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Distinct proteomic profiles of
plasma-derived extracellular
vesicles in healthy, benign, and
triple-negative breast cancer:
candidate biomarkers for liquid
biopsy

G. H. Tamarindo®?, A. A. Novais?, B. M. Frigieri*, D. L. Alves'*, C. A. de Souza®, A. Amadeu?,
J. C. daSilveira®, F. F. Souza®, N. A. Bordin Jr/, L. G. A. Chuffa® & D. A. P. C. Zuccari***

Extracellular vesicles (EVs) derived from plasma, measuring up to 150 nm, act as molecular messengers
transmitting critical information to recipient cells, making them valuable candidates for liquid biopsy
applications in cancer diagnostics. Triple-negative breast cancer (TNBC) is particularly challenging
due to its aggressive nature, metastasis potential, and limited treatment options. This study aimed
to identify EV-associated proteins in blood samples that could serve as potential TNBC biomarkers.
Using mass spectrometry-based proteomic analysis, we detected unique and differentially expressed
proteins across healthy individuals, patients with benign breast conditions, and those with TNBC.
While EVs size and concentration showed no differences, the proteomic profile varied significantly
among these groups. Several immune-related proteins were found exclusively in healthy individuals
but were diminished in both benign and malignant cases. We also assessed the impact of surgery on
EVs protein content and identified Histone H2A as a TNBC-specific marker present before surgery.

Its expression was further validated through immunohistochemistry and Western blotting in TNBC
biopsies and cell lines. Notably, surgical intervention enhanced immune response pathways in TNBC
patients. In conclusion, liquid biopsy has the potential to serve as a non-invasive tool for TNBC
diagnosis and monitoring, revealing a post-surgery molecular landscape that supports combining
immunotherapy with mastectomy.

Keywords Liquid biopsy, Breast cancer, Inmunotherapy, Extracellular vesicles, TNBC, Proteomics, Surgical
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Breast cancer remains one of the five leading causes of cancer-related mortality among women worldwide!. The
majority of cases are positive for estrogen and progesterone receptor (ER+and PR+, respectively). However,
patients with human epidermal growth factor receptor 2 (HER2+) overexpression or triple-negative breast
cancer (TNBC; ER-, PR- and HER2-) face significantly poorer prognoses®>. TNBC accounts for approximately
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15 to 20% of all breast cancer cases, and its limited therapeutic options are often ineffective’. This challenge has
driven extensive research over the past decade, including efforts by our group, to explore novel alternatives for
treatment and prevention®-8. However, TNBC’s molecular complexity’ contributes to its resistance to multiple
therapies, reinforcing its aggressiveness and poor prognosis. Indeed, the molecular landscape of different breast
cancer subtypes is increasingly being used to refine diagnostic accuracy and optimize treatment selection'’. In
this context, exploring the distinct molecular milieu of TNBC may enable earlier detection and facilitate the
development of more effective therapeutic strategies.

In recent years, liquid biopsy has gained significant attention due to its non-invasive and painless nature'!,
emerging as a promising tool for cancer detection and staging, including in breast cancer'®!2. Among the key
components of blood are plasma-derived extracellular vesicles (EVs), structures enclosed by a lipid bilayer,
ranging from 40 to 1000 nm in size!>. While EVs naturally occur in physiological processes, their morphology
and cargo can be altered in cancer, as tumor cells actively release them to mediate long-distance communication.
These vesicles have been shown to transport proteins, lipids, RNA, miRNA, and even organelles, which can
be internalized by recipient cells, triggering downstream signaling events that contribute to metastasis niche
formation!*, immune evasion'® and enhanced chemoresistance'®. Given their role in tumor progression, EVs
represent a promising avenue for cancer surveillance and staging, even though further studies are needed to
translate these findings into clinical practice.

In breast cancer, plasma-derived EVs, mainly exosomes (30-150 nm), have been documented to promote
immunosuppression by inducing CD8 +lymphocyte exhaustion'>!” and macrophage type 2 polarization, as
well as contributing to metastasis, drug resistance'®, tumor microenvironment remodeling'®, angiogenesis*® and
metabolic reprogramming?}, including through the transfer of breast cancer-derived EVs to neutrophils?2. The
functional significance of EVs in breast cancer has also been leveraged to distinguish different breast cancer
subtypes and tumor stages based on their cargo and composition?*. While lipids®, miRNAs, and circular RNAs*
have been proposed as potential biomarkers, proteins have been extensively explored in the context of liquid
biopsy?®. Considering this scenario and the potential utilization of EVs, we hypothesized that the protein cargo
of plasma-derived EVs differs among healthy individuals, patients with benign tumor, and those with TNBC,
as well as before and after surgical intervention. For this purpose, we performed a comprehensive proteomic
analysis using mass spectrometry to identify unique and differentially expressed proteins enriched in key
molecular pathways associated with tumor progression and metastasis. Additionally, we validated a specific
target in TNBC tissue and human breast cancer cell lines by assessing its protein expression levels, evidencing
its potential as diagnostic biomarker.

Materials and methods

Experimental design

Twenty-nine women consented to participate in this study and were assigned to one of the following groups:
Healthy (no breast cancer detected), Benign (diagnosed with a benign breast tumor), and TNBC (diagnosed
with triple-negative breast cancer, defined by negative staining for ER, PR, and HER2). Patients in the TNBC
group were followed up for 9 to 12 months after tumor excision, allowing for two sample collection time points:
one at diagnosis and another after surgery. Inclusion criteria were based on a pathological diagnosis following
the classification of breast cancer subtypes as preconized by Goldhirsch and colleagues>. TNBC cases were
confirmed through immunolabeling of core biopsy sections for ER, PR, and HER2, while benign tumors were
identified by the absence of neoplastic cells. Healthy tissue samples exhibited no pathological alterations. These
characterizations were performed at the Pathology Division core held at the Hospital de Base in Sdo José do
Rio Preto (Sao Paulo, Brazil). Informed consent was obtained from all participants and/or their legal guardians
before sample collection. The study was conducted in accordance with the Declaration of Helsinki and all
experiments were performed in compliance to the guidelines and regulations determined by the institutional
Human Research Ethics Committee of the Faculdade de Medicina de Sdo José do Rio Preto. The study was
registered under Protocol 28462920.8.0000.5415 and approved under number 4.007.723. Biometric information
and biopsy immunohistochemistry data were presented in Tables 1 and 2 of the Supplementary Material. A
summary of our methodology and experimental design was shown in Fig. 1.

EVs isolation

A total of 3 to 5 milliliters of blood was collected by the staff of the Ambulatory Care Facility of the Hospital
de Base in Sao José do Rio Preto (Sdo Paulo, Brazil) and immediately processed for sample preparation. EVs
isolation was performed as previously described by Novais and colleagues®® with modifications. Briefly, blood
samples were collected in ethylenediaminetetraacetic acid (EDTA)-coated tubes and centrifuged at 2500 g
for 15 min at room temperature to separate supernatant containing platelet-poor plasma. Then, plasma was
subjected to a three-step sequential centrifugation at 4 °C, being the first at 300 g for 10 min to remove cells,
then the supernatant was collected and centrifuged at 2500 g for 10 min to pellet and discard cellular debris,
and finally at 16,500 g for 30 min to remove EVs larger than 150 nm. The resulting plasma supernatant was
immediately stored at — 80 °C to preserve EVs integrity for downstream analyses.

EVs were purified using size exclusion chromatography (SEC) method with qEVoriginal Columns (#ICO-35,
Izon), specifically designed to isolate EVs ranging from 35 to 350 nm, optimal for exosome separation. Briefly,
the columns were placed in the holder and flushed twice with filtered PBS at room temperature before sample
loading. Subsequently, 500 uL of plasma was added to the system for EV's purification. After sample loading, EV's
were eluted in 1.2 mL in PBS and stored in a new tube for downstream analyses.
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Fig. 1. Methodological approach for EVs proteomics analysis. Patients were assigned to Healthy, Benign, and
Triple-negative (TNBC), based on the diagnoses issued by the Pathology Core. Blood samples were collected
prior to any therapeutic intervention, ensuring that EVs were isolated as the first step after collection. These
isolated EVs were then subjected to proteomics analysis using mass spectrometry. The data was processed and
analyzed to explore the differential protein profiles across the groups.

EVs characterization

To determine the size and concentration of EVs, Nanoparticle Tracking Analysis (NTA) was performed. Briefly,
exosome-enriched pellets were resuspended and diluted in calcium- and magnesium-free PBS (1:500). The
suspended particles were subjected to a laser beam, and five 30-second videos were captured, tracking Brownian
motion at 20x magnification (sSCMOS in Camera Level 15 at 37 °C). Particles were individually analyzed using
Nano-Sight software (NS300; NTA 3.4 Build 3.4.003; Malvern, Worcestershire, UK). The hydrodynamic diameter
was calculated using the Stokes-Einstein equation, with size reported as the mean of mode diameter (nm) and
concentration expressed as mean of particles per mL plus standard deviation (SD).

To validate EVs isolation, we used flow nano-cytometry in random samples. First, isolated EVs were
centrifuged at 20,000 g for 30 min at 4 °C. The samples were then incubated for 2 h at room temperature with
shaking using conjugated antibodies against CD81-PE (1:20; ab 81436, Abcam), Syntenin-PE (1:50; sc-515538,
Santa Curz Biotechnology) and ALIX-PE (1:50; sc- 53540, Santa Curz Biotechnology). Following incubation,
permeabilization was performed with 0.001% Triton (1:1 v/v) for 15 min at room temperature. PBS with antibody
served as a negative control. Flow cytometry was conducted using CytoFLEX (Beckman Coulter, USA) with gain
and threshold adjusted to bead size (100-300 nm), following the manufacturer’s instructions. The gating strategy
was defined based on the negative control, and EVs marker expression was reported as the number of positive
events per microliter of sample.

For additional validation, we performed Transmission Electron Microscopy (TEM) on randomly selected
EVs samples, as described previously>*>"-3. Briefly, the exosome-enriched pellets were resuspended in a fixative
solution containing 0.1 M sodium cacodylate, 2.5% glutaraldehyde, 4% paraformaldehyde (pH 7.2-7.4) for 2 h
at room temperature. Next, the fixed samples were diluted in 2 mL of ultrapure water, followed by centrifugation
at 119,700 g for 70 min at 4 °C. The resulting EVs pellet was resuspended in ultrapure water and placed onto a
pioloform-coated copper grid for 5 min. The grid was then stained with 2% aqueous uranyl acetate. Images were
acquired at 140,000 X magnification using a FEI 200 kV (Tecnai 20, emitter LAB6) at the Multiuser Electron
Microscopy Laboratory, University of Sdo Paulo (Ribeirdo Preto, Brazil).

Proteomic analysis

EVs-containing pellets isolated from plasma samples were processed for protein extraction at the Animal
Reproduction Laboratory, UNESP (Botucatu, Sdo Paulo, Brazil). Briefly, 107 EVs were lysed with RIPA buffer
containing protease inhibitor cocktail (Aprotinin 1 ug/mL, Leupeptin-1 ug/mL, PMSF 35 ug/mL, and EDTA 0.8
mM), followed by sonication and centrifugation at 10,000 g for 30 min at 4 °C. The supernatant was desalted using
3kDa Amicon’ ultrafilters (#UFC5003, Millipore Corporation) with 50 mM ammonium bicarbonate buffer. Total
protein concentration was quantified using the Pierce™ 660 nm Protein Assay (#22660, ThermoFisher Scientific)
at 545 nm. For tryptic digestion, 4 ug of protein was loaded onto an SDS-PAGE gel and run allowed until the
sample entered the separation gel (30-40 min). A single protein band was excised from the gel and subjected
to dehydration with 100% acetonitrile for 10 min, rehydrated in a reductive solution (20 mM dithiothreitol,
#161-0611, BioRad) at 56°C for 40 min, and then alkylated (55 mM iodoacetamide, #RPN-6302 V, GE) at
room temperature for 30 min. Proteins were digested in-gel using trypsin at 20 ng/uL, 1:50 trypsin/substrate
ratio (#V511, Promega), overnight. We chose to perform protein digestion for proteomics in gel to prevent the
detergents contained in the RIPA buffer used for EVs lysis from interfering with mass spectrometry. Peptides
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were concentrated and resuspended in 0.1% trifluoroacetic acid (TFA, #299537, Sigma-Aldrich), followed by
desalting with Zip Tip (#ZTC18M, Millipore Corporation). The final elution was performed in 50% acetonitrile.

Proteomic analysis was carried out entirely by the facility core at the Max Feffer Genetics of Plants Laboratory
(Escola Superior de Agricultura Luiz de Queiroz, University of Sdo Paulo, Piracicaba, Sio Paulo, Brazil). Proteomic
analysis was conducted using a nanoElute nanoflow coupled to a hybrid trapped ion mobility spectrometry-
quadrupole time-of-flight mass spectrometer (timsTof Pro). For analysis, 1 uL of sample (200ng of digested
peptides) was injected into a Bruker FIFTEEN C18 column (1.9 um, 150 mm x 75 um). Reverse-phase gradient
(Solvent A: 0.1% AE 99.9% H,O; Solvent B: 0.1% AE 99.9% CH,CN) was established in a nanoflow liquid
chromatography system and separated under a flux of 250 nL.min-1. Column temperature was kept at 50 °C.
Chromatographic run was 60 min (2-30% of Solvent B for 55 min, raised to 95% at 56 min and kept for 4 min).
The column was coupled online to timsTOF-Pro with ions source CaptiveSpray. The temperature of capillary
ion transfer was adjusted to 180 °C. Ion accumulation was allowed for 123ms and the separation performed by
mobility were obtained with a ramp of input potential from — 160 to — 20 V within 123ms. During acquisition,
to enable the PASEF method, a full scan Tims-MS experiment was performed (m/z 100-1700) to determine the
ion fragmentation, m/z precursor information and motility. Mono-loaded precursors were excluded from their
position in m/z-ion motility plan and those that reached 20,000 a.u. were dynamically excluded for 0,4 min.
Operational mode of TIMS-ToE, MS and PASEF were controlled and synchronized with OtofControl 5.1. Unless
otherwise stated, all instruments and consumables were purchased from Bruker Daltonik, Germany. The raw
data files (.d) were processed in MaxQuant software version 2.4.0.0, integrated with the Andromeda search
engine!?2, Default settings were applied for data from the TIMS-TOF Pro mass spectrometer. The fragment ion
mass tolerance was set to 0.5 Da, with a minimum peptide length of seven amino acids. The false discovery rates
(FDRs) for peptides and proteins were set to 1%, and a criterion of at least one unique peptide was required for
protein identification. After data processing, relative abundance values for all identified proteins were obtained.
The database used was UP000005640, available at https://www.uniprot.org/proteomes/UP000005640 (taxonomy
Homo sapiens), downloaded on March 9, 2023, and containing 82,861 proteins. Proteomic results were filtered
using Perseus analysis software (version 2.0.9.0)3. Proteins were retained in the abundance matrix only if they
had nonzero values in at least 90% of samples from at least one experimental group. Subsequently, a script in R
programming language (https://www.R-project.org/) was employed to refine the filter based on protein presence
in the groups and to normalize the data by total ion count (TIC).

To identify key proteins, processed peak intensities were submitted to Metaboanalyst 5.0°* to generate
heatmaps after Pareto scaling, highlighting the most significant altered proteins. Identified proteins retrieved
from the Uniprot database for Homo sapiens were displayed using their gene names, while predicted, inferred,
or uncertain proteins were indicated by their primary accession numbers. Exclusive and shared proteins were
visualized using Venn diagrams (https://bioinformatics.psb.ugent.be/webtools/Venn/, accessed on July 30, 2024).
For the shared proteins, values were shown as mean of fold-change of TIC intensity and SD. The PANTHER
Overrepresentation Test (Released 20240226) was performed using the Reactome database (version 85 Released
2023-05-25, version 86 Released 2023-09-07) with the Homo sapiens gene set as a reference®>~%’. Features were
analyzed using Fisher’s exact test, with a false discovery rate (FDR) <0.05 considered significant. Enrichment
scores were reported as —log (p value). To assess protein interaction networks, the protein list was submitted
to the STRING database™. Finally, exclusive proteins were double-checked in the Uniprot database, and those
categorized as having experimental evidence at the protein level, experimental evidence at the transcript
level, inferred from homology, or protein predicted were inserted in the color squares. Proteins categorized as
uncertain were excluded from further analysis.

Immunohistochemistry

Paraffin-embedded breast biopsy samples were sectioned into 3-4 pm slices using a microtome. Following
histological processing, sections underwent antigen retrieval by incubation in preheated citrate buffer (pH 6.0)
at 95°C in a steam pot for 30 minutes. Endogenous peroxidase activity was inhibited by incubating the slides
with hydrogen peroxide solution for 15 minutes, followed by two 5-minute PBS washes. Non-specific protein
binding was blocked with 3% bovine serum albumin (BSA) for 15 minutes. The sections were then incubated
overnight at 4°C in a humid chamber with the primary antibodies anti-Histone H2A (1:600; A3692, ABclonal)
and anti-CSTA (1:300; ab166805, Abcam). HRP enzyme marker (Dako Agilent Technologies, Inc.) was added for
15 minutes in the slides, and the reaction was developed using 3,3’-diaminobenzidine tetrahydrochloride (DAB)
for 2 min. The slides were counterstained with filtered Harris’ Hematoxylin. Negative controls for both proteins
were obtained by omitting the antibodies while appendix tissue was used as positive control for Histone-H2A
and liver for CSTA. For quantification, at least three images from distinct biopsy slices from different patients
were captured using NIKON E200 ECLIPSE LEICA EC3 microscope at 40X magniﬁcation (n=8, TNBC; n=1,
HER2-amplified; # =2, Luminal). Immunolabeling intensity was quantified using NTH Image J with IHC Profiler
plugin, which automatically classified labeled pixels into low positive, positive, and high positive categories. The
final IHC score was calculated as: (1 x % low positive) + (2 x % positive) + (3 x % high positive)>*4°. Values were
plotted as mean + SD.

Cell culture

Human breast cancer cell line MDA-MB-231 (triple-negative; #HHTB-26, ATCC), MCF7 (Luminal; #HTB-
22, ATCC) and SK-BR-3 (HER2-Amplified; #HTB-30, ATCC) were cultured in DMEM medium (#D2780,
VitroCell) containing glucose at 4.5 g/L supplemented with 4 mM of L-glutamine and 10% fetal bovine serum.
The medium was changed every 2-3 days, and cells were sub-cultured using 0.025% trypsin-EDTA when they
reached 70-80% confluency. For experiments, cells were seeded at the desired density and allowed to attach to
the plate for 24 h.
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Western blotting

Cells were seeded at a density of 10° cells per 60 mm dish and cultured for 48 h. Afterwards, cells were harvested
and pelleted by centrifugation at 300 g for 5 min at room temperature, then washed once with PBS. The cell pellets
were lysed in RIPA buffer supplemented with protease and phosphatase inhibitor cocktails for 40 min on ice.
Cell debris was removed by centrifugation at 14,000 RPM for 20 min at 4°C, and the supernatant was collected.
Total protein concentration was determined using the Pierce™ BCA Protein Assay Kit (#23225; ThermoFischer)
at 562 nm in a microplate reader. For SDS-PAGE, 20 pg of protein from each cell lysate was loaded onto the gel
for electrophoresis. Proteins were then transferred onto a nitrocellulose membrane using a TransBlot system for
7 min. Non-specific binding was blocked with 5% non-fat dry milk in TBST for 1 h at room temperature with
shaking. Membranes were then incubated overnight at 4°C with primary antibodies against Histone H2A (1:500;
A3692, ABclonal) or Cystatin A (1:500; ab166805, Abcam) in 5% BSA. For loading control, membranes were
incubated with B-actin (1:1000; A5441, Sigma-Aldrich). HRP-conjugated secondary antibodies were added at
1:5000 dilution for 1 h at 4°C. Protein bands were visualized using an ECL system with ChemiDoc (BioRad).
Histone H2A and Cystatin A were evaluated in the same membrane after stripping. Values were shown as mean
of protein levels to B-actin and SD.

Statistical analysis

All statistical analyses, except for omics data, were performed using GraphPad Prism software (version 10.3.1).
Initially, data normality was assessed using the Shapiro-Wilk and Kolmogorov-Smirnov tests. To compare before
and after mastectomy values in the TNBC group, a paired t-test was applied for parametric data and a Wilcoxon
matched-pairs signed rank test for non-parametric. For comparison between two groups, an unpaired t-test was
performed for parametric data while Mann-Whitney was done for the non-parametric. For comparison across
three groups, an ordinary one-way ANOVA test was performed for parametric data, followed by Tukey’s multiple
comparisons test or the Kruskal-Wallis test for non-parametric data. Values were expressed as mean with +SD.

Results

EVs concentration and size did not differ between healthy women and patients with benign
or triple-negative breast cancer

Given our previous findings that the amount of EVs may vary across breast cancer subtypes?!, we first
evaluated their concentration and size using NTA assay. Our results showed no significant differences between
healthy women, benign cases, and TNBC patients. However, as expected, high variability was observed across
individuals (Fig. 2A-D). Flow cytometry confirmed the presence of CD81, ALIX, and Syntenin, well-established
EVs markers, in both Benign and TNBC (at diagnosis) groups (Fig. 2E). Additionally, TEM further validated
the presence of EVs (Fig. 2F). As previously reported?, EVs concentration and size alone may not differentiate
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Fig. 2. EVs characterization. The concentration of EVs in plasma was determined using NTA in the following
groups: (a) Healthy, Benign and TNBC (at diagnosis, referred to as TNBC Before) groups, and (b) Levels in
TNBC patients Before and After mastectomy. Values were expressed as the mean of particles/mL of blood

plus SD. No significant differences in concentration were observed among the groups. EVs size in (c) Healthy,
Benign and TNBC (at diagnosis, referred to as TNBC Before) groups, and (d) Levels in TNBC Before and After
surgery. Values were determined by NTA assay and shown as the mean of nm plus SD. (e) Flow nanocytometry
was used to validate the isolation of EV's by detecting the presence of the markers CD81, ALIX, and Syntenin.
Values represent the number of positive events per volume (puL) of sample for each marker. (f) Transmission
Electron Microscopy (TEM) was performed on random EV's samples, confirming its presence in samples after
isolation. Magnification at 140,000X.
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between group, but their cargo can be more informative. Therefore, we proceeded with proteomic analysis to
characterize EV's protein profile.

EVs cargo distinguishes healthy, benign, and TNBC patients, revealing potential biomarkers
for liquid biopsy

To investigate whether EV's cargo profile differentiate healthy individuals from patients with benign or TNBC
tumors, we performed proteomic analysis. The results revealed distinct proteomic profiles among the groups, as
illustrated by the heat map of the top 30 ranked proteins (Fig. 3A). A complete heat map displaying all identified
proteins was shown in Fig.S1. Next, we identified unique proteins to each group (Fig. 3B). Healthy individuals
had the highest number of exclusive proteins in the isolated EVs (75), whereas the Benign group had only
two: ZG16B and APOC2. In contrast, the TNBC group had a single exclusive protein, HISTH2B. However,
due to methodological limitations, we could not specify which histone variants (HISTIH2BM, HIST1H2BL,
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Fig. 3. EVs proteomic profile remarkably changes among healthy, benign, and TNBC patients. (A) Heat map
displays the top 30 proteins (rows) across samples (columns) from women in the Healthy (purple), Benign
(orange), and TNBC (green) groups. (B) Venn diagrams reveal shared and exclusive proteins in each group.
Unique proteins in the Healthy group were highlighted in blue, those in the Benign in pink, and in the TNBC
in green squares. (C) The top 20 enriched pathways, as identified using the Reactome (version 85 Released
2023-05-25) database, were shown for the Healthy group based on its unique protein set. (D) The network
interaction map, retrieved from STRING, illustrates how the proteins within the enriched pathways interact.
Values were shown as -log(p-value).
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HIST1H2BD, HIST1H2BC, HIST2H2BE, HIST1H2BH, HIST1H2BN, HIST1H2BK, H2BFS, HIST1H2B]J,
HIST1H2BO, HIST1H2BB, HIST2H2BE, or HIST3H2BB) was the most abundant in EV's. To determine whether
these proteins are involved in specific biological pathways, we conducted enrichment analysis. Significant results
were found only for the set of proteins unique to the Healthy group, which were primarily associated with
pathways related to immune system regulation and RAF/BRAF signaling, as identified through Reactome
enrichment analysis (Fig. 3C). A full list of enriched pathways can be found in Table 3 of Supplementary
Material. Figure 3D shows potential network formation and protein interaction among this gene set.

We next examined whether proteins shared between groups exhibited differences in abundance within EVs. A
total of 22 proteins were common between the Healthy and Benign groups and those with statistical significance
were shown in Fig. 4 while those unchanged in Fig.S2. Ten proteins were significantly overexpressed in the
Benign group, with increase of at least 276% in APOC3, IGLC6, FABPS5, IGJ, TPI1, LCN1, DEFA, LYZ, GGCT,
and PIP. In contrast, SERPINB3 and IGHA1 showed an approximately 60% reduction compared to the Healthy
patients (Fig. 4A-L). These proteins did not show significant involvement in the enrichment analysis, except for
their roles in the Binding and Uptake of Ligands by Scavenger Receptors (R-HSA-2173782.3) and Scavenging of
heme from plasma (R-HSA-2168880.3). However, when considering all 22 shared proteins, enrichment analysis
highlighted their involvement in pathways associated with immune system regulation and lipoprotein-related
metabolism (Fig. 4S). Additionally, these proteins exhibited clustering and potential interaction, as illustrated
in Fig. 4T. In contrast, TNBC patients shared only three proteins with the Healthy group, specifically CSTA,
HISTH2A, and CASP14, all of which were significantly increased by at least 7.8-fold in the malignant stage
(Fig. 4M-O). Importantly, due to methodological limitations, we were unable to determine which specific
HISTH2A isoforms were differentially expressed, leaving HISTIH2AJ, HISTIH2AH, H2AF], HIST2H2AC,
HIST2H2AA3, HIST1H2AD, and HISTIH2AG as potential candidates. These findings suggest that EVs cargo
alterations reflect disease progression, with distinct protein expression patterns emerging in the Benign and
TNBC stages, underscoring their potential biomarker value in breast cancer detection and classification.

Four EVs proteins were shared among the Healthy, Benign, and TNBC groups. Ubiquitins (Fig. 4P), which
could correspond to UBA52, RPS27A, UBB, or UBC (distinction was not possible with our methodological
approach), and HBB were significantly increased in the TNBC group (Fig. 4Q). Meanwhile, DCD was elevated in
both Benign and TNBC groups (Fig. 4R). In contrast, ACTB remained unchanged across all conditions (Fig.S2).

Alterations in EVs cargo following tumor excision in TNBC patients
Given the identification of unique proteins in TNBC, we further investigated whether mastectomy would alter
the EVS’ cargo. Remarkably, hierarchical clustering revealed a distinct post-surgical protein profile, clearly
separating each group (Fig. 5A, top 20 proteins; the complete heat map with all proteins was shown in Fig.S3).
Tumor excision led to a substantial remodeling of the EVs’ cargo, with the emergence of 44 exclusive proteins
post-surgery (Fig. 5B). In contrast, only CSTA and HISTH2A were uniquely identified in samples before
mastectomy (Fig. 5B). Enrichment analysis linked these post-surgical proteins to pathways involved in lipid
metabolism (mainly lipoproteins), immune system regulation, and integrin signaling (Fig. 5C). The complete list
of enriched pathways is available in Table 4 of the Supplementary Material. Additionally, these newly identified
proteins appeared to interact within a network, as depicted in Fig. 5D.

Next, we interrogated whether the shared proteins were altered by surgical intervention. Despite being
detected before and after surgery, the levels of ACTB, HBB, HISTH2B and DCD were significantly reduced,
decreasing by at least 80% following mastectomy (Fig. 6A-F).

HISTH2A and CSTA are elevated in EVs of TNBC patients and expressed in breast cancer cell
lines and core biopsies

Considering that CSTA and HISTH2A were either unique or had a sharp reduction in its abundance in our
comparisons, we further investigated their expression in triple-negative, HER2-amplified, and Luminal breast
cancer tissues using core biopsy samples. Both CSTA and HISTH2A were expressed across all subtypes (Fig. 7A);
however, only HISTH2A was significantly elevated in TNBC tissues. To further elucidate this finding, we assessed
their protein levels in breast cancer cell lines via western blotting. We analyzed MDA-MB-231 (TNBC), SK-BR-3
(HER2-amplified), and MCF7 (Luminal) cells (Fig. 7B-D). Consistent with our tissue analysis, HISTH2A was
highly expressed in MDA-MB-231 cells (Fig. 7B) but was absent in SK-BR-3 and MCF?7. Conversely, CSTA was
detected in all three cell lines (Fig. 7C), although its expression levels appeared lower in SK-BR-3 and MCEF?7 cells
compared to MDA-MB-231.

Discussion

EVs serve as molecular conduits for tumor communication, playing a key role in pathways that drive disease
progression. In this study, we identified distinct molecular pathways enriched in plasma-derived EVs (exosomes)
from healthy individuals, patients with benign tumors, and those with TNBC. These differences underscored
important biological processes associated with tumor progression, highlighting potential diagnostic and
therapeutic targets for TNBC and benign lesions. By comparing EV's profiles before and after tumor excision in
TNBC patients, we observed a shift in their cargo. Notably, unique proteins that were depleted in the presence
of the tumor emerged after excision, indicating potential biomarkers for tumor relapse that require further
investigation. Lastly, we validated that histone H2A expression is increased in TNBC by analyzing tissue biopsies
and established breast cancer cell lines, reinforcing its potential as a TNBC-specific biomarker.

Benign breast tumors, such as fibroadenomas, are characterized by hyperplasia without metastasis and
represent the most common type of benign breast lesions*2. Although fibroadenomas are generally considered
non-malignant, an ongoing debate persists regarding their role in breast cancer risk, as they were associated with
a 1.77-fold increased likelihood of developing breast cancer compared to healthy women*®. Herein, we identified
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Fig. 4. Several shared proteins have distinct abundance and may serve as potential markers for diagnosis.
Proteins abundance in EVs are as follows: (A-L) Healthy and Benign; (M-O) Healthy and TNBC; and (P-R)
Healthy, Benign, and TNBC. Data shows only the statistically significant proteins. Values show mean of
fold-change to Healthy group plus SD. (S) Enriched pathways for all shared proteins among the Healthy and
Benign groups (regardless of statistical significance). Enrichment was determined using the Reactome database
(version 86 Released 2023-09-07), with values shown as -log(p-value). (T) This panel presents the protein
network interaction map for the shared proteins, rendered using the STRING database.
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Fig. 5. EVs cargo changes in TNBC patients following mastectomy. (a) Heat map of proteomic profile of EV's
before (green) and after (blue) mastectomy. (b) Venn diagram highlighting shared but also unique proteins
after tumor excision or not. Blue squares represent proteins exclusive to before surgery EVs, while pink squares
indicate proteins unique to EVs after surgery. (c) Top 20 enriched pathways associated with the unique proteins
observed following mastectomy based on Reactome database (version 85 Released 2023-05-25). Enrichment
significance was shown as -log(p-value). (d) The protein interaction network, retrieved from STRING
database, illustrates the relationship between the unique proteins identified after mastectomy.

exclusive proteins in plasma-derived EVs from healthy women that were absent in patients with benign or
malignant tumors. These proteins could serve as potential surveillance markers, offering valuable insights for
early detection and risk assessment. Additionally, the enrichment analysis of protein cargo in EV's highlighted
predominant pathways in Healthy women that seems suppressed in the other groups. Although proteins directly
involved in BRAF and RAF1 signaling were not detected, the signaling due to their fusion was the most enriched
pathway. This output may reflect a mechanism in healthy cells to avoid BRAF and RAF1 fusion, a well-known
genomic alteration frequently observed in breast cancer. The BRAF V600E mutation, a cancer-promoting factor,
promotes cell proliferation and division?4, and particularly in TNBC, elevated BRAF levels correlate with poor
prognosis*®. This finding is quite relevant when considered alongside with our results showing that proteins
in EVs from healthy women are involved in both adaptative or innate immune responses. Notably, TNBC has
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Fig. 6. Persistent proteins in EV's cargo of TNBC patients decrease after tumor excision. (a-f) Panels show the
decline in persistent proteins detected in EVs from TNBC patients following mastectomy. Protein levels were
measured before and after surgery, with values expressed as mean of fold-change relative to pre-surgery levels
along with SD.

been reported to modify the immune system*®, induce CD8 + T cells exclusion via neutrophil extracellular traps
(NETs)* and to modulate myeloid cell populations, thereby influencing responses to immunotherapy*®. Taken
together, these observations suggest that in healthy individuals, immune surveillance - particularly by innate
immune cells - plays a protective role. Moreover, our study supports that TNBC may shift towards immune
modulation, facilitating tumor progression and immune evasion.

Despite not being exclusive, most proteins shared between healthy women and those with benign tumors
were more abundant in the latter group. Innate and adaptative immune-related pathways remained the most
enriched, suggesting active immune surveillance, which may correlate with the lower risk of benign tumors
becoming malignant. Among the exclusive proteins found in plasma-derived EVs was zymogen granule protein
16B (ZG16B), a key regulator of T-cell mediated immunity via PD-L1 #*, potentially enhancing antitumor
response. To our knowledge, this is the first study to propose ZG16B as a liquid biopsy marker for benign
breast tumors. Similarly, DCD levels were higher in benign tumors compared to both healthy and malignant
plasma-derived EVs. DCD, an antimicrobial peptide usually secreted by eccrine glands, modulates innate
immune cells®'. Brauer and colleagues® showed in a mouse model of N-methylnitrosourea-induced breast
cancer that DCD levels increased by the fourth week after exposure, coinciding with ductal hyperplasia - a
phase that may progress to adenocarcinoma. In this experimental model®?, DCD levels peaked during the
development of palpable mammary carcinomas. In human breast cancer, DCD expression has been correlated
with HER2-amplified and Luminal subtypes, with its tumorigenic role linked to HER2 signaling®®. This may
explain why DCD levels were highest in benign tumors, followed by a decrease in TNBC-derived EVs. Taken
together, these findings position DCD as a promising biomarker for liquid biopsy, particularly for identifying
benign proliferative disorders or the early stages of carcinogenesis. However, this association requires further
elucidation.

APOC2, an apolipoprotein, was also found exclusively in benign-derived EVs. Consistently, there was an
increase in the abundance of proteins involved in lipoproteins remodeling in benign condition compared to
healthy women. Variations in apolipoprotein profiles have been reported across breast fibrocystic disease, early-
stage cancer, and tumor recurrence®*. Mosapour and colleagues® similarly found that VLDL-C levels were
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Fig. 7. Histone H2A are differentially expressed in TNBC. (a) The left panel displays immunohistochemical
staining for Histone H2A (upper row) and Cystatin A (lower row) in core biopsies from TNBC (n=8),
HER2-amplified (n=1), Luminal breast cancer (n=2), as well as benign tumors (n=1). Positive controls (+):
Appendix tissue for CSTA and liver for Histone H2A. Negative controls (-): Samples incubated without the
primary antibody were shown in the right panel (last column). Immunolabeling were shown in brown after
DAB reaction. Images were captured at 40x magnification, with scale bars representing 20 um. Quantification
of Histone H2A (b) and Cystatin A (c) expression across different breast cancer subtypes and benign tissue.
Western blot analysis of Histone H2A (d) and Cystatin A (e) in MDA-MB-231 (TNBC), SK-BR-3 (HER2-
amplified), and MCF7 (Luminal) breast cancer cell lines. Values were shown as mean of protein levels
normalized to B-actin plus SD. (f) Representative Western blot bands, detected using ECL system. Original
blots and gels are available in Supplementary Figure S4. Legend: nu - nucleus; str — stroma; lu - lumen;

- — negative control; + - positive control; TNBC - triple-negative breast cancer; CSTA - cystatin A; ¥ -
p<0.0001.

elevated in both benign and malignant breast tumors compared to healthy women. This increase in triglyceride
levels reduce hormone-binding globulin, thereby raising free estradiol levels in the serum®. Importantly, the
association of lipid metabolism has been as a tumor-promoting alteration in several cancers®’~® including
breast cancer®!. Therefore, lipoproteins modulation may favor benign breast cells proliferation, as these cells
are dependent on estrogen through downstream transcription of estrogen response elements (EREs)®2.

Surgical intervention is among the front-line approaches for TNBC, given the lack of effective targeted
therapies, but it can directly impact women’s quality of life. Consequently, new diagnostic tools and therapeutic
strategies are being actively explored to improve patient outcomes. In our study, we reported HISTH2B as an
exclusive protein in TNBC-plasma derived EVs, while Ubiquitins were more abundant in TNBC compared
to benign and healthy conditions. This suggests that ubiquitination could be one of the molecular pathways
activated in recipient cells. This hypothesis is partially based on evidence that UBA52 depletion, a ubiquitin-
ribosomal fusion protein found in our dataset, decreases cell proliferation, and interacts with histone H2A/
H2AX to regulate DNA repair®. Histones have been consistently detected in proteomic studies involving EVs®4.
Graham and colleagues demonstrated that EVs can transfer chromatin-like structures containing histone H2B%,
which is associated with p53 function. The presence of histones and genomic DNA in EVs may result from
micronuclei formation, a structure formed by cytoplasmic content surrounded by the nuclear envelope as a
result of DNA damage during mitosis®. Although the precise role of histones in TNBC-derived EVs remains
unclear, their presence in plasma may indicate that cancer cells are undergoing genomic instability, a hallmark
of cancer®’, or they could be transferred to recipient cells, where their function warrants further investigation.
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Regardless of their mechanistic role, HISTH2A and HISTH2B emerged as strong TNBC diagnostic candidates,
particularly HISTH2A, which was identified as exclusive to TNBC-derived EVs before surgery and significantly
elevated compared to healthy conditions in our study. We demonstrated its overexpression in TNBC biopsies,
distinguishing TNBC from benign lesions, Luminal, and HER2-amplified subtypes. Furthermore, we provide
evidence of HISTH2A expression in TNBC cell lines, whereas hormone receptor-positive lines showed slight
to no expression. Nevertheless, this requires further investigation as our cell line analysis was limited to only
MDA-MB-231.

An intriguing finding is that immunological-related pathways were enriched following surgical intervention,
similar to what was observed in healthy individuals, albeit through different proteins. This underscores the
crucial role of immune cells in cancer progression and suggests a potential mechanism for immune evasion
mediated by EVs. However, it is important to note that cancer surgery can trigger an inflammatory response,
which has been associated with disease relapse®. Surgery procedures induce a wound response in the affected
tissue, which leads to macrophage polarization”, platelet activation, and fibrin clot formation, all of which
contribute to systemic inflammation®. Moreover, post-surgical inflammation can recruit and stimulate the
proliferation of myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Treg) populations, creating an
immunosuppressive microenvironment®®’?. Additionally, platelet activation can shield circulating tumor cells
and promote metastasis’!’2. In this context, our study provided information that combining surgery intervention
with immunotherapy could be a promising therapeutic strategy. Furthermore, the unique or abundant proteins
identified in our study post-surgery offer valuable insights for novel therapeutic applications targeting the
immune modulation induced by surgery.

Conclusion

Through proteomic analysis, we identified several exclusive or differentially expressed proteins in plasma-derived
EVs that could serve as biomarkers for both benign and malignant conditions, with particular relevance to the
TNBC subtype. Notably, immune system regulation emerged as a major process mediated by EVs, being enriched
in healthy women and post-surgical intervention. This scenario provides new insights for immunotherapy as a
combinatory strategy with cancer surgery. Additionally, HISTH2A was identified as a promising candidate for
liquid biopsy in TNBC surveillance. However, the study faces limitations, including a restricted sample size and
the focus on a limited number of centers, which may not fully represent the heterogeneity of the broader breast
cancer population. Furthermore, the EVs analysis was conducted in a specific post-surgical context, potentially
missing variations in the proteomic profile throughout different stages of treatment and disease progression.
To overcome these limitations, future studies should include broader, multicentric sampling to validate the
identified markers and assess population variability. Additionally, investigating the functional roles of the
identified proteins, such as HISTH2A, is essential to better understand their clinical relevance and potential for
disease monitoring. Lastly, further exploration of combining immunotherapy strategies with EV's analysis will
be crucial in optimizing treatment protocols and improving patient outcomes in TNBC.
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The data used to support the findings of this study are available from the corresponding author upon request.
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