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Abstract
Background  Epithelial ovarian cancer (OvCa) remains a leading cause of mortality among gynecological cancers. 
Metastasis to the peritoneum, characterized by tumor cell adhesion to and invasion of the mesothelial lining of the 
abdominal cavity, represents a critical early event in OvCa metastatic progression. The median age of diagnosis is 63 
and there exists a strong correlation between advanced age, OvCa incidence and disease stage. Moreover, the aged 
peritoneal cavity represents a permissive niche for metastatic dissemination.

Methods  To investigate age-related factors that influence host-tumor communication in metastatic progression, 
the current study isolated small extracellular vesicles (sEVs) from the peritoneal lavage of healthy tumor-naïve young 
(3–6 month) and aged (20–22 month) mice. sEVs were analyzed using LC-MS/MS to identify sEV protein cargoes and 
incubated with murine and human OvCa cells to evaluate effect on pro-metastatic behaviors.

Results  Treatment of human or murine OvCa cells with sEVs from healthy aged hosts significantly enhanced 
adhesion to peritoneal mesothelial cells in a three-dimensional in vitro meso-mimetic culture assay and to the intact 
omentum in a short-term in vivo adhesion assay relative to OvCa cells treated with sEVs from young hosts. OvCa cell 
invasion of collagen gels was also enhanced by aged host-derived sEVs. Proteomic analysis of sEV protein cargos 
identified differentially expressed proteins in sEVs obtained from aged vs. young hosts that may play a significant 
role in regulation of adhesion. This was confirmed using meso-mimetic adhesion assays with function blocking 
antibodies or small molecule inhibitors, supporting a potential role for several proteins in promoting intra-peritoneal 
dissemination in the aged host.
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Introduction
With nearly 20,000 new cases and 13,000 deaths annually 
in the United States, ovarian cancer (OvCa) is the most 
fatal disease of gynecologic origin [1, 2]. While the over-
all 5-year survival rate is 50%, the majority of patients are 
diagnosed with late-stage disease with a survival rate of 
31% [1–3]. The high mortality rate among women with 
OvCa is directly attributable to widespread intra-perito-
neal (i.p.) metastasis, indicating that elucidating factors 
that regulate metastasis can translate into clinical strate-
gies to limit i.p. dissemination of primary and recurrent 
tumors. Metastasis results from exfoliation of tumor 
cells into the peritoneal cavity with initial homing to 
the omentum [3, 4]. From the omentum, tumors spread 
throughout the abdominal peritoneum generating widely 
disseminated i.p. carcinomatosis [3]. Both the omen-
tum and the remainder of the abdominal peritoneum 
are overlaid by a monolayer of peritoneal mesothelial 
cells that represent the initial sites of host: tumor inter-
action in metastasis. Following adhesion, disseminating 
OvCa cells induce mesothelial cell retraction and expo-
sure of the underlying three-dimensional collagen-rich 
sub-mesothelial matrix, into which cells migrate, anchor 
and proliferate to generate widely disseminated second-
ary lesions [3, 4]. Accumulation of peritoneal ascites fluid 
occurs in more than 80% of metastatic cases, frequently 
in high volumes, and provides an additional vehicle for 
i.p. tumor cell dissemination as well as a depot of cellular 
and soluble factors that influence tumor cell survival and 
behavior.

The median age of OVCA diagnosis is 63 and there 
exists a strong correlation between advanced age, tumor-
igenesis and disease stage [2, 5]. In addition to increased 
incidence with age, elderly patients have poor progres-
sion-free and overall survival relative to younger women 
[6–10]. Using two distinct pre-clinical models of OvCa, 
we have previously demonstrated that aged mice develop 
consistently greater overall tumor burden, omental and 
peritoneal metastases, and malignant ascites relative to 
young mice [11, 12]. These studies also highlighted age-
related changes in omental ultrastructure that establish 
a permissive metastatic niche for OvCa metastatic dis-
semination to the aged omentum. To further evaluate 
host: tumor communication in metastatic progression, 
the current study examines small extracellular vesicles 
(sEVs) present in peritoneal lavage fluid obtained from 
tumor-naïve aged vs. young hosts. sEVs are intimately 
involved in intercellular communication by transporting 

biologically active molecules between cells and have 
been shown to influence tumor progression by modu-
lating angiogenesis, epithelial-mesenchymal transition, 
cell adhesion, migration, invasion, matrix remodeling, 
inflammation and immune evasion [13–19]. Our results 
show that sEVs obtained from healthy aged hosts pro-
moted tumor cell: mesothelial cell interaction in vitro 
and in vivo and enhanced tumor cell invasive behavior 
through three-dimensional collagen gels. The protein 
content of sEV from young and aged hosts was analyzed 
by comparative high-throughput nano-liquid chromatog-
raphy-MS/MS (LC-MS/MS) technology with label-free 
quantification of total ion currents collected from the 
MS data. Results show unique sets of proteins in sEVs 
obtained from aged vs. young hosts that reveal changes 
in the peritoneal microenvironment with aging and thus 
may play a significant role in regulation of metastatic 
progression in the aged host.

Materials and methods
General reagents
Unless otherwise stated, all solvents (Ultra LC − MS 
grade) were purchased from J.T.Baker (VWR). Ace-
tic acid (AA), sodium dodecyl sulfate (SDS), iodoacet-
amide (IAA), andtriethylammonium bicarbonate (TEAB) 
were purchased from Millipore Sigma (St. Louis, MO). 
Tris(2-carboxyethyl)phosphine (TCEP), deoxycholic acid 
(DCA), phosphoric acid, methanol, 0.1% formic acid (FA) 
in water, and sodium hydroxide (NaOH) were obtained 
through VWR. Pure FA (99% purity), acetonitrile (ACN), 
and Polystyrene-divinylbenzene (SDB-RPS) StageTips™ 
were purchased from Fisher Scientific (Hanover Park, IL). 
Trypsin/Lys-C Mix (Mass Spec Grade) was purchased 
from Promega (Madison, WI), and S-Traps™ were pur-
chased from Protifi (Huntington, NY). The NanoOrange™ 
Protein Quantitation Kit was purchased from Thermo 
Fisher (Waltham, MA).

Cell culture
The human OvCa cell lines OVCAR5 and OVCAR8 
were maintained in Dulbecco’s Modified Eagle Medium 
(DMEM, Corning Cellgro) with 10% fetal bovine serum 
(FBS; Gibco), 1% nonessential amino acids (Corning Cell-
gro), and 1% penicillin/streptomycin (Corning Cellgro). 
The human peritoneal mesothelial cell line LP9 cell line 
was obtained from Coriell Institute for Medical Research 
(#AG07086, Camden, NJ) and maintained in a 1:1 ratio 
of M199 and Ham F12 media (Gibco), supplemented 

Conclusions  Results suggest that sEVs derived from the aged peritoneal microenvironment can contribute 
significantly to disease progression, highlighting sEV-mediated host: tumor communication as a potential therapeutic 
target for intervention in OvCa progression or recurrence in the aged host.

Keywords  Extracellular vesicle, Ovarian cancer, Aging, Adhesion, Invasion, Metastasis, Proteomics, Mesothelium



Page 3 of 14Safavi-Sohi et al. Cell Communication and Signaling          (2025) 23:308 

with 15% FBS, 1% penicillin/streptomycin, 1% HEPES 
(Corning Cellgro), 1% GlutaMAX (Gibco), 10 ng/ml 
of epidermal growth factor (Sigma), and 400 ng/ml of 
hydrocortisone (Sigma). The murine C57Bl/6 syngeneic 
ovarian cancer cell line ID8-Trp53−/−was generously 
provided by Dr. McNeish [20], and tagged with red fluo-
rescent protein (RFP) as previously described [21]. Cells 
were maintained in DMEM containing 4% FBS, 1% Peni-
cillin/Streptomycin, and supplemented by 5 µg/mL Insu-
lin, 5  µg/mL Transferrin, and 5 ng/mL Sodium Selenite 
(1% ITS; Sigma).

Murine peritoneal lavage
Female C57/Bl6 mice were obtained from Jackson Labo-
ratories (Bar Harbor, ME) with approval of the Univer-
sity of Notre Dame Institutional Animal Care and Use 
Committee. PBS (6  ml) was injected into the perito-
neal cavities of young (3–6 month, equivalent to 20–30 
y.o. human) or aged (22–24 month old, equivalent to 
60–67 y.o. human) [22] tumor naïve C57Bl/6 mice using 
a syringe with an 18-gauge needle. After gently rocking 
the mouse several times, liquid peritoneal contents were 
removed using a syringe with a 24-gauge needle and kept 
on ice. Lavages were centrifuged for 10  min at 2000  g 
at 4 °C, and the supernatant was collected and stored at 
-80 °C or used immediately for EV isolation.

Small EV isolation
Peritoneal lavage supernatants were centrifuged at 
10,000 g for 10 min at 4 °C and then were filtered through 
a 0.2 μm PES syringe filter. Typical sample size was 5 ml. 
sEVs were isolated using the NanoEX™ system, a bion-
anoparticle isolation technology (Aopia Biosciences, 
Pleasanton, CA), utilizing a microfluidic sEV isolation 
cassette according to manufacturer’s specifications. sEVs 
were isolated from the lavage fluids of 5 young and 5 aged 
mice.

NanoSight nanoparticle tracking analysis (NTA)
sEV sizes and concentrations were determined using the 
NanoSight nanoparticle tracking analysis (NTA) instru-
ment (NS300, Software Version: NTA 3.2 Dev Build 
3.2.16; Malvern Panalytical, Malvern WR14 1XZ, UK). 
Immediately following sEV isolation, 1  ml of a diluted 
sample (typically 1:10 to 1:100) was introduced to the 
Low Volume Flow Cell by the NS300 Syringe Pump at a 
flow rate of 1000 (arbitrary software units) until particles 
were seen and about 0.1 ml of sample had been used. The 
syringe pump speed was gradually reduced to 50 and 
60 s readings (n = 5) were captured at settings Gain 8 and 
Camera Level 10. Data were evaluated by Student’s t-test 
using Sigmaplot version 15.0 with a p-value cutoff of 0.05 
defined as statistically significant.

Transmission electron microscopy
sEVs were fixed in 2% Paraformaldehyde in PBS for 
20 min. Formvar/Carbon 200 mesh Copper Grids (EMS 
#FCF200-CU-50) were washed twice in ddH2O, and air-
dried for 10 min. Grids were then inverted onto a 10 µl 
drop of UranyLess (EMS #22409) for 40–60  s., blotted 
off, and air-dried for 10 min. and stored dry at RT. Imag-
ing was performed on a JEOL 2011 or a Talos F200i field 
emission transmission electron microscope. Four images 
were evaluated per age group with a minimum of 10 
sEVs measured per image. Data were evaluated using the 
Mann-Whitney Rank Sum test using Sigmaplot version 
15.0.

Western blot
EVs were incubated with ice-cold modified radio-immu-
noprecipitation assay (mRIPA) lysis buffer (50 mmol/l 
Tris pH 7.5, 150 mmol/l NaCl, 0.1% SDS, 1% Triton 
X-100, 5 mmol/l EDTA) for one hour on ice. For confir-
mation of EV marker proteins, lysates (20 µg) were elec-
trophoresed on 9% SDS-polyacrylamide (SDS-PAGE) 
gels. For validation of proteomics data, lysates from 
6 × 107 exosomes were loaded into each lane and electro-
phoresed on 9% SDS-PAGE gels. Gels were transferred 
to a polyvinylidene difluoride membrane (Immobilon-
P, Millipore) using a Bio-Rad Trans-Blot SD Semi-Dry 
Transfer Cell device, and blocked in 5% milk in TBST 
buffer (25 mmol/l Tris pH 7.5, 150 mmol/l NaCl, 0.1% 
Tween 20) for 1 h at room temperature (RT), then were 
incubated overnight with antibodies to CD9, CD63, 
CD81, TSG101, Annexin A5, Integrin β1, integrin α3, 
filaggrin, transglutaminase2, Lyn, Mhc1 (Santa Cruz Bio-
technology), Integrin α2 (Advanced Cellular Biology), 
and MUC16/CA125 (Dako) at a 1:100 dilution in 5% 
milk in TBST at 4 °C with gentle rocking. Blots were then 
washed 3x with TBST for 10  min, and incubated with 
peroxidase-conjugated goat anti-mouse (#A4416, Sigma-
Aldrich) or goat anti-rabbit (#A6667, Sigma-Aldrich) 
immunoglobulin G secondary antibody, 1:4000 dilution, 
in 5% milk in TBST for one hour. Blots were washed 3x 
with TBST for 10 min, developed with SuperSignal West 
Dura chemiluminescent extended duration substrate kit 
(ThermoScientific) and visualized with a GE ImageQuant 
LAS4000 biomolecular imager or a Bio-Rad ChemiDoc 
MP Imaging System.

In vitro meso-mimetic cell-to-mesothelium adhesion assay
As tumor cell adhesion to peritoneal mesothelial cells 
is an early event in OvCa metastatic dissemination, an 
in vitro meso-mimetic assay was used to evaluate the 
impact of EVs on adhesion of tumor cells to peritoneal 
mesothelial cells [4, 23]. Human peritoneal mesothe-
lial cells (LP9) were grown for 4 days on 24-well plates 
previously coated with collagen I resulting in a complete 
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lawn of live LP9 cells at the bottom of each well on the 
day of the assay. OvCa cells (human OVCAR5 or murine 
ID8-Trp53-/-) on 6-well plates were grown to 60% con-
fluence, rinsed 3x with PBS and treated with 5 × 107 EVs 
isolated from young or aged tumor naïve murine perito-
neal lavages in 1 ml of the appropriate media for 24 h at 
37  °C. For function blocking antibody or inhibitor stud-
ies, the EVs were first treated for 3 h with the inhibitor 
or antibody in 200  µl of media before adding to OvCa 
cells. The next day, these cells were rinsed 3x with PBS 
and stained red with CMPTX Cell-Tracker Red or Mito-
Tracker Red CMXRos dye (Invitrogen) in serum-free 
media for 30 min then placed in serum-containing media 
for 30 min, rinsed with PBS, trypsinized, counted, centri-
fuged and resuspended at a concentration of 104/ml. The 
24-well plate containing LP9 cells was washed with PBS 
and 500 µl of untreated or sEV-treated cells were added 
to each well. The plate was incubated at 37 °C for 20 min. 
The cells were then removed and the plate was washed 
once with PBS. Each well was photographed in 5 fields at 
4x magnification on an EVOS or an ECHO microscope. 
Adherent cells were quantified by Image J. Assays were 
performed in triplicate in a minimum of triplicate bio-
logical replicates. Data were evaluated by Student’s t-test 
using Sigmaplot version 15.0 with a p-value cutoff of 0.05 
defined as statistically significant. Blocking data were 
analyzed using Kruskal-Wallis test and Dunn’s multi-
comparison test.

Short-term in vivo adhesion assay
To evaluate the effect of EVs on tumor cell adhesion to 
mesothelial cells on intact peritoneal tissue, a short-
term in vivo adhesion assay was used. RFP-tagged ID8-
Trp53−/− murine EOC cells (6 × 106) were treated with 
EVs from young or aged mice (1.3 × 107) or PBS (con-
trols) for 24 h prior to intra-peritoneal injection into 3–6 
month old female mice (n = 3/group). After 24  h, mice 
were euthanized by CO2 inhalation followed by cervical 
dislocation. After skin removal, the abdominal cavity was 
rinsed with PBS and organs were imaged, then dissected 
and the omentum imaged individually using the IVIS In 
Vivo Imaging system. Omentum-specific RFP intensity 
was quantified using Image J as previously described [11, 
21, 24]. Data were evaluated by Student’s t-test using Sig-
maplot version 15.0 with a p-value cutoff of 0.05 defined 
as statistically significant.

3-dimensional collagen invasion assay
To evaluate the effect of EV treatment on the ability of 
OvCa cells to penetrate 3-dimentional collagen gels, an 
in vitro collagen invasion assay was used. The undersides 
of 8  μm invasion chambers (Corning #354578 Bedford, 
MA) in 24-well plates were coated with 500 µl of 100 µg/
ml rat tail collagen I diluted in coating buffer (0.1 Na2CO3 

at pH 9.6) at 37  °C for 2 h. Chambers were rinsed gen-
tly with coating buffer. The inside of the chambers was 
coated with 100 µl of 200 µg/ml collagen I at room tem-
perature and allowed to air dry in the laminar flow tis-
sue culture hood overnight. The inside of the chamber 
was gently rinsed 3 times with media. OvCa cells which 
had been untreated or treated with EVs (2 × 108) from 
young or aged lavages for 24  h at 37  °C were trypsin-
ized, neutralized and collected by centrifugation at 285 g 
for 2  min. Cells were resuspended at a concentration 
of 500,000 cells/ml. 200 µl of cells (105 cells) was added 
to the inside of each invasion chamber and placed in a 
24-well plate with wells containing 400 µl of media. The 
plate was incubated for 48  h at 37  °C. A wet Q-tip was 
used to remove the remaining cells in the inside of each 
chamber and invaded cells were fixed and stained using 
the Diff-quick kit (Thermo Fisher Scientific). The filters 
were excised and mounted using Permount (Fisher Sci-
entific) with the cell side face down, and the entirety of 
the filter was photographed at 10x power on an Olym-
pus CKX41 microscope and enumerated. Assays were 
performed in triplicate in a minimum of triplicate bio-
logical replicates. Data were evaluated by Student’s t-test 
using Sigmaplot version 15.0 with a p-value cutoff of 0.05 
defined as statistically significant.

sEV proteomics - protein extraction and quantification
Lysis of sEVs was performed using commercial RIPA 
lysis buffer for the S-Trap digestion method. sEV lysis 
was promoted by sonication two times for 10 min using 
an ultrasonic water bath (model no. 97043-988, VWR). 
Protein samples were precipitated with ice-cold acetone 
overnight at − 20  °C. Following precipitation, samples 
were centrifuged at 14,000  g at 4  °C for 30  min, and 
precipitates were washed with cold acetone, dried, and 
reconstituted in RIPA lysis buffer. After sEV lysis, protein 
concentration was determined using the NanoOrange™ 
Protein Quantitation Kit (Thermo Fisher Scientific) 
according to the manufacturer’s protocol, and samples 
were aliquoted in 20 µL volumes containing 20  µg of 
protein.

Protein digestion: suspension trapping (S‑Trap) sample 
preparation
sEV samples denatured and extracted with RIPA buf-
fer were digested through S-Trap following previously 
described methods [25]. Briefly, proteins were denatured 
and reduced with 10% SDS and 10 mM TCEP at 95oC for 
10 min with 0.2% DCA included as a passivating agent, 
and 100 mM TEAB (pH 8) included for buffering. Pro-
teins were alkylated using 10 mM iodoacetamide (IAA) 
for 30  min at room temperature in the dark. A final 
concentration of 1.2% of phosphoric acid was used to 
quench the alkylation reaction. Following manufacturer 
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instructions, 100 mM TEAB was added to 90% metha-
nol to form a protein suspension which was spun onto 
an S-Trap device and rinsed. Proteins retained on the 
S-Trap were digested using sequencing grade Lys-C/tryp-
sin mixture at an enzyme-to-substrate ratio of 1:50 (w/w) 
in TEAB. Following digestion, peptides were eluted using 
100 mM TEAB followed by 0.1% FA in water. The reac-
tion was quenched with 10% FA. A third elution was 
performed using 50% acetonitrile (ACN) and 0.1% FA. 
All eluates were combined and dried using a SpeedVac 
(Fisher Scientific). The resulting peptides were resus-
pended in 0.1% FA and then desalted and fractionated 
with poly(styrenedivinylbenzene) reverse phase sulfonate 
(SDB-RPS) stage tips as described below.

Peptide fractionation
To test whether peptide fractionation is compatible 
with our sample and could increase the identified num-
ber of proteins, we used SDB-RP StageTip following the 
previously reported method [26]. Briefly, the resulting 
peptides from each sample preparation method were 
reconstituted in 0.2% trifluoracetic acid and loaded onto 
the activated SDB-RP StageTip. Then, peptides were 
eluted into three consecutive fractions separately, (i) 100 
mM ammonium formate, 40% ACN, 0.5% FA, (ii) 150 
mM ammonium formate, 60% ACN, 0.5% FA, (iii) 5% 
ammonium hydroxide, 80% ACN. Each collected fraction 
was dried using a SpeedVac and reconstituted in 0.1% FA, 
4% ACN for mass spectrometry analysis. The proteomic 
workflow is outlined in Fig. 4A.

Reverse-phase LC-MS/MS analysis
LC − MS/MS analyses were performed using a NanoA-
QUITY UPLC system (Waters Corporation, Milford, 
MA), which was coupled online to a Q Exactive™ HF 
mass spectrometer (Thermo Scientific). Each collected 
fraction of peptides was reconstituted in 4% ACN and 
0.1% formic acid to a concentration of 200 ng/µL and 
then loaded onto a BEH C18 100  μm × 100  mm col-
umn that contained 1.7  μm particles (Waters; Milford, 
MA). Peptides were separated over a 100  min gradient 
using a binary solvent system at a flow rate of 0.9 µL/
min. The column was heated to 55  °C. Solvent A con-
sisted of water with 0.1% FA while solvent B consisted 
of ACN with 0.1% FA. The following linear gradient was 
used for all samples: 4% B for 0–10 min, 4–30% B from 
10 to 81  min, 30–88% B from 81 to 85  min, 88% until 
88 min, 88–4% B for 1 min, and re-equilibration at 4% B 
from 89 to 100  min. The mass spectrometer was oper-
ated in top 17 data-dependent acquisition mode with 
automated switching between MS and MS/MS. The ion 
source was operated in positive ion mode at 1.8 kV, and 
the ion transfer tube was maintained at 280℃. Full MS 
scans were acquired from 385 to 1800 m/z at resolution 

of 60 000, with an AGC target of 3 × 106 ions and a fill 
time of 80 ms. MS/MS scans were performed from 200 
to 2000 m/z at a resolution of 15 000 and a maximum fill 
time of 100 ms. The AGC target was set at 1 × 10 5 ions. 
An isolation window of 2.0 m/z was used for fragmenta-
tion with a normalized collision energy of 28. Dynamic 
exclusion was set at 40  s. Ions with a charge of + 1 or 
greater than + 6 were excluded from fragmentation. All 
samples were run in triplicate.

Proteomic data analysis
All raw LC-MS/MS files were searched using PEAKS 
proteomics software. The search peptide mass toler-
ance was set to 10 ppm. Trypsin was set as the digestion 
enzyme with a maximum of two missed cleavages. Carb-
amidomethylation was set as a fixed modification, while 
oxidation (M), acetylation (protein N-term), deamidation 
(NQ), phosphorylation (HCDR and STY), and ubiqui-
tination were set as variable modifications. For protein 
identification, MS spectra were searched against the 
Uniprot Mus-musculus (Mouse) protein database down-
loaded October 2023, and mass error tolerance for pre-
cursor and fragment ion was set to 20 ppm and 0.02 DA, 
respectively. Only proteins with at least two unique pep-
tides were retained for identification (Supplementary File 
S1). The mass spectrometry proteomics data were depos-
ited to the ProteomeXchange Consortium (​h​t​t​p​​:​/​/​​w​w​w​.​​
p​r​​o​t​e​​o​m​e​​x​c​h​a​​n​g​​e​.​o​r​g) via the PRIDE partner repository 
with the dataset identifier PXD061884 [27]. Enrichment 
analyses of Gene Ontology (GO, PANTHER 18.0; ​h​t​t​p​s​
:​/​/​p​a​n​t​h​e​r​d​b​.​o​r​g​​​​​) annotations and the Kyoto ​E​n​c​y​c​l​o​p​e​
d​i​a of Genes and Genome (KEGG; ​h​t​t​p​s​:​/​/​d​a​v​i​d​.​n​c​i​f​c​r​f​.​
g​o​v​​​​​) pathways analyses were performed to identify pos-
sible enrichment of differentially abundant proteins. 
Label-free quantification (LFQ) was performed using 
data dependent analysis (DDA) and the PEAKS pack-
age according to default LFQ parameters. The data out-
put from PEAKS was analyzed using OriginPro 2024b, 
Microsoft Excel and RStudio statistical software.

Results
Isolation and characterization of sEVs
Advanced age is a significant risk factor for OvCa diag-
nosis in women and aged mice exhibit higher metastatic 
burden in syngeneic xenograft studies relative to young 
controls [6–12], suggesting that age-associated changes 
in the peritoneal microenvironment may impact OvCa 
progression. sEVs play a major role in intercellular com-
munication, enabling exchange of cargo between source 
and target cells. To evaluate sEVs present in the perito-
neal cavity of healthy mice, peritoneal lavage was per-
formed on young (3–6 month) or aged (20–22 month) 
mice and sEVs isolated using an asymmetric nanopore 
membrane isolation technology (NanoEX™, Pleasanton, 

http://www.proteomexchange.org
http://www.proteomexchange.org
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https://david.ncifcrf.gov
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CA) (Fig. 1A,B). Western blotting demonstrated the pres-
ence of the exosome marker proteins CD63 and TSG101 
(Fig. 1C) [28]. Characterization by nanoparticle track-
ing analysis showed a similar EV concentration (Fig. 1D; 
1.25 × 109 +/- 0.56 × 109 and 4.50 × 109 +/- 1.32 × 109 par-
ticles/ml, p = 0.07 for EVs from young and aged lavage, 
respectively) with mean sizes of 153.5 nm+/-9.05 nm and 
118.5  nm+/-24.8  nm (p = 0.02) for EVs from young and 
aged lavage, respectively (Fig. 1D), indicative of small 
EVs (sEVs). Transmission electron microscopy confirmed 
the presence of sEVs ranging in size from 51 to 119 nm 
and 60–110  nm for sEVs from young and aged sEVs, 
respectively with mean sizes of 76.3  nm+/-18.3  nm and 
76.3  nm+/-16.2  nm (p = 0.99) for EVs from young and 
aged lavage, respectively (Fig. 1E).

sEVs from aged host tumor-naïve lavage promote 
adhesion and invasion of OvCa cells
OvCa exhibits a distinct metastatic mechanism in 
which cells are exfoliated from the primary tumor into 

the peritoneal cavity. Shed tumor cells can block peri-
toneal lymphatics leading to the buildup of ascites fluid 
that further facilitates metastatic dissemination [3, 4]. 
Tumor cells adhere to the monolayer of mesothelial cells 
that lines the peritoneal cavity, whereupon they induce 
mesothelial cell retraction resulting in exposure of the 
sub-mesothelial matrix. This matrix is rich in type I col-
lagen, providing a substratum to which OvCa cells avidly 
adhere and invade to establish widely disseminated meta-
static lesions [3, 4]. We have developed an in vitro meso-
mimetic adhesion assay to mimic early events in OvCa 
metastatic dissemination that monitors tumor cell adhe-
sion to the human peritoneal mesothelial cell line LP9 
grown atop a type I collagen matrix [4, 23]. OvCa cells 
treated with sEVs from aged peritoneal lavage were sig-
nificantly more adhesive relative to untreated cells or 
cells treated with sEVs from young peritoneal lavage (Fig. 
2A). Similar results were observed when cells were placed 
into a Boyden chamber with 3-dimensional collagen gels. 
OvCa cells treated with sEVs from aged peritoneal lavage 

Fig. 1  sEV isolation and characterization. (A) Young (3–6 month) and aged (20–22 month) healthy mice (n = 3/group) were subjected to peritoneal lavage 
once a week for 3 weeks. Lavage fluids from each mouse were pooled prior to sEV isolation. (B) sEV isolation was accomplished using a NanoEX™ system, a 
bionanoparticle isolation technology microfluidic cassette housing an asymmetric nanopore membrane, according to the manufacturer’s specifications. 
(C) sEVs derived from young and aged peritoneal lavage (20 ug) were electrophoresed on a 9% SDS polyacrylamide gel and western-blotted to PVDF 
membrane. Blots were probed with antibodies to CD63 and TSG101 at a 1:100 dilution, and with a peroxidase-conjugated rabbit secondary antibody at 
a 1:4000 dilution. (D) NanoSight NS300 nanoparticle tracking analysis was performed immediately following sEV isolation. sEVs typically had a mean size 
slightly larger than 100 nm with little large particle contaminants. Plots show nanoparticle size and concentration. (E) Transmission electron microscopy 
of sEVs from young and aged mouse lavages. Plot shows nanoparticle size
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exhibited a ~ 3-fold enhancement in collagen invasive 
activity relative to untreated cells or cells treated with 
sEVs from young peritoneal lavage (Fig. 2B).

Murine OvCa cells (RFP-tagged ID8-Trp53−/− cells) 
also exhibited enhanced adhesion in the meso-mimetic 
assay when treated with sEVs from aged peritoneal 
lavage relative to both untreated cells and cells treated 
with sEVs from young peritoneal lavage (Fig. 3A). To 
examine adhesion in vivo, OvCa cells were pre-treated 
with sEVs or control buffer prior to i.p. injection. After 
24 h, mice were sacrificed, dissected at the midline, and 
peritoneal organs imaged in situ (Fig.  3B), demonstrat-
ing adherent tumor cells on the omentum. The omenta 
were removed, imaged ex vivo and adherent tumor cells 
quantified. Results show a significant increase in omen-
tal adhesion in vivo of OvCa cells treated with sEVs from 
aged peritoneal lavage relative to both untreated cells and 
cells treated with sEVs from young peritoneal lavage (Fig. 
3C,D).

Protein identification and comparison of differentially 
abundant proteins
To identify protein components of sEVs that may con-
tribute to the enhanced adhesive and invasive behavior 
of OvCa cells, sEV extracts were subjected to LC-MS/MS 

analysis and PEAKS proteomics software was employed 
for data analysis [28]. The acquired MS data were used 
for both protein identification through database searches 
and quantification by label free quantitation (LFQ) analy-
sis. A total of 5904 and 2437 peptides, as well as 1223 and 
509 proteins were identified by database search for aged 
and young samples, respectively (Fig. 4A). The identified 
proteins belong to 552 and 245 protein groups, identi-
fied by a common set of peptides, for aged and young 
samples respectively (Fig. 4A). As shown in Fig. 4B, two 
Venn diagrams illustrate the number of proteins and pro-
tein groups identified in the aged and young samples. 
Out of 1,223 proteins identified in the aged group, 812 
are unique to aged, while 411 are in common with the 
young group. Additionally, out of 526 proteins identified 
in young, 97 are unique to young. For protein groups, 552 
were identified in aged, with 355 being unique to aged 
and 197 shared with young (Fig. 4B, Suppl. File S1). A 
volcano plot was generated by plotting log2 (fold-change, 
FC) on the x-axis and -log10 (FDR corrected t-test p val-
ues) on the y-axis (Fig. 4C, Suppl. File S2). Significant dif-
ferentially abundant proteins were designated with black 
symbols for upregulated and red symbols for downregu-
lated proteins. In comparison with the young dataset, 854 
proteins showed significant changes in the aged dataset 

Fig. 2  sEVs from aged host tumor-naïve lavage promote in vitro meso-mimetic adhesion and invasion of human OvCa cells. sEVs (5 × 107) purified from 
young or aged host peritoneal lavage were added to OVCAR5 cells (5 × 105) and incubated for 24 h. (A) Mesomimetic adhesion assay. Upper panel: assay 
schematic and representative images of adherent cells treated with control (C), young (Y) and aged (A) sEVs. OvCa cells were dyed with Mito-Tracker Red 
CMXRos dye and cells (5 × 104) were added to a monolayer of LP9 human peritoneal mesothelial cells on type I collagen coated wells 20 min. Non adher-
ent cells were gently rinsed away with PBS and adherent cells were enumerated by counting cells in five 4X fields. (B) 3D collagen invasion assay. Upper 
panel: assay schematic and representative images of invaded cells adherent to the underside of the filter after treatment with control (C), young (Y) and 
aged (A) sEVs. OvCa cells (5 × 105) were added to a Boyden chamber containing 0.8 μm filter and coated with type I collagen (20 ug). After incubating 48 h, 
the filter was removed and invaded cells on the bottom of the filter were enumerated by counting cells in five 4X fields. Experiments were performed a 
minimum of three times and evaluated using student’s t-test
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including 828 proteins that were up-regulated (FC ≥ 2 and 
significance ≥ 13) and 26 proteins that were down-regu-
lated (FC < 0.5 and significance ≥ 13).

In order to provide insight into the biological function 
of differentially expressed proteins in aged and young 
samples, GO analysis was performed using protein analy-
sis through evolutionary relationships (PANTHER 18.0; 
https://pantherdb.org) ‘molecular function’ and ‘protein 
class’ tools (Suppl. Files S3 and S4) [29]. The top ‘molecu-
lar function’ categories identified in this analysis for both 
aged and young groups were ‘binding’ and ‘catalytic activ-
ity’. Pie charts depict molecular function (Fig.  5A) and 
protein classes (Fig. 5B) for both aged and young groups. 
For GO ‘molecular functions’ (Fig.  5A), the top catego-
ries in both the aged and young groups were ‘binding’ 

and ‘catalytic activity’. Notably, in the binding group, 
46.6% of the proteins in dataset aged and 39.4% in data-
set young belong to this category. For ‘catalytic activity’, 
24.8% in dataset aged and 28.1% in dataset young fall into 
this group. For GO ‘protein classes’ identified in cohorts 
aged and young (Fig.  5B), cohort aged includes 21 pro-
tein classes while groups young shares 20 protein classes 
with group aged but lacks RNA metabolism proteins. To 
categorize further, the distribution of proteins in repre-
sentative protein classes was compared. There are 86 
overlapping binding proteins between cohorts aged and 
young, while 215 binding-related proteins are uniquely 
found in cohort aged and 12 are unique to cohort young 
(Suppl. Figure 1, Suppl. Files 3 and 4). Among these are 
multiple proteins related to integrin binding, adhesion 

Fig. 3  sEVs from aged host tumor-naïve lavage promote in vitro meso-mimetic and in vivo omental adhesion of murine OvCa cells. sEVs (5 × 107) purified 
from young or aged host peritoneal lavage were added to RFP-tagged ID8-Trp53-/- (5 × 105) and incubated for 24 h. (A) OvCa cells (5 × 104) were then 
added to a monolayer of LP9 peritoneal mesothelial cells on type I collagen coated wells20 min. Non adherent cells were gently rinsed away with PBS and 
adherent cells were enumerated by counting cells in five 4X fields. Experiments were performed in triplicate. (B-D) To evaluate initial adhesive events in 
vivo, sEV-treated cells (6 × 106) were injected i.p. into female C57Bl/6 mice. (B) After 24 h, a midline dissection was made and the peritoneal cavity imaged 
in situ. (C, D) Dissected omenta were imaged ex vivo and RFP fluorescence quantified using ImageJ. Data obtained from n = 3 mice/group

 

https://pantherdb.org


Page 9 of 14Safavi-Sohi et al. Cell Communication and Signaling          (2025) 23:308 

signaling, and cell motility including VINC, ACTN1 
ACTN4, TLN1, TLN2, CAPG, ARP2, SFN, and RAP1B. 
To gain more insights into the signaling events that might 
be involved in aging, a pathway analysis was performed 

using both Panther and DAVID servers. Among the sig-
nificantly differential proteins identified when comparing 
the aged and young datasets, PANTHER highlighted the 
‘integrin signaling’ pathway as the top-ranked, with 22 

Fig. 5  Comparison of ‘molecular function’ categories and ‘protein classes’ in protein datasets obtained from sEVs isolated from young vs aged peritoneal 
lavage. (A) Pie chart of gene ontology ‘molecular function’ categories in protein datasets from aged and young lavage sEVs. The number of proteins classi-
fied as ‘binding’ is highlighted in each group. (B) Pie chart of gene ontology ‘protein classes’ identified in protein datasets from aged and young lavage sEVs

 

Fig. 4  Proteomic analysis of sEVs isolated from young vs. aged peritoneal lavage. (A) Statistical summary of protein identification; the number of MS 
run, MS1, MS2, PSM, identified peptides, sequences, proteins, and protein groups in aged (A) and young (Y) EVs. (B) Venn diagrams display the unique 
and overlapping protein and protein group identifications across the A and Y groups. (C) Volcano plot showing differentially expressed proteins. Black 
symbols– upregulated proteins; red symbols– downregulated proteins. Selection criteria: up-regulated (FC ≥ 2 and significance ≥ 13) and down-regulated 
(FC < 0.5 and significance ≥ 13)
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genes. Meanwhile, DAVID identified the top KEGG path-
ways (P < 0.05) as ‘regulation of the actin cytoskeleton’, 
‘complement and coagulation cascades’, ‘focal adhesion’, 
and ‘adherens junctions’, further emphasizing the critical 
roles of binding and adhesion in this dataset.

Validation and functional evaluation of selected proteins
Based on the proteomics data and subsequent pathway 
analyses highlighting integrin binding and cell adhesion, 
several proteins that were membrane proteins and/or had 
a known association to ovarian cancer were chosen for 
validation by western blotting. These include 4 proteins 
that were found only in sEVs from aged peritoneal lavage 
(MHC1, LYN, FLG and MUC16/CA125; Suppl. Fig-
ure 2A) and additional proteins that were upregulated in 
aged lavage sEVs relative to young, including CD9, CD63, 
CD81, ANXA5, TGM1, and ITGB1 (Suppl. Figure 2B). To 
evaluate whether selected proteins enriched in sEVs from 
aged peritoneal lavage contribute functionally to the 
enhanced adhesion observed in OvCa cells treated with 
aged host sEVs, function blocking antibodies were incu-
bated with sEVs prior to their addition to OvCa cells. Pre-
treatment of aged sEVs with function blocking antibodies 
to β1 integrin (ITGB1) (Fig.  6A), mucin 16 (MUC16, 
CA125) (Fig. 6B) and the Src family tyrosine kinase LYN 
(Fig.  6C) significantly abrogated the enhanced adhesion 
induced by aged sEVs, returning adhesion to control lev-
els. Similarly, pretreatment of aged sEVs with the small 
molecule inhibitor TL0259, that has specificity for the 
LYN and FGR Src family kinase members (IC50 0.1 nM 
and 0.03 nM, respectively) also abrogated the aged sEV-
induced adhesion of OvCa cells to peritoneal mesothelial 
cells (Fig. 6D). Statistical analyses for Fig. 6 are in Suppl. 
Table 1.

Discussion
Aging is a significant risk factor for OvCa incidence and 
an adverse prognostic factor, with a median overall sur-
vival rate of 37.4 months for women over 65 as compared 
to 47.6 months for women under 65 [5–10]. Among 
the factors contributing to this survival disparity may 
be heightened cancer aggressiveness in the aged host. 
Indeed, recent studies of the peritoneal microenviron-
ment of the aged host have identified senescent omental 
mesothelial cells and altered omental collagen anisotropy 
as potential age-related contributors to disease progres-
sion [12, 30, 31]. The current study evaluated the role 
of host-derived sEVs in modulating tumor cell behav-
ior. Results show that sEVs from tumor-naïve aged host 
peritoneal lavage significantly enhance OvCa tumor cell 
aggressiveness via modulation of adhesion to peritoneal 
mesothelial cells and collagen invasion. Proteomic analy-
ses of isolated sEVs identified differential protein car-
goes of sEVs from aged host lavage relative to young and 

function-blocking studies demonstrate a role for several 
proteins in regulating OvCa cell: mesothelial cell interac-
tion, a key early event in i.p. metastatic dissemination.

Based on the results of the in vitro meso-mimetic bind-
ing and in vivo omental adhesion assays, LC-MS/MS 
proteomics analysis was performed on sEVs to identify 
protein components that may regulate this fundamental 
event in i.p. metastasis. Western blotting demonstrates 
the presence in sEVs of several membrane proteins with 
known significance in OvCa such as MUC16/CA125, 
TGM1, MHC1, ITGB1, ITBA2, and ITGA3. Notably, 
MUC16 (CA125) is a heavily glycosylated mucinous 
glycoprotein that contributes to heterotypic adhesion 
to mesothelin present on peritoneal mesothelial cells 
[32–35]. The shed ectodomain of MUC16 is designated 
CA125 and is commonly recognized as a biomarker for 
OvCa recurrence [35–37]. TGM1 is associated with 
chemoresistance of ovarian cancer cells [38, 39]. MHC1 
plays a major role in antigen presentation and elicitation 
of the immune response. Several studies have reported 
the presence of MHC1 in sEVs derived from a vari-
ety of cell types, suggesting a potential role for sEVs in 
immune regulation [40–42]. Integrins α2β1 and α3β1 
bind sub-mesothelial matrix proteins including type I 
collagen, facilitating adhesion to and anchoring of OvCa 
cells within the peritoneal cavity [43, 44]. Pre-incubation 
of aged sEVs with function-blocking antibodies to either 
MUC16/CA125 or β1 integrin completely abrogated the 
sEV-enhanced tumor cell: mesothelial cell adhesion. Sim-
ilar results were seen with function blocking antibodies 
to or a small molecule inhibitor of LYN, a non-receptor 
tyrosine kinase in the SRC family. Although a role for 
LYN in OvCa has not been described, this kinase regu-
lates neutrophil adhesion by inducing integrin activation 
[45]. Given that both neutrophils and OvCa cells adhere 
under conditions of flow, further investigation of LYN in 
modulation of early events in OvCa metastatic dissemi-
nation is warranted. Noteworthy in this regard is previ-
ous data from our group identifying a role for the related 
SRC family kinase FGR, also inhibited by TL0459 with 
nM affinity, in regulation of OvCa cell adhesion and inva-
sion [46].

Age-related changes in EV content have been reported 
in both humans and mice [47, 48]. For example, plasma-
derived sEVs from aged humans (60–70 y.o., both female 
and male) contain increased immune-related antigens 
relative to those from younger individuals (30–40 y.o.) 
[49]. Several intriguing recent studies have shown that 
sEVs derived from various compartments of a young 
host can ameloriate age-related tissue dysfunction. For 
example, plasma-derived sEVs from young (2 mo.) mice 
injected i.v. into aged (20 mo.) mice extended lifespan and 
reversed age-related degenerative changes in multiple tis-
sues by enhancing mitochondrial function [50]. Similarly, 
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i.p. injection of sEVs isolated from primary fibroblasts 
obtained from young human donors into aged (22–25 
mo.) mice reduced several biomarkers of senescence in 
multiple tissues and this effect was related to glutathione-
S-transferase activity [51]. sEVs obtained from adipose-
derived stem cells from young (3–6 mo.) mice injected 
i.v. into aged (20–24 mo.) mice resulted in reduced frailty, 
improved physical condition, and a decrease in the esti-
mated epigenetic age of the treated mice [52].

The focus of the current study is on the impact of 
sEVs derived from the peritoneal lavage fluid of healthy 
tumor-naïve aged hosts on OvCa tumor cell behavior. 
Peritoneal sEVs are likely to derive predominantly from 
the mesothelial monolayer of the peritoneal membrane, 
a vast serous membrane that lines the inner walls of the 
abdominal cavity and the outside of the visceral organs 
with a continuous surface area of 1-2m2, roughly equiv-
alent to that of the skin [53–56]. Our previous data 

Fig. 6  Blocking sEV-associated proteins abrogates the enhanced meso-mimetic adhesion observed with aged sEVs. sEVs (5 × 107) purified from perito-
neal lavage obtained from aged hosts or control (PBS) were incubated with function-blocking antibodies directed against (A) β1 integrin (2 µg), (B) CA125 
(MUC16, 1 µg) or (C) LYN kinase (1 µg) in a total volume of 200 ul for 3 h prior to adding to OvCa cells for 24 h. The meso-mimetic adhesion assay was then 
performed as described in Fig. 3. (D) sEVs (5 × 107) purified from peritoneal lavage obtained from aged hosts or control (PBS) were incubated with the Lyn 
kinase inhibitor TL0259 (0.1 nM) for 3 h prior to adding to OvCa cells for 24 h. The meso-mimetic adhesion assay was then performed as described in Fig. 3. 
Assays were performed in triplicate. Data were analyzed using Kruskal-Wallis test and Dunn’s multi-comparison test
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demonstrate that sub-mesothelial collagen fibers in aged 
mice are thicker, more anisotropic and stiffer than those 
from young mice [12]. Interestingly, recent studies have 
shown that substratum stiffness alters sEV release and 
sEV cargo, with cells cultured on a stiffer matrix promot-
ing tumor growth and containing a higher abundance of 
proteins related to cell adhesion and cell-matrix interac-
tions [57, 58], suggesting a potential mechanism for age-
related differences in sEV cargo observed in the current 
study. However, alterations in the peritoneal immune 
landscape and enhanced visceral adiposity also accom-
pany aging, such that the contribution of immune cells 
and adipocytes to the population of sEVs isolated from 
peritoneal lavage cannot be disregarded.

Conclusion
The tumor microenvironment plays a crucial role in driv-
ing both tumor development and metastatic dissemina-
tion in OvCa. In addition to sEVs released by healthy 
host cells and tissues, OvCa tumor cells themselves 
release sEVs, providing the opportunity for reciprocal 
sEV-mediated host: tumor communication in the peri-
toneal milieu. OvCa-derived sEVs have been implicated 
in regulation of adhesion and invasion, stromal remodel-
ing and immune suppression [59–63]. Among the spe-
cific functions attributed to sEVs derived from cultured 
OvCa cells, ascites fluid and patient sera are stimulation 
of angiogenesis [64, 65], reprogramming of fibroblasts or 
adipose-derived mesenchymal stem cells to cancer-asso-
ciated fibroblasts [66, 67], promotion of chemoresistance 
[60], and alteration of macrophage polarization [68]. 
Despite this growing understanding, the specific role of 
sEVs and reciprocal sEV-mediated host-tumor commu-
nication in the context of OvCa progression in the aged 
host is an area in need of further exploration.
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