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ABSTRACT: Cognitive impairment due to cancer and its therapy is a major concern among cancer patients and survivors. Extracellular vesicle
(EVs) composition altered by cancer and chemotherapy may affect neurological processes such as neuroplasticity, potentially impacting the
cognitive abilities of cancer patients and survivors. We investigated the EV proteome of breast cancer patients with and without cognitive
impairment following anthracycline-based chemotherapy from longitudinally collected plasma. EVs were cup-shaped and positive for Flotillin-1
and TSG-101. We identified 517 differentially expressed EV proteins between the cognitive impaired and non-impaired groups during and post-
chemotherapy. The observed decreased expression of p2X purinoceptor, cofilin-1, ADAM 10, and dynamin-1 in the plasma EVs of the cognitive
impaired group may suggest alterations in the mechanisms underlying synaptic plasticity. The reduced expression of tight junction proteins
among cognitive-impaired patients may imply weakening of the blood-brain barrier. These EV protein signatures may serve as a fingerprint that
underscores the mechanisms underlying cognitive impairment in cancer patients and survivors.
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Introduction

Cancer and chemotherapy-related cognitive impairment
(CRCI) is increasingly recognized as a critical concern for can-
cer survivors.»? Among breast cancer patients, anthracycline-
based therapies are widely used and have consistently been
reported to cause CRCIL3 In our previous study, we have
observed that approximately half of the breast cancer patients
receiving chemotherapy reported cognitive impairments during
and post-treatment, and up to one-third experienced deficits at
15 months post-treatment.* Affected patients experienced dif-
ficulty resuming pre-cancer responsibilities and activities, which
could negatively impact their quality of life.>® In managing
CRCI, non-pharmacological interventions such as physical
activity” and cognitive rehabilitative program® were shown to
improve patients’ psychosocial functioning and neurocognitive
performance. However, effective pharmacological treatments
for CRCI short- and long-term after cessation of cancer ther-
apy are lacking in view of the poor understanding of the under-
lying pathophysiology.

Extracellular vesicles (EVs) are cell-secreted spherical vesi-
cles surrounded by a lipid bilayer, between 30 and 1000 nm in
diameter.” The pathways leading to EV biogenesis results in
EVs expressing surface markers reflecting their cellular origin.10

Cells selectively sort bioactive molecules (eg, proteins and
microRNAs) into EVs, protects them from enzymatic degrada-
tion, and transport its cargo into targeted cells to regulate its
biological functions. With their ability to ferry bioactive mole-
cules (eg, proteins and microRNAs) between neighboring and
distant cells, EVs are identified as important mediators of inter-
cellular communication and are implicated in maintaining nor-
mal cell physiology as well as influencing disease progression.!!
Inferences on the roles of EVs can thus be determined by ana-
lyzing their composition.

Tumor-derived EVs ability to modulate the inflammatory
response to affect neurological processes and influence blood
brain barrier (BBB) permeability may in part contribute to the
pathogenesis of CRCI.'213 Tominaga et al'# reported that high
levels of miR-181c were present in EVs from sera of breast
cancer patients who had brain metastases compared to patients
without metastasizing cancer cells. It was also reported that
miR-181c is related to the brain metastasis of breast cancer
patients and their release through EVs promotes the destruc-
tion of the BBB through the abnormal localization of actin.
Interestingly, chemotherapy could alter the properties of EVs
from plasma of breast cancer patient' and was found to have
thrombogenic effects on endothelial cells,® which might be
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indicative for chemotherapy-related thrombogenicity or vascu-
lar damage. Indeed, cancer and chemotherapy can alter EV's
composition and release, shedding light on the pathogenesis of
cancer- and therapy-related adverse events. Other than inflam-
mation and BBB disruption, EVs may potentially interact with
the nervous system to affect neurological processes such as
neuroplasticity and stress response to adversely impact cogni-
tive abilities in cancer survivors. Improved cognitive and patho-
physiological outcomes found in preclinical rodent models
injected with stem cell-derived EV following cancer treatment
support this idea.1”18

To bridge the knowledge gap between EVs and CRCI, we
conducted an exploratory analysis of longitudinal plasma sam-
ples of cognitive impaired and non-impaired breast cancer
patients who received anthracycline-based chemotherapy, with
an overall aim to uncover protein signatures in EV's as potential
mediators in regulating the development of CRCI and, poten-
tially serving as biomarkers. Specifically, we characterized the
plasma EVs, examined the EV proteomic content and investi-

gated the glycosylation of EV peptides.

Methods
Study design

This was a prospective cohort study conducted at the National
Cancer Centre Singapore and KK Women’s and Children’s
Hospital between 2014 and 2017.41 The study was approved
by the Singhealth Institutional Review Board (CIRB
2011/457/B and CIRB 2014/754/B) and written informed
consent of patients was obtained.

Eligible patients were at least 21years of age, diagnosed
with early-stage breast cancer (stages I-11I), had no prior his-
tory of chemotherapy and/or radiation therapy, able to under-
stand either English or Chinese and scheduled to receive
anthracycline-based chemotherapy with curative intent. All
participants received anthracycline-based therapy (doxorubicin
60mg/m?/cycle and equivalent) every 3weeks for 4 cycles.
Patients were excluded if they were diagnosed with psychiatric
medical conditions.

Patients’ self-perceived cognitive abilities were evaluated
using the Functional Assessment of Cancer Therapy Cognitive
Function (FACT-Cog) (version 3) at 3 time-points: before the
start of chemotherapy (T'1), at 3weeks after cycle 2 of chemo-
therapy (T2),and at 3weeks after the last cycle of anthracycline
chemotherapy (T3). Correspondingly, blood drawing was per-
formed at the 3 time-points and the plasma was obtained by
centrifuging at 2000 X g for 10 minutes and stored at -80°C.

Sample selection

The patients were categorized into either the cognitive non-
impaired (CNI; n=29) or impaired (CI; n=29) group based on
a clinically important reduction (10.6-point) in the global
FACT-Cog score between the assessed time-points (T3 vs T1

and/or T2 vs T1).1%%0 Clinical characteristics and demograph-
ics were similar between the 2 groups (Table 1). To normalize
biological variation, plasma from multiple individuals within
each group were combined in equal proportions to obtain a
total sample volume of 5 mL plasma for analysis.

Extracellular vesicle isolation

EVs were isolated from plasma by differential ultracentrifuga-
tion described by Cheow et al.?! In brief, 5mL pooled plasma
of the CNI group at T1,T2, and T3 and the CI group at T1,
T2, and T3 was diluted with an equal volume of phosphate-
buffered saline (PBS; Gibco, Life Technologies Australia Pty
Ltd, Mulgrave, Victoria, Australia) and centrifuged at 2000 X g
(30 minute), and 12000 X ¢ (60 minute) to remove intact cells
and cellular debris. Plasma EV's were obtained by ultracentrifu-
gation at 100000 X g (18 hour) using a Beckman L100-XP
Ultracentrifuge (Beckman Coulter, Brea, CA). The superna-
tant was ultracentrifuged at 200000 X g (18 hour) and the pel-
let collected was used for glycosylation study. Both the EVs and
200000 X g pellets were washed in 1X PBS and pelleted at
100000 X g (18 hour) and 200000 X g (18 hour) respectively to
remove contaminants. The EVs and 200000 X ¢ pellets were
stored at -80°C until further analyses.

Nanoparticle tracking analysis

The nanoparticle tracking analysis (NTA) was performed
using a NanoSight NS300 instrument, with camera type
sCMOS (Malvern Panalytical, Malvern, UK).?> The analysis
parameters of the instrument were set as follows: capture time
60seconds, camera level 4, slider shutter 50, slider gain 100,
FPS 32.5, syringe pump speed 100, total volume per sample
1mL, viscosity 0.906 to 0.910cP and temperature ~24°C. The
size distribution and total particle number of the plasma EVs
were calculated based on 5 replicate measurements assessed by

NTA.

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blot

analysis

Protein concentrations were determined by Bradford dye
assays. Ten microgram proteins were resolved on a 12% poly-
acrylamide gel, separated by polyacrylamide gel electrophore-
sis, and transferred onto a polyvinylidene fluoride (PVDF)
membrane (Bio-Rad). Western blot analysis was performed
using goat polyclonal antibody anti-Flotillin 1 (Flot-1) (1:500
dilution; ab13493 Abcam, Cambridge, UK) and rabbit mono-
clonal antibody anti-Tumor Susceptibility 101 (T'SG101)
(1:500 dilution; ab125011 Abcam, Cambridge, UK) as primary
antibodies and anti-goat HRP conjugated IgG, and anti-rabbit
HRP conjugated IgG as secondary antibodies at 1:1000

dilutions.
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Table 1. Demographics and clinical characteristics of participants.

CHARACTERISTICS COGNITIVE NON- COGNITIVE

IMPAIRED (N=29) IMPAIRED (N=29)

Age, mean (SD) 50.1 (10.1) 47.7 (9.5) .35

Ethnicity, n (%)

Chinese 24 (82.8) 25 (86.2) 1.00
Malay 3(10.3) 3(10.3)

Indian 1(3.4) 1(3.4)

Others 1(3.4) 0(0.0)

Marital status, n (%)

Single 8 (27.6) 5 (17.2) 67
Married 19 (65.5) 23 (79.3)

Divorced 1(3.4) 1(3.4)

Widowed 1(3.4) 0 (0.0)

Education level, n (%)

Primary school 4 (13.8) 7 (24.1) .53
Secondary school 12 (41.4) 7 (24.1)
Pre-university 7 (24.1) 9 (31.0)
Graduate/postgraduate 6 (20.7) 6 (20.7)

Occupation, n (%)

Not working 13 (44.8) 9 (31.0) .29
Working 16 (55.2) 18 (62.1)
On medical leave 0(0.0) 2 (6.9)

ECOG performance status?, n (%)
0 27 (93.1) 26 (89.7) 1.00
1 2(6.9) 3(10.3)

Menopausal status, n (%)
Pre-menopausal 15 (51.7) 17 (58.6) .79
Post-menopausal 14 (48.3) 12 (41.4)

Breast cancer characteristics, n (%)

HERZ2 positive 7 (24.1) 9 (31.0) 77
Estrogen receptor positive 24 (82.8) 19 (65.5) .23
Progesterone receptor positive 22 (75.9) 16 (55.2) A7
Triple-negative 4 (13.8) 5(17.2) 1.00

Breast cancer stage, n (%)

Stage | 2 (6.9) 1(3.4) 69
Stage Il 15 (51.7) 13 (44.8)
Stage Il 12 (41.4) 15 (51.7)

Chemotherapy regimen
(Continued)
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Table 1. (Continued)

CHARACTERISTICS COGNITIVE NON- COGNITIVE P-VALUE
IMPAIRED (N=29) IMPAIRED (N=29)
Anthracycline-based 29 (100) 29 (100) 1.00
FACT-Cog (version 3), n (%)
Cognitive non-impaired 29 (100.0) 0 (0.0) <.001
Cognitive impaired at both T2 and T3 0 (0.0) 10 (34.5)
Cognitive impaired at T2 only 0 (0.0) 6 (20.7)
Cognitive impaired at T3 only 0(0.0) 13 (44.8)

Abbreviations: SD, standard deviation; ECOG, Eastern Cooperative Oncology Group; HER2, human epidermal growth factor receptor 2; FACT-Cog, Functional
Assessment of Cancer Therapy Cognitive Function.

T1 before the start of chemotherapy, T2 at 3weeks after cycle 2 of chemotherapy, T3 at 3weeks after the last cycle of anthracycline chemotherapy.

aECOG Grade 0 means that the patient is fully active, able to carry on all pre-disease performance without restriction. ECOG Grade 1 means that the patient is restricted
in physically strenuous activity but ambulatory and able to carry out work of a light or sedentary nature, for example, light housework, office work.

Transmission electron microscopy

The enriched EVswere transferred onto a copper grid (Electron
Microscopy Services, USA), washed in water and fixed with
2.5% glutaraldehyde (Electron Microscopy Services, USA) for
10 minutes. The samples were then contrasted with 2.5% gado-
linjum triacetate (Electron Microscopy Services, USA) for
2minutes and examined using a FEI Tecnai 12 transmission

electron microscope operated at 100kv (FEI, USA).

Proteomic Analysis of Plasma EVs by Mass
Spectrometry (MS)

Sample preparation and TMT6 labeling

Each pellet was dissolved in a SDS-ABB buffer (2% SDS,
100mM ammonium bicarbonate (ABB), pH 8.0). The sample
was subsequently centrifuged at 10000 X g,4°C for 10 minutes,
and the supernatants were collected. The protein in the super-
natant was further purified by cold acetone precipitation at
-20°C for 4hours. Protein pellet was re-dissolved in a urea-
TEAB buffer (8 M urea, 25mM triethylammonium bicarbo-
nate [TEAB], pH 8.5) and the concentration was determined
by BCA assay. Reduction, alkylation, and tryptic digestion of
proteins were performed as previously described.?? Briefly,
100 g proteins was reduced by DTT and alkylated by IAA.
The solution was then diluted to 1 M urea using 25 mM TEAB
buffer before trypsin digestion at 30°C overnight using
sequencing grade trypsin (Promega, Wi, USA). The digestion
was stopped by acidifying the solution with 5% acetic acid and
tryptic peptides were dried using a vacuum concentrator
(Eppendorf AG, Hamburg, Germany). Dried tryptic peptides
were subsequently labeled with TMT6 tags from Thermo
Scientific (IL, USA), and all the peptide labeling procedures
were performed according to the manufacturer’s protocol.
TMT tags were distributed as follows: 126 CI (T1), 127 CI
(T2), 128 CI (T3), 129 CNI (T1), 130 CNI (T2), and 131
CNI (T3).

HPLC fractionation

The labeling reactions were quenched, and 6 labeled peptide
samples were mixed and dried. PNGase F (P0705L, New
England Biolabs Inc.) was then added as per the manufactur-
er’s instructions and incubated at 37°C for 6 hours for complete
deglycosylation. Following PNGase F treatment, the TMT6-
labeled peptides were desalted using Sep-Pak C18 cartridges,
vacuum dried, and fractionated on a XBridge C18 column
(4.6 X 200mm, 5 pm, 300 A) (Waters, MA, USA) at a flow rate
of 1.0 mL/minute using HPLC. The mobile phases consisting
of buffer A (0.02% NH,OH in water) and buffer B (0.02%
NH,OH in 80% ACN) were used to establish 60-minutes gra-
dient as 97% buffer A for 3 min, 3% to 10% buffer B for 2 min-
utes, 10% to 35% buffer B for 40 min, 35% to 70% buffer B for
5minutes and 100% buffer B for 10 minutes at 1 mL/minute
flow rate. HPLC chromatograms were recorded at 280 nm and
60 fractions were collected using an automated fraction collec-
tor. The collected fractions were pooled according to the con-
catenate pooling method, concentrated using a vacuum
centrifuge, and reconstituted in 0.1% formic acid for LC-MS/
MS analysis.?*

LC-MS/MS analysis

The LC-MS/MS analysis was performed using Dionex
Ultimate 3000 RSLC nanoLLC system coupled to a Q-Exactive
apparatus (Thermo Fisher, MA). 2 ug of protein in each frac-
tion was injected into an acclaim peptide trap column via the
autosampler of the Dionex RSLC nanoLC system. Mobile
phase A (0.1% FA in 5% ACN) and mobile phase B (0.1% FA
in ACN) were used to establish a 60 minute gradient. The flow
rate was maintained at 300 nl/minute. Peptides were analyzed
on a Dionex EASY-spray column (PepMap® C18,3 um, 100 A)
using an EASY nanospray source at an electrospray potential
of 1.5kV. MS scan (350-1600m/z range) was acquired at a

resolution of 70000 at m/z 200, with a maximum ion
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accumulation time of 100 ms. Dynamic exclusion was set to
30seconds. Resolution for MS/MS spectra was set to 35000 at
m/z 200. The AGC setting was 1E6 for the full MS scan and
2ES5 for the MS2 scan. The 10 most intense ions above a 1000
count threshold were selected for HCD fragmentation, with a
maximum ion accumulation time of 120 ms. An isolation width
of 2Da was used for the MS2 scan. Single and unassigned
charged ions were excluded from MS/MS. For HCD, the nor-
malized collision energy was set to 28. The underfill ratio was

defined as 0.1%.24

Database search and data analysis

Acquired data was further processed using Proteome
Discoverer v2.2 (PD2.2, Thermo Scientific, San Jose, USA).
The raw files were directly imported into the PD with deiso-
tope and deconvolution in MS/MS spectra. The processed
MS/MS spectra were queried against a Uniprot human data-
base (downloaded on 6th February 2017 with 61972042
sequences and 1486340556 residues) using both SequestHT
and Mascot search engines. The parameters set were enzyme:
trypsin; maximum miss cleavage: 2; precursor mass tolerance:
10 ppm; fragment mass tolerance: 0.02 Da; fixed modification:
carbamidomethylation at Cys and TMT6 at peptide
N-terminal and Lys; dynamic modification: Oxidation at
Met, deamidation at Asp and Gln; The peptide spectral
matches (PSMs) were further processed by “percolator” algo-
rithm where target FDR (strict) was set as 0.01, target FDR
(relaxed) was set as 0.05. The relative protein quantitation
based on the TMT reporter ions was performed using the
default method for TMT 6plex labeling in the consensus
workflow of PD2.2. The result data was exported to a text file
that was then imported to Microsoft Excel for further analy-
sis. Only proteins that showed a False Discovery Rate (FDR)
of g-value <0.01 were considered for further analysis. The
dataset was screened against the Harmonizome database?
which integrated the curated Gene-Disease Association data-
sets associated with cognitive disorders retrieved from the
Comparative Toxicogenomics Database? (http://amp.pharm.
mssm.edu/Harmonizome/gene_set/Cognition+Disorders/
CTD+Gene-Disease +Associations). The mass spectrometry
proteomics data have been deposited to the ProteomeXchange
Consortium  (http://proteomecentral. proteomexchange.org)
via the PRIDE partner repository?” with the dataset identifier
(PXD021395).

Statistical analyses

For demographics and clinical characteristics, Fisher’s exact
test was performed to test for differences between categorical
variables. Continuous variables were analyzed with independ-
ent sample stest. Protein expression at each time-point was
normalized against the expression at T1. Student’s #-test was
used to identify statistically significant differences between 2

time-points (T2 vs T1 and T3 vs T1) for the 2 groups (CNI
and CI). Prism Software (prism?7, GraphPad Inc., La Jolla,
CA) was used for the statistical test. Data were presented as
sample means = SD. Statistical significance was defined as
P<.05.

Results

Extracellular vesicles characterization

EVs derived from human plasma were enriched and character-
ized using N'TA, transmission electron microscopy, and Western
blot (Figure 1). Figure 1a and b showed the mean particle size
and the yield of plasma EVs of CNI and CI groups at T1, T2,
and T3. There were no significant time-point differences
observed in the EV size and particle number in the 2 groups.
Western blot results (Figure 1c) showed the presence of EV
markers, flotillin 1 (Flot-1), and tumor susceptibility gene 101
(TSG101) proteins. Transmission electron microscopy con-
firmed the spherical shaped morphology of the EV's (Figure 1d).

Mass spectrometric analysis of plasma EVs from
CNI and CI patients

TMT quantitative proteomic analysis of plasma EVs from
CNI and CI patients at 3 time-points (T'1, T2, and T3) identi-
fied a total of 517 differentially expressed proteins
(Supplemental Table 1), with a set false discovery rate (FDR)
of >1% for proteins and at least 2 peptides above the 95% con-
fidence area. Known EV markers, including CD9 (accession
number G8JLH6), TSPAN14 (accession number Q8NG11),
and CDS5L (accession number O43866) were detected in the
EV samples of CNI and CI patients by LC-MS/MS.

Mass spectrometric analyses of plasma EVs from CNI
patients showed a downregulation of galactosylceramidase (acces-
sion number AOA024R6ES, 24.2% reduction, P<<.01), and
upregulation of p2X purinoceptor (accession number B2R876,
1.1 fold increase, P<<.01) and cofilin-1 (accession number
E9PK25,1.3 fold increase, P<<.05) at T3 when compared to the
T1 baseline (Figure 2). In contrast, plasma EVs from CI patients
showed significant decrease in the expression of p2X purinocep-
tor (21.6% reduction, P<.01), cofilin-1 (24.9% reduction,
P<.05), nexilin (accession number Q0ZGT2, 38.3% reduction,
P<.01), and a disintegrin and metalloprotease 10 (ADAM10;
accession number AOA024R5U5, 25.2% reduction, P<<.01) at
T3 when compared to the T1 baseline (Figure 2).

Interestingly, the transcription factor IIIB 90kDa subunit
(accession number Q92994) was found to be upregulated in
both the plasma EVs of CNI and CI patients at T3 when com-
pared to the T1 baseline (Figure 2f). A 1.6-fold (P<.01)
increase in the expression of the transcription factor IIIB
90kDa subunit was detected in the plasma EVs of CNI
patients. Additionally, a 2.1-fold (P<<.001) increase in the
expression of the transcription factor IIIB 90kDa subunit was
found in the plasma EVs of CI patients.
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Figure 1. Characterization of extracellular vesicles from Cognitive Non-impaired (CNI) and Impaired (Cl) Patients at T1, T2, and T3. The nanoparticle
tracking analysis was employed to determine: (a) the concentration (particles per mL), (b) size (nm) of extracellular vesicles based on 5 replicate
measurements of the enriched extracellular vesicles from pooled plasma from CNI (n=29) and Cl (n=29) patients at T1, T2, and T3, (c) Western blot
identified the presence of extracellular vesicle markers flotillin 1 (Flot-1) and tumor susceptibility gene 101 (TSG101) proteins from the enriched
extracellular vesicles of pooled plasma, and (d) a representative electron micrograph showing the spherical morphology of extracellular vesicles, Scale

bar 200nm. Results are presented as means =+ SD.

Dynamin-1 expression in EVs of CNI and CI
patients was decreased at 13

Dynamin-1 (accession number AOAODISFE4) expression in
both the plasma EVs of CNI and CI patients was observed to
be significantly reduced at T3 when compared to the T1 base-
line (Figure 3). Dynamin-1 was found to have a 17.7% decrease
in expression in CNI (86.27+0.59 arbitrary units vs
104.87 £2.70 arbitrary units for T3 and T1, respectively,
P<.01) compared to a 43.6% decrease in expression in the CI
patients (74.23 = 0.55 arbitrary units vs 131.60 = 7.71 arbitrary

units for T3 and T1, respectively, P<<.01). The downregulation
of dynamin-1 in plasma EV's was approximately 1.2 times more
in the CI than in the CNI patients at T3.

Tight junction protein Eexpression in EVs was
greatly reduced in CI patients at T3

Tight junction proteins, including the tight junction protein
zonulaoccludens-2 (ZO-2accessionnumber AOA1BOGTW1),
junctional adhesion molecule C (JAM-C; accession number
Q9BX67), and claudin (accession number D3DX19) were
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Figure 2. Expression of EV proteins from Cognitive Non-impaired (CNI) and Impaired (Cl) patients at T1, T2, and T3. The relative protein expression
(arbitrary units) of: (a) galactosylceramidase, (b) p2X purinoceptor, (c) cofilin-1, (d) nexilin, (€) ADAM10, and (f) transcription factor 11IB 90kDa subunit from
plasma EVs of CNI and CI patients compared across time-points T1, T2, and T3. Results are presented as means = SD (n=3), and protein expression was
normalized against expression at T1. Differences of *P <.05, **P <.01 and ***P <.001 were considered statistically significant.

detected in the plasma EVs of CNI and CI patients by mass
spectrometry (Figure 4). The tight junction protein ZO-2
(Figure 4a) in the plasma EVs of CI patients was found to
have a 41.7% decrease in expression at T3 (78.63 = 5.40 arbi-
trary units, P<<.05) when compared to the T1 baseline
(134.80 =+ 5.87 arbitrary units). The JAM-C (Figure 4b) and
claudin (Figure 4c) in the plasma EVs of CI patients, when
compared between T3 and T1 baseline, were also found to
have a 27.2% reduction (90.97 * 11.38 arbitrary units at T3 vs

124.93 + 6.88 arbitrary units at T1, P<<.01), and a 53.2%
reduction (70.83 = 1.04 arbitrary units at T3 vs 151.43 = 1.63
arbitrary units at 11, P<<.001) in their expression respectively.
While tight junction protein ZO-2 (Figure 4a) and JAM-C
(Figure 4b) was not altered in the plasma EVs of CNI patients
when compared between T3 and T1 baseline, a 4.5% decrease
was observed in claudin expression (91.77 £2.45 arbitrary
units vs 96.13 = 2.14 arbitrary units for T3 and T1, respec-
tively, P<<.05) (Figure 4c).
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Figure 3. Dynamin-1 expression in Cognitive Non-impaired (CNI) and
Impaired (Cl) patients at T1, T2 and T3. The relative protein expression
(arbitrary units) of dynamin-1 in plasma EVs of CNI and ClI patients
compared across time-points T1, T2, and T3. Results are presented as
means + SD (n=3), and protein expression was normalized against
expression at T1. Differences of *P <.05 and **P < .01 were considered
statistically significant.

N-linked glycosylation of peptides of EV proteins
Jfrom CNI and CI patients

The mass spectrometry identification of N-linked glycosyla-
tion sites generally depends on the detection of asparagine
deamidation in the consensus sequence N-X-S/T/C (with X
not proline) in peptides after PNGase F treatment. The mass
spectrometry detected glycosylation of several plasma EVs
proteins by PNGase F (Supplemental Table S2). However, no
glycosylation was observed in the peptides of galactosylcer-
amidase, nexilin, p2X purinoceptor, cofilin-1, ADAM 10,
transcription factor IIIB 90kDa subunit, dynamin-1 and
tight junction proteins. Interestingly, the mass spectrometry
detected glycosylation at the [R].LVGGDNLCSGR.[L] and
[KINTCNHDEDTWVECEDPFDLR.[L] peptide of
CD5L, a marker of EVs?8 in both the plasma EVs of CNI
and CI patients (Supplemental Table S2).

Discussion

In this study, the EVs enriched from plasma of breast cancer
patients showed spherical morphology, presence of EV markers,
and no difference in EV numbers across the 3 time-points in the
CNI and CI groups. Proteins including p2X purinoceptor, cofi-
lin-1, ADAM 10, galactosylceramidase, nexilin, transcription fac-
tor IIIB 90kDa subunit, dynamin-1, and tight junction proteins
were differentially expressed between the 2 groups. These pro-
teins were not identified to be glycosylated by PNGase F
(Supplemental Table S2) and were discovered to be associated
with cognitive disorder based on Gene-Disease Association data-
set curated from the Comparative Toxicogenomics Database? in
the Harmonizome web portal > Interestingly, CD5L protein
which was previously reported as a suitable marker for MS-based
proteomic analysis of plasma-derived vesicles,?® was detected to
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Figure 4. Tight junction protein expression in Cognitive Non-impaired
(CNI) and Impaired (Cl) patients at T1, T2, and T3. The relative protein
expression (arbitrary units) of: (a) tight junction protein ZO-2, (b) junction
adhesion molecule C, and (c) Claudin in plasma EVs of CNI and CI
patients compared across time-points T1, T2, and T3. Results are
presented as means + SD (n=3), and protein expression was normalized
against expression at T1. Differences of *P <.05, **P <.01 and

***P <.001 were considered statistically significant.

have specific deamination at the [R].LVGGDNLCSGR.[L]
and at the [KLNTCNHDEDTWVECEDPFDLR.[L] peptide
of CDS5L. The decreased CDSL glycosylation at [K].
NTCNHDEDTWVECEDPFDLR.[L] in the CNI partici-
pants but not the CI participant at T3 compared to the T'1 base-
line, indicates a difference in the CD5L glycosylation patterns.
As there have been reports of differential CD5L glycosylation
leading to distinct functional activities of CD5L biology,? our
findings suggest a different functional aspect of CD5L between
the CI and CNI groups, which could potentially influence EVs
delivery, their interaction and uptake by recipient cell.3! Overall,
our results suggest that EV's contain proteins that may participate
in modulating the cellular mechanisms to affect nervous system
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activity and the BBB. Additionally, these results suggest the
potential for these EV proteins to interact with the central nerv-
ous system (CNS) to affect cognitive abilities in breast cancer
patients receiving anthracycline-based chemotherapy.

In our findings, the expressions of p2X purinoceptor,®? cofi-
lin-1,33 and ADAM 103 were downregulated in the CI group
after anthracycline chemotherapy, proteins that possess essen-
tial roles in the molecular mechanisms underlying synaptic
plasticity, learning and memory.3>-3¥ Within the plastic regions
of the brain (like hippocamps), cofilin play an essential role in
remodeling actin filaments and spinogenesis to preserve the
long-term potentiation and thereby synaptic plasticity.3-+
Studies have highlighted that the dysregulation of p2X purino-
ceptor,® cofilin-1,% and ADAM 10** are implicated in CNS
pathology such as Alzheimer’s disease, suggesting that the
pathophysiology of CRCI may not be substantially different
from other CNS disorders. While not a focus of the current
study, these proteomic signatures may also provide potential
insight into chemotherapy-induced peripheral neuropathies,
another outcome that adversely impacts the quality of life of
breast cancer survivors.*6:47

Interestingly, expression of galactosylceramidase was
unchanged in plasma EV's of CI group but was downregulated
in the plasma EVs of CNI group after anthracycline chemo-
therapy. On the other hand, nexilin expression was downregu-
lated in the CI group but remained unchanged among CNI
patients. Both proteins play important roles in myelin regula-
tion. Galactosylceramidase is an enzyme important in the pro-
duction of normal myelin*®* and nexilin has been found to
participate in oligodendrocyte progenitor cell (OPC) recruit-
ment and remyelination.’® These results suggest that a differ-
ent regulatory mechanism may be activated for the maintenance
of myelin integrity and function in the CNI and CI groups,
contributing to the disparity in cognitive abilities between the
2 groups of patients. Furthermore, as OPC is important for the
regeneration of myelin and oligodendrocytes post-injury or
disease,”! decreased OPC recruitment might be implicated
with reduced expression of nexilin among CI patients, poten-
tially impairing cognitive recovery.

Transcription factor IIIB was observed to be upregulated in
both CNI and CI groups after anthracycline chemotherapy. It
was recently reported that mutation of the transcription factor
ITIB caused neurodevelopmental anomalies.? The literature
describes that the activity of transcription factor IIIB is regu-
lated by mitogen-activated protein kinase and extracellular
signal-regulated kinase pathways, and functions to promote
cell growth and proliferation,> which could be essential for
neurodevelopment.®* However, whether transcription factor
IIIB activity could affect the expression of protein-coding
genes in the CNS* and is important for normal cerebellar and
cognitive development® remains to be elucidated.

The present study observed a greater reduction of dynamin-1
expression in the plasma EVs of CI than in the CNI patients at

T3 compared to the T1 baseline. Previous studies in mouse
model®” demonstrated that a decreased expression in
dynamin-1 could cause defects in the biogenesis and endocytic
recycling of synaptic vesicles and this could impact neuronal
ability to regulate synaptic transmission. In a clinical assess-
ment of post-mortem brains, it was discovered that reduced
levels of dynamin-1 were correlated with a higher rate of cog-
nitive decline and this was observed in cases of patients with
dementia.’® Interestingly, dynamin-1 was involved in memory
formation,”® a subset of the cognitive domains defined by
ICCTEF.%0¢! The downregulation of dynamin-1 expression
detected in the plasma EVs of the CNI and CI patients may
suggest a negative impact of cancer and/or chemotherapy on
memory and cognition functioning. Despite reduced
dynamin-1 in both CNI and CI groups, we found a greater
impact in the CI group (1.2 times reduction) compared to CNI
at T3 time point. This observation emphasizes an ongoing dis-
ruption in vesicular trafficking, in general, and warrants further
investigation using transgenic knock-in or knock-out mouse
models.t2

Additionally, tight junction protein expression (ie, tight junc-
tion protein ZO-2,JAM-C, and claudin) was found to be greatly
reduced in plasma EVs of CI but not CNI patients after anthra-
cycline chemotherapy. Significant advances in BBB research
have described the critical role of tight junction and adherens
junction proteins, in creating a dynamic barrier system, and reg-
ulating the paracellular transport of solutes and ions between the
blood and brain.®® The disruption of BBB is an extensively
investigated hypothesis behind neurotoxin-induced and disease-
related cognitive impairment. The tight junction proteins are
essential to maintain the overall integrity and permeability of the
blood-brain and blood-spinal cord barrier®> which has been
shown to be compromised by cancer therapies. For example,
exposure to clinically relevant cranial radiation therapy for brain
cancers disrupts BBB which was associated with elevated oxida-
tive stress and inflammation.®>%7 Previously, studies reporting
the exposure of neurotoxicants malathion and lead acetate®® or
high glucose (25 mmol/L. D-glucose)® could lead to an induced
reduction of tight junction protein ZO, claudin, and occludin
expression in brain microvascular endothelial cells which results
in increased permeability of the BBB. In contrast, the use of
Scutellarin or Scutellarin-treated EVs was demonstrated to exert
protective effect on brain microvascular endothelial cells by
reducing homocysteine-mediated damage to tight junction pro-
teins.”® Moreover, the inhibition of glycogen synthase kinase 3f3
activity was shown to exhibit improved cognitive function in
aged mice by upregulating claudin and restores BBB integrity.”!
It is plausible that an association exists between tight junction
disruption and the breakdown of BBB, and the decreased tight
junction protein expression in the plasma EVs of CI patients
may be indicative of tight junction disruption via EV-related
biological activities, resulting in vascular cognitive impairment in
the CI patients. In the end, it is difficult to conclude precisely
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how BBB disruption impacts neurocognitive functionality with-
out overt and/or persistent changes in cerebral blood flow.
However, potential disruption to cerebrovascular integrity
brought on by chemotherapy may portend an elevated risk of
CNS microbleeds, ischemia and stroke.”>”3 As tight junction
proteins ZO-2 and JAM-C were not altered in the plasma EVs
of CNI patients when compared between T3 and T1 baseline,
our findings suggest that these proteins may have been tightly
regulated for maintaining the stability and function of the BBB
unlike CI patients.”

While there is substantial interest in understanding cogni-
tive decline after cancer treatment, progress in the field is hin-
dered by the inability to discern the exact cause of cognitive
decline complicated by many factors including other cancer
treatment modalities (eg, hormone therapy, radiotherapy),
aging, and psychosocial factors (eg, fatigue, anxiety, and
depression). Moreover, few studies have examined the longitu-
dinal association of cognitive deficits and cancer treatment,
which analyzed cognitive function at different stages of cancer
treatment and survivorship. We postulate that patients’ differ-
ential responses to therapy have led to the differential protein
expression observed between the 2 groups. Chemotherapeutic
agents, such as vincristine, oxaliplatin, and cisplatin, have been
shown to influence genes associated with the immune system,
causing different degree of toxicities observed in patients
receiving the same treatments.”” Similarly, another study has
demonstrated that high levels of major histocompatibility
complex processing, presentation proteins, and lipid metabo-
lism proteins were associated with poor therapeutic responses
in breast cancer patients.”® It is likely that chemotherapeutic
agents can induce changes and impact on the expressions of
genes and proteins among different patients. Our findings
provide insights on the protein expression profiles of EVs
from plasma of self-perceived cognitive impairment of breast
cancer patients before, during and after treatment of anthracy-
cline-based chemotherapy thus potentially provide biomarker
discovery avenue predictive of CRCI long-term after cessation
of cancer therapy. In conclusion, differential expression of sev-
eral EV proteins may potentially affect the biological processes
of the CNS and BBB to impact cognitive functioning in breast
cancer patients. Consistent with findings reported by Brown
et al, proteins such as dynamin-1 and cell-cell junction pro-
teins within the key metabolic and signaling pathways were
downregulated and were associated with cognitive dysfunc-
tion, as a result of chemotherapy treatment.”” Furthermore,
chemotherapy-induced changes in the junctional and cytoskel-
etal apparatus of endothelial cells were demonstrated, and
these alterations may affect BBB integrity leading to brain
dysfunction.”® This study substantiates a link between EVs
and cognitive functioning and represents a starting point for
turther investigation. Future evaluation of EVs isolated from a
larger cohort with a healthy control, and studying their inter-
actions with CNS and BBB cells, will strengthen the link

between EVs, CRCI, cancer, and cancer treatments.
Importantly, the characterization of EVs from plasma of
patients with breast cancer may unravel key mechanisms
underlying CRCI and identify potential biomarkers of CRCI
to guide the development of precision assessment and effec-
tive interventions for patients at risk for CRCI.
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