides was
stored for direct proteome analysis and the remaining peptides
underwent phosphopeptide enrichment by PolyMAC.*® Both
peptides and phosphopeptides were analyzed using a Bruker
trapped ion mobility time of flight spectrometer (timsTOF Pro)
with a nanoflow LC-MS/MS.

Through the EVTRAP-based approach, over 1500 proteins
and 17 000 peptides were identified from EVs of 30 puL of CSF
(ESI Fig. S3 and ESI Table S3f), which once again demon-
strated the high efficiency of EVIRAP for EV isolation from
CSF. The overlap of identified proteins among intra-group bio-
logical replicates in the control and PCNSL groups was 71%
and 75%, respectively. More importantly, we identified over
800 phosphoproteins and more than 2600 phosphopeptides in
a single MS run of each biological replicate. Besides, even up
to 3991 unique phosphopeptides corresponding to 1082 phos-
phoproteins were identified from a replicate of the PCNSL
group (Fig. 3A and B and ESI Table S47). The overlap of identi-
fied phosphoproteins among intra-group biological replicates
in the control and PCNSL groups was 58% and 65%, respect-
ively (ESI Fig. S2t). In comparison, 517 proteins were only
identified in phosphoproteome analysis which indicates the
lack of detection of low abundance phosphoproteins through
regular shotgun proteomic analysis. Additionally, phosphopep-
tides with single phosphosite accounted for over 75% of the
identified phosphopeptides and a total of 8345 Ser phospho-
sites were identified (Fig. 3C).

Label-free quantitation analysis of the CSF EV
phosphoproteome in PCNSL and non-PCNSL control groups

Label-free quantitation analysis of phosphopeptides between
the PCNSL and control groups was then performed to identify
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Fig. 3 Number of identified phosphoproteins, phosphopeptides and phosphosites in CSF EV from the PCNSL and control groups. (A) Intersection
of identified phosphoproteins. (B) Number of identified phosphopeptides and distribution of peptides with single, two or three phosphosites. (C)

Distribution of the Ser/Thr/Tyr phosphosite.
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potential phosphoproteins related to PCNSL. Among all 9225
identified phosphopeptides, we quantified 6179 phosphopep-
tides and identified 115 significantly changed (p-value < 0.05,
|log,fold change| > 2) phosphopeptides representing 84 phos-
phoproteins in the PCNSL group using the KW test (Fig. 4A
and B and ESI Table S5f). Top10 Gene Ontology terms for
‘Molecular Function’, ‘Biological Process’ and ‘Cellular
Component’ of changed phosphoproteins are shown using a
bubble chart (Fig. 4C). The heatmap of significantly changed
phosphoproteins displayed the distribution of their normal-
ized intensity among biological replicates (Fig. 4D). Proteins
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related to molecular binding and cell adhesion were enriched,
and the Extracellular Exosome term was the most abundant
annotation. In addition, twenty-eight of all 59 up-regulated
phosphoproteins were related to the central nervous system
annotated by STRING tissue expression, as shown in the
Protein-Protein Interaction Network (Fig. 4E). We then exam-
ined these significantly changed phosphoproteins against pre-
vious studies. As there have been limited PCNSL investigations
on signaling pathways in the literature, we also retrieved the
data on DLBCL. Several phosphoproteins, including osteopon-
tin (OSTP, also known as secreted phosphoprotein 1), myris-
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Fig. 4 Label-free quantitation analysis of the phosphoproteome. (A) Venn diagram of the identified phosphopeptides in the PCNSL and control
groups. (B) Number of identified, quantified and significantly changed phosphopeptides in label-free quantification. (C) Bubble chart of changed
phosphoproteins, showing Top10 Gene Ontology terms for ‘Molecular Function’, ‘Biological Process’ and ‘Cellular Component’ with —log2 (p-value).
(D) Heatmap of significantly changed phosphopeptides. (E) Protein—Protein Interaction Network of up-regulated phosphoproteins, green nodes
showing proteins related to the central nervous system annotated by STRING tissue expression. (F) Bar graph of the Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathway of significantly changed phosphoproteins.
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toylated alanine-rich C-kinase substrate (MARCS), human leu-
kocyte antigen A (HLAA), nucleophosmin (NPM), secretogra-
nin-3 (SCG3),” vimentin (VIME),*® insulin-like growth factor-
binding protein 3 (IBP3),>° and brain acid soluble protein 1
(BASP1),*® have been previously reported to be associated with
PCNSL or DLBCL. More specifically, OSTP was the most widely
reported biomarker of PCNSL,*! which involves the up-regu-
lation of interferon-gamma and interleukin-12 and down-regu-
lation of interleukin-10 and is also essential in the pathway of
type I immunity. MARCS, a filamentous (F) actin cross-linking
protein, binds calmodulin, actin and synapsin and is closely
related to the immunochemotherapy resistance and prognosis
of DLBCL.**?? It is interesting to note that the loss of HLA is a
mechanism for immune escape and also the symbol of poor
prognosis and high risk of relapse in DLBCL,** whereas in our
results, the relative intensity of HLA-A in CSF EV samples from
PCNSL patients is higher than that in the control, indicating
stable, even enhanced, T-cell immunity in PCNSL. NPM is also
reported as a prognostic predictor of primary DLBCL in the
CNS.*> Moreover, the PI3K-Akt signaling pathway, which is
known to be correlated with the progress of many cancers
including PCNSL,*® was enriched through the analysis of the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
(Fig. 4F).

We also conducted label-free quantification for proteome
data of PCNSL patients and non-PCNSL controls at the protein
level (ESI Table S5t). Among 84 phosphoproteins corres-
ponding to 115 differentially expressed phosphopeptides, 61
(73%) were also detected in proteome analysis but not
showing any significant changes at the protein level, indicating
that a large percentage of these phosphosite changes were due
to post-translational regulation in PCNSL patients. These
results demonstrated the potential of the EVTRAP method in
the phosphoproteome profiling of EVs from CSF and its poten-
tial clinical applications in PCNSL.

Conclusions

In-depth phosphoproteome profiling of CSF-derived EVs
remains elusive due to limited material and inefficient EV iso-
lation for downstream analyses. Previously, only a small
number of phosphopeptides and phosphoproteins were identi-
fied from either CSF or CSF EV samples. Here we applied a
chemical-affinity-based paramagnetic isolation called EVTRAP
for the enrichment of EVs from CSF, which allowed us to
achieve in-depth analyses of downstream phosphoproteomics.
Through western blot analysis of EV markers and further evi-
dence from LC-MS analysis, we demonstrated the high capture
efficiency and specificity of the EVTRAP method compared to
the ultracentrifugation approach. In the phosphoproteome
analysis of clinical samples, a total of 1232 phosphoproteins
and 6567 phosphopeptides were identified from CSF EVs in
patients with PCNSL, which is, to our knowledge, the largest
dataset of CSF EV phosphoproteomics at present. In addition,
59 phosphoproteins, including some previously reported pro-
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teins such as SPP1, MARCKS and NPM1, were shown to be up-
regulated in the PCNSL group through label-free quantitation
analysis. Furthermore, the PI3K-Akt signalling pathway,
involved in the progress of PCNSL and many other tumours,
was enriched by the KEGG pathway analysis. Using the
EVTRAP method, we demonstrated the ability to profile phos-
phoproteomes from CSF-derived EVs in PCNSL and we expect
that the analytical strategy will be further evaluated with CSF
samples to develop less invasive diagnostic methods for PCNS
diseases such as PCNSL.
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