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+ Dr. Alessia Mori has pass away (Dead).

Abstract: Extracellular Vesicles (EVs) from seminal plasma have achieved attention due to
their potential physiopathological role in male reproductive systems. This study employed
a comprehensive proteomic and transcriptomic approach to investigate the composition
and molecular signatures of EVs isolated from human seminal plasma. EVs from Normo-
zoospermic (NORMO), OligoAsthenoTeratozoospermic (OAT), and Azoospermic (AZO)
subjects were isolated using a modified polymer precipitation-based protocol and character-
ized for size and morphology. Comprehensive proteomic analysis, using both gel-free and
gel-based approaches, revealed distinct protein profiles in each group (p<0.01), highlighting
potential molecules and pathways involved in sperm function and fertility. The data are
available via ProteomeXchange with identifiers PXD051361 and PXD051390, respectively.
Transcriptomic analysis confirmed the trend of a general downregulation of AZO and
OAT compared to NORMO shedding light on regulatory mechanisms of sperm develop-
ment. Bioinformatic tools were applied for functional omics analysis; the integration of
proteomic and transcriptomic data provided a comprehensive understanding of the cargo
content and regulatory networks present in EVs. This study contributes to elucidating
the key role of EVs in the paracrine communication regulating spermatogenesis. A full
understanding of these pathways not only suggests potential mechanisms regulating male
fertility but also offers new insights into the development of diagnostic tools targeting male
reproductive disorders.

Keywords: extracellular vesicles; seminal plasma; male reproductive tract; reproduction;
intercellular communication; proteomics; transcriptomics

1. Introduction

Seminal fluid contains spermatozoa and secretions from seminal vesicles, accessory
glands, and other cellular components of the male genital tract. Proteins, sugars, nucleic
acids, growth factors, and lipids are abundant in the seminal plasma. Sperm cells, upon
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leaving the testis come in contact with this enriched milieu, which regulates their morphol-
ogy and biochemical composition and modulates their metabolism [1]. Seminal plasma,
which assists sperm in maintaining their shape after ejaculation by protecting the integrity
of their membranes from oxidative damage, has an impact on post-testes sperm morphol-
ogy. Decapacitation factors found in seminal plasma stabilize the membrane and prevent
premature activation. It also regulates membrane fluidity and provides nutrients, both
of which are critical for sperm function and, indirectly, for their shape. Seminal plasma
is crucial for preserving the morphology of healthy sperm and ensuring their functional
competence until fertilization [2—4].

Throughout this journey, spermatozoa also encounter Extracellular Vesicles (EVs),
released by numerous cells throughout the male reproductive tract [5]. Based on their
size, biogenesis and secretion path, and function, EVs can be roughly divided into three
classes: exosomes, 30-150 nm sized vesicles originating from intracellular membranous
compartments; microvesicles or ectosomes, sized from 150 to 1000 nm, shed from the cell
membrane; and apoptotic bodies with a size varying from 1 to 1.5 um, released from dying
cells [6]. Exosomes and microvesicles can overlap in size and in overall biochemical compo-
sition, while they are likely to differ in terms of functionality and specific content mirroring
the parent cell’s own function and homeostasis alterations. Exosomes are considered by
many as the most relevant class of EVs function wise [7]. These nano-sized membranous
vesicles originate from the endosomal system and are shown to transfer their content from
cell to cell, inducing phenotypic changes and claiming a relevant role in intracellular com-
munication. They contain a variety of bioactive molecules such as lipids, proteins, DNA,
and RNA [8]. Their rich content makes them highly relevant in intercellular signalling
and cell—cell communication, enabling them to play pivotal roles in maintaining physio-
logical homeostasis [9]. However, in the context of cancer, these same mechanisms can
have detrimental effects, facilitating the spread of pathological conditions [10]. In a male
reproductive tract, most abundant populations of EVs are prostasomes and epididymo-
somes, released, respectively, from prostate and epididymis [11]. The protein content inside
these vesicles stands for 3% of the total protein in seminal plasma [12]. Through specific
cargo transportation, EVs emerged as important players that assist in sperm maturation,
motility acquisition, survival capability throughout female reproductive tract, and, further
on, the sperm’s ability to bind to zona pellucida and fertilize the oocyte [11,13,14]. This
multifarious EV functionality is accomplished by the transfer of their content to the sperm
cell, followed by either downregulating or upregulating a series of proteins expressed
throughout different sites of sperm cell structure. The advancement of the transcriptomic
and proteomic tools has allowed us to distinguish a heterogeneity regarding the RNA and
protein content of the EVs released from different segments of the reproductive tract [15].
Epididymosomes contain RNA coding for numerous proteins responsible for sperm cell
maturation, motility, and acquisition of fertilizing ability [16]. Meanwhile, prostasome-born
molecules aid sperm cells in regulating the capacitation process, acrosome reactions, and
immune suppression in the female reproductive tract [17]. Our study builds up further
knowledge of the heterogeneity of EV composition and function in sperm plasma by in-
vestigating the differences in the EV-confined expression of several proteins and genes
known to be involved in reproduction in subjects with different seminal parameters. The
comprehension of the differential expression of EV-shuttled proteins and genes can pin
down the molecular pathways involved in fertilization as well as feature a stepping stone
for the establishment of EVs as non-invasive biomarkers of male infertility.
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2. Materials and Methods
2.1. Human Biological Sample Collection and Analysis

Semen samples were collected from subjects undergoing semen analysis at the Unit
of Medically Assisted Reproduction, Siena University Hospital “Le Scotte”, Italy. All
participants were of Caucasian origin and signed a written informed consent to be enrolled
in this study. This study’s protocol was approved by the Ethic Committee of the Siena
University Hospital (CEAVSE, protocol number 18370, 2 October 2020).

Alcohol consumption, tobacco smoking, drug use, and obesity are identified as risk
factors for reduced male fertility. Therefore, to minimize potential confounding factors
affecting semen quality, a rigorous selection process for eligible participants was imple-
mented. Subjects were excluded based on the following criteria: smoking; alcohol or drug
abuse; presence of varicocele; history of cryptorchidism; systemic or autoimmune diseases;
and endocrine disorders, defined as values outside the normal range for key male sex
hormones, including follicle-stimulating hormone (FSH), luteinizing hormone (LH), and
testosterone (T). The established reference ranges for adult males, based on the diagnostic
standards of the Endocrinology Laboratory at Siena University Hospital “Le Scotte”, are as
follows: FSH 1.0-9.0 mIU/mL; LH 1.5-7.5 mIU/mL; and T 240-950 ng/dl. Subjects with
leukocytospermia (>1 x 10° leukocytes/mL) or semen infection were also excluded from
this study.

Semen samples were obtained by masturbation after 3-5 days of sexual abstinence.
Semen analysis was performed after 30 min post-liquefaction, according to WHO 2021
guidelines [18]. Two blinded observers conducted the assessments, with the reported data
representing the average of their observations. A volume of 10 uL from each semen sample
was analyzed as per WHO protocols. An unbiased observer evaluated seminal parameters,
and a second observer independently verified the results to ensure quality control. Specifi-
cally, 10 uL of semen was placed in a Makler chamber, where a blinded observer assessed
sperm concentration and motility by counting total, motile, and non-motile sperm across
10 squares. Sperm vitality was evaluated by mixing the semen with eosin in a 1:1 ratio;
after 30 s of incubation, the mixture was smeared onto a slide and examined under a light
microscope at 400 x magnification. Sperm concentration, motility, morphology, and vitality
were assessed for each sample. After semen analysis from each subject, 15 semen samples
with normal sperm parameters (Normozoospermia = NORMO; >5th centile of WHO 2021
guidelines [18] reference values), 12 semen samples with altered sperm parameter for
concentration, motility and morphology (OligoAsthenoTeratozoospermia = OAT; <5th
centile), and 12 semen samples with a total absence of spermatozoa (Azoospermia = AZO),
were included in this study (Figure S1).

2.2. EV Isolation from Seminal Plasma

EVs from semen samples were isolated following an in-house optimized protocol using
a chemical precipitation reagent ev-GAG® (HansaBioMed Life Sciences, Tallinn, Estonia)
(Figure S2). According to the proposed protocol [19,20], the samples underwent differential
centrifugation steps. Firstly, centrifugation at 1600x ¢ 10 min at 4 °C in order to pellet sperm
cells, cell debris, and apoptotic bodies. Consecutively, a centrifugation at 16,000x g 10 min
at 4 °C was followed to pellet microvesicles. Supernatants were stored at —80 °C until
use. The supernatant was passed through a 0.22 um filter. After that, 200 uL of ev-GAG®
was added to 400 uL of seminal plasma, in an optimized dilution ratio (reagent/sample
1:2). Samples were incubated for 5 min at 4 °C, followed by the centrifugation of 3500 g
for 30 min at 4 °C. The pellet was washed three times with PBS. Each semen sample was
processed in triplicate, to obtain three pellets: one was resuspended immediately in Lysis
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Buffer RTL (Qiagen, Hilden, Germany) for RNA extraction, and the others stored at —80 °C
for proteomic analysis and for EV identification and characterization procedures.

2.3. EV Characterization
2.3.1. Nanoparticle Tracking Analysis

The characterization of EVs and EV-depleted controls by Nanoparticle Tracking Analy-
sis (NTA) was performed using ZetaView PMX-120 (Particle Metrix, Inning am Ammersee,
Germany), as previously described [21].

2.3.2. Cholesterol Quantification Assay

The total cholesterol content of EVs and EV-depleted controls was quantified by
Cholesterol Quantification Assay Kit (HansaBioMed Life Sciences, Tallinn, Estonia), accord-
ing to the manufacturers’ protocol. Fluorescence intensities were measured (Aex = 540 nm;
Aem = 590 nm) using Tecan GENios Pro microplate reader (Mannedorf, Switzerland).

2.3.3. Enzyme-Linked Immunosorbent Assay

Tetraspanin (CD63 and CD9) expression of EVs and EV-depleted controls was analyzed
by sandwich enzyme-linked immunosorbent ELISA assay, using ExoTEST™ Ready to Use
Kit (HansaBioMed Life Sciences Ltd.), according to the manufacturers” protocol. Optical
densities were measured at 450 nm using Tecan GENios Pro microplate reader. The results
are reported as signal-to-noise ratios (SNRs).

2.3.4. Transmission Electron Microscopy Analysis

Samples were prepared for transmission electron microscopy by the conventional
negative staining procedure [22]. In brief, 3 uL aliquots of EVs suspension were sedimented
for 2 min onto a 300 mesh, copper/carbon-coated grid and then negatively stained with 1%
uranyl acetate and observed with a TEM Fei Tecnai G2 spirit at 80 Kv. The obtained digital
images were processed with Image J software (version 1.53) acquisition.

2.4. Proteomic Analysis—Gel-Free Analysis
2.4.1. EVs Preparation for Liquid Chromatography-Tandem Mass Spectrometry

EV pellets obtained by EV-GAG precipitation from NORMO seminal plasma were
suspended in 10 pL of denaturing solution composed by 8 M Urea, 2 M Thiourea, 4% w/v
3-[(3-cholamidopropyl) dimethylammonia]-1-propanesulfonate hydrate (CHAPS) and 1%
w/v dithioerythritol (DTE) and 10 uL of Laemmli buffer 2x: 100 mM Tris-HCl pH 6.8, 2%
(w/v) SDS, 20% (v/v) glycerol, 4% (v/v) B-mercaptoethanol, and traces of bromophenol
blue. The sample was heated at 95 °C for 7 min, and total proteins were loaded and
resolved on a 10% polyacrylamide gel. Monodimensional gel was stained according to MS-
compatible silver staining protocol [23]. Monodimensional resolved protein lane was cut
into three parts. All three sections were cut into 1 mm? gel pieces. Each part was destained
and dehydrated, as reported for the MALDI-ToF/ ToF protocol. Gel pieces were rehydrated,
and proteins were reduced by 100 mM DTE in 25 mM AB for 1 h at room temperature and
alkylated in 100 mM iodoacetamide in 25 mM AB for 1 h at room temperature in the dark.
Following 25 mM AB for 10 min, gel pieces were dehydrated by 25 mM AB in 50% ACN
and twice for 100% ACN for 10 min.

Then, proteins were digested by the trypsin solution overnight at 37 °C. The day
after, the supernatant was recovered, and peptide extraction was performed in 3 steps. All
supernatants were recovered and joined together. First step: gel pieces were covered by
50% ACN and 5% TFA under shaking for 30 min. The second step was performed with 50%
ACN and 0.5% TFA, 30 min under shaking. The third step was performed in pure ACN
after shaking for 20 min. After peptide extraction, final peptides were purified by ZipTips
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Millipore® Micro-C18 (Merck KGaA, Darmstadt, Germania), following the manufacturer’s
instructions. Eluted peptides were dried in speedvac.

2.4.2. LC-MS/MS Analysis

Digested samples were reconstituted in 0.1% formic acid in water. LC-MS/MS analy-
ses were performed using Q-Exactive HF-X Orbitrap mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). Peptide separation was carried out at 35 °C using a PepMap
RSLC C18 column, 75 um x 15 ¢cm, 2 pum, 100 A (Thermo Fisher Scientific, Waltham, MA,
USA) at a flow rate of 300 nl/min. The mobile phases A and B used for the analysis
were 0.1% formic acid in water and 0.1% formic acid in acetonitrile, respectively. The
gradient started with 5% of B and then it was increased up to 90% in 120 min. The exper-
iment was performed using a data-dependent analysis (DDA) setting to select the “top
twenty” most-abundant ions for MS/MS analysis. Protein identification was performed
using Proteome Discover 2.5 (Thermo Fisher Scientific, Waltham, Massachusetts, USA).
The mass spectrometry proteomics data were deposited to the ProteomeXchange Con-
sortium [24] via the PRIDE [25] partner repository with the dataset identifier PXD051361
(reviewer_pxd(051361@ebi.ac.uk).

2.5. Proteomic Analysis—Gel-Based Analysis
2.5.1. EV Preparation for Gel-Based Proteomic Analysis

EV pellets prepared from NORMO, OAT, and AZO seminal plasma were solubilized
in 100 pL of denaturing solution. After protein denaturation, samples were precipitated in
cold acetone (1:4) overnight at —20 °C. The day after, samples were centrifuged at 20,000 g
per 20 min. The obtained pellets were washed twice in cold acetone. After centrifugation at
20,000 g per 20 min, supernatants were discarded, and pellets were newly suspended in
100 pL of denaturing solution and traces of bromophenol blue.

2.5.2. 2D Electrophoresis

Two-dimensional electrophoresis (2DE) was performed using the Immobiline poly-
acrylamide system, as previously described [26]. Immobilized nonlinear pH 3-10 gradient
on strips 18 cm in length (Cytiva, Uppsala, Sweden) were employed in the first dimensional
run carried out by Ettan™ IPGphor™ Manifold (GE Healthcare, Uppsala, Sweden) at 16 °C
with the following electrical conditions: 200 V for 8 h, from 200 V to 3500 V in 2 h, 3500 V for
2 h, from 3500 V to 5000 V in 2 h, 5000 V for 3 h, from 5000 V to 8000 V in 1 h, 8000 V for 3 h,
from 8000 V to 10,000 V in 1 h, and 10,000 V for 10 h for a total of 90,000 VhT. Analytical and
MS-preparative strips were pre-rehydrated overnight with 350 puL of denaturing solution.
Samples, added with 0.2% of carrier ampholytes for the analytical runs and 2% for the
preparative ones, were loaded by cup at the cathodic ends of the IPGstrips. At the end of the
first-dimensional run, strips were washed with deionized water and equilibrated with two
buffers: the first composed of 6 M Urea, 2% w/v Sodium Dodecyl Sulphate (SDS), 2% w/v
DTE, 30% v/v glycerol and 0.05 M Tris-HCI pH 6.8, for 12 min; the second one composed
of 6 M Urea, 2% w/v SDS, 2.5% w/v Iodoacetamide, 30% v/v glycerol, 0.05 M Tris-HCI pH
6.8, and a trace of bromophenol blue, for 5 min. The second dimension was then performed
at 40 mA /gel constant current on 9-16% SDS polyacrylamide linear gradient gels (size:
18 x 20 cm x 1.5 mm) at 9 °C. Analytical gels were stained with ammoniacal silver nitrate,
while preparative gels underwent a mass spectrometry-compatible silver staining [8]; then,
gels were digitized with Image Scanner III laser densitometer supplied with the LabScan 6.0
software (GE Healthcare). Two-dimensional image analysis was performed using Melanie 9
software (GeneBio, Geneva, Swiss). Gel comparison resulted in quantitative and qualitative
protein differences, validated by statistical analysis.
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Using Melanie 9 software, the ANOVA test was applied to compare the percentage of
relative volume (%V) means of the 2DE protein spots among the groups. In particular, only
differentially abundant spots with a p-value < 0.05 and with at least a fold change of 2.5 in
the ratio of the %V means, were considered differentially abundant.

2.5.3. MALDI-TOF/TOF MS—Protein Identification

Differential electrophoretic spots were excised by MS-preparative gels and de-stained
in a solution of 30 mM potassium ferricyanide and 100 mM sodium sulphate anhydrous.
After 30 min in 200 mM ammonium bicarbonate (AB), spots were dehydrated in 100%
acetonitrile (ACN). Spots were then rehydrated and digested in trypsin solution overnight
at 37 °C. One microliter of the peptide solution was placed on the MALDI target, dried and
covered with the matrix solution composed of 5 mg/mL x-cyano-4-hydroxycinnamic acid
(CHCA) in 50% v/v ACN and 5% v/v trifluoroacetic acid (TFA) and dried again. MS analy-
sis was performed with UltrafleXtreme™ MALDI-ToF/ToF instrument (Bruker Daltonics,
Bremen, Germany) equipped with a 200 Hz smartbeam™ I laser in the positive reflector
mode according to defined parameters: 80 ns of delay; ion source 1: 25 kV; ion source 2:
21.75 kV; lens voltage: 9.50 kV; reflector voltage: 26.30 kV; and reflector 2 voltage: 14.00 kV.
The applied laser wavelength and frequency were 353 nm and 100 Hz, respectively, and
the percentage was set to 46%. Final mass spectra were produced by averaging 1500 laser
shots targeting five different positions within the spot. Spectra were acquired automat-
ically, and the Flex Analysis software version 3.0 (Bruker, Bruker Corporation, Billerica,
MA, USA) was used for their analysis and for assigning the peaks. The applied software
generated a list of peaks up to 200, using a signal-to-noise ratio of 3 as the threshold for
peak acceptance. Recorded spectra were calibrated using peptides arising from trypsin au-
toproteolysis as an internal standard. The resulting mass lists were filtered for contaminant
removal: mass matrix-related ions, trypsin auto-lysis, and keratin peaks. Peptide Mass
Fingerprinting (PMF) search was performed using MASCOT (Matrix Science Ltd., London,
UK, http://www.matrixscience.com(accessed on 13 November 2024) setting up the fol-
lowing search parameters: Homo sapiens as taxonomy, Swiss-Prot/ TrEMBL as databases,
50 ppm as mass tolerance, one admissible missed cleavage site, carbamidomethylation
(iodoacetamide alkylation) of cysteine as fixed modification, and oxidation of methionine
as a variable modification. The mass spectrometry proteomics data were deposited to the
ProteomeXchange Consortium [24] via the PRIDE [25] partner repository with the dataset
identifier PXD051390 (reviewer_pxd051390@ebi.ac.uk).

2.5.4. Heatmap and PCA of Proteomic Gel-Based Results

Multivariate analysis was performed by uploading, on XLStat software version
2024.2.1 (XLSTAT-life Science-Paris, France), a matrix built with the %V of the differ-
ential spots obtained by differential gel-based analysis (rows) in each 2D gel (columns). In
particular, PCA was performed by applying Spearman correlation to simplify the amount
of data (%V variables) by linear transformation, visualizing the samples (2D gels) in a two-
dimensional plane on the basis of the differential spot patterns. The clustering of protein
spots by heatmap was performed using Ward's clustering method and Euclidean distance.

2.5.5. Enrichment Analysis of Gel-Based and Gel-Free Proteomic Results by MetaCore

Enrichment analysis was performed, submitting the accession number of the identified
proteins to the MetaCore™ version 22.1 building tool (Clarivate Analytics, Philadelphia,
PA, USA. Date: 18 April 2023). MetaCore has a manually annotated database storing
exhaustive information about genes, proteins, chemical compounds, their interactions,
molecular functions, and the processes involved. MetaCore enables powerful manual data
analysis reporting composed of ontologies mapped to canonical pathways and networks.
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In order to build a hypothetical network connecting two experimental proteins directly or
indirectly using one or more MetaCore database proteins, we used the algorithm’s “shortest
path” that builds a network including only closely related proteins and introducing a maxi-
mum of one nonexperimental protein prioritized according to their statistical significance
(p <0.001). Networks were visualized graphically as nodes (proteins) and edges (links
between proteins), and relevant biological processes were then prioritized according to
their statistical significance (p < 0.001 and FDR) reporting the specific proteins involved.

2.6. Transcriptome Profiling
2.6.1. Total RNA Isolation and Quality Assessment

EV pellet samples were resuspended in 350 pL Lysis Buffer RTL and proceeded by
the extraction of RNA using the Qiacube automatic extractor following the manufacturer’s
instructions (Qiagen, Hilden, Germany). RNA from each sample was eluted in 30 pL of
water.

The integrity and quantity of the extracted EV RNA were analyzed and confirmed at
first through the Qubit™ RNA High Sensitivity Assay (quantification range: 4-200 ng),
used with the Qubit 4 Fluorometer (Invitrogen™, ThermoFisher Scientific, Waltham, MA,
USA). Then, a more accurate study of the RNA quality was assessed using the Agilent 2100
Bioanalyzer instrument with the RNA 6000 Pico Chip (Agilent Technologies, Amstelveen,
The Netherlands) according to the manufacturer’s protocol. After passing those quality
controls, each RNA sample was used for cDNA library construction and subsequent
RNA-Seq.

2.6.2. Library Preparation and RNA-Seq

A total amount of 10 ng RNA per samples was depleted from rRNA with NEBNext
rRNA Depletion kit v2 New En(New England Biolabs Inc., Ipswich, MA, USA) gland
Biolabs Inc., Ipswich, MA, USA) according to the manufacturer’s instruction; then, libraries
were prepared using NEBNext Ultra II Directional RNA library prep kit for Illumina with
Unique Dual Index UMI adaptors (New England Biolabs Inc., Ipswich, MA, USA) following
the manufacturer’s protocol. RNA fragmentation time, adaptor dilution, and PCR cycles
were optimized according to protocol suggestions. Quality controls of individual libraries
were assessed with Agilent DNA High Sensitivity Kit on Agilent 2100 Bioanalyzer, and
quantification and normalization were performed with Qubit™ DNA High Sensitivity
Assay on Qubit 4 Fluorometer. RNA-seq was performed in 100 cycles of single-end se-
quencing on Illumina NovaSeq 6000 platform (Illumina Inc., San Diego, CA, USA) at a
sequence depth of 30 million of reads per samples.

2.6.3. RNA-Seq Data Alignment and Identification of DEGs

Raw FASTQ files were inspected for quality with FastQC (v0.11.9) [27] and MultiQC
(v1.13) software [28]. Sequencing reads were trimmed for adapters, polyG and polyA with
fastp (v0.23.2) tool [29], then aligned to GENCODE 42 reference genome (GRCh38.p13, pri-
mary assembly) [30] with STAR (v2.7.10b) aligner [31], using basic workflow and ENCODE
standard options for bulk RNA-seq pipeline, as reported in the user manual. Aligned
reads were indexed with SAMtools (v1.11) [32], then deduplicated with UMI-tools (v1.1.2)
software [33] using a minimum mapping quality of 10 and splicing plus read length as
criteria for uniqueness. Deduplicated BAM files were inspected for quality with Qual-
iMap2 (v.2.2.2-dev) software [34] and used to quantify strand-specific gene expression
with the featureCounts (v2.0.1) tool [35]. The final count matrix was used to determine
the differential gene expression of detected protein-coding transcripts among groups. All
subsequent analyses were performed with DESeq2 (v1.38.3) [36] and tidyverse (v2.0.0) [37]
packages of R (v4.2.2) statistical environment inside RStudio (v2022.7.2.576) IDE [38]. Only
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features with at least 10 mean counts in any of the experimental groups were kept. Inter-
sections between retained features were computed and plotted with VennDiagram (v1.7.3)
package [39]. Pearson correlation of average gene expression among groups was assessed
on log2-transformed normalized counts (after addition of 1 pseudocount) and plotted
with GGally (v2.1.2) [40] and ggpointdensity (v0.1.0) [41] packages. Dimensionality reduc-
tion with PCA and unsupervised hierarchical clustering based on Pearson distance were
performed to assess sample similarity and were plotted using ggrepel (v0.9.3) [42] and
pheatmap (v1.0.12) [43] packages. Volcano plots of differentially expressed genes (Wald test
FDR < 0.01) were plotted with EnhancedVolcano (v1.16.0) package [44]. Intersections of up-
or downregulated genes among groups were computed and plotted with ggupset (v0.3.0)
package [45]. Gene enrichment analysis was performed with Enrichr (v3.1) package [46]
on available Gene Ontology [47] and KEGG databases (v2021) [48]. All software and tools
used for transcriptomic analysis are listed in Table S1.

2.7. Gene Expression Analysis by Droplets Digital PCR (ddPCR)

Gene expression for selected candidates was assessed using One-Step RT-ddPCR
Advanced Kit for Probes assay (Bio-RAD Laboratories, Hercules, CA, USA) (Table S2).
The preparation of the reaction mix for 1 sample is as follows: 5.5 pL Supermix, 2.2 uL
Reverse Transcriptase, 1.1 uL mM DTT, 1.1 uL Probe FAM, 1.1 uL Probe HEX, 8 uL H20
and 3 pL RNA and proceeded with the droplet generation following the manufacturer
instructions (Bio-RAD Laboratories, Hercules, CA, USA). The 96-well PCR plate was placed
in a thermal cycler with the following cycling conditions: 1 h at 42 °C, 10 min at 95 °C,
30 s at 95 °C, 1 min at 58 °C, 10 min at 98 °C. Finally, the 96-well plate was loaded into the
QX200 Droplet Reader (Bio-Rad, CA, USA), to identify the fluorescence intensity of each
droplet for FAM/HEX fluorophore. Data were analyzed using the QuantaSoftTM Analysis
Pro software, version 1.0 (Bio-Rad, CA, USA). The expression of the target genes was
normalized based on the expression of Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
and Ro60-Associated Y4 (RNY4).

Statistical analysis, for gene expression, was performed using the GraphPad Prism 5.0
(GraphPad Software, San Diego, CA, USA). Statistical significance was evaluated by using
nonparametric tests. Differences among groups of data were tested by the Mann-Whitney
test for two groups or Kruskal-Wallis one-way analysis of variance followed by the Dunn’s
post hoc test for multiple comparisons. Correlation was determined by using Spearman’s
test. Statistical significance was set at p < 0.05.

3. Results
3.1. Assessment of EV Recovery and Enrichment from Seminal Plasma

A total of 39 subjects were enrolled in this study. The mean age was 36.2 &+ 6.3 years
(range: 20-45 years); the BMI ranged between 18 and 25 (normal weight). For this study,
subjects were characterized based on principal sperm parameters such as concentration,
total motility, vitality, and morphology, according to WHO 2021 guidelines [18]. Sem-
inal fluids were collected from adult men with Normozoospermia (NORMO, n = 15),
OligoAsthenoTeratozoospermia (OAT, n = 12) and Azoospermia (AZO, n = 12); semen
characteristics are reported in Table S3. The OAT and AZO are nonobstructive conditions.

In order to recover EVs from seminal plasma samples, we have opted for a
precipitation-based protocol employing the commercially available reagent EV-GAG®
(Hansabiomed Life Sciences) with a mode of action that is based on interactions with
EV surface-displayed glycosaminoglycans (GAGs) [20]. We have previously assessed the
optimal precipitation reagent-to-sample volume ratio in order to obtain the best EV yield
and purity trade-off. The scheme of in-house optimized protocol used for EV isolation is
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reported in the Section 2 (Figure S2). Before proceeding with the comparative assessment of
samples derived from subjects with different seminal parameters, we used several proband
samples from the collected cohort of NORMO subjects to qualify our isolation protocol and
confirm the enrichment of EVs in recovered pellets (Figure 1).
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Figure 1. Characterization of EVs isolated by EV-GAG-based protocol from seminal fluids. The
assessment of EV content was first performed on three proband samples from three NORMO subjects
(A-C); (A) NTA-estimated particle size distributions, (B) cholesterol content (expressed in fg per
particle), (C) tetraspanin CD63/CD9 expression, expressed as signal-to-noise ratio (SNR). EV-pellet
indicates pellet obtained by EV-GAG-mediated precipitation from seminal fluid, and SN- indicates
post-precipitation supernatant. (D,E) NTA was used to compare the size and concentration of particles
isolated from normozoospermic (NORMO), oligoasthenoteratozoospermic (OAT), and azoospermic
(AZO) subjects. (F,G) Ultrastructural characterization of EVs from NORMO samples by TEM.

The isolated EVs (pellet), and the EV-depleted controls (supernatant of the EV-GAG
precipitation step), obtained from three NORMO individuals, were characterized for their
EV content (Figure 1A—C). Reliable protein quantification was not feasible due to the
interference of the precipitation reagent with conventional assays such as BCA. Although
NTA could be performed, it was not consistent with other independently measured EV
parameters. NTA also demonstrated particles in the EV-depleted controls. The amount of
nanosized particles was similar between an EV pellet and a supernatant (approximately 60%
versus 40%) (Figure 1A). Although the size of particles peaked around 100 nm diameter
in both sample fractions, a broad size distribution was observed. This was indicative
of the presence of both smaller and larger objects, possibly due to precipitation reagent
residues or aggregation events, respectively. There was a slight shift towards smaller sizes
in EV-depleted controls. We observed comparable particle concentration ranging from
42 x 1011 /mL to 1.3 x 102/mL, and homologous size distribution, revolving around
the predicted 100 nm peak, in all proband samples (Figure 1E), and subsequently, across
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the whole set of seminal fluid EV isolates from NORMO, OAT, and AZO (Figure 1D). We
attempted Western blot analysis, but the EV content in the semen samples was too low
to meet the sensitivity of this method (in our experience being 10” vesicles) even after EV
fraction pooling, further suggesting that NTA estimates might be misleading in determining
the accurate EV concentrations.

On the other hand, a sandwich ELISA assay assessing the EV-displayed tetraspanins
CD63 and CD9 showed 10-fold higher immunoreactivity in resuspended EV pellets with
respect to respective EV-depleted controls (Figure 1C). In addition, the quantification of
cholesterol in the isolated EVs showed an over 20-fold increased cholesterol content per
particle with respect to the depleted controls (Figure 1B). This data supports the effective
enrichment of EVs in the pellets obtained by using the isolation protocol. The structural
identity of isolated EVs was confirmed by TEM analysis, evidencing the typical EV size
and morphology across the NORMO samples (Figure 1EG). We noted a vesicle-feature-
characteristic round-shaped structure and a thin electron dense membrane, thus confirming
that the EV-GAG® precipitation method allows the recovery of intact vesicles. Vesicles are
heterogeneous in size, with diameters ranging from 50 to 150 nm. Besides the polymer
residues, the EV preparations appear pure.

3.2. Characterization of a Normal Protein Cargo in Sperm EVs

In order to evaluate the impact of the selected EV isolation protocol on the sample
composition, specificity of EV isolation, and protein recovery rate [49], we ultimately used
2D electrophoresis to visualize the protein profiles of the NORMO EVs with respect to
non-fractionated NORMO donor-derived sperm plasma samples. We could appreciate
significant differences between the gel profiles of different fractions of the same seminal
fluid sample when the isolated EV pellets, with or without washing with PBS (Figure 2),
were compared to the residual fractions, namely the seminal fluid supernatant (EV depleted)
and wash-aways. It is worth noting that all the EV pellets used for subsequent omics and
gene expression analysis in the current study were washed extensively after isolation (see
Section 2, Figure S2). As observed in Figure 2B, the electrophoretic map of the EV pellet
washed three times with PBS does not show the typical chain of spots referred to as the
albumin, transferrin, and immunoglobulins that are present in the electrophoretic map
of the seminal plasma supernatant obtained after EV precipitation (Figure 2C) and are
still visible in the original EV pellet obtained without washing (Figure 2A). This indicates
that the final EV-purified sample is not contaminated by the most abundant seminal
plasma proteins. At the same time, washing with PBS did not modify the presence of the
characteristic protein spots in the gel (Figure 2B,C).

To characterize the proteomic content of seminal fluid EVs from NORMO samples,
we combined and compared results from several proteomic approaches, both gel-free and
gel-based ones. The gel-free approach by LC-MS/MS identified a total of 1133 proteins
with an FDR value of p < 0.01 (Table S4). To understand the functions and the molecular
pathways in which these proteins are involved, we performed an enrichment analysis
by entering the accession numbers of the identified proteins into the MetaCore software
(Clarivate Analytics). Available online: https://clarivate.com/cortellis/solutions/early-
research-intelligence-solutions/ (accessed on 10 September 2024). Cellular localization GO
analysis confirmed the association of identified proteins to EVs (Figure 3A).

As reported by the process network analysis (MetaCore), the proteins identified in
NORMO sperm EVs are involved in numerous functions related to reproduction (Table
S5, Figure 3B). These include cytoskeleton regulation, cell adhesion, cell cycle, develop-
ment, and neurophysiology, proteostasis mechanisms, immune response and inflammation,
progesterone signalling and spermatogenesis, protein translation, and signal transduction.
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Figure 2. Representative 2D electropherograms from samples collected during the EV isolation

protocol set-up. (A) EV pellet obtained without PBS washes; (B) EV pellet washed 3 times in PBS;
(C) supernatant of the evGAG precipitation; (D) third PBS wash.

3.3. Differential Proteomic Analysis of EVs from Subjects with Different Sperm Parameters

A comparative 2DE analysis of NORMO, OAT, and AZO EV samples was performed
to highlight differentially expressed protein species specific for each group (Figure 4). The
gel images showed an average of 1690 spots, and the comparative analysis extrapolated a
total of 80 differentially abundant spots according to the ANOVA test (p < 0.05), among the
three conditions, with a fold change >2.5.

Mass spectrometry (MALDI-ToF-ToF/MS) of selected spots identified 47 proteins
(enlisted in Table S6). Overall, differential proteomic analysis evidenced three groups of
proteins: highly abundant proteins in NORMO EVs with respect to OAT and AZO (green),
highly abundant proteins in OAT EVs with respect to NORMO and AZO (blue), and highly
abundant proteins in AZO with respect to OAT (red); there are no proteins highly abundant
in AZO with respect to NORMO.

The principal component analysis (PCA) (Figure 5A) of most representative spots
highlighted the clustering of OAT and AZO samples, revealing their similar protein pat-
tern with respect to the NORMO condition. Samples were clustered close to each other,
distributing the three conditions along PC2. PC1 shows a sufficient percentage of the total
variability of the scatter plot. Figure 5A, panel b, shows the PCA distribution from another
point of view (PC1: 72.31% and PC3: 5.44%) that highlights the peculiarity of the NORMO



Biomolecules 2025, 15, 836 12 of 29

condition with respect to OAT and AZO, while panel c reports the distribution between
PC2 (8.92%) and PC3 (5.44%). The NORMO condition remains distant from AZOO and
OAT along PC2, while AZOO and OAT were mostly distinguished by PC3.
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Figure 3. Enrichment analysis of NORMO EV protein cargo by Gene Ontology. (A) GO Cellular
localization: representative scheme of the top 15 most abundant GO terms. The x-axis indicates
the —log(p-Value), while the y-axis indicates different GO terms ordered by —log(p-value). (B) GO
Biological Processes: visual representation of enriched GO Biological Processes (BP) terms for shotgun
proteomic data of EVs isolated from human seminal fluid of NORMO subjects. Coloured bars
constituting the circle graph represent the nine most enriched general BP terms. The length of the
coloured bars indicates the mean of the —log(p-value) of all related specific BP terms. Salmon pink
bars represent enriched specific BP terms, and the length of the bars indicate the —log(p-value) of the
term. Therefore, the longer the bars, the higher the significance.
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Figure 4. Proteomic differential analysis. Representative electropherograms of EV samples obtained
from (a) NORMO, (b) OAT, and (c) AZO seminal fluid. Numbers indicate differential spots found by
the comparative analysis.

Coherently, the heatmap analysis gave us an instantaneous visualization of the spot
abundance trend in the three conditions showing a prevalent protein abundance in NORMO
samples that is well distinguished from OAT and AZO (Figure 5B). OAT and AZO samples
belong to the same principal cluster suggesting a similar protein pattern behaviour. How-
ever, it is possible to appreciate two sub-clusters distinguishing OAT from AZO samples
with one OAT that shows a differential protein profile similar to that of AZO.

Differentially expressed proteins for NORMO, OAT, and AZO were subsequently
uploaded onto MetaCore software(Clarivate Analytics). Available online: https:/ /clarivate.
com/cortellis /solutions/early-research-intelligence-solutions/ (accessed on 10 September
2024). for Gene Ontology (GO) Biological Processes and Cellular Localization enrichment
analysis (Figure 6A), to obtain notions on the principal cellular mechanisms that can be re-
flected or affected by sperm EV content. Biological Process from GO analysis evidenced the
significant involvement of highly abundant proteins in NORMO EVs in positive regulation
of (chaperone-mediated) protein complex assembly, autophagy, protein folding, stabiliza-
tion and ubiquitination, negative regulation of intrinsic apoptotic signalling pathway, and
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positive regulation of tau-protein kinase activity. For some of these terms, such as the regu-
lation of apoptosis, protein stabilization, and regulation of protein ubiquitination, highly
abundant proteins in AZO samples showed a higher significance with respect to proteins
expressed in OAT and, to some extent, with respect to NORMO samples. Regarding the
cellular localization from GO analysis, the statistical significance for all the reported terms
regarding the Extracellular Vesicles, was higher for the abundant sperm EV proteins from
NORMO, with respect to OAT and AZO samples.
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Figure 5. Proteomic differential analysis. (A) Principal component analysis performed by %V data of
the differentially abundant spots. PCA by PC1 and PC2 and the most representative spots in sample
distribution (panel a). PCA graph by PC1 and PC3 (panel b). PCA graph by PC2 and PC3 (panel c).
(B) Heatmap analysis performed by %V data of the differentially abundant spots, by Euclidean
distance. Green bar highlights NORMO samples, blue bars the OAT samples, and the red bars the
AZO samples, as reported in the legend. Spot abundance ranges from red (highly abundant) to blue

(lower abundant).
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Furthermore, we performed the “process networks” analysis by MetaCore, for the
three group of proteins taken individually, in order to highlight peculiar molecular pro-
cesses that the different EV cargos may modulate (Figure 5B).

This analysis confirmed the likelihood of the involvement of abundant proteins in
NORMO sperm EV samples in protein folding. HSP90 and its proteoforms alpha and beta,
HSPA1A and B, HSP70, and DJ-1, are the major proteins representative of this process. The
proteins enriched in NORMO sperm EV samples involved in immune response involve
PDIA3, HSP90 alpha and beta, HSP70, and fibronectin. As expected, NORMO Es abundant
proteins such as clusterin, HSP70, RUVBL1, ASPA1A, fibronectin, and CLIC4 are involved
in reproduction-related processes such a spermatogenesis, motility and copulation, male
sex differentiation, and progesterone signalling. We also notice the enrichment of proteins
involved in apoptosis (DJ-1, clusterin, NDPK A) and proteolysis (PSMC2, HSP90, HSP70,
fibronectin, and clusterin) (Figure 5B-green/NORMO). The enrichment in fibronectin and
APCS indicate the involvement in inflammation by IL6 signalling and cell adhesion by
amyloid proteins, while HSP90 is implicated in numerous biological processes, including
the regulation of telomere length.

The proteins enriched in OAT sperm EV samples did not display a high statistical
value, indicating their involvement in process networks. However, clusterin and ubiquitin
are involved in processes such as apoptosis, inflammation, signal transduction by ESR2,
CREM pathways, and leptin signalling in addition to the regulation of the cell cycle and
DNA damage (Figure 5B-blue/OAT). Another protein highly abundant in OAT sperm EVs,
NDPA K, indicates its possible involvement in apoptosis and NK cell toxicity.

Regarding the highly abundant proteins found in AZO sperm EV samples (with
respect to the OAT EVs), HSP90 and its proteoforms alpha and beta have the strongest
potential impact on the modulation of biological processes such as protein folding and
immune response, proteolysis, regulation of telomere length, muscle contraction by nitric
oxide signalling, signal transduction by androgen receptor nuclear signalling, and the cell
cycle (Figure 6B—in red). Interestingly, DJ-1, also called PARK?, is highly abundant in
AZO with respect OAT EVs and indicates the possible role in the nucleus protein folding.
Moreover, we observed similar network processes for NORMO and AZO EVs, but proteins
in AZO were low in abundance with respect to the NORMO EVs, suggesting that AZO
EVs could lose the functionality reported for the NORMO vesicles.

3.4. Differential Gene Expression Analysis of EV's from Subjects with Different Sperm Parameters

The sperm EV isolates from the same NORMO, OAT, and AZO sample cohort were in
parallel analyzed for the composition of their RNA cargo. The RNA isolated from EV pellets
was sufficient to yield about ~28 M raw reads per sample during the RNA sequencing
run, with an average of ~26 M aligned reads per replicate, which is close enough to the
30 M specified in the experimental guidelines developed by the ENCODE consortium to
define optimal bulk RNA sequencing experiments. Unfortunately, the deduplication step
drastically reduced this number of reads to ~3 M. This is not unusual for a very low input
RNA samples that need a high number of PCR amplification cycles at initial steps and are
likely to produce a high number of PCR artefacts. Approximately 90% of deduplicated
reads were attributed to human genes using GENCODE annotation on GRCh38 reference
genome, obtaining ultimately an average of ~2.6 M counts per sample. The whole count
matrix comprised a total of 35,056 different detected features, most of which were very
lowly expressed. Most reads were associated with protein-coding transcripts (Figure 7A).
After first filtering out the non-protein-coding transcripts, and then all the transcripts
with low counts (lower than 10), the number of features dropped to 17,724 and 11,429,
respectively. Of the latter, 10,283 were commonly detected in all sample groups (Figure 7B).
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Figure 6. MetaCore analysis. (A) MetaCore enrichment analysis of the three groups of proteins
(highly abundant in NORMO-green; highly abundant in OAT-blue; highly abundant in AZO-red). All
groups reported the comparison of GO Biological Processes and Cellular Localization. (B) Individual
Process network analysis by MetaCore of the highly abundant proteins in NORMO (green), OAT
(blue), and AZO (red) EV samples, respectively. Process network terms were reported on the left part
of the histograms, indicating the statistical significance. At the right side of the histograms were the
proteins that mostly influenced that process network.

The correlation of gene expression between OAT and AZO groups is very strong

(R =0.990), with observed clear tendency of those two groups to show a general lower ex-
pression with respect to NORMO group (R NORMO/OAT = 0.952; RNORMO/AZO =0.925)

(Figure 7C).
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Figure 7. EV RNA cargo: a comparative transcriptomic analysis of RNA-Seq datasets from NORMO,
OAT and AZO. (A) Histograms illustrate the differentially expressed RNA counts: in green protein-
coding; in blue IncRNA; and in red other RNA. (B) Venn diagram highlighting the overlap of
protein-coding transcripts among the three independent datasets. (C) Visualization of transcriptome
differences, by scatter plots, in EVs between NORMO and OAT; NORMO and AZO; OAT and AZO.
Values depicted are the log 2 transformation of cross-sample normalized RNA-seq read counts +
1 [logo(N + 1)]. The colour gradient, from purple to yellow, shows the density of points: yellow
represents areas with the highest density of genes (many genes with similar expression levels in both
conditions), while purple indicates lower density.

Principal component analysis (PCA) (Figure 8A) and unsupervised hierarchical clus-
tering (Figure 8B) fully agree in separating the whole NORMO group in a dedicated cluster,
while AZO samples seem to form a subcluster of the major OAT group. Although some
NORMO samples (e.g., N3 and N4) show relatively higher expression levels, this can be at-
tributed to minimal inter-individual variability in EV content, which is a well-documented
phenomenon in EV research. Several studies have shown that even in healthy individuals,
EV cargo, such as proteins or small RNAs, can exhibit considerable biological variability,
influenced by physiological factors and intra-subject dynamics [50]. Despite this variability,
the overall expression trend remains consistent across the NORMO group. Differential
gene expression analysis confirmed the trend of the general downregulation of AZO and
OAT groups with respect to NORMO (Figure 8C,D), with several acknowledged: some
members of the ADAM (A Disintegrin And Metalloprotease) gene family encodes a diverse
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group of transmembrane cell-surface proteins with adhesion and proteolytic functions;
CRISP2 (Cysteine-Rich Secretory Protein 2) that plays an important role in the morphology
and motion of male ejaculated spermatozoa. The extreme similarity between OAT and
AZO gene expression impaired the differential expression analysis between these two
groups at the p-value adjustment step: the p-value distribution was nearly flat, lacking the
expected peak of highly significant low p-values. This yielded a strong inflation of FDR
values, leaving only one gene surviving, CSGALNACT1, higher in OAT versus AZO and,
interestingly, contemporarily higher in OAT versus NORMO comparison as well.

The gene enrichment analysis on differentially expressed genes showed important GO
for Biological processes, cellular components, and molecular functions especially involved
in sperm motility. The top 100 differentially expressed genes (DEGs) were included in the
analysis (Figure 9).

To validate the results obtained by RNA-Seq, we went to highlight the differences in
gene expression in the three groups (NORMO vs. OAT vs. AZO) by ddPCR analysis. A
preliminary in silico analysis was the starting point of our study. To this end, we selected
from the literature proteins with a pivotal role in sperm maturation, acquisition of sperm fer-
tilizing ability, and, ultimately, fertilization. Known and predicted functional links among
them were assessed on the STRING database (Figure 10A). The associations in STRING
include direct (physical) interactions, as well as indirect (functional) interactions; both are
specific and biologically meaningful. All examined proteins showed strong interactions
with each other except for PAEP, a protein with very important roles in fertilization, but
surprisingly, the only one not to interact directly with any of the above proteins. Interac-
tions among proteins belonging to the CRISP family (CRISP1, CRISP2, CRISP3), proteins
responsible for sperm-egg binding and interaction with the oocyte-ZP (ADAM?2, CLGN,
SPAM1), sperm-specific glycolytic enzymes (GAPDHS, PGK2), and proteins involved in
the regulation of sperm motility (MIF, SPP1) were analyzed in more detail. Moreover, PAEP,
with well-known sperm capacitation inhibitory activity, was further examined with the aim
to assess the effective lack of interactions with other proteins having a similar function. We
conducted a gene expression analysis focused on a string of specific biological pathways
related to the male reproductive tract (Figure 10B), including CRISP1-2-3, ADAM2, CLGN,
PAEP, SPAM1, GAPDHS, PGK2, MIF, and SPP1.

The transcript levels were normalized against reference genes, GAPDH and RNY4,
known for stable and constitutive expression in various tissues. The relative expression
levels of all investigated gene are shown in Figure 11.

HSPA4, a specific marker for EVs, showed no significant variation among the three
samples. This result of this EV marker concords with the data obtained by NTA, which
state that the concentration of the EVs does not change depending on semen parameters.

CRISP1 and CRISP3 were associated with seminal EVs, showing comparable levels,
with an occasional outlier. In contrast, CRISP2 displayed markedly higher expression
levels compared to CRISP1 and CRISP3, despite belonging to the same gene family. In the
analysis of MIF expression levels among the three groups, it was notable that NORMO
subjects displayed the highest expression of the latter. This difference was highly significant
compared to OAT (p < 0.001). Conversely, OAT subjects showed the lowest expression of
this gene, and there was a significant difference compared to AZO (p < 0.01). Interestingly,
CLGN, PAEP, SPP1, and PGK2 were expressed in the NORMO group, whereas OAT and
AZO displayed no detectable expression of these genes.

We observed remarkably statistically uniform expression levels of PARK7. The se-
lection of genes studied for their expression, guided by prior proteomic analyses that
indicated a significant difference between the three groups, exerted a similar profiling in
gene expression analysis as well.
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Figure 8. Differential gene expression between NORMO, OAT, and AZO. (A) Principal component
analysis (PCA) showing distinct separation of NORMO with respect to the other two groups.
(B) Heatmap with hierarchical clustering represents the expression levels from three groups:
AZO (red), OAT (blue), and NORMO (green). The colour scale indicates gene expression intensity,
with red representing higher expression and blue indicating lower expression. (C) The Volcano
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Figure 10. Network of interactions of proteins involved in the fertilization pathway generated by
STRING. (A) A general overview. Specifically Alpha-1B-Glycoprotein (A1BG), Disintegrin and metal-
loproteinase domain-containing protein 2 (ADAM?2), A-Kinase Anchor Protein 3, 4 (AKAP3, AKAP4),
Aldehyde dehydrogenase 2 (ALDH2), Aldolase A (ALDOA), BAG cochaperone 6 (BAG6), Voltage-
dependent L-type calcium channel subunit beta-3 (CACNB3), Cation channel sperm-associated
protein 1, beta, gamma (CATSPER1, CATSPERB, CATSPERG), CD9 antigen (CD9), Calmegin (CLGN),
Clusterin (CLU), Cysteine-rich secretory protein 1, 2, 3 (CRISP1, CRISP2, CRISP3), Glyceraldehyde-3-
phosphate dehydrogenase, testis-specific (GAPDHS), Heat shock protein family A member 4 (HSPA4),
Endoplasmin (HSP90B1), Stress-70 protein, mitochondrial (HSPA9), Insulin-like growth factor 1
(IGF1), Lactate dehydrogenase A, C (LDHA, LDHC), Lactadherin (MFGES), Macrophage migration
inhibitory factor (MIF), Outer dense fibre protein 4 (ODF4), Glycodelin (PAEP), Phosphoglycerate ki-
nase 2 (PGK2), Sperm acrosome membrane-associated protein 1, 4 (SPACA1, SPACA4), Semenogelin
1 (SEMG1), Sorbitol dehydrogenase (SORD), Coiled-coil domain containing 54 (CCDC54), Sperm
Adhesion Molecule 1 (SPAM1), Osteopontin (SPP1), and complex protein 1 subunit alpha (TCP1) are
shown. (B) Network of selected and investigated interactions of ADAM2, CLGN, CRISP1, CRISP2,
CRISP3, MIF, GAPDHS, PGK2, SPAM1, SPP1, and PAEP proteins generated by STRING. Each node
represents a protein, while edges delineate the type of interconnection (network caption).
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Figure 11. Gene expression analysis by ddPCR. Relative expression of Cysteine Rich Secretory
Protein 1-2-3 (CRISP1-2-3), Sperm Adhesion Molecule 1 (SPAM1), ADAM Metallopeptidase Domain
2 (ADAM2), Macrophage Migration Inhibitory Factor (MIF), Parkinsonism-associated deglycase
(PARKY), Ocitrate dehydrogenase (NADP(+)) 1, cytosolic (IDH1), Chloride intracellular channel 4
(CLIC4), Prostate stem cell antigen (PSCA), and Kallikrein-related peptidase 3 (KLK3) in seminal
EVs of normozoospermic subjects. Normalization of target genes was performed using GAPDH and
RNY4 as reference genes. Gene expression was performed by ddPCR. Graphical diagrams are plotted
as box-whisker plots, where boxes show the interquartile range with median and mean values, and
whiskers represent min and max confidence intervals. Outliers, plotted as individual dots, represent
out-of-range values. * p < 0.05; ** p < 0.01; *** p < 0.001.
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4. Discussion

The examination of the factors influencing sperm quality and male fertility, along with
the discovery of molecular indicators facilitating precise and accessible diagnosis of various
male infertility conditions, has long been a central focus in reproductive medicine. Current
research has primarily focused on analyzing spermatozoa, seminal plasma, and, in more
invasive cases, testicular tissue through omics-based studies. Seminal plasma, in particular,
holds promise as a non-invasive source for investigating sperm fertilization potential.
Several studies reported evidence of a correlation between the proteome of seminal fluid
and the alteration of sperm parameters [1,51]. It has been recognized that seminal plasma
can influence the spermatozoa behaviour by instigating substantial modifications in the
sperm membrane, mediated also through binding of specific proteins. The presence of
certain bioactive molecules within seminal plasma is essential for promoting the sperm
motility, facilitating capacitation, and creating a conducive immune environment within the
uterus for the sperm transit. Consequently, the exploration of biomarkers related to male
fertility within the bioactive molecules of seminal plasma is a pertinent area of research.
These bioactive molecules may exist either freely in seminal plasma or enclosed within EVs.

In this study, we have first set up a robust and reliable protocol for EV isolation from
semen samples, with the subsequent multiparameter and quantitative characterization
of isolated vesicles. We have further characterized the transcriptomic and proteomic
profile of EVs isolated from NORMO, OAT, and AZO men and confirmed their potential
value as a proxy for a male fertility status. The in-depth morphological characterization
of EVs recovered from NORMO subjects and from men with altered semen parameters
(both OAT and AZO) highlighted that the overall concentration and size of the collected
EVs does not vary significantly across different cohorts of subjects. Although the overall
proteomic composition featured common protein species, the differential proteomic analysis
highlighted significantly altered amounts and proportions of several proteins. NORMO
EVs overall contained the highest amount of proteins with respect to OAT and AZO. On
the other hand, AZO EVs presented the lowest content of a majority of protein species
except for several proteins such as SBP1, HS90A /B, PARK?7, PNPH, ENOA, HS71A/B,
PPAP, IDHC, and ACBP, that displayed higher abundancy in AZO samples with respect
to OAT. Our results suggested that EVs in the vesicular population of seminal plasma are
normally released by numerous cells in the male reproductive tract, but their content is
impoverished in OAT, and especially in AZO subjects, with respect to a normal (NORMO)
condition, as also suggested by enrichment analysis. Indeed, proteins in AZO vesicles
belong to the same process networks of the NORMO proteins but are present in smaller
quantities, suggesting that AZO EVs could lose the functionality reported for the NORMO
vesicles. Multivariate analysis showed the differential EV protein pattern distinctive of the
three sample groups. A GO analysis of biological processes associated with differentially
expressed EV proteins suggested that those that were found to be altered in OAT and in
AZO EVs were almost exclusively involved in mechanisms that orchestrate reproductive
processes, such as protein folding, inflammation, immune responses, proteolysis, and
signal transduction. It is acknowledged that all these mechanisms normally cooperate for a
successful pregnancy, that is indeed precluded by sperm alterations and deficiency in OAT
and AZO subjects.

Fertilization in mammals is a complex process involving the interaction of male and
female gametes. CRISPs play a crucial role in making this interaction possible and are highly
expressed in male reproductive tissues, including the testis, prostate, and epididymis [52].
CRISPs mainly expressed in the male reproductive tract are CRISP1 and CRISP3 synthesized
by the epididymis, CRISP2 of testicular origin, and CRISP3 originating from the prostate
and seminal vesicles. CRISP1 is associated with the sperm surface with two different
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affinities during maturation and is responsible for regulating the capacitation process and
sperm-ZP interaction. CRISP2 and 3 are also involved in sperm—egg interaction, supporting
the existence of functional redundancy and cooperation between homologous proteins
that ensures successful fertilization. CRISP proteins, therefore, accompany spermatozoa
along their transit through the male and female reproductive tracts and could be excellent
candidates for future research on infertility and contraception [53]. Spermatozoa leaving the
testis contain CRISP2 within the head and the tail. During the process of sperm maturation
within the epididymis, CRISP1 and CRISP3 bind weakly or strongly to the sperm surface
transported to sperm by epididymosomes or in a soluble form. In the female reproductive
tract, weakly associated proteins are partially released from sperm cells during capacitation,
whereas the intracellular or tightly bound population remains in the cells and relocalizes
to the equatorial segment of spermatozoa that have undergone the acrosomal reaction.
Thus, each sperm CRISP protein participates in more than one stage of fertilization and
cooperates with other CRISP homologs at each stage of fertilization. Based on published
data, the tissue-specific expression of CRISP1 in the epididymis and CRISP2 in the testis
provides important information about the source and role of EVs released along the male
reproductive tract. Our data, showing higher levels of CRISP2 in the seminal fluid of
those in the NORMO group, which emphasizes the role of testicular EVs, supports this.
The significance of describing the EV populations found in seminal fluid in relation to
their original tissue is highlighted by these findings. This characterization could show
the dynamic molecular changes that spermatozoa undergo as they pass through the male
reproductive system and clarify the precise contributions of various reproductive segments
to the composition of EVs.

Our data identified specific proteins of which downregulation, evidenced in EVs from
OAT and AZO subjects, may result in the failure in supporting successful pregnancies.
These results confirm and expand prior emerging literature which suggest that seminal
fluid EVs may not only influence spermatozoa function but also exert modulatory effects
on the female reproductive tract, contributing to multiple physiological processes that
collectively support a successful pregnancy [54,55]. For instance, proteomic results, as
well as transcriptomic readouts, reported a low abundance of PARK? in OAT EVs with
respect to NORMO and AZO EVs. PARKY protein has been extensively studied in the
context of neurodegenerative disorders, and it is known to be expressed not only in the
brain but also in other tissues and organs, including male epididymis and testis. Although
its precise function in sperm is not fully understood, PARKY is associated with responding
to oxidative stress. Studies in humans have indicated a positive correlation between PARK?
and aspects of sperm health such as plasma membrane integrity, motility, and superoxide
dismutase activity. Furthermore, previous investigations have explored PARK7’s rele-
vance to male fertility, revealing its downregulation in conditions like oligozoospermia,
asthenozoospermia, and varicocele [56,57].

Furthermore, the concordance between proteomic and transcriptomic data is evident
in the example of the downregulation of CLIC4 at both the protein and mRNA levels,
observed in EVs from OAT and AZO subjects, compared to NORMO. This protein is
found in spermatozoa mainly confined to the anterior perimeter of the sperm head and
the flagellum. CLIC proteins are known to interact with PP1Y2, a key enzyme involved in
regulating sperm maturation and motility, and may play a role in signal transduction [58].
The presence of CLIC proteins within the sperm head implies a potential involvement in
crucial gamete fertilization events, such as sperm-egg membrane fusion and the acrosome
reaction. Adding to their significance, CLIC4 is expressed at all the stages of development in
Xenopus laevis Embryo, suggesting an essential role during early development. This raises
the possibility that CLIC4 proteins may serve as cargo destined for the egg itself, indicating
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a broader functional relevance beyond the specific context of sperm function. The identifi-
cation of CLIC4 within the EVs from NORMO but not from OAT and AZO subjects may
indicate the multilevel involvement of sperm EVs in supporting the fertilization process.

5. Conclusions

Seminal EVs secreted along the male reproductive tract have been demonstrated to be
involved in the process of sperm maturation and could represent a new appealing thera-
peutic and diagnostic tool in the field of human reproduction for male fertility /infertility.

In this study, an exhaustive omics analysis (transcriptomic and proteomic) was carried
out on the EVs derived from human seminal plasma, providing a comprehensive under-
standing of the cargo content, and regulatory biological networks. Our findings strongly
support the evidence that seminal EV-associated protein networks may be connected to the
molecular mechanisms involved in sperm maturation and motility. This study contributes
to elucidating the key role of EVs in the paracrine communication regulating spermatoge-
nesis. A full understanding of these pathways not only suggests potential mechanisms
regulating male fertility but also offers new insights into the development of diagnostic
tools targeting male reproductive disorders.
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Abbreviations

The following abbreviations are used in this manuscript:

EVs Extracellular Vesicles

NORMO  Normozoospermia

OAT OligoAsthenoTeratozoospermia
AZO Azoospermia

NTA Nanoparticle Tracking Analysis
PCR Polymerase Chain Reaction

GAPDH  Glyceraldehyde-3-Phosphate Dehydrogenase
RNY4 RNA, Ro60-Associated Y4

HSPA70  Heat shock protein family A (Hsp70) member 4
CRISP1 Cysteine Rich Secretory Protein 1

CRISP2 Cysteine Rich Secretory Protein 2

CRISP3 Cysteine Rich Secretory Protein 3

SPP1 Secreted Phosphoprotein 1

MIF Macrophage Migration Inhibitory Factor
SPAM1 Sperm Adhesion Molecule 1

ADAM?2  ADAM Metallopeptidase Domain 2

PGK2 Phosphoglycerate Kinase 2

CLGN Calmegin

PAEP Progestagen-Associated Endometrial Protein
CLIC4 Chloride intracellular channel 4

KLK3 Kallikrein-related peptidase 3

IDH1 Ocitrate dehydrogenase (NADP(+)) 1, cytosolic
PSCA Prostate stem cell antigen

PARK7 Parkinsonism-associated deglycase
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