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Abstract
Human milk extracellular vesicles (HM EVs) are proposed to protect against disease
development in infants. This protection could in part be facilitated by the bioactive
EV cargo of proteins and RNA. Notably, mothers birth infants of different gestational
ages with unique needs, wherein the EV cargo of HM may diverge. We collected
HM from lactating mothers within two weeks of a term or preterm birth. Follow-
ing purification of EVs, proteins and mRNA were extracted for proteomics and
sequencing analyses, respectively. Over 2000 protein groups were identified, and
over 8000 genes were quantified. The total number of proteins and mRNA did not
differ significantly between the two conditions, while functional bioinformatics of
differentially expressed cargo indicated enrichment in immunoregulatory cargo for
preterm HM EVs. In term HM EVs, significantly upregulated cargo was enriched
in metabolism-related functions. Based on gene expression signatures from HM-
contained single cell sequencing data, we proposed that a larger portion of preterm
HM EVs are secreted by immune cells, whereas term HM EVs contain more signa-
tures of lactocyte epithelial cells. Proposed differences in EV cargo could indicate
variation in mother’s milk based on infants’ gestational age and provide basis for
further functional characterisation.
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 INTRODUCTION

Human milk (HM) is the gold standard in nutrition for infants (Ballard & Morrow, 2013). HM feeding can prevent the devel-
opment of inflammatory gut diseases (Herrmann & Carroll, 2014; Underwood, 2013), promote antimicrobial protection, and
immune modulation, via milk-contained oligosaccharides, RNA and bioactive proteins such as secretory antibodies, lactofer-
rins (LF) and cytokines (Ballard & Morrow, 2013; Floris et al., 2016; Kosaka et al., 2010; Rani et al., 2017; Ward et al., 2013). This
biological regulation could extend to HM-contained extracellular vesicles (EVs), which carry proteins and nucleic acids ( Galley
& Besner, 2020). Uniquely, HM EVs can withstand digestion and are taken up by intestinal cells (Rani et al., 2017). Thus, EV-
contained cargo is hypothesised to reach the infant gut lumen, setting the stage for a temporal biological effect—ut digeratur.
Understanding the composition of proteins and nucleic acids carried by EVs may therefore inform on the downstream outcome
of HM feeding.
As infants are born at different gestational ages (GA)—term (>37 weeks) or preterm (<37 weeks) (Spong et al., 2011), the

composition of mother’s milk varies. GA-specific differences in dozens of HM proteins have been measured (Cattaneo et al.,
2019; Demers-Mathieu et al., 2017;Molinari et al., 2012; Trend et al., 2016;Wan et al., 2013). PretermHMhas increased proteolytic
activity, which could aid in the digestion of milk nutrients in premature infants (Dallas et al., 2015). The increased concentration
of epidermal growth factor, transforming growth factor alpha (TGF-α), soluble CD14, immunoglobulin A, LF and lysozyme in
preterm HM (Dvorak et al., 2003; Montagne et al., 1999; Ronayne De Ferrer et al., 2021; Trend et al., 2016) could modulate the
immune system and prevent development of inflammatory disease in the more vulnerable premature infants. The changes in
HM composition may arise due to the unique needs of infants and could extend to the HM EV cargo.
Studies of the HMEV proteome have resulted in over 1000 proteins identified, with a total of 1963 proteins identified inmature

HM EVs (>2 weeks postpartum) (Admyre et al., 2007; Larssen et al., 2017; Van Herwijnen et al., 2016; Wang et al., 2019; Yang
et al., 2017). In GA-specific HM EVs, 46 proteins have been investigated for differential expression. LF and lactadherin-derived
peptides were upregulated in preterm HM EVs and proposed to increase gut epithelial cell proliferation and migration (Wang
et al., 2019). Consistent levels of LF have been previously identified in HM EVs, and the protein content was highly resistant to
digestion (Liao et al., 2017).

For HM RNA, sequencing has been performed in the HM fat layer (Lemay et al., 2013), and cells (Gleeson et al., 2023; Martin
Carli et al., 2020; Nyquist et al., 2022; Twigger et al., 2022), where the latter could also provide information about the origins
of HM EVs (Hu et al., 2021). Several studies have focused on microRNA cargo (Alsaweed et al., 2015; Carrillo-Lozano et al.,
2020; Do et al., 2017; Floris et al., 2016; Golan-Gerstl et al., 2017; Herwijnen et al., 2018; Kupsco et al., 2021; Lefèvre et al., 2019;
Leiferman et al., 2019; Liao et al., 2017; Na et al., 2015; Shu et al., 2015; Zhou et al., 2011), mostly EV-contained, though with
limited information on GA-specific changes (Floris et al., 2015; Kahn et al., 2018; Shiff et al., 2019). Two studies have previously
characterised GA-specific differences in long-coding, circular RNAs, and mRNAs. For circular RNAs, both term and preterm
HM EVs were enriched in VEGF-signalling pathway markers, wherein differentially expressed RNAs regulated inflammatory
pathways via their predicted microRNA targets (Zhou et al., 2021). In long-coding RNA, differentially expressed transcripts were
similarly enriched in regulation of the inflammatory response, specifically those regulated by cell surface receptors. In the same
study, EV-contained mRNAs were sequenced. However, differentially expressed mRNA were not functionally characterised by
term of birth, but rather described in the context of interactions with long-coding RNAs. These specific interactions focused on
upregulated preterm EV mRNAs, which were determined to be enriched in immune, signalling and metabolic pathways (Yan
et al., 2022).
Though differential composition of HMEV cargo of proteins has been described following both term and preterm birth (Chen

et al., 2021; Kahn et al., 2018; Wang et al., 2019; Yan et al., 2022), an overall limited number of individual proteins with quantita-
tive information have been identified. Additional low abundance proteins remain elusive, but their identification could expand
functional interpretations for HM EVs. Prior studies have used label-based, or data-dependent mass spectrometry detection
methods. Here, we applied a data-independent approach, which allows for increased proteome coverage (He et al., 2019; Meyer,
2019; Vahkal et al., 2021).
Similarly for HM EV mRNA, one study has previously examined EV-contained mRNA in term and preterm EVs, with a full

characterisation focusing on long-coding RNAs (Yan et al., 2022). As such, quantitative, full-spectrum profiling of GA-specific
HM EV cargo is lacking in the current field of HM EV biology.
In this study, we quantitatively measured GA-specific differences in HM EV cargo of proteins and mRNA. By employing mass

spectrometry with data-independent acquisition we obtained a deep proteome coverage and quantification of over 2000 HM
EV-contained proteins. Using RNA sequencing, total mRNA in GA-specific EVs was detected. With bioinformatic analyses, we
postulate significant quantitative differences on individual protein and mRNA levels, wherein preterm HM EV contents have
functional enrichments in immune-related pathways and processes. Term HM EVs contain diverse cargo with highly enriched
metabolic-related functions, including pathways and processes implicated in signalling. To postulate the origin of vesicles, we
compared the signatures of EV RNA cargo to that of previously published HM single cell sequencing. We show that preterm EVs
cluster with immune cell signatures, whereas term EVs have signatures of lactocyte epithelial cells. Overall, our results indicate
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differences in HM EV cargo based on duration of gestation, wherein the cellular origin and cargo of preterm HM EVs are more
immune-related.

 MATERIALS ANDMETHODS

. Milk collection

HM from donors was collected according to ethics protocols at the University of Ottawa and Children’s Hospital of Eastern
Ontario (#H-03-20-5643). Once written consent was obtained, donors were asked to sterilise the breast with an antibacterial
wipe and manually express their milk into a sterile collection tube. A total of 20 mL of milk was collected from each anonymous
donor: 6 term and 6 preterm. Caesarean birth, antibiotic use and any activematernal genetic, immune and chronic inflammatory
disease resulted in donor exclusion.Mother’s age and parity, infant sex, age, gestational age and birth weight, when available, were
recorded (Supplementary file—Donor information). HM was classified as term for GA of more than 37 weeks, and preterm for
GA of less than 37 weeks (Spong et al., 2011). Following collection, HM was transported to the lab to commence EV isolation
within 30 minutes.

. Extracellular vesicle isolation

Prior literature on milk EV isolation from diverse species has established that differential and ultracentrifugation is appropriate
to obtain a sample enriched in EVs (Admyre et al., 2007; De La Torre Gomez et al., 2018; Pluchino & Smith, 2019; Yamada et al.,
2012; Zhou et al., 2020). We have previously described an isolation method for HM EVs with an end goal of proteomics analysis
(Vahkal et al., 2021). Briefly, collectedmilk was centrifuged at 4600× g to remove fat, cells and cell debris. The skimmedmilk was
then centrifuged at 20,000× g to remove the remaining fat, and pellet large apoptotic andmitochondrial vesicles. The supernatant
was subjected to two rounds of ultracentrifugation at 100,000 × g. The pellet was resuspended in 400 μL of sterile PBS and stored
in −80◦C in aliquots until further analysis.

. Extracellular vesicle characterisation

HMEV surfacemarkers and sizewere characterised using the ExoviewR100 instrument (NanoviewBioSciences, USA), following
protocols previously published (Jung et al., 2020). Briefly, EVs were incubated overnight on Exoview chips with immunocapture
spots for CD81, CD63, CD9 and mIgG. Following incubation, the chips were washed three times with an incubation solution.
The chips were stained with anti-CD9-AF488, CD63-AF647 and CD81-AF555 antibodies for 1 h. After another three washes, the
chips were imaged using the Exoview R100 instrument. The acquired images were analysed for fluorescence and size utilising
the ExoScan 2.5.5 acquisition software. Graphs were prepared using Prism 9.
HM EVs were visualised using scanning electron microscopy. EVs were prepared by re-suspending in PBS, then pelleted at

100,000 × g for 1.5 h, at 4◦C. The EV pellet was fixed in 4% glutaraldehyde for 15 min, and subsequently washed twice with PBS
for 10min each. The pellet was resuspended in 10 μL ddH2O and placed on an EM silicon chip to air-dry, followed by transfer to a
96-well plate. The sample was dehydrated in ascending ethanol (40%, 60%, 80%, 96%−98%) by pipetting ethanol down the side
of the well thereby immersing the silicon chip. After ethanol was evaporated, the samples were left to dry at room temperature
for 24 h. The following day, silicon chips were mounted on a carbon stage by removing the adhesive, and Au-coated. The samples
were imaged on a JSM-7500F FESEM (JEOL) microscope (University of Ottawa Materials Characterization Core Facility).

. Proteomics

The liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) data acquisitions were performed at
PhenoSwitch Bioscience Inc. (Sherbrooke, QC, Canada), using a Sciex TripleTOF 6600 instrument (Sciex, Foster City, CA).
All LC-MS/MS equipment and settings were used as previously described (Gagné et al., 2022). In brief, six individual samples
(30 μg each) were analysed in Sequential Window Acquisition of All Theoretical Mass Spectra (SWATH) acquisition mode, with
a 60-min LC gradient. Analyst TF 1.8 software (Sciex) was used for instrument control, data processing and acquisition.
To analyse the MS data, we employed a hybrid strategy based on a previously described proteomics pipeline (Gagné et al.,

2022). Firstly, we usedMSConvert to convert the file format fromWIFF tomzML (Adusumilli &Mallick, 2017). Then, we utilised
proteomics analysis tools (MSFragger, Philosopher, EasyPQP) from the FragPipe GUI (v.17.1; https://fragpipe.nesvilab.org/) to
search the human proteome (UP000005640, www.uniprot.org) and build preliminary libraries at 5% FDR (false discovery rate)

https://fragpipe.nesvilab.org/
http://www.uniprot.org
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(Da Veiga Leprevost et al., 2020; Kong et al., 2017). Next, we retrieved protein IDs from these libraries and inputted them into
the ID mapping tool from UniProt.org (www.uniprot.org/id-mapping) to generate a FASTA file of protein targets. Finally, we
employed this FASTA file to perform a “library-free search” with methionine oxidation set as variable modification and MBR
(match between runs) enabled in DIA-NN (GUI; v.1.8), applying a more stringent 1% FDR to ensure increased confidence in the
identifications and quantifications of peptides and proteins (Demichev et al., 2020).
For differential expression analysis, the tsv file generated by DIA-NN was curated and directly imported into R. All analyses

were performed using the pOmics R package (github.com/nicohuttmann/pOmics). Further analysis only considered proteins
that were quantified in at least 50%of the samples and imputationwas performed using a shiftedGaussian distribution (shift= 1.8
standard deviations (SD), width = 0.3 SD) to account for missing protein MaxLFQ intensities. The composition of the identi-
fied proteins was compared with all human proteins to identify over-represented Gene Ontology (GO) cellular components
(Aleksander et al., 2023; Ashburner et al., 2000). To identify differentially abundant proteins between term and preterm groups,
pairwise Student’s t-tests were conducted. Due to the limited sample size, p-values were not corrected. Proteins were considered
significantly changed based on a threshold of p < 0.05 and an absolute log2 fold-change >0.5.

Based on the sets of significantly up- and downregulated proteins, functional enrichment analysis (over-representation
analysis) was performed using GO biological process parameters. Further functional annotations were done using STRING
(https://www.string-db.org) and PANTHER (http://www.pantherdb.org/) databases according to respective presets.

. RNA sequencing and analysis

RNA from HM EVs was extracted using Qiagen miRNeasy kit (Qiagen, Germany) coupled with a phenol-chloroform precip-
itation step. RNA quality was assessed using LibQC (McGill Sequencing Facility). Total RNA from term and preterm HM EV
samples (n = 4, each group) was sequenced at the McGill Sequencing Facility (Montreal, Canada). RNA libraries were prepared
using NEBNextUltra II Directional RNA kit, and sequenced using Illumina NovaSeq 6000. Nf-core rnaseq nextflow pipeline was
employed with default settings (Di Tommaso et al., 2017; Ewels et al., 2020). The reads were aligned to the GRCh38 reference
genome using STAR (Dobin et al., 2013). Reads aligning to exons were counted using Subread featureCounts, and counts were
summarised over genes (Liao et al., 2014).
Differential expression was analysed using edgeR with a library size correction by the Trimmed Mean of M-values (TMM)

algorithm. To remove unwanted variation, RUVseq method was employed, using two algorithms—RUVs and RUVr, with values
of the “k” factor from 1 to 5 (Peixoto et al., 2015; Risso et al., 2014). Implementing RUVr or RUVs with increasing values of k
improved the clustering of samples, and RUVr k = 5 was chosen for further downstream analysis based on sample clustering by
PCA and p-value distribution histograms. Gene set enrichment analysis (GSEA) was further performed in R/Bioconductor using
the clusterProfiler andmsigdb packages (Liberzon et al., 2011; Subramanian et al., 2005; Wu et al., 2021). The gene sets used were
limited to the MSigDB groups “Hallmark,” C2, C3, C5 and C7. Only sets containing between 10 and 1000 genes were surveyed
as a cut-off independent method to identify significantly enriched gene sets.

 RESULTS

. Validation of human milk EVs

To investigate small EV surface marker abundance, fluorescence based measurement was used (Jeppesen et al., 2019; Pluchino &
Smith, 2019; Théry et al., 2018). HM EV surface markers CD9, CD63 and CD81 were identified on term and preterm EVs using
Exoview R-100 (Nanoview Biosciences, USA). The Exoview platform utilises three channels of fluorescence for CD9, CD63
and CD81 detection using fluorescently tagged antibodies, and one channel for interferometric sizing. EVs from both groups of
samples had presence of CD9, CD81 and CD63 signal (Figure 1a). The average size for EVs isolated from term or preterm HM
was 60 and 59 nm, respectively (Figure 1b). To visualise EV integrity and size, scanning electron microscopy was performed.
Spherical vesicles, up to 200 nm in size, were visible in the field of view (Figure 1c).

. Identification and differential expression of proteins from GA-specific human milk EVs

Label-free quantitative mass spectrometry of six HM samples (n = 3 each term and preterm) was performed using SWATH—a
method of data independent acquisition for the detection peptides (Chutipongtanate &Greis, 2018). Over 19,000 unique peptides
and 2000 protein groups were identified and quantified. Similar number of proteins were identified in term and preterm HM
EVs—2094 and 1709, respectively (Supplementary data 1). In addition to 837 common proteins, term HM EVs contained 1257,
while preterm milk samples contained 872 unique proteins (Figure 2).

http://www.uniprot.org/id-mapping
https://www.string-db.org
http://www.pantherdb.org/
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F IGURE  HM EV validation and surface marker characterization. (a) Surface markers CD9, CD63, CD81 and mIgG negative control, were identified on
term (n= 2) and preterm (n= 4) EVs. ns, non-significant, two-way ANOVA. (b) Mean size of particles with a cut-off scale of 50–200 nm, bound to CD9, CD63
and CD81 capture probes, measured by interferometry. (c) Scanning electron micrograph of individual HM preterm vesicles, scale bar to 100 nm.

F IGURE  Number of proteins in term or preterm human milk EVs. (a) Total number of proteins identified using SWATHmethod – 2094 in term, 1709
in preterm; 837 proteins common to both; 1257 and 872 unique proteins in term and preterm cohorts respectively; n = 3. High FDR confidence proteins
included in analysis.

Quantitative evaluation of protein abundances was compared between term and preterm HM EV using hierarchical clus-
ter analysis. Large differences between samples and no distant clustering were observed among the two conditions (Figure 3a).
Following differential expression analysis, few significantly (p< 0.05) up- or downregulated proteins were identified when com-
pared to the total number of identified proteins (Figure 3b). The results revealed 15 and 25 significantly upregulated proteins in
term and preterm HM EVs, respectively (Table 1). Cathepsin B (CTSB) and serpin family E member 2 (SERPINE2) were the
most significantly upregulated proteins (p < 0.04) in term HM EVs, with SERPINE2 highest upregulated. In preterm HM EVs,
endosulfine alpha (ENSA) was the most significantly upregulated protein, while elastin microfibril interfacer 3 (EMILIN3) and
fibroblast growth factor binding protein 1 (FGFBP1) were among the highest upregulated proteins by fold-change.

. Functional annotation of GA-specific human milk EV protein cargo

Identified term and preterm proteins were subjected to biological process and pathway analysis. Proteins were queried in the
PANTHER database for biological processes analysis, wherein both term and preterm samples revealed the presence of proteins
related to immune system processes (Figure 4). The total number of proteins involved in each biological process was higher for
preterm HM EVs (Figure 4 and Supplementary data 2). Reactome pathway analysis of total protein abundance using STRING
database revealed that term EVs had a higher number of unique enriched pathways, including those related to developmental
biology, nervous system development and infectious disease (Figure 5).

Differentially expressed proteins with significant up- and downregulation were submitted for combined analysis in STRING.
In total, 11 GO biological processes, and neutrophil degranulation Reactome pathway were enriched in the dataset. Among the
enriched biological processes, neutrophil degranulation and leukocyte activation involved in immune response were in the
top three of largest enrichment effect in the dataset and included proteins that were both up- and downregulated in preterm
HM EVs. Neutrophil degranulation and leukocyte activation processes included upregulated proteins HSPA8, PYGL, CTSB and
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TABLE  Comparative analysis of differently abundant proteins in term and preterm HM EVs. Differential expression was assessed by pairwise Student’s
t-test and proteins were considered significantly changed based on p < 0.05 and absolute log 2 fold-change >0.5. Proteins with positive fold-change value were
more highly abundant in term HM EVs, while those with negative fold-change were more highly abundant in preterm HM EVs.

Condition of birth Protein name Gene symbol Fold-change (log) p-value

Term Cathepsin B CTSB 1.75 1.79e-03

Serpin family E member 2 SERPINE 2.7 9.31e-03

Glycogen phosphorylase L PYGL 1.53 1.60e-02

Argininosuccinate synthase 1 ASS 1.28 1.98e-02

Guanine nucleotide-binding protein G(i) subunit alpha-2 GNAI 0.91 2.11e-02

Sorting nexin 3 SNX 0.89 2.48e-02

Vitronectin VTN 1.27 2.53e-02

Sorting nexin 2 SNX 1.13 3.02e-02

Cellular communication network factor 1 CCN 2.34 3.16e-02

Heat shock cognate 71 kDa protein HSPA 0.8 3.19e-02

Solute carrier family 2 member 1 SLCA 1.37 3.65e-02

CYFIP-related Rac1 interactor A LOC 0.52 3.66e-02

Transmembrane p24 trafficking protein 7 TMED 1.8 3.85e-02

Tax1 binding protein 1 TAXBP 0.91 4.39e-02

Claudin 8 CLDN 1.15 4.67e-02

Preterm Endosulfine alpha ENSA −1.29 1.91e-03

Vesicle amine transport 1 VAT −0.54 4.51e-03

Syntaxin binding protein 1 STXBP −0.82 6.59e-03

Dehydrogenase/reductase 1 DHRS −1.81 1.13e-02

Elastin microfibril interfacer 3 EMILIN −3.68 1.29e-02

Platelet activating factor acetylhydrolase 1b catalytic subunit 2 PAFAHB −0.66 1.56e-02

Midkine MDK −1.98 1.72e-02

Xanthine dehydrogenase XDH −0.95 1.94e-02

Serine/threonine-protein kinase TAO1 TAOK −1.08 2.22e-02

Albumin ALB −1.37 2.55e-02

Cellular retinoic acid binding protein 2 CRABP −1.14 2.92e-02

Unconventional myosin-VI MYO −0.81 2.97e-02

Thymosin beta 4 X-linked TMSBX −1 3.13e-02

Fibroblast growth factor binding protein 1 FGFBP −2.88 3.22e-02

Growth regulating estrogen receptor binding 1 GREB −0.75 3.49e-02

Phosphate cytidylyltransferase 2, ethanolamine PCYT −1.37 3.64e-02

Mucin-4 MUC −1.51 3.82e-02

S100 calcium binding protein A7 SA −1.26 4.11e-02

Butyrophilin subfamily 1 member A1 BTNA −1.02 4.19e-02

Solute carrier organic anion transporter family member 4C1 SLCOC −0.96 4.19e-02

Caspase 14 CASP −0.68 4.33e-02

Tandem C2 domains, nuclear TCN −0.7 4.82e-02

Calcium binding protein 39 like CABL −0.71 4.87e-02

C1q and TNF related 1 CQTNF −1.04 4.89e-02

Secreted frizzled related protein 1 SFRP −1.57 4.95e-02
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F IGURE  Differentially expressed proteins in term and preterm HM EVs. (a) Heatmap showing hierarchical clustering of Z-scored MaxLFQ intensities
on protein and sample level. (b) Volcano plot of differentially expressed proteins. Proteins with positive log2 fold-change value were higher abundant term
(red), proteins with a negative log2 fold-change were upregulated in preterm (blue), proteins not significantly changed are shown in grey. Significance was
assigned to proteins with a p < 0.05, pairwise Student’s t-test.

F IGURE  Biological processes identified with PANTHER database for all term and preterm HM EV proteins. X-axis represents the log of number of
proteins assigned to each biological process that were detected in term (blue bars) or preterm (pink bars) HM EVs. Total number of proteins assigned to
biological processes was larger in preterm HM EVs.

downregulated proteins VAT1, PAFAH1B2, RAB6A, GDI1 and MDK, latter of which was specific for leukocyte activation only.
The identified biological processes for regulation of signalling and signal transduction contained proteins that were primarily
downregulated in preterm HM EVs (Figure 6). The other enriched biological processes belonged to secretion, vesicle-mediated
transport, cell communication and exocytosis functions, which included both up- and downregulated proteins (Supplementary
data 3).

. GA-specific human milk EV cargo in previously identified human milk proteins

To further validate our proteomics findings, we compared our data to that of previously published proteomics analyses fromHM,
or HM EVs, whenever publicly available and clearly annotated.
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F IGURE  Reactome pathways identified with STRING database of all term and preterm HM EV proteins. Blue gradient cells represent the significance
of pathway in the dataset. Term HM EV proteins were enriched in more diverse pathways with higher significance. Cells with black lines indicate lack of
identification for corresponding pathway. Proteins with abundance values and FDR <1% were queried.

First, we compared our results against all the proteins curated in the Human Biofluid Repository (Shao et al., 2021) (human
milk with a total number of proteins 2536, last accessed 14 March 2023). We visualised 568 overlapping proteins between all
three groups, 686 between HM and preterm EVs, 75 between HM and term EVs (Figure 7a). Proteins unique to only term
or preterm HM EVs were queried in STRING database to identify functional enrichments in the unique protein groups. A
total of 1182 unique term and 186 unique preterm EVs proteins were found and analysed for biological process enrichment. As
expected, term EVs had a larger number of enriched processes, 516, compared to the 96 in preterm EVs. A total of 74 processes
were shared between the two groups, indicating similarity of preterm contents to term. Relevant to newborn immunity, shared
processes included immune effector process, leukocyte activation and antigen processing and presentation (Supplementary data
4). Biological processes unique to term HM EVs included several related to exocytosis, and various immune related processes
were enriched, including toll-like receptor signalling, response to bacterial lipopeptide andCDC42 protein signalling (Figure 7b),
also present were regulation of T cell proliferation, IL-12 signalling, antigen processing, Fc-receptor signalling, processes related
to leukocytes and neutrophils (Supplementary data 4). Biological processes unique to preterm were related to endocytosis and
enzymatic processes (proteolysis and enzyme linked protein signalling). Further processes associated with immune system and
signalling processes, neutrophil activation, as well as Ephrin and Tyrosine Kinase signalling pathways were identified (Figure 7b
and Supplementary data 4).

Human milk composition is known to differ based on lactation period between colostrum (up to 4 days after birth), transi-
tional (5 days to two weeks after birth) and mature (>1 month after birth) milk (Ballard & Morrow, 2013; Castellote et al., 2011).
Herwijnen et al. have previously characterised the proteome from EVs of mature HM and identified 1964 unique proteins across
seven donors (Van Herwijnen et al., 2016). To compare the EV proteome of mature HM to that of transitional term or preterm
HM, we submitted the list of proteins identified in three donors of term and preterm HM EVs, alongside data obtained from
Herwijnen et al. to Venn analysis (bioinformatics.psb.ugent.be/venn). In total, 1235 common proteins were identified among the
three datasets. Mature HM EVs contained 728 unique proteins, transitional HM EVs had 615, of which 96 unique proteins were
identified in term, and 19 in preterm HM EVs (Figure 8a). For functional characterisation, each set of unique proteins from
mature and transitional HM EVs were submitted to STRING for enrichment analyses. In mature HM EVs, 107 GO biological
processes, 6 KEGG pathways and 13 Reactome pathways were enriched (Supplementary data 5). A variety of biological processes
were represented, including cell differentiation, metabolic regulation and immune mediation (Supplementary data 5). In transi-
tionalHMEVs, 315GObiological processes, 35 KEGGpathways and 223 Reactome pathwayswere enriched (Supplementary data
6). The enrichments with the highest confidence interaction score fromSTRINGanalysis were plotted in BioRender and included
several clusters related to proteasome, immune response, immune system process in GO biological process classification, and
metabolic pathways, ribosome-related, and RNA transport in KEGG pathways (Figure 8b).

In addition to total protein identification, previous studies have also measured protein expression quantitatively.We first com-
pared the differentially expressed proteins quantified in the present data to those previously identified in term and preterm skim
HM byMolinari et al. (2012). Common significantly upregulated proteins in term HM EVs were cathepsin B and vitronectin. In
preterm HM, both lists contained significantly upregulated albumin, and ras-related proteins—Rab-6 in HM EVs, and Rab-1A,

http://bioinformatics.psb.ugent.be/venn
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F IGURE  Biological processes enriched in significantly up- or downregulated preterm HM EV proteins. Upregulated proteins are annotated with a red
halo, downregulated proteins have a blue halo. A total of 11 biological processes were assigned, with strongest evidence for neutrophil degranulation (red filled
circles) and leukocyte activation in immune response (blue fill). Majority of proteins enriched in signaling (green fill) and signal transduction (yellow fill) were
downregulated. p < 0.04, Student’s t-test. Circles include 3D crystal structure of protein, if known. STRING analysis, confidence score >0.4–0.9 with ascending
number of connecting lines.

F IGURE  Analysis of proteins derived from HM and term and preterm HM EVs. (a) Venn diagram comparing proteins in Human Biofluid Repository
(HBF) with term and preterm HM EVs. Out of 2536 proteins identified in human milk (HM), 568 were present in term and preterm EVs, while preterm EVs
share 686, and term EVs share 75 proteins with HM. (b) Functional enrichments of proteins not present in HBF and unique to term and preterm EVs. Most
significant processes in both groups included those involved in EV-related processes and immune system—extracellular vesicle biogenesis, multivesicular body
organization, cellular response to bacterial lipopeptide, and toll-like receptor signalling pathway for term EVs; and endocytosis, neutrophil activation for
preterm EVs. STRING analysis.

Rab-8A in skim pretermHM. The datasets differed for mucin-4, which was upregulated in pretermHMEVs, but downregulated
in preterm skim milk (Supplementary data 7).
To investigate the protein content in relation to previous studies on enzymatic processes and infant digestion, we compared

the present dataset to data reported by Nielsen et al. (2020) obtained from term and preterm human skim milk fractions. When
compared with the respective conditions in our data, preterm EVs had 49 proteins in commonwith preterm skimmilk, and term
EVs had 22 proteins in commonwith term skimmilk. Although preterm EVs demonstratedmore proteins in commonwith skim
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F IGURE  Analysis of proteins derived from mature HM EVs and transitional term and preterm HM EVs. (a) Venn diagram comparing proteins
identified in mature HM EVs with transitional term and preterm HM EVs. Out of 1964 proteins identified in mature HM EVs, 1235 were present in term and
preterm EVs, with a total of 615 unique proteins in transitional term and preterm HM EVs. (b) Functional enrichments of proteins unique to transitional HM
EVs. Enriched clusters included pathways in metabolism (blue, KEGG pathway – 63 proteins), immune system process (pink, GO biological process – 137
proteins), immune response (red, GO biological process – 97 proteins), ribosome (yellow, KEGG pathway – 38 proteins), and RNA transport (green, KEGG
pathway – 23 proteins), indicated by solid lines. Only high confidence interactions were included in STRING pathway analysis (>0.9 score), dashed lines
indicate interactions between clusters.

milk, those proteins were still found in term HM EVs, but not in term skim milk. Thus, the proteins common to both EVs were
analysed in STRING. As expected, many proteins had enzymatic features. The enriched biological processes were varied, but the
processes with the highest abundance were related to the immune system and to metabolism (Figure 9 and Supplementary data
8).

A study has previously compared the proteomes of term and preterm HM EVs (Wang et al., 2019). Since the total protein
list was not publicly available, we compared the reported significantly up- and downregulated peptides to those differentially
expressed in our data. In both datasets vitronectin was significantly upregulated in termHM EVs, and albumin was significantly
upregulated in pretermHMEVs. Out of the 16 reported proteins that were differentially expressed inWang et al., all but RNASE1
and VIMENTIN were found in the present dataset, though not significantly differentially expressed (Supplementary data 9).

. Quantification of mRNA from GA-specific human milk EVs

RNA of HM EVs from term and preterm samples was sequenced to quantify the mRNA expression. In total, over 12,000 unique
transcripts were detected in both term and preterm HM EVs (Figure 10a). On the gene level, term and preterm HM EVs shared
5522 genes, with an additional 1067 and 2912 unique genes in each group, respectively (Figure 10b).
Preterm and term HM EV mRNA was then queried in the STRING database to identify enriched biological processes and

pathways. Term HM EVs contained double the total number of enrichments in biological processes – 163 versus 80 in preterm
HM EVs, but same number of KEGG pathway enrichments (Supplementary data 1b). Pathway analysis in Reactome database
revealed a similar number of pathways between term (191) and preterm HM EVs (189). Both had an enrichment in IL-1 and IL-
12-related pathways (Supplementary data 1b). For enriched biological processes, antimicrobial humoral response, IL-1 response,
oxygen level response, and Fc receptor, IL-12, NF-kappaB, and wnt signalling were unique to term HM EVs, whereas cellular
response to IL-7 and innate immune response in mucosa were unique to preterm HM EVs (Figure 11 and Supplementary data
2b).
Furthermore, the lists of unique genes from term and preterm HM EVs were queried in the STRING database. In term HM

EVs, genes with the highest abundance included translation and ribosomal genes (EIFCL, RPL) as well as cell death related
genes (PDCD AND CASP). Enriched biological processes included energy related functions only (Supplementary data 3b). In
the unique preterm gene set, one Reactome pathway for translation was enriched (Supplementary data 3b).
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F IGURE  Select HM EV proteins common to skim HM with biological process enrichment analysis. Majority of the proteins formed a network of
interactions (pink circles) and categorised to both immune system and metabolism-related biological processes. STRING analysis, medium confidence
interactions (>0.400 score), total input of 31 proteins.

F IGURE   RNA transcripts identified in term and preterm HM EVs following RNA sequencing. (a) Number of total transcripts identified for preterm –
12,719 and term – 12,317, average n = 4 for each preterm and term. (b) 5522 genes are shared between term and preterm HM EVs, while preterm has 2912 and
term 1067 unique genes.

. Differential expression of GA-specific human milk EVmRNA cargo

Next, mRNA raw counts were subjected to differential expression analysis. Term and preterm HM EV biological replicates
clustered within their respective groups (Figure 12a). Overall, high fold-change differences were measured between the two
groups, and a modest number of significantly expressed genes were identified, when compared to the size of the total gene pool
(Figure 12b). A total of 153 and 285 genes were significantly (adjusted p-value <0.05) upregulated in term and preterm HM EVs,
respectively (Supplementary data 4b). The top 20 most differentially expressed genes in term and preterm HM EVs are listed in
Table 2.
All significantly differentially expressed genes were analysed in STRING for networks interactions and functional associations.

Genes more highly expressed in termHMEVs were enriched in 11 GO biological processes, 24 KEGG and 4 Reactome pathways,
with the majority of genes related to metabolic processes only, with no immune enrichment in any of the queried databases
(Figure 13 and Supplementary data 5b). Differentially expressed genes in preterm HM EVs contained genes enriched in 361 GO
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F IGURE   Enriched biological processes identified with STRING database of all term and preterm HM EV mRNA. Immune system and signalling
related processes were selected for plotting. X-axis represents the enrichment score for term (blue bars) or preterm (pink bars). Enrichment was similar
between shared identified biological processes for term and preterm HM EVs. Unique processes for antimicrobial humoral response, IL-1 response, oxygen
level response, and Fc receptor, IL-12, NF-kappaB and wnt signalling were identified for term HM EVs, whereas IL-7 and innate immune response in mucosa
were enriched in preterm HM EVs only. Transcripts with a TPM value >0 were queried.

F IGURE   Differentially expressed mRNA in term and preterm HM EVs. (a) Clustering analysis of term (green) and preterm (red) HM EVs following
TMM RUVr k = 5 normalisation. Both clustered with their respective conditions. (b) Volcano plot of differentially expressed genes. Genes with positive log2
fold-change (FC) value were higher abundant preterm, genes with a negative log2 FC were upregulated in term, genes not significantly changed are annotated
in green and grey. Significance was assigned to mRNA with an adjusted p-value (FDR) of <0.05 (dashed line). Plot is constrained to log2 FC <5, genes with a
log2 FC >1 and FDR <0.05 are annotated.
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TABLE  Differential mRNA expression in term and preterm HM EVs. Genes were considered significantly changed based on padj <0.05 and log 2
fold-change >1. Genes with positive fold-change value were more highly expressed in preterm, those with negative fold-change were more highly expressed in
term samples. The 20 most differentially expressed genes are displayed.

Gestational age at birth Gene symbol Fold-change (log) p-value

Term GSTM −12.05 0.045

RPS__ −5.89 0.045

RP-C. −4.72 0.047

IGFBP −2.87 0.049

RABC −2.48 0.047

RASLB −2.45 0.047

DACT −2.42 0.045

GSTM −2.28 0.045

PAX-AS −2.03 0.045

PDLIM −1.93 0.047

RPSP −1.84 0.045

FAMB −1.81 0.045

BEST −1.78 0.047

BTG −1.77 0.047

EFCABP −1.77 0.047

GLYATL −1.76 0.047

TMEMA −1.71 0.045

BANCR −1.70 0.045

GAPT −1.70 0.047

RABB −1.65 0.047

Preterm GSTTB 4.87 0.045

FABP 4.32 0.047

RASSF 4.23 0.047

CLSPN 4.19 0.047

CNIH 3.80 0.047

PRAM 3.73 0.045

CFD 3.11 0.047

MYCL 2.95 0.048

ARC 2.87 0.045

BCL 2.80 0.048

CXCR 2.55 0.047

TMC 2.51 0.047

RP-K 2.40 0.045

RELT 2.32 0.045

IFITM 2.30 0.045

PLEKHG 2.24 0.045

ATPA 2.19 0.045

EGR 2.19 0.047

WAS 2.18 0.047

FERMT 2.18 0.047
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F IGURE   Biological processes enriched in significantly (p < 0.05) upregulated term HM EV mRNA. A total of 11 biological processes, 24 KEGG and 4
Reactome pathways were enriched. Metabolism-related enrichment was seen for many differentially expressed genes. KEGG metabolic pathway (red fill)
included 33 mRNA in the total dataset, and Reactome metabolism (blue fill) included 42 mRNA in the total dataset. Other significantly increased interacting
mRNA are annotated with a white fill. STRING analysis, confidence score 0.9, unconnected nodes removed.

biological processes, 6KEGGand 8Reactomepathways, with high confidence associations including developmental and immune
system processes, and TNF signalling pathway (Figure 14 and Supplementary data 6b). Both conditions resulted in enrichment
of sub-cellular compartments—extracellular-exosome for term, and endosome system for preterm.
To identifymeaningful processes and pathways without the limits imposed by arbitrarily chosen differential expression cutoffs,

GSEA was performed. In term HM EVs, upregulated genes were constrained to five clusters (Figure 15a), with an enrichment
in metabolic processes, including amino acid metabolism, proteasome regulation and metabolic cycles. Genes upregulated in
pretermHMEVswere constrained to a formation ofmaximum six clusters (Figure 15b).Many enrichmentswere immune related,
including biological processes in neutrophil activation, antigen processing and presentation, T cell selection, and genomic spatial
events in several immune cells (monocytes, CD4+ T cells, monocytes).

. GA-specific human milk EV cargo in previously identified human milk mRNA

Since cellular origin of EVs can determine the cargo and downstream biological effects, we sought to compare the gene signatures
of term and preterm EVs to human milk single cells. The marker genes listed by Nyquist et al. were clustered with term or
preterm HM EVs. The gene signatures corresponding to T cells, neutrophils, dendritic cells, fibroblasts, lactocyte epithelial cells
(clusters LC1 and LC2) and macrophages (GPNMB+ and CSN1S1) were included (Nyquist et al., 2022). Briefly, gene lists with
fold-change >1 and percent distance >0.5 were retained. Any gene not detected in our dataset was removed from the gene sets.
Following GSEA analysis of retained gene sets, any gene set smaller than 10 genes or larger than 500 genes was eliminated.
Macrophages (GPNMB+) and neutrophils were the most upregulated in the preterm group, when compared to term samples

(Figure 16a). In addition to the highest upregulation seen for signatures of GPNMB+macrophages and neutrophils in preterm
HM EVs, they too contained the highest count of differentially expressed genes (Figure 16). Also significantly increased were
T cell, CSN1S1p+ macrophages, LC1 lactocyte epithelial cells and fibroblasts. Term HM EVs were enriched for LC2 lactocyte
epithelial cell gene signatures (Figure 16a). GA-specific gene enrichment data was also processed with TMM only, and TMM
RUV (k = 5), wherein signatures for LC1, LC2 and fibroblasts were more enriched for term HM EVs (Supplementary data 7b).
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F IGURE  Biological processes enriched in significantly (p < 0.05) upregulated preterm HM EV mRNA. A total of 361 biological processes, 6 KEGG
and 8 Reactome pathways were enriched. Immune system enrichment was seen for many differentially expressed genes. Total mRNA in the dataset included 118
for developmental process (blue fill), 60 for immune system (green fill) and 38 for immune response (yellow fill, GO biological process). For KEGG database, 8
mRNA in the total dataset were enriched for TNF signaling pathway (red fill). Immune system in Reactome database included 56 mRNA in the total dataset
(pink fill). Other significantly increased interacting mRNA are annotated with a white fill. STRING analysis, confidence score >0.9, unconnected nodes
removed.

However, in all analyses, preterm HM EVs consistently displayed high enrichment for immune cell signatures (Supplementary
data 7b and Figure 16).

 DISCUSSION

In this study, we have quantitatively characterised EV cargo from term and pretermHM.We observed that pretermHMEVs had
a higher number of proteins andmRNA related to immune system processes.Whereas we propose that termHMEVs upregulate
additional metabolic pathways. Analysis of biological processes from total protein and RNA abundance suggested amore diverse
biological regulation by term HM EVs.
A recent study by Wang et al. characterised proteins in term and preterm HM EVs using iTRAQ labelling (Wang et al., 2019).

Our study complements their findings by using LC-MS/MS protein identification with label-free analysis allowing for the iden-
tification of an increased number of peptides. We reported over 19,000 total peptides, which greatly exceeds the 719 peptides
identified previously (Wang et al., 2019). In this study, the SWATH technique further facilitated the identification of lower abun-
dance proteins (Whitman & Lynch, 2019; Zhang et al., 2020). As such, the current findings provide a foundational basis for
further functional studies into the unique proteins identified in term and pretermHM (Table 1 and Supplementary data). Freiría-
Martínez et al. also reported proteomics analysis of term and pretermwholeHMand EVs (Freiría-Martínez et al., 2023). Between
the two groups reporting differentially expressed proteins, both describe upregulation of lysozyme, and Wang et al. also report
increased levels of LF, in pretermHMEVs (Freiría-Martínez et al., 2023;Wang et al., 2019). Although these proteins were present
in our dataset, we did not detect significantly different expression levels. It is important to note that the previous studies had



 of  VAHKAL et al.

F IGURE   Gene set enrichment analysis of enriched processes, pathways, and functions for differentially expressed term and preterm HM EV mRNA.
(a) Term HM EV-cargo had the highest number of gene clusters for metabolism (red shading). (b) Preterm HM EV-cargo was diverse and shared between
several enriched gene sets, indicated by overlapping borders. Immune-related functions (light blue and pink shading) were highly enriched. Gene sets with an
adjusted p-value of <0.05 were plotted.

(a) (b)

F IGURE  Single cell gene signatures in differentially expressed term and preterm HM EV mRNA. (a) Single cell sequencing signatures for GPNMB+
macrophages, neutrophils, dendritic cells, T cells, CSN1S1+macrophages, lactocyte cluster 1 (LC1), fibroblasts and lactocyte cluster 2 (LC2) in differentially
expressed term and preterm HM EV mRNA. Higher expression in all but one single cell signatures is present for preterm HM EVs (NES >0), term HM EVs
have a higher expression for LC2 signatures only. (b) Heatmap of core set of most upregulated genes in preterm HM EVs for GPNMB+macrophage signatures.
Genes with log foldchange >1 and percent distance of >0.5 were retained, TMM with RUVr k = 5 normalisation.

isolated HM EVs from colostrum, mature milk or both, while we obtained transitional HM. In HM, most abundant proteins
include LF and lysozyme (Donovan, 2019), which may also oversaturate the mass spectra and interfere in the identification of
lower abundance proteins (Boehmer et al., 2010).

A previous study showed upregulation of cathepsin D in the milk of mothers that delivered prematurely (Demers-Mathieu
et al., 2017). Proteases in human milk are suggested to aid digestion in infants with an added role of influencing infant immune
system (Dallas et al., 2013; Demers-Mathieu et al., 2017). To our knowledge, presence of cathepsin B has not been previously
reported in proteomic studies of HMEVs, though it has been detected among the top 20most abundant transcripts in colostrum
HM fat layer (Lemay et al., 2013). Using proteomic analysis, we were able to detect a significantly higher level of cathepsin B in
term HM EVs, when compared to preterm samples. Additionally, in our mRNA data we were able to detect cathepsin B in both



VAHKAL et al.  of 

term and preterm HM EV. However, there was no statistically significant differences in expression (Supplementary data). The
availability of cathepsin B protein could support digestion in infants during feeding.
Themost significantly upregulated protein in termHMEVswas SERPINE2, which is amember of the serpin family of proteins

that inhibit serine proteases (Silverman et al., 2001). A previous study investigated anti-inflammatory effects in a premature infant
intestinemodel, where epidermal growth factor treatment upregulated several serpine genes, including SERPINE2 (Ménard et al.,
2012). Antiproteases from the serpin family are important in infant digestion (Dallas et al., 2012), and have been shown to regulate
inflammatory processes (Santoro et al., 2015). Heat shock protein 70 was also upregulated in term HM EVs and may provide
intestinal protection in infants by supporting the intestinal barrier, as previously demonstrated in a rat pup model (Liedel et al.,
2011).
In preterm HM EVs, caspase 14 protease was significantly upregulated. Its main proposed function is to regulate epidermal

barrier formation (Denecker et al., 2008; Markiewicz et al., 2021; Pistritto et al., 2002). In the context of a premature birth, the
support of barrier formation and immune regulation could be, in part, attributed to caspase 14. Additional cell proliferation
and differentiation could be promoted by fibroblast growth factor binding protein 1 (Abuharbeid et al., 2006), one of the most
upregulated proteins we found in preterm HM EVs (Table 1).

Another highly upregulated protein was elastin microfibril interfacer 3 or EMILIN-3, which can act as a regulator of TGF β
(Schiavinato et al., 2012).Moreover, this protein is implicated in various infant inflammatory diseases and is an important protein
for immune response regulation (Cho et al., 2016; Torres-Castro et al., 2020). Under conditions of cellular stress, promoting
gut epithelial cell survival is another route of protection, which is increased following HM EV treatment (Martin et al., 2018).
Epithelial-to-mesenchymal transition (EMT) may occur as a result of microbe-induced inflammation to facilitate gut repair
(Hofman & Vouret-Craviari, 2012; Kalluri & Weinberg, 2009) and HM EVs have been shown to affect EMT, via their TGFβ2
cargo, in normal and cancerous breast epithelial cells (Qin et al., 2016). Whether these TGFβ-dependent responses are regulated
by additional EV carrier proteins, such as EMILIN-3, remains to be determined.
In HM EV mRNA, we noted further GA-specific differences. The gestational age-specific differences were similar to those

seen on the protein level, with more immune-related enrichments for preterm when functional enrichments were analysed in
STRING. It is notable that while the FDR value was similar between the top 200 significantly differentially expressed mRNA
in preterm HM EVs, the fold-change varied 1- to 5-fold. When comparing the top 20 differentially expressed genes, many of
the significantly upregulated genes in preterm EVs were implicated in immune signalling—BCL, IFITM, CXCR, CFD, WAS,
FERMT. The anti-apoptotic signalling of BCL2 is prevalent during lactation and mammary tissue remodelling (Colitti, 2012).
The significant upregulation of BCL2 in pretermHMEVsmay represent the stage of gland development at the time of premature
birth. For infants, increased presence of complement factor D (CFD) in preterm milk may help support the incomplete com-
plement functions presenting in premature infants (Cacho & Lawrence, 2017). Similarly, CXCR4 is an important cell receptor
expressed in immune cells to mitigate haematopoiesis (Zou et al., 1998) and may further support development of infant immune
system, specifically innate (Shalekoff et al., 2004). Among the genes with a 2-fold increase in expression wasHLA-H. Transfer of
antibodies to infants via HM is well established and essential for immune system development (Blais et al., 2006), however the
role for HLA molecules is less clear. It has been suggested that HLA molecules may be important in regulating or establishing
tolerance, but more work is needed (Savulescu et al., 2020).
In term HM EVs, significant increases in expression of several metabolic related mRNAs were observed. GSTM had a 12-

fold increase, the highest of any other gene measured by several folds, while GSTM had an over 2-fold increase. GSTMs are
part of the glutathione transferase family of enzymes and implicated in detoxification processes, thus being potent antioxidants
(Bhattacharjee et al., 2013; Sharma et al., 2004). Preterm HM EVs also contained significant increases in members of glutathione
antioxidant defence system—GSR and GSTTB with 1.4- and 4.8-fold increases, respectively. Since breastfed infants are more
protected against development of many diseases (Le Doare et al., 2018; O’reilly et al., 2021), the abundant presence of antioxidant
promoting factors in HMmay contribute to the overall health of infant. Term HM EVs also had increased expression in mRNA
implicated in cellular signalling, such as ras and rab-family of proteins (RASLB, RABC, RABB), insulin-like growth factor-
binding protein 5 (IGFBP), and DACT. Significant increases seen in PDLIM in term EVs may promote infant gut epithelial
cell migration and survival (Zhou et al., 2021), an effect previously seen in vitro following treatment with term and preterm HM
EVs (Wang et al., 2019).
HM EVs are purified from the skim milk fraction, while the separation of HM fat and cells occurs in the top layer and pellet,

respectively. In previous human milk mRNA studies, the fat and cellular portions have been subjected to comprehensive RNA
sequencing (Gleeson et al., 2023; Lemay et al., 2013; Nyquist et al., 2022; Twigger et al., 2022). Whenever specified in the stud-
ies, the sequencing data showed enrichment of casein and LA transcripts, which we did not see in our data and could further
emphasise a more cellular signalling-related function for EVs versus nutrient for other milk fractions. The HM EV sequencing
data also allows for the comparison between human milk cells and EVs. Whether or not the cells found in milk are secretors of
EVs remains to be determined but clustering the corresponding transcriptomes provides insight.
Single cell sequencing of HM has previously revealed leukocyte epithelial cells throughout lactation, as well as immune cells

such as macrophages, T cells and neutrophils, and stem cells (Gleeson et al., 2023; Martin Carli et al., 2020; Sharp et al., 2016;
Twigger et al., 2022). It has been hypothesised that stem cells from HM could survive digestion and have regenerative and
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developmental roles in the infant (Ninkina et al., 2019). Inmother-infant dyads, gene expression patterns inHM cells, specifically
the JAK/STAT pathway genes, associated to infant microbiome outcomes (Johnson et al., 2023).
When analysing cellular signatures of HM EVs, both term and preterm EVs had immune cell signatures, though they were

significantly higher in preterm EVs. The origin of HM EVs may explain the functional effects seen prior studies, especially
when inflammatory regulation was examined (Zonneveld et al., 2021). In our transcriptomic data, preterm mRNA was most
significantly upregulated for gene signatures of GPNMB+ macrophages, generally attributed to M2 macrophages and an anti-
inflammatory phenotype (Zhang et al., 2022; Zhou et al., 2017). Given the vulnerability of infants, especially premature infants,
to gut inflammatory diseases such as necrotising enterocolitis, the EV cargo may provide significant protection. It is especially
notable that EVs themselves have been shown to survive digestion in simulated conditions (Kahn et al., 2018; Liao et al., 2017)
and have tissue bioavailability following oral and intravenous supplementation inmice (Manca et al., 2018). In a functional study,
term HM EVs were shown to regulate T cell activation and were proposed to allow development of a more immune tolerogenic
phenotype (Zonneveld et al., 2021). Prior analyses from mature HM EV proteins and surface markers have also indicated an
immune, epithelial and mesenchymal stem cell origin for the EVs (Giovanazzi et al., 2023; Van Herwijnen et al., 2016). Given the
overall enrichment of preterm HM EVs in immune-related protein, mRNA and cell signatures, it remains to be seen whether
preterm EVs promote immunoregulatory effects in vitro and in vivo.
Limitations of this work include the lower biological sample number, with milk from 12 mothers analysed in total. However,

collecting fresh milk was imperative for isolation of EVs, thus experimental analyses proceeded with fresh samples available at
the time. While every effort was made to collect milk at the same lactation stage post birth, some variation between term and
preterm was present, and could have influenced the composition of HM EV cargo (Supplementary file—Donor information).
The interpretation of data is based on in silico analyses, which require in vitro and in vivo validation of the cargo differences,
especially to allow confirmation of the more immunoregulatory profile of preterm HM EVs proposed here.
Characterising the term and preterm HM EV proteome and mRNA could provide insight for future studies investigating

possible milk deficiencies and potential supplementation of donor milk or formula. Whether premature infants should be pref-
erentially supplemented with premature HM, or vice versa in term infants, might be an important consideration to ensure the
best possible outcomes for all infants, especially fragile premature infants. Overall, our data has demonstrated consistent diversity
between term and pretermHMEVs. Temporal effects of the cargomay be of importance, allowingHMEVs to have an immediate
effect upon uptake via proteins, and delayed effect via translation of mRNA. Exact functional effects and clinical relevance of the
differences in GA-specific EV cargo remain to be elucidated.
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