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Abstract: In milk and milk products, small membrane-enclosed vesicles can be found, commonly
termed extracellular vesicles (EVs). Milk-derived EVs have previously been suggested to have
immunoregulatory properties, especially important for infants without a fully functioning immune
system. In the present study, EV fractions were isolated from human milk, mature and colostrum
bovine milk, and two dairy fractions, and successively surveyed for their immunomodulating effects
on lipopolysaccharide (LPS)-stimulated macrophages (RAW264.7). RAW264.7 cell material and
supernatant were evaluated by monitoring degradation of IkBx in the NF-kB pathway, and IL-6 and
IL-1p cytokine production, using Western blotting and enzyme-linked immunosorbent assaying,
respectively. The results revealed that preincubation with EVs derived from raw human and bovine
milk lowered the LPS-activated response of the NF-«kB pathway. Additionally, it was found that
preincubation with EVs, from human and bovine milk as well as dairy whey or skim milk-derived
fractions, decreased secretion of proinflammatory cytokines from LPS-activated RAW264.7 cells. The
findings that milk-derived EVs can change the inflammatory response in macrophages support the
notion that milk EVs have an important role in mother-to-infant communication and protection of

a newborn.
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1. Introduction

Extracellular vesicles (EVs) are secreted from most cells and can therefore be found
in body fluids including urine, saliva, blood, and milk. EVs have proven important in
facilitating communication between cells by transfer of cargo such as proteins, mRNA, and
microRNA (miRNA). The term extracellular vesicles covers both exosomes (20-200 nm)
and microvesicles (100-1000 nm). The two types of vesicles differ in biogenesis, but
because of overlapping sizes and densities they are difficult to separate [1,2]. EVs are
currently receiving a great deal of attention in different fields due to their biological
functions as biomarkers, and a huge potential in therapy as an instrument facilitating drug
delivery [3-5].

EVs have been found and described in both human and bovine milk [4]. Additionally,
EVs are detected in commercially available infant formula; however, these EVs were
devoid of miRNA [6-8]. Cell studies have shown that intestinal cells can take up EVs
from bovine milk (bEVs) and miRNA have been found intact inside of EVs after simulated
gastrointestinal digestion [9,10]. Uptake and intracellular transport of bEVs go through
the conventional endocytic endosomal pathway [11]. Biological activity of bEVs has
been described in a row of investigations, e.g., immune modulating effects have been
demonstrated in human peripheral blood mononuclear cells and T regulatory cells [12].
These effects might be of great importance to newborns, as the bEVs possibly convey
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extra protection in young infants, whose immune systems are not fully developed at
birth [13]. The innate immune system is the primary acting immune defense in newborns,
and macrophages play a big role in this system [14,15]. Macrophages constitute the primary
surveillance throughout the gastrointestinal tract and are responsible for communication
with the rest of the immune system. Therefore, they are often used in immunological
studies [16-18].

In bovine milk, EVs constitute 35-40% of the phospholipid found in major membrane
structures, whereas the remaining can be attributed to the milk fat globules in the cream
layer [19]. The globules (size: 0.1 to 15 um, avg: 4.5 um) contain the triacylglycerol
synthesized in the mammary gland and facilitate solubilization in milk by envelopment in
a tripartite membrane structure known as the milk fat globule membrane (MFGM) [20].
Besides delivering important lipids to the infant, this complex membrane and its molecular
content has been extensively explored for its bioactive health related properties [21].

Newborns require immunological protection, because they are coming from the in-
trauterine sterile environment into a world full of foreign pathogens [22]. Breastmilk
provides several immune-modulating components; immunoglobulins, living leucocytes,
proteins such as lactadherin, oligosaccharides, and bioactive lipids [13,23]. The innate
immune defense system provides a quick immune response by activating immune cells
and releasing cytokines. Lipopolysaccharides (LPS), found on the surface of Gram-negative
bacteria, are commonly used as a trigger of inflammation through their recognition by toll-
like receptor 4 (TLR4) [24-26]. TLR4 can be found on the surface of resident macrophages
lining the lamina propria of the gastrointestinal tract in both newborns and adults. TLR4
binding of LPS initiates the nuclear factor-kappa B (NF-«B) pathway leading to production
of proinflammatory cytokines like IL-6 and IL-1§3, resulting in fever and in worst case
sepsis [16,17]. The murine macrophage cell line RAW264.7 has often been used for immuno-
logical studies of the gut [25,27,28]. It has also been used to test immunological effects of
milk proteins and EVs [5,8,18]. These macrophages display TLR4 on their surface and are
therefore an important part of the signaling cascade during inflammation, especially in
infants with a developing immune system [14]. Thus, the RAW264.7 cell line was used as
model in the conducted experiments.

The present study investigated the ability of EVs isolated from raw milk and dairy
fractions to alter activation of the NF-kB pathway and cytokine secretion by cultured
RAW?264.7 cells, and thereby demonstrates that these EV isolates have possible effects on
the intestinal immune system.

2. Materials and Methods
2.1. Materials and Reagents

Size exclusion chromatography column material Sephacryl-500 was obtained from GE
Healthcare (Uppsala, Sweden). Dialysis tubes were purchased at Medicell International
Ltd. (London, UK). Polyethylene glycol 20,000 was obtained from Alfa Aesar (Thermo
Fischer, Kandel, Germany). RAW264.7 cells were purchased from Cell Lines Service GmbH
(Eppelheim, Germany). Reagents used for cell culturing were obtained at Gibco (Thermo
Fischer Scientific, Hillsboro, OR, USA) and Sigma-Aldrich (St. Louis, MO, USA). Phenol
reagent and dimethyl sulfoxide were obtained from Merck (Darmstadt, Germany). Primary
antibody (AB) mouse anti-human CD81 clone 12C4, was obtained from Cosmo Bio, Tokyo,
Japan. In-house produced rabbit anti-bovine PAS-7/lactadherin and rabbit anti-bovine
3-casein peptide AB (residues 44-54) (Eurogentec, Liege, Belgium), secondary AB pig anti-
rabbit was obtained from Dako (Hamburg, Germany). Primary AB IkBx mouse #4814 and
secondary HRP-conjugated horse anti-mouse AB #7076 were purchased from Cell Signaling
Technologies (Denver, MA, USA). Primary (3-actin mouse AB #A5441 and secondary rabbit
anti-mouse AB #A43121 were from Sigma-Aldrich (St. Louis, MO, USA). Buffer reagents
were obtained from VWR chemicals (Leuven, Belgium) and Sigma-Aldrich GmbH (St.
Louis, MO, USA).
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2.2. Isolation Procedure for Extracellular Vesicles in Milk

Isolations of EVs were made from 1 L of fresh bovine milk obtained from a local farm
or dairy fractions from Arla Foods Ingredients (AFI, Denmark). Dairy fractions included a
phospholipid-enriched whey protein concentrate (WPC-PL), and a phospholipid enriched
product derived from a micellar casein isolate (MCI-PL). The dairy fractions were collected
before and after the industrial spray drying process, therefore referred to as “wet” or “dry”
fractions (wet WPC-PL, wet MCI-PL, dry WPC-PL, dry MCI-PL). The EV isolation was
performed as described by Blans et al. 2017 [29]. All milk samples were pre-cooled to 4 °C
and 0.5 mM of the protease inhibitor phenylmethane sulfonyl fluoride was added prior
to isolation. All steps were performed at 4 °C. Milk samples were centrifuged at 3400x g
for 35 min to pellet cell debris, and the upper cream layer was removed to obtain a skim
milk fraction. Next, the skim milk was centrifuged at 20,000 x g for 60 min. From the
middle of the centrifugal tubes, clear milk serum was collected and 25 mL were subjected
to size exclusion chromatography (SEC) using a Sephacryl S-500 column 2.5 x 88 cm
(432 mL) in 0.2 uM filtered PBS supplemented with EDTA (50 mM NaH,POy, 0.15 M Na(l,
20 mM EDTA, pH 7.4) as running buffer. Dairy fractions (205 mg protein/10 mL running
buffer) were subjected to SEC using equivalent conditions. Dry samples were dissolved
by gentle rotation for two hours at room temperature (RT). Absorbance at 280 nm was
measured on all eluting fractions. The first peak, known to contain the EVs, was pooled and
up-concentrated by reverse osmosis dialysis in a dialysis tube with a cut-off at 12-14 kDa
against 10% polyethylene glycol 20,000 (w/v) dissolved in PBS, pH 7.4 overnight at 4 °C.
EV isolates were stored at —80 °C until use. The human breastmilk sample (40 mL) was
treated identically to the bovine samples, yet on a separate column of similar size and
under the same buffer conditions as the bovine milk samples.

2.3. Formation of Proteoliposomes

A vesicle control was made as follows. Phospholipids dissolved in chloroform were
mixed in the following ratio; 25% 3-snphosphatidylethanolamine (Sigma, St. Louis, MO,
USA), 10% 2-alpha-phosphatidylinositol sodium salt, 10% L-alpha-phosphatidylserine,
30% L-alpha-phosphatidylcholine, and 25% sphingomyelin (Avanti®, Alabaster, AL, USA).
After mixing, multilamellar vesicles in a variety of different sizes and compositions were
created. After evaporating the chloroform under nitrogen gas, the phospholipids were
resuspended in filtered PBS with 0.1% deoxycholate. The solution was frozen and thawed
ten times and forced through a 0.1 um filter in a mini extruder (Avanti®, Alabaster, AL,
USA). Next, milk fat globular membrane (MFGM) protein, dissolved in PBS buffer, was
incorporated into the liposomes in a 4:1 ratio by rotating for 2 h at RT. MFGM protein was
isolated from 12 L of bovine milk as described by Hvarregaard et al. 1996 [30]. Lastly the
proteoliposomes were dialyzed for seven days at 4 °C in PBS buffer, in a dialysis tube with
a cut of 12-14 kDa, with PBS buffer changed every other day.

2.4. Determination of Protein Concentration

To determine protein concentration in the EV isolates, and thereby being able to
quantify the EVs, a modified Lowry assay was performed [31,32]. Bovine serum albumin
(Sigma Aldrich, St. Louis, MO, USA) was used to make a serial dilution which served
as a standard curve. All samples and standards were run in triplicate and subjected to
the following procedure: 45 L sample was mixed with 5 uL. 10% SDS and 50 uL alkaline
Cu-reagent and incubated for 10 min at RT. Then 200 pL phenol reagent (2.78 mL Folin
Ciocalteau phenol in 50 mL H,O) was added and samples were heated to 55 °C for 5 min.
After a quick cool down on ice, absorption was measured at 630 nm.

2.5. Cell Culture Maintenance

Murine macrophages of the cell line RAW264.7 were used for cell culture experiments.
The cells were maintained in high glucose Dulbecco’s Modified Eagle Medium (DMEM)
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with 10% fetal bovine serum and 1% penicillin/streptomycin and kept at 37 °C and 5%
COs.

2.6. EV Labelling and bEV Uptake

In order to detect RAW264.7 cells’ ability to take up bEVs, the bEVs were labeled using
lactadherin conjugated to a fluorophore as described by Hansen et al. 2020 [11]. Briefly,
bEVs incubated with 200 nM lactadherin-Alexa Fluor (Thermo Fischer Scientific, Hillsboro,
OR, USA) for 24 h at 37 °C. Afterwards, unbound lactadherin-Alexa Fluor was separated
from EVs by SEC using a Sephacryl S-500 column with 0.2 um filtered PBS buffer (50 mM
NaH;POy4, 0.15M NaCl, pH 7.4). The presence of labelled EVs in the resulting fractions from
SEC was confirmed by measuring the fluorescence (excitation wavelength 490 nm/emission
wavelength 525 nm) (EnSpire Multimode 96-well Plate Reader; PerkinElmer). The labelled
EVs were used for bEV uptake experiments by RAW264.7 cells seeded at a density of 6000
cells/well and grown for 3 days. One day before the experiment, medium was changed to
serum-free DMEM. Then the cells were subjected to bEVs in different time intervals (1, 4,
7,18, or 24 h) or different bEV concentrations (10 or 50 pg/mL). After bEV treatment, the
RAW264.7 cells were washed three times in citrate buffer (10 mM sodium citrate, 0.05%
Tween 20, pH 6.0) to remove non-internalized bEVs followed by one neutralizing PBS wash
before cell lysis with 1% Triton X-100 lysis buffer. Fluorescence was then measured using a
microplate reader (PerkinElmer, Watham, MA, USA).

2.7. Cell Viability

Cell viability was assessed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
(MTT) assay. RAW264.7 cells were seeded in 96-well plates at a density of 6000 cells/well
and grown for 2 days followed by treatment with either 10, 50, or 100 ug/mL of EV isolate
for 4 h. After a repeated PBS wash and 2 h of incubation with 12 mM MTT (Thermo Fisher
Scientific, Hillsboro, OR, USA) dissolved in phenol red-free DMEM. Formazan crystals
were dissolved in dimethyl sulfoxide and absorbance at 540 nm was measured.

2.8. Cytokine Assay

To assess cytokine production of RAW264.7 cells, ELISA assays were applied (R&D
systems, Minneapolis, MN, USA). For these experiments, 4 X 10° RAW?264.7 cells were
seeded in 6-well plates and incubated for 24 h followed by 24 h starvation. Afterwards, the
cells were treated with 50 pg/mL EV for 4 h, washed in PBS, and then stimulated with LPS
for 18 h. Cell culture supernatant was collected and used for IL-6 ELISA. The RAW264.7
cells were lysed with radioimmunoprecipitation assay (RIPA) buffer and the cell lysate was
used for Western blots and IL-1p3 ELISA. The ELISA assays were performed according to
the manufacturer’s protocol and absorbance was measured at 450 nm.

2.9. Western Blotting

Protein from the pooled EV samples was separated on 18% protogels and transferred
onto a polyvinylidene difluoride membrane by electroblotting (60 min at 200 V and 500 mA).
Membranes were blocked in 2% Tween-20 in TBS-T buffer (50 mM Tris, 0.5 M NaCl, pH
7.4) prior to incubation with primary AB CD81, lactadherin or 3-casein overnight at 4 °C.
Afterwards, the membranes incubated with a secondary AB for 1 h at RT before the
membranes were washed and developed with an alkaline phosphatase reaction.

To collect cell lysates, RAW264.7 cells were lysed with ice-cold RIPA assay buffer and
incubated 5 min on ice. The total cell lysate was centrifuged at 8000x g for 10 min at
4 °C and protein concentration in the supernatant was determined with a BCA protein
determination kit (Thermo Scientific, Rockford, IL, USA). For Western blots, equal amounts
of cell lysates (50 ug protein/well) were resolved by 18% SDS-PAGE and blotted onto a
polyvinylidene fluoride (PVDF) membrane by electroblotting (IBlot™ Invitrogen, Carlsbad,
CA, USA) and blocked in 2% Tween-20 TBS buffer. The membrane incubated with primary
AB IkBo or p-actin (both diluted 1:1000) at 4 °C overnight and secondary HRP-conjugated
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AB for 1 h at RT. The membrane was developed by an Image Quant Las 4000 with Enhanced
Chemiluminescence Western blotting detection reagent (GE Healthcare, Loughborough,
UK). Quantification of Western blots was performed in Image] with data normalized to
[3-actin.

2.10. Statistics

To detect if there were statistically significant differences on cell viability, cytokine
secretion, or Western blots with IkBa between the control and one of the EV treatments of
RAW264.7 cells, Student’s t-tests were performed using MS Excel. Data are presented as
mean = standard deviation. Statistical significance was set to p-value < 0.05 compared to
the given control.

3. Results
3.1. Detection of CD81 in Extracellular Vesicles Isolates

Extracellular vesicles were isolated using centrifugation and size exclusion chromatog-
raphy (SEC) from milk and dairy fractions; raw unprocessed bovine milk (bEV), raw
unprocessed colostrum milk (cEV), and wet and dry phospholipid enriched fractions using
both a whey protein concentrate (WEV) and a micellar casein isolate (mcEV) as source
material (Table 1). The EV isolation procedure has been described and verified in detail
previously [29], and all characteristics were in accordance with previously conducted EV
separations from human and bovine milk. To confirm the presence of milk EVs in the
isolates, Western blots against the classical EV biomarker CD81 were made [33]. Figure 1
shows that all bovine EV isolates were CD81-positive. Proteoliposomes also showed a weak
band for CD81, which implies a minor presence of EV remnants in the used membrane
protein fraction. Anyhow, the proteoliposomes were still considered as a valid control for
milk EVs. Details about the conducted EV separations are given in the (Supplementary
Materials Figures S1 and S2).

Table 1. Overview of abbreviations for EVs used in this study. #: EV isolation made from raw
unprocessed milk. B. two EV isolations were made from fractions before and after drying, referred to
as the “wet” or “dry” EV isolate, respectively.

EV Source Abbreviation
Bovine milk bEV A
Bovine colostrum cEV A
Human breast milk hEV A
Whey protein concentrate—Phospholipid enriched wEV B
Micellar Casein Isolate—Phospholipid enriched mcEV B
Proteoliposomes ProLip

bEV hEV cEV Wet weV Dry weV Wet mcEV Dry mcEV  Prolip

D81 || s /\| l-.._I

Figure 1. CD81 Western blot of EV isolates. Western blots were conducted on aliquots of pools

from the individual EV isolations using a Sephacryl S-500 SEC column (for chromatograms see
Supplementary Figures S1 and S2). Six ug of each EV isolate were separated on an 18% SDS-PAGE,
transferred to a PVDF membrane and probed for CD81, a classical EV surface marker. Eight pug of
proteoliposomes (ProLip) were used for the Western blot.
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3.2. Uptake of Extracellular Vesicles in RAW264.7 Cells

Uptake studies were performed to evaluate whether there was a dose- or time-
dependent uptake of bEVs. The cells were stimulated with either 10 ug/mL or 50 pug/mL
bEVs for 0-24 h. Figure 2 shows an increase in the fluorescent signal depending on the bEV
concentration, with the higher bEV dose resulting in a higher signal. It was observed that
a maximum bEV uptake was reached after 18 h with both bEV concentrations. Up to 4 h
of incubation with 50 ug/mL of bEV, the RAW264.7 cells showed a rapid increase in bEV
uptake. These results indicated that 4 h of incubation with 50 ug/mL of bEV protein was
sufficient time for RAW264.7 cells to take up the bEVs.

a) 10 pg/mL bEV b) 50 ug/mL bEV
3000- 15,000,
£ £
= :
> 2000 3 10,000
5 g
[}
2 3
2 10004 2 5000
9 o
2 3
[T [T
L
0 T T T T 1 0 T T T T y
0 5 10 15 20 25 0 5 10 15 20 25
Hours Hours

Figure 2. Bovine extracellular vesicles uptake in RAW264.7 cells. To detect bEV uptake, RAW264.7
cells incubated with either (a) 10 pg/mL or (b) 50 pg/mL of fluorescently labelled bEVs for 1, 4, 7, 18,
or 24 h. Afterwards, the fluorescence of the resulting cell lysate was quantified. The values are shown
as mean =+ SD. Two independent experiments were performed in triplicates. Background fluorescence
from the lysis buffer was subtracted from the results. See Table 1 for sample nomenclature.

3.3. Effect of Extracellular Vesicle Incubation on RAW264.7 Cell Viability

The potential cytotoxicity of the different EV isolates on RAW264.7 cells was analyzed
by an MTT viability assay. Figure 3 shows that the EV treatments did not affect RAW264.7
cell viability after 4 h of incubation. Treatment with bEV and cEV increased survival
significantly compared to the control (proteoliposomes). Treatment with high amounts
(100 pg/mL) of wet mcEV resulted in the lowest cell survival, whereas the lower doses
of wet mcEV had no effect on cell viability. All other EV samples showed no significant
change in viability as response to EV incubation for 4 h.

3.4. Immunoregulating Effects of Extracellular Vesicles on RAW264.7 Cells

Bioactivity was investigated on LPS-stimulated RAW264.7 cells by preincubation
with the different EV isolates, followed by investigation of a possibly altered immune
reaction as response to LPS stimulation. Cytokine production and the NF-«B pathway was
investigated by ELISA or Western blotting, respectively. Figure 4 shows the experimental
procedure.
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Figure 3. Cell viability after incubation with EV isolates assessed with an MTT assay. RAW264.7
cells incubated for 4 h with 10 ug/mL, 50 ug/mL, or 100 pg/mL of EV protein. The values are
calculated from non EV-treated cells grown simultaneously with the EV-treated cells (results not
shown). Representative data are presented as means + SD of four replicas, a minimum of two
independent experiments were performed. Differences between control treatment (proteoliposomes,
ProLip) and EV treatment were assessed by Student’s t-test. *: p-value < 0.05 vs. the corresponding
ProLip treatment. See Table 1 for sample nomenclature.

Experimental procedure for RAW264.7 cell treatment
< J

Investigation of
Day 1 Day 2 Day 3 Day 4 | NF_EB s i
Cell seeding Serum free EV treatment End of LPS \ cytokine secretion
media 4 hours treatment (IL-6 and IL-1B)
Initiation of LPS Cell lysis ——
stimulation

A

Figure 4. Experimental procedure for cell experiments. Initially, RAW264.7 cells were seeded in a
6-well plate and starved for 24 h to avoid effects of serum constituents before EV treatment for 4 h,
followed by 18 h of LPS stimulation. Cell culture supernatant and cell lysate were harvested and
used for IkBx Western blots and cytokine assays.

3.5. Preincubation with EV's Alter Activation of the NF-xB Pathway

To investigate activation of the NF-kB pathway in RAW264.7 cells as response to LPS
treatment, degradation of IkBax was investigated. Cells with an active NF-«B pathway
degraded IkB«, as observed in the control (Figure 5a). Quantifications of the Western blots
are shown in Figure 5b. It shows fold change in the IkBax level (non-LPS-treated /LPS-
treated cells), thereby showing the difference in activation of the NF-kB pathway. RAW264.7
cells pre-treated with bEV or hEV showed no change in IkBax level after treatment with
LPS, and these treatments resulted in a significantly lower activation of the NF-kB pathway
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compared to the control. Treatment with cEV or wet wEV did not result in a statistically
significant decrease in IkBa degradation compared to the control.

a)

Treatment Control ProLip bEV cEV hEV

| T A
| e e

Treatment Wet wiV Dry wVv Wet mcEV Dry mcEV

- | S
B-actin hliﬂk"ﬁ"'4k"'"""'4?"4?"4

b)
IkBa

2

(2]
o
)
+
~
(2]
o
-
'

SRR A
Figure 5. Evaluation of NF-«kB pathway activation. (a) Western blots were carefully loaded with
RAW264.7 cell lysates (50 ug protein/well) after treatment with the given EV isolate or control
followed by LPS stimulation. -actin was used as loading control to normalize data. The original
Western blots can be seen in Figure S3. (b) Quantification of the bands shown in Figure 5a, depicted
as a ratio between non-LPS-treated cells/LPS-treated RAW264.7 cells. The bands were quantified
using Image]J. All ratios were compared to the control by a Student’s t-test. * p-value < 0.05 vs. the
control. The results were obtained by a minimum of two independent experiments. See Table 1 for

sample nomenclature.

3.6. Preincubation with EV's Alter Cytokine Secretion from RAW264.7 Cells

RAW264.7 cells” production of cytokines as response to LPS stimulation was mea-
sured after preincubation with the different EV isolates. All EV treatments, including
the proteoliposome control, resulted in significantly less secretion of the proinflammatory
cytokine IL-6 in LPS-stimulated RAW264.7 cells (Figure 6a). The largest reduction was seen
after preincubation with bEV and wet wEV. The amount of the proinflammatory cytokine,
IL-1B, produced by EV-preincubated LPS-stimulated RAW264.7 cells is shown in Figure 6b.
The same tendency is observed here: all EV treatments resulted in a lower production
of cytokine with a significant difference from the control. LPS-stimulated RAW264.7 cell
preincubated with proteoliposomes did not result in a statistically significant reduction of
IL-1B production.
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Figure 6. Cytokine ELISA assay. LPS-stimulated RAW264.7 cells were pre-treated with EV isolates from bovine or human

mature milk, bovine colostrum, WPC-PL, or MCI-PL. Afterwards, cell culture supernatants were used for (a) IL-6 ELISA

and cell lysates were used for (b) IL-13 ELISA cytokine assay. A minimum of two independent cell experiments were

performed for each EV treatment. Cytokine concentration in each sample was calculated from a standard curve made with

each individual experiment. Student’s t-test was performed comparing each EV + LPS-treated sample to the LPS-treated

control. * p-value < 0.05 vs. the control. See Table 1 for sample nomenclature.

4. Discussion

Since the discovery of EVs in breastmilk in 2007 [12], several studies have tried to
clarify the role of these EVs in relation to mother-to-infant communication and what
effects the EVs and their cargo have on an infant’s developing immune system [2,4,8]. In
the present study, immune-regulating properties of EVs isolated from a variety of dairy
fractions were evaluated using the murine cell line RAW264.7. By fluorescent labelling
of bEVs, it was shown that RAW264.7 cells could take up bEVs (50 pug/mL) after 4 h
of incubation without negatively affecting the cell viability. Additionally, inflammatory
activity was evaluated with cytokine expression analysis and activation of the NF-«B
pathway on LPS-stimulated RAW264.7 cells pre-treated with the different EV isolates (see
Table 1).

Treatment with both bovine EVs (bEV) or human EVs (hEV) was able to adverse the
degradation of IkBx, which is seen in the LPS-activated NF-«B pathway. Additionally, all
the tested milk and milk fraction EV isolates were able to significantly reduce the amount
of produced IL-6 and IL-1p by LPS-stimulated RAW 264.7 cells compared to the control
receiving no EVs. In total, the presented results show that EV isolates from bovine and
human milk and a variety of milk samples possess the ability to change immunological
responses induced by LPS without negatively affecting cell viability.

Bovine milk-derived EVs are currently being considered a possible drug delivery
system [5], yet for bEVs to be used as such they must be biocompatible and cannot show
any immunotoxicity. Somiya and coworkers (2018) found no cytotoxic effects of bEVs on
RAW?264.7 cells, which agrees with the absence of EV-induced biotoxicity presented in this
study. In total, these data indicate that the tested EV isolates and in the tested doses hereof
could serve as safe drug delivery systems. Additionally, it was observed that the RAW264.7
cells were able to internalize bEVs (Figure 2), which is in agreement with uptake studies
made with a variety of cell lines from different species, including bone marrow-derived
mesenchymal stroma cells [34,35], mouse macrophages (RAW264.7) [5,8], human intestinal
epithelial cells (Caco-2) [11], lung (A549) and colon (HCT116) cancer cell lines [36]. More
detailed studies are needed to establish whether the applied EVs are internalized by the
conventional endocytic endosomal pathway in RAW264.7 cells as seen for Caco-2 cells
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(Hansen et al. 2020). A study by Wolf et al. used Caco-2 cells to show bEV uptake after
2 h of incubation [10], and in the present study, bEVs (50 ug/mL) were internalized by
RAW264.7 cells after 4 h. Thus, it does not appear that long incubation times are necessary
for a cellular uptake of bEVs.

To assess possible immune-regulating properties of isolated dairy EVs, RAW264.7 cells
were primed with an EV isolate prior to LPS stimulation. LPS is recognized by TLR4 on the
surface of resident macrophages, which intracellularly activates the NF-kB pathway. NF-«B
exists in an inactive form in the cytoplasm, bound to its inhibitor IkB. When the pathway
is activated, IkB is degraded and the released NF-kB translocates to the nuclei, where it
initiates proinflammatory cytokine production [16,37]. Cellular response was investigated
on an intracellular level by looking at degradation of IkBa (Figure 5), which follows the
activation level of the NF-«B pathway [38]. In some pathological cases, this pathway can
be overstimulated, leading to chronic inflammatory diseases, such as inflammatory bowel
disease, arthritis, or Crohn’s disease [39-41]. To avoid development of such diseases, the
pathway must be tightly regulated. This is also the case with infants, where the immune
system is still under development and therefore vulnerable to cellular dysregulations [22].

Figure 5 shows how pre-treatment with bEV, cEV, hEV, wEV, and mcEV might con-
tribute to such inflammatory regulation in RAW264.7 cells. It was observed that all these
EV treatments downregulated the LPS-induced inflammatory response in RAW264.7 cells.
Yet, the mechanism behind this downregulation needs further investigation and other parts
of the NF-kB pathway may be involved. Additionally, proteoliposomes did not seem to
have any effect on the cellular response, supporting the theory that the cargo/miRNA of
EVs is important for the cell-to-cell communication [2,3].

RAW264.7 cell cytokine release was also investigated after priming with EV isolates
prior to LPS stimulation. These results showed a downregulation of the inflammatory cy-
tokines IL-6 and IL-13 compared to the control. Studies with milk phospholipid membrane
components has shown to protect against early life infections [42]. Aziz and coworkers
showed that LPS-stimulated RAW264.7 cells pretreated with recombinant lactadherin (an-
other milk protein) had a significant decrease in TNF-« production [43]. Thus, the EV
membrane with its protein and phospholipid components may influence the macrophages’
cytokine secretion by itself. This matter will be revealed by future experiments. Impor-
tantly, no cytokine release was seen in response to EV treatment alone, confirming that the
EVs did not induce cytokine secretion on their own.

The composition of EVs includes multiple types of molecules such as a variety of
proteins, phospholipids, and miRNA. Biological activities regulated by EVs are therefore
likely to be a combination of actions provided in concert by EV components. Studies
have found miRNAs from milk-derived exosomes involved in the regulation of immune
responses, providing a possible explanation for the immune response in EV-treated vs.
nontreated RAW264.7 cells [44,45]. Differences in the EV cargo might also be a part of the
explanation why some EVs (bEV) have a greater effect on the RAW264.7 cells’ cytokine
secretion than others (cEV) in the presented study (Figure 6). MiRNAs found in bEVs, like
miR-141 or miR-155, have been shown to downregulate the production of proinflammatory
cytokines, by suppressing the activation of the NF-«B leading to a decreased level of
inflammation in the intestine [46—48]. These studies, together with the results presented in
this study, indicate that EVs in milk and dairy samples contribute to keeping the gut in
homeostasis and a low level of inflammation in the gut of newborn infants.

Newborn infants need immunological protection when encountering the extrauterine
life. For that reason, colostrum has a different composition than mature milk [13]. For
example, colostrum contains high amounts of immunoglobulins, which provide additional
immunological protection [49,50]. This fact has raised another question: could colostrum
EVs be different from EVs found in mature milk? A study made by Sun et al. (2013) showed
that preincubating LPS-stimulated RAW264.7 cells with cEVs had an upregulating effect
on IL-6 and IL-1f3 cytokine secretion compared with incubation with bEVs. Yet, the present
study shows the opposite tendency, with bEVs being more effective in downregulating
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the level of IL-6 and IL-1f3 compared with cEVs (Figure 6). An explanation may be the
classification of colostrum versus mature milk. The mature milk used in this study was
freshly collected from a big tank with a mixture of bovine milk from different lactation
stages. The colostrum was from one cow two days postpartum. The colostrum that Sun et al.
used was from a cow 7 days postpartum and the mature milk was obtained 9 months into
lactation. Hence, the different observations between the studies might be a consequence
hereof. A study from 2019 shows that colostrum has the greatest effect on immunity within
the first 1627 h of a newborn calf’s life [49]. For now, the findings of the current study
reject the idea that cEVs should be more effective in providing immunological protection
than bEVs.

The question remains, whether the decreased inflammatory response as a conse-
quence of EV preincubation reported in the current study produced a faster LPS response
in RAW264.7 cells or whether the EVs downregulated the production of cytokines during
the entire period of an inflammatory response. Kinetic experiments of cytokine detection
and further investigation of the activation of the NF-kB pathway could be valuable knowl-
edge regarding the underlying molecular mechanism for the observed anti-inflammatory
response. The effects of EVs on macrophages’ immune response reported in this study
indicate that EV isolates from breastmilk (hEV) and from infant formula (bEV, wEV, mcEV)
affect the developing immune system of infants.

The anti-inflammatory responses in RAW264.7 cells as a consequence of bEV and wEV
treatment open an opportunity to possibly use these EV isolates in future treatment of
patients with chronic inflammatory diseases in the gut [39,46]. Overall, the data presented
in this study, using a diverse range of EV isolates, show that these may constitute part
of the maintenance of gut homeostasis in infants by keeping the level of inflammation
low [22]. The EVs isolated from raw bovine milk may work as an improvement to infant
formula in the future. Yet, the complete underlying molecular mechanisms for this immune
response in RAW264.7 cells have yet to be discovered.

5. Conclusions

The present study showed that EVs derived from bovine milk, human milk, whey,
and skim milk products, used for pre-treatment of LPS-stimulated RAW264.7 cells, resulted
in a reduced inflammatory response. Especially incubation with bEVs and hEV reduced
the degradation of IkB«, indicating a downregulation of inflammation in RAW264.7 cells.
Additionally, it was found that bEV, cEVs, hEVs, and dairy whey or skim milk-derived
EVs were bioactive and able to downregulate cytokine secretion from LPS-stimulated
RAW264.7 cells. These results highlight the importance of preparing dairy products as
gentle as possible. All together, these investigations provide further knowledge about
the biological activities of milk-derived EVs, which is valuable for further investigations
regarding milk EVs in infant nutrition and health.
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