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Small extracellular vesicles (EVs) are a subtype of nano-sized extracellular vesicles that mediate 
intercellular communication. EVs can be found in different body fluids, including milk. Monocytes 
internalize porcine milk EVs and modulate immune functions in vitro by decreasing their phagocytosis 
and chemotaxis while increasing their oxidative burst. This study aimed to assess the impact of 
porcine milk EVs on the porcine peripheral blood mononuclear cells (PBMC) proteome. Porcine 
PBMC were incubated with porcine milk EVs or medium as a control. Extracted proteins were then 
analyzed using nano-LC-MS/MS. A total of 1584 proteins were identified. The supervised multivariate 
statistical analysis, sparse variant partial least squares – discriminant analysis (sPLS-DA) for paired 
data identified discriminant proteins (DP) that contributed to a clear separation between the porcine 
milk EVs treated cells and control groups. A total of 384 DP from both components were selected. 
Gene Ontology (GO) enrichment analysis with ProteINSIDE provided the evidence that the DP with a 
higher abundance in porcine milk EVs, like TLR2, APOE, CD36, MFGE8, were mainly involved in innate 
immunity and the process of EVs uptake processes. These results provide a proteomics background to 
the immunomodulatory activity of porcine milk EVs and to the potential mechanisms used by immune 
cells to internalize them.
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PBMC	� Peripheral blood mononuclear cells
ROS	� Reactive oxygen species
SASH3	� SH3 domain-containing 3 protein
SLC34A2	� Na(+)-dependent phosphate cotransporter 2B protein
sPLS-DA	� Partial least square discriminant analysis
TLR	� Toll-like receptor

Small extracellular vesicles (EVs) are nano-sized extracellular vesicles (30–160 nm) with an endosome-derived 
limiting membrane mediating intercellular communication in physiological and pathological conditions1,2. 
They can be produced and released by all cell types through exocytosis3. EVs carry a wide range of regulatory 
molecules (cargo) such as proteins, lipids, DNA, RNA (mRNA, and non-coding RNA, like miRNA), and 
metabolites1. These nanovesicles mediate near long-distance intercellular communication by targeting and 
transferring their cargo into recipient cells, altering their function4,5.

Over the last two decades, EVs have been demonstrated to induce, amplify, and suppress innate and adaptive 
immune responses. Indeed, EVs have been shown to modulate natural killer (NK) cell activation, macrophage 
and T cell differentiation, and monocyte chemotaxis6–8. Anti-inflammatory roles of EVs in human peripheral 
blood mononuclear cells (PBMC) and T cells have also been reported9.

EVs can be found in different body fluids, including milk10. Milk EVs are also thought to exert potential 
immunomodulatory effects, as human and bovine milk EVs containing functional RNA are taken up by human 
macrophages11,12. After suckling or oral administration, bovine, porcine, or murine milk EVs and their cargo can 
accumulate in piglets and mice peripheral tissues, like the liver, spleen, lung, and small intestine, that are rich in 
immune cells13, suggesting potential immunomodulation. Moreover, our previous in vitro study demonstrated 
that porcine milk EVs exert immunomodulatory effects on porcine monocytes by decreasing their phagocytosis 
and chemotaxis and increasing their reactive oxygen species (ROS) production14. However, the molecular 
mechanisms underlying the immunomodulatory activity of porcine milk EVs on porcine mononuclear cells are 
still unknown.

OMIC technologies, specifically proteomics – the large-scale study of the protein profile in a sample – provide 
a great option to unravel the molecular impact of porcine milk EVs on porcine PBMC immune response15. In 
previous studies, porcine PBMC proteome has been investigated, mainly in the context of infectious diseases16, 
stress17, pregnancy18, and characterization of the cell’s protein profile19. Still, there is no information on the in 
vitro impact of milk EVs on porcine PBMC proteome. Therefore, this study covers this gap by describing for the 
first time the immunomodulatory capacity of porcine milk EVs on porcine PBMC proteome in vitro, using an 
untargeted proteomics approach.

Results
The proteome of porcine PBMC and identification of the molecular signature of porcine milk 
EVs treatment
A total of 1584 proteins, with at least two unique peptides, were identified and quantified in porcine PBMC 
(Supplementary Table S1). A multivariate sPLS-DA analysis was applied to determine the molecular signature of 
the porcine milk EVs treatment. The sPLS-DA model selected a total of 384 DP (approximately 25% of the total 
proteins identified) from both components (Supplementary Table S2), providing a good clustering between the 
two treatment groups (Fig. 1).

From the 384 DP, only the proteins from the sPLS-DA component 1 that strongly correlated together for 
each treatment group were selected to perform separate GO BP enrichment analyses. Of these proteins, 54 had 
the highest abundance in the milk EVs group, while 142 were in the control group (Supplementary Table S3).

GO enrichment analyses of total DP identified by s-PLS-DA.
A GO enrichment analysis was performed to identify the global function of all 384 DP. These DP were annotated 
by 301 enriched (FDR < 0.05) GO terms within the BP category. The main enriched BP were related to cellular 
supramolecular fiber organization (GO:0097435), metabolic process (GO:0008152), actin cytoskeleton 
organization (GO:0030036), intracellular transport (GO:0046907), positive regulation of organelle organization 
(GO:0010638), translation (GO:0006412), regulation of vesicle-mediated transport (GO:0060627), gene 
expression (GO:0010467), immune system process (GO:0002376) and regulation of apoptotic signaling pathway 
(GO:2001233) (Fig. 2).

Among the most annotated BP were: gene expression (142), metabolic processes (92), immune system 
process (70) and intracellular transport (50) (Supplementary Table S4).

GO and KEGG enrichment analyses and PPI of DP with the highest abundance in the milk 
EVs group
To further elucidate the specific role of the DP with the highest abundance in each group, separate GO enrichment 
analyses were performed. The 54 proteins with the highest abundance in the milk EVs group were annotated by 
130 enriched (FDR < 0.05) GO terms within the BP category. These proteins were mainly involved in BP such 
as cellular detoxification (GO:1990748), response to diacyl bacterial lipopeptide (GO:0071726), nitric oxide-
mediated signal transduction (GO:0007263), cGMP-mediated signaling (GO:0019934), positive regulation of 
tumor necrosis factor production (GO:0032760), positive regulation of endocytosis (GO:0045807), secretion 
(GO:0071706), immune system process (GO:0002376), ERK1 and ERK2 cascade (GO:0070371), regulation of 
body fluid levels (GO:0050878) and phagocytosis, recognition (GO:0006910). From these enriched BP, the ones 
with the highest number of annotated proteins were the immune system process with nine proteins, secretion 
with six proteins, and ERK1 and ERK2 cascade and regulation of body fluid with five proteins (Fig. 3A).
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CD36 and APOE were mainly annotated by almost all of these enriched BP. SASH3, CLU, and Cathepsin H 
(CTSH) were found in the immune system process, but CLU and CTSH were also found in positive regulation 
of endocytosis and ERK1 and ERK2 cascade, respectively. Moreover, TLR2 was found in the biological processes 
involved with the response to bacterial lipopeptide, immune system process, and secretion. In the latter and 
the regulation of body fluids, CSN2 and CSN3 were also found. Lastly, MFGE8 was only found in phagocytosis 
(Supplementary Table S5). The enriched GO CC and MF terms are shown in Supplementary Figs. S1 and 
S2, respectively. Additionally, only the phagosome (KEGG:04145) KEGG pathway was found to be enriched 
(Fig. 3B). Of the 54 DP proteins, 9 were involved in 4 PPI networks (Fig. 3C).

Fig. 2.  Global enriched (P < 0.05) Gene ontology (GO) terms within the biological process (BP) categories. The 
GO has annotated all 384 discriminant proteins (DP). GO terms enrichments are expressed as − log10 (FDR) 
for visualization on graphs. The total number of proteins annotated by GO BP terms is shown in brackets.

 

Fig. 1.  Sparse partial least squares discriminant analysis (sPLS-DA) for paired data individual plot (PlotIndiv). 
The individual plot shows the similarities and relationship (clustering) between samples of the porcine milk EV 
(blue) and the untreated control (orange) treatment groups.
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GO and KEGG enrichment analyses and PPI of DP with the highest abundance in the control 
group
A higher number of DP (142) was found to be more abundant in the control group. These proteins were annotated 
by 64 enriched (FDR < 0.05) BP GO terms. These enriched GO terms were mainly related to the catabolic process 
(GO:0009056), amide biosynthetic process (GO:0043604), cellular organization (GO:0051641), translation 
(GO:0006412), metabolic process (GO:0008152), vesicle budding from the membrane (GO:0006900), vesicle-
mediated transport (GO:0016192), regulation of anoikis (GO:2000209) and interleukin-27-mediated signaling 
pathway (GO:0070106) (Fig. 4A).

The enriched BP with the highest number of annotated proteins were: metabolic processes (87), cellular 
localization (35) and catabolic process (34) (Supplementary Table S6). The enriched GO CC and MF terms 
are shown in Supplementary Figs. S3 and S4, respectively. Additionally, the KEGG pathways: Virion-Rotavirus 
(KEGG:03271), Aminoacyl-tRNA biosynthesis (KEGG:00970), the phagosome (KEGG:04145), Citrate cycle 
(TCA cycle) (KEGG:00020) and Oxidative phosphorylation (KEGG:00190) were also found to be enriched 
(Fig. 4B). Of the 142 DP proteins, 8 were involved in 1 major network (Fig. 4C).

Average log fold-change (logFC) of the abundances of the DP identified with sPLS-DA
Lastly, to identify and focus on key DP that presented greater changes in their abundance after porcine milk EVs 
treatment, the average logFC of the raw abundances of the proteins from the cells treated with milk EVs was 
calculated (Fig. 5).

The protein with the most significant change in the abundance (logFC > 100) between the milk EVs and 
control was CSN2. Other proteins with higher abundances in the milk EVs group were found, including 
BTN1A1, CSN1S1, CSN1S2, MFGE8, and SLC34A2 (logFC > 5). On the other hand, FABP4 (logFC < 0.5) and 
LGALS3 (logFC < 1) showed the lowest abundance in the milk EVs group.

Discussion
The present study describes the proteome of porcine PBMC after stimulation with milk EVs, demonstrating that 
milk EVs co-incubation enriches biological processes (BP) involved in phagocytosis, endocytosis, and, more 
generally, inflammatory response, and immune reaction. These findings support, at the proteomics level, our 
recent findings that EVs have an immunomodulatory activity on porcine monocytes14.

Fig. 4.  Enriched (P < 0.05) Gene ontology (GO) terms within: (A) the biological process (BP) category, and 
(B) KEGG pathways enrichment that have annotated the 142 discriminant proteins (DP) with the highest 
abundance in the control group (no milk EV). GO terms enrichments are expressed as − log10 (FDR) for 
visualization on graphs. The total number of proteins annotated by GO BP terms is shown in brackets. (C) 
Protein–Protein Interaction (PPI) for the DP with higher abundance in the control group.

 

Fig. 3.  Enriched (P < 0.05) Gene ontology (GO) terms within: (A) the biological process (BP) category, and 
(B) KEGG pathways enrichment that have annotated the 54 discriminant proteins (DP) with the highest 
abundance in the porcine milk EVs group. GO terms enrichments are expressed as − log10 (FDR) for 
visualization on graphs. The total number of proteins annotated by GO BP terms is shown in brackets. (C) 
Protein–Protein Interaction (PPI) for the DP with higher abundance in the porcine milk EVs group.
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Global biological processes enriched by the DP selected by sPLS-DA
The sPLS-DA model selected the most discriminant proteins (DP), allowing an evident clustering of the samples 
between the EVs-treated PBMC and the control groups20. Consistently with the immunomodulatory activity on 
PBMC previously observed, the GO enrichment analysis revealed that EVs activate BP-like actin cytoskeleton 
organization and cellular supramolecular fiber organization, intracellular transport, positive organelle 
organization regulation, vesicle-mediated transport, all of them involved in chemotaxis-related processes and 
both BP associated with chemotaxis, phagocytosis, and cell communication21–25.

Biological processes enriched by DP with the highest abundance in the EVs-treated PBMC 
toward changes in phagocytosis and inflammatory response
Separate GO enrichment analyses were performed using the DP with the highest abundance in each group to 
elucidate further the differences between the two groups. The 54 DP with the highest abundance in the porcine 
milk EVs group enriched BP in the immune system process, including phagocytosis, positive regulation of 
tumor necrosis factor production response to diacyl bacterial lipopeptide, and nitric oxide-mediated signal 
transduction.

Phagocytosis plays an essential role in the uptake of EVs by monocytes and macrophages26,27. Several proteins 
involved in phagocytosis were found as highly abundant in the EVs -treated PBMC, namely glycoprotein 
IIIb (CD36), milk fat globule-EGF factor 8 (MFGE8 – lactadherin), extracellular signal-regulated kinase 1/2 
(ERK1/2), and apolipoprotein E (APOE).

CD36 is one of the proteins involved in almost all enriched BP. CD36 is a PBMC membrane glycoprotein 
that participates in the identification and phagocytosis of apoptotic cells, ROS production, and macrophage 
modulation28–30. The fact that CD36 is related to phagocytosis and endocytosis, the main mechanisms of EV 
internalization, explains the uptake of porcine milk EVs by porcine monocytes, previously demonstrated by our 
team14.

The milk fat globule-EGF factor 8 (MFGE8 – lactadherin) is a phosphatidylserine-binding glycoprotein 
secreted and expressed by macrophages that promotes the engulfment of apoptotic cells and vesicles31,32. It 
is also one of the immune components found in milk, specifically in milk fat globules, and highly enriched 
in milk EVs33,34. MFGE8 may also play a role in the intestinal immune system of newborns35 and is involved 
in EV phagocytosis by macrophages and monocytes36. The extracellular signal-regulated kinase 1/2 (ERK1/2) 
cascade signaling pathway regulates several stimulated cellular processes, including, among others, migration, 
apoptosis, and stress response37. A previous study showed that EVs activated the ERK1/2 cascade and that its 
activity is necessary for efficient EVs uptake via lipid raft-mediated endocytosis38. It was previously found that 
EVs and their miRNA cargo can modulate the ERK1/2 signaling pathway to induce immunomodulatory effects 
such as reducing macrophage migration39. Finally, APOE—a major protein component of very-low and high-
density lipoproteins mainly expressed by monocytes/macrophages- has been shown to exert anti-inflammatory 
roles, including reducing the migration of some cells40,41. Our results are consistent with previous reports, 
demonstrating that EVs released by anti-inflammatory (M2) macrophages increase the levels of APOE in the 
cancer cells and modulate their migratory capacity through the transfer of functional APOE42. The presence of 
APOE in porcine colostrum and milk EVs has already been reported43. The function of APOE in modulating 
the migration of different cell types seems to be mediated in a MAPK/ERK1/2, explaining why this DP was also 
found annotated in the ERK1/2 cascade BP44.

Fig. 5.  Average log fold-change (logFC) of protein raw abundances of the 384 discriminant proteins (DP) 
selected by sPLS-DA. The y-axis shows the average logFC (ratio) of the raw abundances from all seven 
biological replicates (samples) after treatment of porcine milk EV. Proteins are represented with their 
corresponding Gene ID.
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Some significant DP are also involved in modulating inflammatory response, like TLR2. Our results agree 
with previous studies in different models. For example, EVs isolated from systemic lupus erythematosus patients 
enhanced the production of TNF-α and other proinflammatory cytokines via the TLR-related pathways45.

Another crucial immune response process is the production of nitric oxide (NO) and its mediated signaling 
transduction. Both NO-mediated signaling transduction and cGMP-mediated signaling were enriched after 
treatment with milk EVs. One is the inducible nitric oxide synthase (iNOS), which produces NO46. These results 
are consistent with previous studies on other cellular models, where EVs derived from hypoxic cardiomyocytes 
promoted NO production in endothelial cells47. Moreover, the release of EVs from senescent macrophages 
containing iNOS has been reported; bovine milk EVs containing miR-155-5p – an essential regulator of eNOS 
and NO – increased eNOS in endothelial cells. This suggests that EV cargo might also play an important role in 
modulating NO production48,49.

Further proteins such as Clusterin (CLU) and SAM and SH3 domain-containing 3 protein (SASH3) were 
annotated in several previously described immune-related processes. CLU, also known as apolipoprotein J, 
is a ubiquitously expressed glycoprotein and a known extracellular chaperone that has been shown to exert 
immunomodulatory and anti-inflammatory effects such as modulation of antimicrobial responses, facilitation 
of apoptotic cell clearance and suppression of kidney macrophage infiltration50,51. CLU can be found in both 
milk and milk EVs and is one of the proteins implied to modulate the immune response of the offspring52. 
SASH3 is an adaptor protein involved in signal transduction53. These results suggest that EVs can modulate 
different aspects of innate and adaptive immunity, confirming their pleiotropic functions.

In the secretion and regulation of body fluids BP, proteins such as β-caseins and κ-casein (CSN2 and 
CSN3) were found. Caseins are the most abundant proteins in milk, and, besides many other functions54, they 
enhance EV uptake, altering the gene expression in blood cells55. The purification procedure of EVs from milk, 
combining high speed centrifugation with size exclusion chromatography, should rule out as much as possible 
that casein from milk sticks over the membrane to purified EV. Still, we may not completely rule out this event, 
and therefore, we cannot exclude that the casein found in the PBMC proteome were part of the EV cargo.

Overall, these results provide a molecular background to previously reported in vitro activity of EV on porcine 
PBMC14. In vitro studies demonstrated that EVs induce changes in porcine monocyte chemotaxis, phagocytosis, 
and ROS production. These findings confirmed that BP involved in the same immune-related activities are 
enriched. Therefore, we can hypothesize that EVs can function as potential nanocarriers of immunomodulatory 
molecules that participate in immunity transmission from the mother to the offspring, helping modulate the 
newborn immune system.

Biological processes enriched by DP with the highest abundance in the control group
In contrast to what was observed in the milk EVs group, the 142 DP with a higher abundance in the control 
group were annotated mainly by very general BP, such as different metabolic processes, cellular organization, 
translation, and vesicle-mediated transport.

Other processes related to cell death and immune-related processes, such as regulation of anoikis, a subtype 
of apoptosis caused when cells lose their adhesive capability56, and interleukin-27-mediated signaling pathway. 
Interleukin-27 (IL-27) is a cytokine produced by monocytes, macrophages, and DC, with both pro- and anti-
inflammatory and other immunoregulatory functions, and is also involved in cell proliferation, differentiation, 
and expression of cytokines57.

Altogether, these results highlight that after porcine milk EVs treatment, a functional switch from very 
general BP to others mostly related to immune response and EVs uptake processes occurred.

DP with greater changes in abundance in the PBMC incubated with milk EVs
To identify key DP that presented more significant changes in their raw abundances after porcine milk EVs 
treatment, their logFC was calculated. The protein with the highest amount after treatment with milk EVs 
was β-casein (CSN2), one of the most abundant proteins in milk. Besides nourishing the offspring by being 
a significant source of amino acids, caseins also have immunomodulatory effects, being broken down into 
immunomodulatory peptides58,59. Alpha-s1-casein (CSN1S1) and Alpha-s2-casein (CSN1S2) were also 
found but in lesser abundance than CSN2. After proteomics analyses, CSN2 and CSN1S1 were detected 
in bovine milk EVs43,60. Interestingly, CSN1S1 was shown to be expressed outside the mammary gland and 
to be expressed by immune cells such as monocytes and T cells61. Moreover, this protein has been shown to 
exert immunomodulatory effects on monocytes, such as inducing the expression of IL-1β and the in vitro 
differentiation towards a macrophage-like phenotype61,62.

Finally, the butyrophilin subfamily 1 member A1 (BTN1A1), Na(+)-dependent phosphate cotransporter 2B 
protein (SLC34A2), and MFGE8 proteins also presented greater changes in their abundance in the PBMC-
treated group. BTN1A1 is a member of the immunoglobulin superfamily first discovered in milk and is 
mainly associated with milk fat globules. Immunomodulatory roles of this protein have also been reported, 
primarily inhibitory effects on CD4+ T cell proliferation and T cell expression of cytokines associated with T cell 
activation63[96]. The SLC34A2 is a multi-pass membrane protein that has been involved in the activation of the 
complement alternative pathway (C3 and C4b)64,65, while MFGE8 function has been previously described31,33,35.

On the contrary, lower abundances in the fatty acid-binding protein 4 (FABP4) and galectin-3 (LGALS3) 
were found. FABP4 is a protein that plays a crucial role in fatty acid transportation and functions as a transmitter 
linking fatty acid metabolism to inflammation. LGALS3 is a carbohydrate-binding protein highly expressed in 
monocytes and macrophages and a potent regulator of cell migration and phagocytosis, among other immune 
and inflammation-related processes66,67.

In conclusion, the results of this study demonstrate for the first time that porcine milk EVs can modulate 
porcine PBMC proteome in vitro. The GO enrichment analysis revealed that the DP with higher abundance in 

Scientific Reports |         (2025) 15:8069 6| https://doi.org/10.1038/s41598-025-92550-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


the porcine milk EVs group mainly were related to innate immune-related processes. Our results also suggest 
that porcine milk EVs might exert pleiotropic immunomodulatory functions on PBMC by increasing the 
abundance of proteins with both immune-enhancing and dampening properties. Therefore, these results confirm 
the suppressive and enhancing effects of porcine milk EVs on porcine monocytes, observed in our previous 
in vitro study, where a decrease in the cells’ phagocytosis and chemotaxis and an increase in their oxidative 
burst was detected. Moreover, detecting caseins and other milk proteins with known immunomodulatory 
properties exemplifies how EVs could fulfill their functions in intercellular communication by transferring their 
cargo to target cells. By providing a molecular background of porcine milk EVs’ immunomodulatory activity, 
we can better understand their potential role in the sow-to-piglet transmission of regulatory molecules and 
immunomodulation. The main limitation of the present study is that it provides only a partial explanation of 
the molecular background of the EV immunomodulatory activity, focused on the protein content. The EV cargo 
contains several other molecules, like microRNA and very specific lipid specie asset. Future studies should aim 
to characterize these molecules as well, and their interaction with the proteome. Finally, additional molecular 
pathway enrichment, protein–protein interaction analyses, and integration of proteomics data with other OMIC 
technologies should be performed to have a holistic view of the impact of porcine milk EVs on porcine immunity.

Materials and methods
Experimental design
The present study aims to determine the proteome of porcine peripheral blood mononuclear cells (PBMC) after 
co-incubation with purified EVs from sow milk.

Porcine PBMC were isolated from blood and co-incubated with porcine EVs purified from milk. The 
experiment was carried out in triplicate. Proteins were extracted from cells, and the proteome was determined 
by Nano-LC-MS/MS analysis.

Purification of porcine PBMC from blood
Porcine PBMC were isolated from peripheral blood through Ficoll density gradient centrifugation, as previously 
described for bovine blood, with some minor modifications68. Briefly, 100 mL of blood from seven 60–100 kg 
healthy pigs (Topigs Norsvin Italia S.r.l., Italy) was collected during routine slaughtering procedures in sterile 
flasks containing 0.2% of EDTA (Sigma-Aldrich, St. Louis, MO, USA) as an anticoagulant. Blood was then 
centrifuged at 1260× g for 30 min at 18 °C to obtain the buffy coat. The buffy coat was diluted 1:5 in cold sterile 
Dulbecco’s PBS without Ca2+ and Mg2+  +2 mM EDTA (Sigma-Aldrich), carefully layered onto Ficoll-Paque 
Plus (1.077  g/mL) (GE Healthcare Bio-Sciences AB, Uppsala, Sweden), and centrifuged at 1700× g (without 
brakes) for 30 min at 4 °C to obtain the PBMC ring. PBMC were collected at the interface, washed with cold, 
sterile PBS without Ca2+ and Mg2+  + 2 mM EDTA, centrifuged at 500 × g for 7 min at 4 °C and incubated with 
Red Blood Cell Lysis buffer (Roche Diagnostics GmbH, Mannheim, Germany) for 3 min at room temperature to 
remove the red blood cells. Washes with cold sterile PBS + 2 mM EDTA were performed to remove contaminant 
platelets. Finally, the PBMC were counted using an automatic cell counter (TC20TM, BioRad). Their viability 
was assessed with trypan blue exclusion and resuspended at the desired concentration in complete medium 
(RPMI 1640 Medium + 25  mM HEPES + L-Glutamine, supplemented with 1% of Non-essential Amino Acid 
Solution 100X and 1% Penicillin Streptomycin Solution 100X and 1% EVs -depleted Fetal Bovine Serum (FBS) 
(Sigma-Aldrich).

PBMC stimulation with porcine milk EVs
First, porcine milk EVs were purified from sows’ milk and characterized using their concentration, size, 
morphology/structure, and presence of EVs marker protein, as previously reported14. An aliquot of LPS-
depleted porcine milk EVs (6.2 × 1010 EVs /mL) was thawed and used for each experiment. Briefly, a total of 
15 × 106 porcine PBMC (1.5 mL) were seeded in triplicates in Corning® tissue-culture treated culture 60 mm 
dishes (Corning Inc., Costar, Kennebunk, ME, USA) and incubated with 3 × 109 porcine milk EVs (in a ratio of 
200 EV/cell) for 22 h at 39 °C in a humified atmosphere with 5% CO2. A complete medium (1% EVs -depleted 
FBS) was added to each dish to reach a final volume of 3 mL.

The utilized ratio of EVs /cell was selected based on the immunomodulatory effects previously observed 
in vitro using a similar range of 106–108 EVs on rhesus macaques’ PBMC and T cells69 and in our previous 
study on porcine monocytes, where we did not observe toxic effects on porcine monocytes14. Seven biological 
replicates (animals) were used for the experiment, and the cells from each animal were seeded and treated in 
three technical replicates. All the following steps, including the porcine PBMC collection and protein extraction 
and the following proteomics procedures were carried out as previously described, with minor changes70.

Porcine PBMC collection and protein extraction
After incubation, 3 mL of the cells in suspension (lymphocytes) were collected and centrifuged at 500× g for 
7  min at 4  °C. The lymphocytes were washed twice with 500  μL sterile-PBS without Ca2+ and Mg2+ (room 
temperature) and centrifuged twice at 500× g for 7 min at 4 °C to remove the remaining medium and FBS. In the 
meantime, three washes with 2 mL of sterile-PBS without Ca2+ and Mg2+ (room temperature) were performed in 
the 60 mm dishes to wash the adhered monocytes and remove dead cells. When both the lymphocytes pellet and 
the adhered monocytes were washed, 500 μL of Igepal buffer (150 mM NaCl, 10 mM Tris–HCl pH 7.4, 1 mM 
EDTA and EGTA, 100 mM NaF, 4 mM Na4P2O7·10 H2O, 2 mM Na3VO4, 1% Triton X100, 0.5% IGEPAL CA-
630 (Sigma-Aldrich), 1 pill for 50 mL of the total volume of Protease Inhibitor Cocktail (Roche) was added to 
the lymphocytes pellet. The lymphocytes were resuspended and added directly to the 60 mm dishes containing 
the monocytes. The plates containing the cells and the Igepal buffer were incubated for 1 h at 4 °C with regular 
shaking to allow the lysis of the cells. After incubation, the cells were scraped using sterile Corning Cell scrapers 
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(blade L 1.8 cm, handle L 25 cm; Corning Inc.), and the cell lysate was collected and sonicated for 10 min in 
an ultrasonic bath (Branson 2200, Danbury, CT, USA) to complete the cells’ lysis and homogenization. Finally, 
the cell lysates were centrifuged for 10 min at 6000 × g at 4 °C to remove the cell debris, and the supernatant 
containing the extracted proteins of all 3 technical replicates for each biological replicate was pooled in 1.5 mL 
tubes, aliquoted and stored at − 80 °C for further analyses.

Sample preparation for proteomic analysis
The sample preparation for proteomic was carried out as previously described, with minor changes70. The total 
protein concentration was determined with the Pierce Bicinchoninic acid (BCA) protein assay kit (Thermo Fisher 
Scientific, Rockford, IL, USA), following the manufacturer’s instructions. For peptide preparation, extracted 
proteins were digested and concentrated using the Filter Aided Sample Preparation (FASP) method, following the 
manufacturer’s instructions with minor modifications. Briefly, 50 μg of protein lysate was loaded into Millipore 
10 kDa MWCO filters, and 100 μL of Urea 8 M in 0.1 M Tris–HCl pH 8.5 were added for solubilization. The 
detergent and other contaminant components within the protein lysate were removed by repeated filtration by 
centrifugation. After discarding the flow-through, proteins were reduced with 100 μL DTT (10 mM) for 46 min 
and centrifuged at 16,100 × g for 10 min. Then, 200 μl of 25 mM iodoacetamide solution were added to the filters 
and incubated for 20 min at room temperature for protein alkylation. After performing several washes of the 
filters with Urea 8 M and 50 mM of ammonium bicarbonate, proteins were digested with 200 μL of 0.25 mg/mL 
trypsin (50:1 ratio of protein:enzyme) and mixed under gentle agitation in a thermomixer for 1 min. Filters were 
transferred to new collection tubes and incubated overnight in a wet chamber at 37 °C. Finally, peptides were 
eluted by adding 200 μL of 50 mM of ammonium bicarbonate, and the filtrate was concentrated in a SpeedVac 
and then resuspended in 30 μL of 1% formic acid. The final volume was adjusted to 300 µL with a recovery 
solution (H2O/ACN/TFA – 94.95/5/0.05). After passing through the ultrasonic bath (10 min), the supernatant 
was transferred to an HPLC vial before LC-MS/MS analysis.

Nano-LC-MS/MS analysis
Peptide mixtures were analyzed by nano-LC-MS/MS (ThermoFisher Scientific) using an Ultimate 3000 system 
coupled to a QExactive HF-X mass spectrometer (MS) with a nanoelectrospray ion source. Five μL of hydrolysate 
was first preconcentrated and desalted at a flow rate of 30 µL/mn on a C18 pre-column 5 cm length × 100 µm 
(Acclaim PepMap 100 C18, 5  µm, 100A nanoViper) equilibrated with Trifluoroacetic Acid 0.05% in water. 
After 6 min, the concentration column was switched online with a nanodebit analytical C18 column (Acclaim 
PepMap 100–75 µm inner diameter × 25 cm length; C18-3 µm -100 Å-SN 20,106,770) operating at 400 nL/min 
equilibrated with 96% solvent A (99.9% H2O, 0.1% formic acid). The peptides were then separated according to 
their hydrophobicity thanks to a gradient of solvent B (99.9% acetonitrile, 0.1% formic acid) of 4–25% in 60 min. 
For MS analysis, eluted peptides were electrosprayed in positive-ion mode at 1.6 kV through a Nano electrospray 
ion source heated to 250 °C. The mass spectrometer operated in data-dependent mode: the parent ion is selected 
in the orbitrap cell (FTMS) at a resolution of 60,000, and 18 MS/MS succeeds each MS analysis with analysis of 
the MS/MS fragments at a resolution of 15,000).

Processing of raw mass spectrometry data
At the end of the LC-MS/MS analysis, for raw data processing, an MS/MS ion search was carried out with Mascot 
v2.5.1 (http://www.matrixscience.com) against the porcine database (i.e., ref_sus_scrofa 20,210,114–49,792 
sequences). The following parameters were used during the request: precursor mass tolerance of 10 ppm and 
fragment mass tolerance of 0.02 Da, a maximum of two missed cleavage sites of trypsin, carbamidomethylation 
(C), oxidation (M) and deamidation (NQ) set as variable modifications. Protein identification was validated 
with a False Discovery Rate of 1% with at least two peptides originating from one protein showing statistically 
significant identity above Mascot score > 32 and a Mascot Significance Threshold adjusted p-value 0.02747. 
Ions score is − 10 log(P), where P is the probability that an observed match is a random event. Finally, LC-
Progenesis QI software (version 4.2, Nonlinear Dynamics, Newcastle upon Tyne, UK) was used for label-free 
protein quantification analysis with the same identification parameters described above with the phenotypic 
data among all matrices. All unique validated peptides of an identified protein were included, and the total 
cumulative abundance was calculated by summing the abundances of all peptides allocated to the respective 
protein. LC-Progenesis analysis yielded 1584 unique quantifiable proteins, with at least two unique peptides.

Statistical analyses
To identify the differentially abundant proteins, a univariate statistical approach was performed on all 1584 
quantified proteins, using an R package for proteomic analysis (available on GitHub with the DOI ​h​t​t​p​s​:​/​/​d​o​
i​.​o​r​g​/​1​0​.​5​2​8​1​/​z​e​n​o​d​o​.​2​5​3​9​3​2​9​​​​​) as previously described71. Briefly, data normality distribution was assessed by 
the Shapiro–Wilk-Test. Then, either a paired Student’s t-test for normally distributed data or a paired Wilcoxon 
test for not normally distributed data was applied to determine the p-value. Finally, the obtained p-values were 
corrected using different adjustment methods (e.g., Benjamini & Hochberg or FDR, Hochberg, and Bonferroni). 
For all of these analyses, R version 4.2.2 was used.

An alternative supervised multilevel sparse variant partial least square discriminant analysis (sPLS-DA) was 
applied as no differentially abundant proteins were detected using the -test or Wilcoxon tests. The multilevel 
sPLS-DA enables the selection of the most predictive or discriminant proteins in the data of the two components 
(PC1 and PC2) to classify or cluster the samples between the treatment groups20. The multivariate analysis used 
the mixOmics package in R (http://mixomics.org).
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Bioinformatic analysis of discriminant proteins (DP) selected by sPLS-DA
First, before performing the bioinformatic and functional annotation analyses, the accession numbers from 
all 1584 quantified proteins were converted into Gene ID using the UniProt retrieve/ID mapping online tool. 
The Gene ID of human orthologs of porcine proteins was assigned for undefined proteins. Second, only for the 
selected DP a gene ontology (GO) enrichment analysis focused on the Biological Processes (BP) was performed 
using ProteINSIDE online tool version 2.0 (available at ​h​t​t​p​s​:​​​/​​/​u​m​r​​h​-​b​i​o​i​n​f​​o​.​c​l​​e​r​m​o​​n​​t​.​i​n​r​​​a​e​​.​f​r​/​​P​r​o​t​e​​I​N​S​​I​​D​​E​_​2​/​
i​​​n​d​e​​x​.​p​​h​p​​?​p​a​​g​e​=​​u​p​l​o​a​d​.​p​h​p), as previously described, and using Sus scrofa as reference specie. Only significant 
(FDR < 0.05) GO BP terms were considered enriched and were used for further interpretation and figure creation. 
The enriched GO BP, CC, MF and KEGG72 terms were summarized, and their enrichments were expressed 
as − log10 (FDR) for visualization on horizontal bar graphs plotted using GraphPad Prism 9.1.2 for Mac OS 
X, GraphPad Software (San Diego, California, USA) and the ProteINSIDE online tool. Finally, the average log 
fold-change (logFC) of the raw abundances of all the DP identified with sPLS-DA from all seven 7 biological 
replicates was calculated and plotted using R version 4.2.2. Selected DP were also subjected to Protein–Protein 
interaction (PPI) analyses using the ProteINSIDE online tool version 2.0 to identify the proteins that have been 
experimentally detected to interact with each other. For the PPI analyses Homo sapiens was used as reference 
specie due to the limited number of known PPI in pigs. The PPI databases used were BAR; DIP; EBI-GOA-
nonIntAct; HPIDb; IMEx; IntAct; MBInfo; MINT; MPIDB; MatrixDB; Reactome; UniProt; VirHostNet; bhf-ucl; 
mentha and tfact2gene. The network obtained for the 54 DP related to the EVs group was reduced by filtering 
using betweenness centrality values algorithm of 0 to 1, which is efficient in selecting key nodes/proteins within 
a pathway. For the network obtained for 142 DP related to the control group betweenness centrality values of 
500 to 2537 were used.

Data availability
All data generated or analyzed during this study are included in this published article [and its supplementary 
information files].
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