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Changes in and relationships
between human milk
oligosaccharides and microRNAs
in milk-derived extracellular
vesicles during the first 4 months
of lactation

Mai Morozumi*, Hirohisa lzumi*, Muneya Tsuda, Fuka Tabata,
Hirohiko Nakamura and Kazuhiro Miyaiji

Health Care & Nutritional Science Institute, Morinaga Milk Industry Co., Ltd., Zama, Kanagawa, Japan

Background: Human milk oligosaccharides (HMOs) exert beneficial effects
on the gut microbiota, enhance resistance to infections, support immune
development, and contribute to brain/cognitive development. Milk-derived
extracellular vesicles (MEVs) contain a high abundance of immunity- and
development-related microRNAs (miRNAs). These components are abundant in
breast milk. In the case of HMOs, the composition varies due to factors such as
lactation stages, geographic location, ethnicity, genetics, and the environment.
The composition of HMOs is significantly influenced by the genetic status of
two key genes: FUT2 (Secretor gene) and FUT3 (Lewis gene). In this study, we
broadly categorized them as secretors or non-secretors.

Methods: We investigated the changes in the concentrations of HMOs and MEVs
during 4 months of lactation in Japanese women and explored the relationship
between HMOs and miRNAs present in MEVs.

Results: The concentrations of most HMOs significantly decreased over
time. The number of MEVs did not change significantly over the study period.
Interestingly, 3’-sialyllactose and lacto-N-fucopentaose Il were inversely
correlated with many of the top 20 most abundant miRNAs. Moreover, miRNAs
in MEVs, which are associated with immunity and development, were more
abundant in secretors than in non-secretors during early lactation. Several
HMOs were detected in MEVs.

Conclusion: This study enabled a detailed characterization of changes in HMOs
and MEVs in the breast milk of Japanese women throughout the course of the
first 4 months of lactation. A potential association between the concentrations
of HMOs and miRNAs was also observed, suggesting that these components
might influence each other. These findings are significant for promoting
healthy infant development and growth, as well as for improving infant formula
composition.
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Introduction

Breast milk is an optimal nutrient source for infants and plays a
significant role in their development by contributing to the prevention
of infections and malocclusion, enhancing cognitive development,
and reducing the risk of obesity and diabetes (1). It is highly complex,
and the functions of its bioactive components are not fully understood.
Breast milk and infant formula differ in their effects on
immunocompetence (2, 3). Infants who exclusively breastfed for 4 to
6 months had a fourfold increase in the risk of pneumonia compared
with infants who exclusively breastfed for more than 6 months (4).
Moreover, the gut microbiota, which is closely related to metabolic
and immune functions (5, 6), differs between breastfed and
formula-fed infants (7). However, in some cases, breastfeeding is
inadequate because of medical factors, adoption, and/or the choice of
the mother not to breastfeed. The majority of formula is produced
from cow’s milk, and reproducing the composition of breast milk is
problematic. Information on the changes and functions of the
beneficial bioactive components in breast milk over time would enable
bridging of the gap between breast- and formula-fed infants.

Human milk oligosaccharides (HMOs) are complex glycans that
are highly abundant in breast milk, comprising 4%-11% of its solid
components, following lactose and fat (8). HMOs exert beneficial
effects on the gut microbiota, resistance to infections, immune
development, and brain and cognitive development (9). HMOs
comprise glucose, galactose, N-acetylglucosamine, fucose, and sialic
acid in various proportions, resulting in diverse pools of complex
oligosaccharides. Over 150 structurally unique HMOs have been
identified, and the composition of HMOs differs according to
geographic, ethnic, genetic, and environmental factors (10). In spite
of the identification of these factors that influence the composition of
HMOs, their biosynthesis and the determinants of their concentration
have not yet been fully elucidated. Approximately 75% of the
breastfeeding population are classified as secretors; the other 25% are
classified as non-secretors (11). Secretors have an active secretor gene
that encodes the enzyme a1-2-fucosyltransferase (FUT2). As a result,
they have high concentrations of 2’-fucosyllactose (2’FL), lacto-N-
fucopentaose I (LNFPI), and other a1-2-fucosylated HMOs, whereas
non-secretors have high concentrations of fucosylated HMOs, with
the exception of ol-2-fucosylated HMOs such as lacto-N-
fucopentaose II (LNFPII) and lacto-N-fucopentaose III (LNFPIII). As
a consequence, the breast milk of secretors and that of non-secretors
have different HMO compositions. There are differences in weight and
microbiota composition between breastfed infants of secretors and
those of non-secretors (9). Longitudinal changes in HMOs have been
investigated in Italy, Brazil, Singapore, Germany, and Spain (12-16),
but few studies have tracked the changes in HMOs over time in Japan
(17). HMOs have been historically difficult to measure and synthesize
(8, 18), resulting in few efforts to determine functions or
concentrations of various HMOs in Japanese breast milk. Given the
uncertainty over the HMO concentrations in Japanese and the
uncertainty of their functions, investigating the changes in HMO
levels throughout lactation in Japanese women would provide insight
into the geographical variations in HMO profiles and facilitate the
development of beneficial infant formulae.

Breast milk contains various bioactive components, including
extracellular vesicles (EVs). EVs are nanovesicles (20-200 nm) with
an endosome-derived limiting membrane secreted by diverse cell
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types and are abundant in breast milk. EV's transport proteins, lipids,
DNA, and various types of RNAs [such as mRNAs, long non-coding
RNAs, and microRNAs (miRNAs)]. Milk-derived EVs (MEVs)
contain a high abundance of immunity- and development-related
miRNAs (19). MEVs, which transmit signals from the mother to
offspring, are related to intestinal diseases and the immune system in
infants (20). MEVs can prevent necrotizing enterocolitis by reducing
inflammation and injury to the intestinal epithelium and restoring
intestinal tight junctions (21). MEVs inhibit HIV-1 infection of
dendritic cells (22). These findings suggest that maternal MEVs are
important for offspring health. The separation of MEV's from milk is
more difficult than from other body fluids because of the presence of
components such as casein. As a result, the changes in the
concentrations and/or functions of MEV's during lactation are unclear.
We previously reported a simple and optimal method for isolating EV's
from cow milk (23). In this study, we used the method to collect EVs
from human breast milk (23). To evaluate their biological functions,
it is important to understand the changes in the concentrations of
MEVs and miRNAs in individuals over the course of lactation.
However, few studies have focused on this matter; even fewer studies
have involved Japanese subjects.

Although no conclusion has been reached, it has been reported
that immune capability may differ according to the secretor type.
Factors contributing to this difference in immune capability are
discussed. We considered that there might be immune factors related
to secretor type beyond HMOs. Recently, some HMOs have been
detected in MEV (24), and patterns of miRNAs in MEV levels
summarized using principal components were associated with HMO
summary measures and concentrations (25). These data suggest an
association between MEVs and HMOs; therefore, our analysis
examined the association between HMOs and miRNAs.

We investigated the changes in HMOs and EV's in breast milk over
time in Japanese women. Examining fluctuations at detailed time
points during the lactation period enables us to observe subtle changes
that are difficult to detect in large-scale studies. We hypothesized that
secretor type could influence the composition of miRNAs in MEVs.
Understanding this relationship would provide insight into which
HMOs and MEVs are important during critical periods of infant
development. This is the first investigation to examine the relationships
between miRNAs in MEVs and secretor types, as well as the temporal
changes in HMOs and MEVss in Japanese women. The data indicate
the importance of the relationships between HMOs and miRNAs in
MEVs and will facilitate improvements of infant formula with respect
to HMOs and MEV content.

Materials and methods
Subjects

This study was conducted in accordance with the principles of the
Declaration of Helsinki and was approved by the Institutional Review
Board of the Japan Conference of Clinical Research (Protocol No.
BONYU-01). Participants were primarily employees of Morinaga
Milk Industry, as well as their family members and friends. The study
was conducted among healthy pregnant and lactating women. Breast
milk was supplied by 16 volunteers, and written informed consent was
obtained from them before enrollment; # = 12 for colostrum, n = 12
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for transition, n = 14 for 1 month, n = 14 for 2 months, n = 13 for
3 months, and n = 11 for 4 months.

Milk collection

Participants were encouraged to pump the entire contents of a full
breast, which included fore-, mid-, and hind-milk. Samples were
generally collected at home and stored at —20 °C. The duration of
home storage ranged from a few days to up to 9 months. Study
personnel subsequently retrieved the samples, which were then stored
at —80 °C until analysis.

Analysis of human milk composition

The major nutrients in breast milk were analyzed using the Miris
Human Milk Analyzer (Miris, Uppsala, Sweden), which enables
simultaneous measurement of the concentrations of true protein, fat,
carbohydrates, and total solids. The macronutrient content of milk was
used to calculate digestible energy. Before analysis, each sample was
warmed to 40 °C and homogenized.

Analysis of HMOs

HMOs were analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS; Q Exactive Orbitrap; Thermo Fisher Scientific,
Waltham, MA). Details of the measurements are described below.
Breast milk samples were diluted at a 1:16 ratio with stachyose
solution. Breast milk was spiked with stachyose (Tokyo Chemical
Industry, Tokyo, Japan) at the beginning of sample preparation to
correct for sample loss during sample processing. The samples were
centrifuged at 4,500 x g for 10 min at 4 °C to collect the middle layer,
and 1.5 volumes of acetonitrile were added. The samples were then
centrifuged at 21,500 x g for 15 min at 4 °C, and the supernatants were
collected (26). The supernatants were passed through a 0.22-pm filter,
and the filtrate was subjected to LC-MS. HMOs were analyzed by
LC-MS on an Acquity Glycoprotein BEH Amide column (3004,
1.7 pm, 2.1 x 150 mm; Waters, Milford, MA). Mobile phase A was
10 mM ammonium formate (Fujifilm Wako Pure Chemical, Osaka,
Japan), diluted in 0.1 vol% formic acid in distilled water (Kanto
Chemical, Tokyo, Japan). Mobile phase B was 0.1% formic acid in
acetonitrile (Kanto Chemical, Tokyo, Japan). The elution profile was
as follows: 0-7.5 min, 75%-60% B; 7.5-8.5 min, 60%-20% B;
8.5-11.5 min, 20% B; followed by washing with 0% B for 2 min and
equilibration with 75% B for 4.8 min. The column oven temperature
was set at 35 °C. The flow rate was 350 pL/min (26). Several HMOs
were identified by comparing their retention times and mass-to-
charge ratios (m/z) to commercial standards: 2’-fucosyllactose (2'FL;
Biosynth, Staad, Switzerland), 3-fucosyllactose (3FL; Biosynth),
3’-sialyllactose (3’SL; Biosynth), 6’-sialyllactose (6’SL; Biosynth),
lactodifucotetraose (LDFT; IsoSep, Tullinge, Sweden), lacto-N-
tetraose (LNT; Biosynth), lacto-N-neotetraose (LNnT; Biosynth),
lacto-N-fucopentaose-I (LNFPI; Biosynth), lacto-N-fucopentaose-II
(LNFPII;  Biosynth), (LNEPIII;
IsoSep), sialyllacto-N-tertaose a (LSTa; IsoSep), sialyllacto-N-tertaose
b (LSTbs

lacto-N-fucopentaose-III

IsoSep), sialyllacto-N-tertaose ¢ (LSTc; IsoSep),
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lacto-N-difucohexaose-I (LNDFHI; Dextra Laboratories, Collegiate
Square, UK), difucosyllacto-N-hexaose b (DFLNHb; IsoSep), and
disialyllacto-N-tetraose (DSLNT; Dextra Laboratories). The details of
the detection conditions for LC-MS are provided in the
Supplementary Tables S1, S3. Quantification was performed using a
calibration curve (2'FL; 75-9,600 mg/L, 3FL; 37.5-4,800 mg/L, 3'SL;
37.5-4,800 mg/L, 6'SL; 37.5-4,800 mg/L, LDFT; 37.5-4,800 mg/L,
LNT; 37.5-9,600 mg/L, LNnT; 37.5-4,800 mg/L, LNFPIL; 37.5-
4,800 mg/L, LNFPII; 75-4,800 mg/L, LNFPIIL; 37.5-4,800 mg/L,
LSTa; 37.5-4,800 mg/L, LSTb; 37.5-4,800 mg/L, LSTc; 37.5-
4,800 mg/L, LNDFHI; 150-4,800 mg/L, DFLNHb; 754,800 mg/L,
DSLNT; 37.5-4,800 mg/L). In this study, individuals with 2'FL
concentrations in breast milk of less than 75 mg/L and an LNFPI
concentration of less than 37.5 mg/L were classified as non-secretors.

Purification and analysis of
human-breast-milk-derived EVs

The method of collecting MEVs from human breast milk was
adapted from a previous study (23). A 1:100 volume of acetic acid
(Kanto Chemical) was added to defatted milk, which was then
centrifuged at 4,500 X g for 30 min at 4 °C to remove residual fat and
casein. The whey was passed through a 0.22-pm filter to remove
remaining cell debris. A gEV column (qEV original/35; Izon Science,
Christchurch, New Zealand) was used according to the manufacturer’s
protocols. Briefly, after washing the column with phosphate-buffered
saline (PBS), 0.5 mL of whey was applied to the top of the gEV
column, and 0.5-mL fractions were collected. In cases where less than
0.5 mL of whey could be recovered, the entire volume of collected
whey was used for EV extraction out of necessity. Five fractions rich
in MEVs (fractions 7-11) were pooled, and the MEV's were collected.
An example of changes in fraction concentration is shown in
Supplementary Figure S2. MEVs were visualized using transmission
electron microscopy (TEM) at the Hanaichi Ultra Structure Research
Institute (Okazaki, Japan). For nanoparticle tracking analysis, MEV's
were assessed using a NanoSight LM10B-HSF device (Malvern
Panalytical, Malvern, UK) equipped with a 488-nm excitation laser.
Measurements were recorded at camera level 14 with a detection
threshold of 5.

Analysis of RNAs

RNA was extracted from MEVs and purified using a miRNeasy
Serum/Plasma Kit (Qiagen, Hilden, Germany), as described previously
(27). RNA quantity and integrity were assessed using an RNA 6000 Pico
Kit (Agilent Technologies, Santa Clara, CA) with an Agilent 2100
Bioanalyzer (Agilent Technologies). Extracted RNA was generated and
labeled with cyanine-3 using a miRNA Complete Labeling Reagent and
Hyb Kit (Agilent Technologies) and hybridized to a SurePrint G3 Human
miRNA 8 x 60 K (Agilent Technologies) according to the manufacturer’s
instructions. Each sample was measured using standardized volumes of
breast milk. Fluorescence signals were detected using the Agilent SureScan
Microarray Scanner Extraction software version 12.0.3.1 (Agilent
Technologies) according to the manufacturer’s instructions. Raw data from
the feature extraction software were exported to the GeneSpring GX
version 14.9 (Agilent Technologies). To identify differentially expressed
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genes in the microarray and reduce noise, each fluorescence signal dataset
was normalized using a median shift algorithm (shifted to the 75th
percentile) with background correction to the median of all samples. Only
genes with normalized signals detected on all microarrays were considered
present. All microarray data were deposited in the National Center for
Biotechnology Information Gene Expression Omnibus (GEO) and are
accessible through GEO Series accession number GSE294523.

Extraction of HMOs from EVs

EVs extracted using the qEV column (a mix of fractions 7-11)
were combined, and the amount extracted from whey equivalent to
60 pL was concentrated using a SpeedVac (45 °C, 3 h). The samples
were then purified by acetonitrile precipitation and filtered under the
conditions described in the “Analysis of HMOs” section.

Statistical analysis

JMP software (version Pro 14.0.0, SAS Institute, Cary, NC) was used
for statistical analysis. Since the study is ongoing and not all participants
have completed all time points, the sample sizes differed across time
points. All factorial analyses were conducted using the rankFD package
(version 0.1.1) in R (version 4.5.1). Non-parametric Wald-type statistics
were calculated to assess the main effects and interactions. Spearman’s
rank correlation coeflicients were calculated to assess the associations
between variables using R. For comparisons between two groups,
Student t-tests were conducted. To account for multiple testing, p-values
were adjusted using the Benjamini-Hochberg procedure for false
discovery rate (FDR) control, with FDR set at 5% (28).

Results
Characteristics of the participants

The characteristics of the participants are listed in Table 1. Overall,
mothers were 31.9 + 2.6 years old at the time of data collection and
had a pre-pregnancy body mass index (BMI) of 20.4 + 1.5. Among the
16 participants, 11 were classified as secretors (Table 1). The protein
concentration in breast milk decreased over time during lactation, but
the change was not statistically significant. Fat concentrations
decreased significantly but peaked at 2 months postpartum.
Carbohydrates, total solids, and energy did not change over time
during the course of lactation (Supplementary Figure S1).

HMO concentrations during lactation

For 13 HMOs (3FL, 3'SL, 6'SL, LNT, LNnT, LNFPI, LNFPIJ, LSTa,
LSTb, LSTc, LNDFHI, DFLNHD, and DSLNT) and the total sum of
HMOs, there was a significant main effect of time on concentration
(Figures 1B-D, F-I, K-Q). The concentrations of these HMOs significantly
decreased from colostrum to 4 months postpartum, with the exception
of 3FL (Figure 1B). For 2'FL, 3FL, LDFT, LNT, LNnT, LNFPI, LNFPI],
LNFPIII, LSTa, LSTb, LSTc, LNDFHI, DFLNHD, and the total sum of
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TABLE 1 Characteristics of the participants.

Maternal background

‘ Recorded data

Participants () 16
Primipara (n) 9
Age (years) 31.9+2.6
Height (cm) 157.2£3.5
Pre-pregnancy body weight (kg) 50.3 +3.6
Pre-pregnancy BMI' 204+ 1.5
Gestation period (weeks) 38.9+0.9
Body weight at delivery (kg) 58.7+0.9
Weight gain (kg) 84+4.1
Average total fat in breast milk (g/100 mL) 33£1.7
Average true protein in breast milk

1.0£0.2
(g/100 mL)
Average carbohydrate in breast milk

8.1+£0.2
(g/100 mL)
Average total solids in breast milk

129+1.8
(g/100 mL)
Average energy in breast milk (g/100 mL) 68.7 +16.1
Secretor, non-secretor (1, n)? 11,5

One of the 16 participants did not complete the questionnaire. 'BMI, body mass index.
“Secretor type was defined by the presence or absence of 2’-fucosyllactose or lacto-N-
fucopentaose L.

HMOs, there was a significant main effect of secretor type on
concentration (Figures 1A, B, E-O, Q). Among these HMOs, the
concentrations of 2’FL, LDFT, LNnT, LNFPI, LSTa, LSTc, LNDFH]I, and
the total sum of HMOs were higher in secretors than in non-secretors
(Figures 1A, E, G, H, K, M, N, Q), and those of 3FL, LNT, LNFPII,
LNFPIII, LSTb, and DFLNHb were higher in non-secretors than in
secretors (Figures 1B, E I, ], L, O). For LNFPI, LSTa, LNDFHI, and total
HMO, there were significant interaction effects of time and secretor type
on concentrations (Figures 1H, K, N, Q). The LNFPI concentration
decreased by 76% from colostrum to 4 months in secretors (Figure 1H).
The LSTa concentration decreased by 81% from colostrum to 1 month
in secretors (Figure 1K). The LNDFHI concentration decreased by 76%
from colostrum to 4 months in secretors but did not change in
non-secretors (Figure 1N). The total HMO concentration decreased by
59% from colostrum to 4 months in secretors but remained unchanged
in non-secretors (Figure 1Q). In non-secretors, the proportion of LNT
was highest during early lactation, and that of 3FL was highest during late
lactation (Figure 2A). In secretors, the proportions of 2’FL and LNFPI
were highest during early lactation. During late lactation, the proportion
of 2'FL was highest, followed by 3FL and LNFPI (Figure 2B).

Characteristics of EVs in breast milk during
lactation

The morphology of MEVs in breast milk was visualized by
TEM (Figure 3A). Regarding the number of MEV's, there were no
significant main effects of time and secretor type (Figure 3B).
Regarding the mean size of MEVs, there was a significant main
effect of time (Figure 3C).
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mMiRNAs in breast milk during lactation

For RNA concentration in breast milk, there was a significant main
effect of time and a significant interaction between time and secretor type
(Figure 4). The miRNA microarray analysis identified 1,232 miRNAs in
MEVs; the top 20 (based on raw signal) are listed in Table 2. Moreover, the
correlations between the top 20 most highly expressed miRNAs and 16
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types of HMOs in breast milk were analyzed (Figure 5). The results revealed
that LNFPIII exhibited negative correlations with 5 miRNAs in the top 20
miRNAs (hsa-miR-5703, hsa-miR-630, hsa-miR-5787, hsa-miR-6125, and
hsa-miR-6087). 3'SL exhibited negative correlations with three types of
miRNAs (hsa-miR-6125, hsa-miR-6869-5p, and hsa-miR-3960). Notably,
among the top 20 miRNAs, hsa-miR-4281, hsa-miR-575, hsa-miR-7977,
and hsa-miR-7975 showed either positive or negative correlations with
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more than five different HMOs. The top 20 normalized miRNA array data,
to evaluate expression levels independent of individual differences in RNA
content, are listed in Supplementary Table S2. Among the detected
miRNAs, those reported to be related to development or immunity were
selected (Supplementary Table S3) (19, 29-32). The expression levels of
these miRNAs tended to be higher in secretors during the colostrum-to-
transition milk period (Figure 6).

HMOs in EVs

HMOs were detected in at least one of the same MEVs during
the colostrum-to-transition milk period (early lactation) and at
3-4 months postpartum (late lactation) (Figure 7). Several HMOs
were detected in MEVs more frequently during early than late
lactation. Eleven HMOs (2'FL, LNDFHI, LNFPI, LNFPII, LNFPIII,
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3’SL, 6'SL, DSLNT, LSTc, LNT, and LNnT) were detected at least as
frequently or more frequently during early lactation. During early
lactation, al-2-fucosylated HMOs, with the exception of LDFT
(2’FL, LNDFH]I, and LNFPI), were detected in MEVs only from
secretors. In contrast, al-4-fucosylated HMOs and a1-6-fucosylated
HMOs (3FL, LNFPII, LNFPIII, and DFLNHb) were detected only
in MEVs from non-secretors. However, these trends disappeared

during late lactation.

Discussion

We investigated the longitudinal changes in HMOs and MEV's in
lactating Japanese women and analyzed the relationships between
HMOs and miRNAs in MEVs. The overall scheme of this experiment
is shown in Figure 8.
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In this study, the relative abundance of 3FL increased over the
course of lactation in both non-secretors and secretors, which was
consistent with the findings of a previous report (16). The absolute
concentrations of HMOs have been reported not to increase, with
the exception of 3FL (12, 15, 33, 34). Some studies have reported an
increase in 3’SL in addition to 3FL (13, 16). In this study, only 3FL
increased over time. It is possible that factors such as ethnicity or
geographic differences contribute to the differences among studies
(11). Our findings suggest that the absolute concentrations of most
HMOs decrease over the course of lactation; the exceptions are 3FL
(which increased) and 2’FL, LDFT, and LNFPIII (which did not
change significantly). HMO concentrations also differ by ethnicity
and geographic differences. The proportion of secretors is
significantly higher in Peru than in rural Gambia, Washington
(United States), Ghana, and rural Ethiopia. This finding suggests that
HMO concentrations vary according to geographic, ethnic, genetic,
and environmental factors. Asia is highly ethnically diverse, making
it important to evaluate the concentrations of HMOs in breast milk
among Asian populations (11). The average absolute concentrations
of 16 HMOs in breast milk have been compared among populations
in China, Malaysia, Singapore, and Indonesia (14, 33, 35-37). The
concentrations of 2'FL, 3FL, 6’SL, and LNT in Japanese women in
this study were similar to those in other Asian populations. The
concentration of 3’SL was higher during early lactation in Japanese,
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Indonesian, and Singaporean women but tended to be lower in
Malaysian women. The concentration of LNnT in breast milk was
higher in Malaysian women compared with other Asian women
(including the Japanese women in this study). The LSTc
concentrations varied geographically during the colostrum-to-
transition milk period, but they were similar after the first month.
We have no data on the average absolute concentrations of the other
HMOs (LDFT, LNFPI, LNFPII, LNFPIII, LSTa, LSTb, LNDFH]I,
DFLNHb, and DSLNT) in other Asian populations, making it
difficult to compare them. When developing infant formula, it may
be necessary to consider regional and ethnic variations in HMO
concentration. The decreases in the absolute concentrations of most
HMOs (3’SL, 6'SL, LNT, LNnT, LNFPI, LNFPII, LSTa, LSTb, LSTc,
LNDFHI, DFLNHDb, and DSLNT) during lactation suggest that they
have important biological functions in the early months of life.
Notably, 3’SL and 6’SL are positively associated with brain
development (38). LNT and LNFPI inhibit the growth of
Streptococcus agalactiae, which causes invasive bacterial infections
in newborns (39). The production of butyrate, a short-chain fatty
acid resulting from the fermentation of LNnT and 2'FL (40), is
implicated in the regulation of the growth and function of innate
and adaptive immune cells. Calicivirus diarrhea was less frequent in
infants whose mothers’ milk contained high levels of LNDFHI (41).
DSLNT protects against necrotizing enterocolitis (42). The biological
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TABLE 2 Top 20 most highly expressed miRNAs in MEVs.

1 hsa-miR-4459

2 hsa-miR-6089

3 hsa-miR-3960

4 hsa-miR-6087

5 hsa-miR-6869-5p
6 hsa-miR-4530

7 hsa-miR-7975

8 hsa-miR-8069

9 hsa-miR-6125
10 hsa-miR-494-3p
11 hsa-miR-4516
12 hsa-miR-5787
13 hsa-miR-630

14 hsa-miR-6090
15 hsa-miR-7150
16 hsa-miR-7977
17 hsa-miR-575

18 hsa-miR-2861
19 hsa-miR-5703
20 hsa-miR-4281

functions of LNFPII, LSTa, LSTb, LSTc, and DFLNHb remain
unknown because their limited availability precludes human
intervention studies and cell culture experiments. Because LNFPI,
LNFPII, and LNFPIII are structural isomers, LNFPII and LNFPIII
may exhibit biological activities similar to those of LNFPI. Being
sialylated, LSTa, LSTb, and LSTc may be essential for brain and
cognitive development. In addition, sialylated milk oligosaccharides
may act as prebiotics, stimulating the growth of gut bacteria. The
structure of DFLNHDb is complex, and its biological functions remain
unclear. The fact that the absolute concentrations of 3FL, 2’FL,
LDFT, and LNFPIII were stable or increased during lactation
suggests that they have important biological functions beyond the
first few months of life. For example, 3FL can prevent norovirus
infection (43). 3FL and LDFT attenuate tumor necrosis factor-a-
induced IL-8 secretion by immature epithelial cells (44). 2’FL
stimulates brain development, improves cognitive outcomes (45, 46),
and promotes a rapid increase in infant body weight (47). Further
research is needed to analyze the functions of these HMOs.

The mean number of MEVs was 2.7 x 10""/mL throughout
lactation, as reported previously (48-50). The mean size of MEV's was
184.4 nm throughout lactation, as indicated in prior studies (50, 51).
In this study, MEV size decreased significantly over time, but
significant changes were not observed in secretor type. The changes in
MEV size throughout lactation suggest that the composition and
characteristics of MEVs changed during lactation. Colostrum and
mature milk exert various protective effects on inflammation (52),
consistent with the morphological changes reported in this study. The
mean concentration of RNA in MEVs was 358.5 ng/mL in breast milk
throughout lactation, which is 1.5-fold higher than previously
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reported (19). These differences are likely a result of the use of different
lactation periods and MEV purification processes. It has been reported
that colostrum contains more RNA than mature milk (27, 53). In this
study, we extracted MEV’s, unlike previous studies. Furthermore, prior
studies focused on other species, such as rats and cows. A previous
study that involved the extraction of RNA from human MEVs showed
no significant difference in RNA concentration between colostrum
and mature milk (54). Consequently, species differences and the
presence or absence of the MEV extraction processes may influence
the results.

A microarray analysis identified 1,232 miRNAs in MEVs, the
functions of many of which were unknown. Among the top 20
miRNAs, 12 (hsa-miR-4459, hsa-miR-6089, hsa-miR-3960,
hsa-miR-6869-5p, hsa-miR-4530, hsa-miR-7975, hsa-miR-8069,
hsa-miR-6125, hsa-miR-6090, hsa-miR-7150, hsa-miR-5703, and
hsa-miR-4281) have not been functionally characterized. The
remaining miRNAs (hsa-miR-6087, hsa-miR-494-3p, hsa-miR-
4516, hsa-miR-5787, hsa-miR-630, hsa-miR-7977, hsa-miR-575,
and hsa-miR-2861) have a variety of functions. For example,
hsa-miR-6087 significantly downregulates endoglin, a marker of
endothelial cells (55). Additionally, hsa-miR-494-3p attenuates the
transcription of HtrA3, thereby increasing the inflammatory
response in hypoxia/reoxygenation-treated HK2 cells (56).
Hsa-miR-4516 enhances the cisplatin resistance of ovarian cancer
cells by suppressing GAS7 (57). Hsa-miR-5787 prevents the
proliferation and migration of macrophages and attenuates LPS/
TLR4-mediated inflammations via NF-kB (58). Hsa-miR-630
regulates the production of underglycosylated IgA1 in the tonsils by
targeting Toll-like receptor 4 (TLR4) in IgA nephropathy (59).
Hsa-miR-7977 functions as part of the pathways involved in diabetic
wound repair (60). Hsa-miR-575 modulates cell cycle progression
and proliferation (61). Finally, hsa-miR-2861 functions as a tumor
suppressor by targeting the EGFR/AKT2/CCNDI1 pathway in
human papillomavirus type 16 E6-induced cervical cancer (62).
miRNAs are present in various proportions in MEVs. miRNAs can
regulate each other’s expression, leading to a highly complex
mechanism of action. A correlation analysis between the top 20 raw
signal-based miRNAs and 16 types of HMOs revealed that 3’SL and
LNFPIII exhibited negative correlations with a large number of
miRNAs. miRNAs related to immunity or development (19, 29-32,
63) were abundant among the top 20 normalized miRNA array data
(Supplementary Table S2). Moreover, immune- or development-
related miRNAs were more prevalent in the colostrum of secretors.
To our knowledge, no previous study has examined the association
between secretor type and MEVs. Secretor status may influence
infant immunity by affecting the gut microbiota (64). Our data
implicate the miRNAs in MEVs in development and immunity in
secretors and non-secretors. This is the first study to report that the
secretor type may influence the miRNA composition of MEVs.
HMOs were detected in MEV's from at least one participant in this
study. MEVs are heterogeneous in composition and have various
cellular origins. The biological functions of HMOs detected in
MEVs are unclear. In this study, although HMOs were successfully
detected in EVs, the amount was extremely small compared to the
total amount present in breast milk. Further investigation is needed
to determine whether the HMOs detected are being transported by
EVs or are co-eluted from the free HMOs in milk. On the other
hand, as shown in Figure 7, even when both the HMO concentration
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represents the strength of the correlation. Stars indicate statistical significance (*p < 0.05).

A heatmap showing Spearman correlations among HMO concentrations and the top 20 highly expressed microRNAs. Red shading indicates positive
Spearman correlations and blue shading indicates negative Spearman correlations, calculated with the Benjamini—Hochberg method; color saturation
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disialyllacto-N-tetraose.

HMOs are detected in breast milk or extracellular vesicles. 2°FL, 3FL, 3'SL, 6’SL, LDFT, LNT, LNnT, LNFPI, LNFPII, LNFPIII, LSTa, LSTb, LSTc, LNDFH],
DFLNHb, and DSLNT in breast milk or extracellular vesicles were detected by tandem mass spectrometry. Abbreviations: 2FL, 2-fucosyllactose; 3FL,
3-fucosyllactose; 3'SL, 3'-sialyllactose; 6'SL, 6’-sialyllactose; LDFT, lactodifucotetraose; LNT, lacto-N-tetraose; LNNT, lacto-N-neotetraose; LNFPI-III,
lacto-N-fucopentaose I-1lI; LSTa-c, sialyl-lacto-N-tetraose a-c; Lacto-N-difucohexaose-I, LNDFHI; DFLNHDb, difucosyl-lacto-N-hexaose b; and DSLNT,

and EV concentration in breast milk are high, HMOs are not
necessarily detected in EVs. Therefore, rather than co-elution, we
expect that HMOs may be incorporated within EVs or bound to the
EV membrane as glycans.

This study was limited by the small number of participants.
Compared to previous studies, the narrower window during the
lactation period enabled a more detailed quantitative analysis.
Additionally, the concentrations of HMOs in MEVs were
considerably lower than in breast milk, which limited the
assessment of the concentrations of HMOs in MEVs. Therefore,
devices and methods for detecting HMOs with higher sensitivity
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are needed. Additionally, breast milk samples were collected at
each participant’s home, and consequently, there was a period
during which the samples were stored at —20 °C prior to further
analysis. Therefore, it is not possible to completely rule out the
possibility that storage conditions may have influenced the
state of RNA.

In conclusion, this is the first report describing longitudinal
changes in HMOs and MEVss in Japanese women. The findings suggest
a relationship between secretor type and immune-related miRNAs in
MEVs. Moreover, the relationship between HMOs and miRNAs in
MEVs suggests that miRNAs in MEV's are linked to the functions of
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HMOs. Further research is needed to determine the functions of
HMOs and miRNAs in MEVs in infants.
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