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Abstract: Background: The UK dairy sheep industry is relatively small but growing, particularly for
cheese and yogurt products. Anecdotally, sheep milk (SM) may be better tolerated by humans than
cows’ milk and could have environmental as well as health benefits. All milk contains sub-micron
particles called extracellular vesicles (EVs) which are mainly derived from the mammary epithelium.
Physiologically, milk-derived EVs are thought to aid in the development of infant immunity and the
microbiome, but may also have health benefits to adult humans. The purpose of this study was to
determine whether EVs could be isolated from raw sheep milk and whether they have any effect on
inflammatory responses in THP-1, a human monocyte cell line, in vitro. Methods: Using sequential
ultracentrifugation, vesicles of <1 pm (LEV) followed by <200 nm (sEVs) were isolated from six
individual sheep during mid-lactation. RNA was extracted and microRNA analyzed by RTqPCR for
sequences previously identified in cows” milk. Human THP-1 monocytes were differentiated into
macrophages and incubated with SM-derived LEVs and sEVs in the presence of pro-inflammatory
LPS to measure the effects on the secretion of the chemokine CCL-2 or in the presence of DMNQ and
fluorescent dihydrorhodamine-1,2,3 to measure reactive oxygen species. Results: LEVs induced an
increase in ROS in both monocytes and macrophages, whilst sEVs decreased DMNQ-mediated ROS
in macrophages but not monocytes. Interestingly, the LEVs did not induce CCL2 release; however,
they increased LPS-induced CCL2 secretion in monocytes but not macrophages. miR26a, miR92a,
miR125b, miR155 and miR223 were identified in both sEVs and LEVs by RT-qPCR and could be
responsible for the modulation of ROS and CCL2 expression. Conclusions: These findings suggest
that like cows’ milk, sheep milk contains EVs, and they can influence human monocyte/macrophage
responses, and so is worthy of further investigation for its potential human- and non-human-animal
health benefits.
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1. Introduction

In 2022, 12.4 billion liters of cows” milk (CM) was produced, accounting for GBP 6.6bn
of UK revenue [1]. However, recent years have seen a steady decline in the demand for
CM, one of the reasons cited being consumer concerns about dietary intolerances [2], as
well as animal welfare and sustainability [3]. The intake of small-ruminant milk, including
sheep milk (SM), is, at the same time, slowly increasing This may be because it can be better
tolerated by the human gut due to differences in the whey protein composition and in the
lactose content [4]. In addition, cheese and yogurt made from SM is a small but growing
industry in the UK, and there are indications with CM that different forms of processing
for dairy products alter the EV profile [5]. SM remains relatively under-researched, and
its investigation may shed light on its beneficial properties for the manufacture of dairy
products and subsequent human consumption.
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Extracellular vesicles (EVs) are small (<1 pm) plasma membrane-enclosed particles
released from all cells into all bodily fluids that have so far been investigated [6]. They
carry cargo, which can include proteins, lipids and genetic material, particularly microRNA
(miRNA), and can influence recipient cell behavior either by being taken up or through
receptor-ligand interactions at the cell surface [7]. EVs have recently been classified into
large (200-1000 nm; LEVs; microvesicles) and small (50-150 nm; sEVs; exosomes). Whilst
LEVs are mostly released via budding from the cell surface and sEVs via an endosomal
pathway, there is some overlap in the size and even the expression of characteristic surface
protein markers between the two categories [8]. A third class called apoptotic bodies can
be up to 3 um and are released from apoptosing cells. A fourth class are milk fat globules
(MFGs), which are low-density particles released via budding from the plasma membrane
of mammary epithelial cells [9] with a third membrane visible under EM. Although the
majority of their cargo is lipids, they do also contain some cytoplasmic proteins and genetic
material [10].

Milk-derived EVs are most likely released from the mammary epithelium together
with MFGs, and physiologically, are thought to be involved in the development of the
infant immune system and the infant gut microbiome (and the development of the rumen
in ruminants) [11,12]. However, there is good evidence that CM-derived EVs (CMEVs)
can survive the acid environment in the human stomach and can influence human cell
behavior [13,14]. Cow milk is used for infant human milk supplementation. If human
infants do not have access to or cannot tolerate human breast milk or cows’ milk, the option
of sheep milk could aid in supplementation and provide them with the beneficial microbial
effects seen from cow and goat milk [15]. This could be a more economical option than
expensive formula-based products.

Considering the potential benefits that the addition of SM could have on human health
for those who are unable to digest CM, we decided to explore this area. We hypothesized
that SM-derived EVs (SMEVs) could have beneficial effects, including anti-inflammatory
and antioxidant effects, and may harbor potentially protective miRNA, as has been de-
scribed for CMEVs previously [16].

2. Materials and Methods
2.1. Materials

All plastics and all tissue culture reagents were from Thermo Fisher Scientific (Loughbor-
ough, UK). All general laboratory chemicals were from Sigma Aldrich (Merck; Poole, UK).

2.2. Milk Collection

Milk was collected from Bevistan Dairy (Valley View Farm, Bedfordshire, UK) using a
standard sample collector during the normal milking parlor routine from six individual
sheep at the mid-lactation point of the cycle in July 2023. Milk was immediately frozen at
—20 °C at the dairy and transported frozen to the laboratory at the Royal Veterinary College
for EV isolation and further analysis.

2.3. Isolation of SMEEVs

Milk was thawed quickly in a water bath at 37 °C and immedjiately aliquoted into two
20 mL fractions, one of which was refrozen at —80 °C for later use. The remaining 20 mL
fraction was centrifuged at 3000x g for 10 min at 4 °C in a swing-out benchtop centrifuge
to separate the cream and remove any cellular debris. The cream was carefully removed
from the top of the samples using a spatula. The supernatant was then decanted into a
clean tube, being careful not to disturb any pellets containing cellular debris. To remove
casein micelles from the remaining milk fraction, glacial acetic acid was added dropwise
until the pH reached 4.6 and visible precipitation was seen [17]. The precipitate was then
pelleted at 3000 x g for 10 min at 4 °C in a swing-out benchtop centrifuge. Using a modified
method from Thery et al. [18], supernatants from the previous step were carefully decanted
into clean Beckman 14 mL polyallomer ultracentrifuge tubes (Cat #331374) for further
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extraction. They were centrifuged in a Beckman Coulter Optima L-80-XP ultracentrifuge
using a SW40Ti rotor at 17,000 x g for 30 min, 4 °C, without braking, to pellet the large
EV population (LEVs; microvesicles). SM-LEV pellets were resuspended in 1 mL 1 x BS
and aliquoted before storage at —80 °C for further analysis. The supernatants from the
previous step were decanted into clean ultracentrifuge tubes and centrifuged at 100,000 g
for 90 min at 4 °C in a SW40Ti rotor, without braking, to pellet the small EV population
(sEVs; exosomes). The supernatants from this centrifugation step were carefully discarded
and pellets resuspended in 8 mL 1 x PBS. This was then carefully layered on top of a
30% sucrose solution and centrifuged at 100,000 x g for 60 min using the SW40Ti rotor,
without braking, to further purify the sEVs. The cloudy layer at the interface of the PBS and
sucrose phase containing sEVs was removed using a sterile Pastette and placed in a clean
ultracentrifuge tube, diluted with 1 x PBS, and centrifuged using the SW40Ti rotor, without
braking, for 60 min at 100,000 g and 4 °C. The top 1 mL was collected as a negative control,
and then, the remainder of the supernatant was carefully removed and discarded. The
remaining pellet was resuspended in 1 mL 1 x PBS and immediately frozen in aliquots at
—80 °C for further analysis.

2.4. Flow Cytometry

Five microliters of final preparation of SM-LEVs or SM-sEVs from each milk sample
was diluted with 45 uL 1 x PBS. A total of 1 pL VesiDye-600 (Vesiculab, Nottingham
UK; reconstituted according to the manufacturer’s instructions) was added to each and
incubated at 37 °C for 1 h before further dilution to 500 uL with 1 x PBS. A total of 10 uLL
enumeration beads (Coulter) were added to each sample before analysis using a BD FACS
CANTO, calibrated using CST beads (both BD, Witney, UK). EVs were gated by size using
1 um NIST beads (Thermo Fisher), and the population < 1 uM was then gated by VesiDye
positivity (see Figure 1 for representative PercP-Cy5.5/SSC plot). The total number of
EVs was calculated using the equation EV/uL = 20 x [events of interest] x [dilution
factor]/[enumeration bead count], as described previously [19].
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Figure 1. Representative flow cytometry to determine VesiDye-positive EVs in each sample. (A) small
EVs, total events; (B) small EVs VesiDye-positive (gate P1); (C) large EVs, total events; (D) VesiDye-
positive (gate P1). Purple events represent gated events.
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2.5. Determination of Protein Concentration of EV's

A total of 10 uL 5xRIPA buffer was added to 40 pL of the final preparation of SM-LEVs
or SM-SEVs from each milk sample. After vortexing to mix, the samples were sonicated for
15 min at 30 °C and immediately analyzed using a Pierce micro-BCA assay kit [20] (Thermo
Fisher) according to the manufacturer’s instructions.

2.6. RNA Isolation and miRNA Analysis

For RNA isolation from SM-SEVs, 500 puL of the final preparations from each milk
sample were used to isolate total RNA using the exoEasy total RNA kit (Qiagen; Manchester,
UK) according to the manufacturer’s instructions [21]. For RNA isolation from SM-LEVs,
500 pL of the final preparations were re-centrifuged at 17,000x g for 15 min at 4 °C in
a benchtop microfuge. The resulting pellet was dissolved in 700 pL Qiazol (Qiagen),
and the rest of the protocol for the exoEasy total RNA kit was followed according to
the manufacturer’s instructions. RNA was quantified using a DeNovix DS-11 nanodrop
(DeNovix, Wilmington, DE, USA). Individual miRNAs (miR10b, miR26a, miR27a, miR92a,
miR125b, miR126, miR155 and miR223) were reverse-transcribed using the TagMan®
microRNA RT kit (Cat #4366596, ABI. Thermo Fisher, UK) and the associated miRNA-
specific inventoried predesigned primers (TagMan® micro-RNA assay kit, #4427975. ABI)
according to the manufacturer’s instructions. Total RNA was normalized at a concentration
of 2 ng/uL, and 5 L RNA was added to the reaction mix containing 0.15 pL 100 mM
dNTP, 1 uL Reverse Transcriptase enzyme (50 U/uL), 1.5 pL. 10 x RT buffer, 0.19 pL
RNase inhibitor (20 U/uL), 3 uL 5x RT-specific primer and 4.16 uL DEPC-treated water to
obtain a final volume of 15 pL. RT reaction conditions were as follows: primer annealing
for 30 min at 16 °C, extension for 30 min at 42 °C and final incubation for 5 min at
85 °C to stop the reaction. All RT-qPCRs were carried out in triplicate according to the
manufacturer’s instructions, using TagMan™ Universal Master Mix II, no UNG (Cat#
4440040), and were performed on the Bio-Rad CFX384 Real Time PCR detection cycler
system with the following conditions: an initial inactivation step at 95 °C for 10 min,
followed by 40 cycles consisting of denaturing at 95 °C for 10 s, annealing and elongation
at 60 °C for 60 s.

2.7. Cell Culture

THP-1 human monocytes were from ATCC. They were cultured at 37 °C in RPMI,
10% FCS, with 0.05 mM B-mercaptoethanol. For differentiation, THP-1 cells were incubated
with 5 ng/mL PMA for 72 h at 37 °C.

2.8. Reactive Oxygen Species (ROS) Assays

We used a modified protocol from Heinrich et al. [19] to measure ROS. Briefly, THP-
1 monocytes were pelleted, washed and resuspended at 2 x 10° cells per mL in RPMI
without serum. They were incubated with 5 uM dihydrorhodamine 1,2,3 for 10 min in
the dark, before seeding at 10,000 cells per well in 96-well plates. SMEVs were added at a
final dilution of 1:100. 2,3-Dimethoxy-1,4-naphthoquinone (DMNQ; AbCam Cambridge,
UK), a well-described stimulus for ROS generation in monocytes [22], was added at a
final concentration of 250 uM. Cells were incubated for 24 h at 37 °C and plates were
read in a fluorescent plate reader (Tecan Cyto 400, Reading, UK) at the start and end of
the experiment. All treatments were added in triplicate. Regarding THP-1 macrophages,
they were plated at 100,000 cells per well in full medium together with PMA at 5 ng/mL,
and incubated for 72 h at 37 °C. The medium was removed together with non-adherent
cells. The adherent population was washed twice with serum-free RPMI to remove bovine-
derived EVs from the serum. Dihydrorhodamine 1,2,3 was added at a final concentration
of 5 uM, and the remainder of the procedure was as outlined above.
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2.9. Measurement of CCL2 Secretion

THP-1 monocytes were pelleted, washed and resuspended at 2 x 10 cells per mL
in RPMI without serum. They were seeded at 25,000 cells per well in 24-well plates,
and LPS O55:B5 was added to some wells at a final concentration of 1 ug/mL. SMEVs
were added at a final dilution of 1:100. Cells were incubated for 24 h before supernatants
were collected, and cells were pelleted by centrifugation at 5000 g for 10 min at 4 °C.
Supernatants were carefully decanted and stored at —80 °C, followed by analysis for CCL2
using eBioscience Ready-Set-Go! ELISA (Invitrogen, Thermo Fisher) according to the
manufacturer’s instructions. All treatments were added in triplicate. Regarding THP-1
macrophages, they were plated at 250,000 cells per well in full medium together with
5 ng/mL PMA and incubated for 72 h at 37 °C. The medium was removed together with
non-adherent cells. The adherent population was washed twice with serum-free RPMI to
remove bovine-derived EVs from the serum. Cells were incubated in serum-free RPMI
with LPS (1 ug/mL) and SMEVs at a final dilution of 1:100 for 24 h at 37 °C. Supernatants
were harvested as above and subjected to the same ELISA assays.

2.10. Statistical Analysis

All statistical analysis was carried out using Prism 10 (GraphPad, San Diego, CA,
USA). Data were tested for normality using a Shapiro-Wilk test and one-way ANOVA
followed by Fishers LSD for ROS assays and ELISA. ROS assays were carried out using the
six sheep EV samples in triplicate, and CCL2 ELISAs were carried out using the six sheep
EV samples in duplicate. p < 0.05 was considered statistically significant (*). ** p < 0.01,
% 1) < 0.001.

3. Results
3.1. Characterization of Sheep Milk Derived LEVs and sEV's

As shown in Table 1, we identified small and large EVs by flow cytometry using a
lipid-permeable dye, and were able to detect measureable total protein and total RNA in
small and large EVs from each sample.

Table 1. Characteristics of individual sheep milk-derived EV samples.

Total RNA
(ng/pL)

Small EV Large EV
Total Protein VesiDye-Positive Total RNA Total Protein VesiDye-Positive
(ug/uL) EV/uL (ng/uL) (ug/pL) EV/uL

SMEV1
SMEV2
SMEV3
SMEV4
SMEV5
SMEV6

221
52.0
23.0
100.3
494
39.0

145.58 18,411.52 59.053 1675.15 90,541.44
140.23 26,384.11 159.075 1915.58 39,303.23
153.25 36,564.71 79.977 1915.85 17,200.00
127.4 32,495.47 92.803 1414.13 13,4833.3
197.95 23,083.8 54.648 1810.05 56,615.38
136.35 30,837.61 54.485 1618.4 18,077.92

3.2. Monocyte and Macrophage ROS Production Induced by Sheep Milk-Derived LEV's and sEV's

We hypothesized that SMEVs could have an effect on leukocyte oxidant stress both in
the presence and absence of other stimuli. Equal volumes of isolated LEVs or sEVs were
added to THP-1 monocytes or differentiated THP-1 macrophages that had been pre-loaded
with a dihydrorhodamine-1,2,3 fluorescent label and incubated for 24 h in the presence or
absence of DMNQ, which is known to induce oxidative stress [22]. There was a significant
increase in ROS in cells treated with LEVs, but not with sEVs, in both monocytes (Figure 2A)
and macrophages (Figure 2B). Neither LEVs nor sEVs affected the DMNQ response in
monocytes. sEVs significantly downmodulated the DMNQ response in macrophages.
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Figure 2. Measurement of ROS in THP-1 monocytes and macrophages after incubation with SMEVs.
THP-1 monocytes (A) or PMA-differentiated THP-1 macrophages (B) were pre-loaded with dihy-
drorhodamine -1,2,3, and then, incubated for 24 h in the presence or absence of DMNQ. All wells
were analyzed in triplicate. n = 6 LEV and sEV samples from individual sheep. One-way ANOVA
followed by Fishers LSD. * p < 0.05, *** p < 0.001, *** p < 0.0001.

3.3. Secretion of CCL2 Chemokine Induced by Sheep Milk-Derived LEVs and sEV's

Since SMEVs were able to modulate ROS in monocytes and macrophages and these
can be an indication of wider pro-inflammatory gene expression, we next measured the
secretion of the CCL2 chemokine. We chose CCL2 as it has been reported to be highly
upregulated in monocytes at both the mRNA and protein level [23]. After 24 of incubation
with either LEVs or sEVs (Figure 3), we found that incubation with LEVs or sEVs alone
did not induce CCL2 secretion; however, in monocytes (Figure 3A), there was a significant
decrease in CCL2 secretion compared to LPS alone when cells were incubated with LPS
and LEVs or sEVs. This was not replicated in macrophages (Figure 3B).
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Figure 3. SMEVs reduce CCL2 secreted from THP-1 monocytes but not macrophages. THP-1
monocytes (A) or PMA-differentiated THP-1 macrophages (B) were incubated for 24 h in the presence
or absence of LPS and SMEVs. All wells were analyzed in triplicate. n = 6 LEV and sEV samples
from individual sheep. One-way ANOVA followed by uncorrected Fishers LSD. * p < 0.05, ** p < 0.01,
#*** p < 0.0001.
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3.4. miRNA Contents of Sheep Milk-Derived LEVs and sEVs

In order to determine whether there could be an influence of miRNA cargo on the
increase in ROS production or modulation of CCL2 production, we measured miRNA
in LEVs and sEVs from individual SM samples. We measured eight different miRNAs
based on previous reports of their presence in either SM or CM and reporting in other
settings of their effects on inflammatory pathways. We were able to measure expression
in five of the eight miRNAs tested (miR26, 92a, 125b, 155 and 223). The expression levels
of individual miRNAs was consistent between LEVs and sEVs (Figure 4). There was no
detectable expression of miR10b, miR27a or miR126 in either sEVs or LEVs. There was no
detectable expression of any miRNA in the water controls.
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Figure 4. Cycle threshold measurements of miRNA in SMEVs. Total RNA was isolated from
LEVs (A) and sEVs (B) and converted to cDNA, and qRT-PCR was performed for miR26a, miR92a,
miR125b, miR155 and miR223. Water controls were carried out in triplicate (no signal detected for
any sample). All samples were analyzed in triplicate. Individual Ct n = 6 LEV and sEV samples from
individual sheep.

4. Discussion

As the market in the UK for sheep milk and dairy products increases, it is important
to gain a greater understanding of the constitutive components that make up this complex,
highly nutritious biofluid. There is an increasing awareness that milk not only contains
macronutrients, which are regularly tested and reported on in commercial settings, but
also includes the potential for the transfer of genetic material from sheep to humans. The
secretion of extracellular vesicles by mammary epithelial cells into milk is increasingly
thought to function physiologically to aid in the development of the infant immune system
and gut [11], starting with intake of colostrum and continuing throughout lactation. Here,
we have demonstrated that it is possible to isolate small and large EV-like particles from
raw sheep milk. We have further demonstrated a functional effect on human inflammatory
pathways in vitro; we believe this is the first such publication to do so. Intriguingly,
we observed an increase in ROS when LEVs were applied to both THP-1 monocytes
and macrophages, and this was additive when cells were treated with DMNQ, a known
pro-oxidant compound. In contrast, sEVs did not induce any ROS and inhibited DMNQ-
stimulated ROS, suggesting that there may be differences in the cargo, cell signaling
efficiency or rates of cellular uptake for the two species of EV.

ROS production and oxidative stress are often associated directly with pro-inflammatory
pathways and can lead to activation of the secretion of cytokines and chemokines, so it
is important to understand whether the intake of milk-derived EVs contributes to, or can
alleviate, oxidative stress, especially in human individuals with underlying chronic gas-
trointestinal inflammation such as ulcerative colitis and Crohn’s disease [24]. CCL2 is a key
chemokine that drives the recruitment of monocytes to inflamed endothelium. It is secreted
by endothelial cells, monocytes and macrophages in large amounts in several highly preva-
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lent human chronic inflammatory conditions, including inflammatory bowel disease [25],
rheumatoid arthritis [26], type 2 diabetes, insulin resistance and metabolic syndrome [27],
chronic kidney disease [28], atherosclerosis [29] and endothelial dysfunction [30]. Here, we
have found that though SM-LEVs increased ROS production in monocytes (Figure 2A) and
macrophages (Figure 2B), they also significantly inhibited CCL2 production in monocytes
(Figure 3A). SM-sEVs significantly inhibited ROS in macrophages (Figure 2B), but not mono-
cytes (Figure 2A), though they did significantly inhibit CCL2 production in monocytes
(Figure 3A). Since CCL2 has such a large impact on many different chronic inflammatory
disorders, non-pharmacologic approaches to lessen its production and therefore reduce
monocyte chemotaxis through simple dietary intervention could be a useful strategy. Based
on these promising data, if these potential health benefits are mirrored in vivo, encouraging
the consumption of sheep milk for those who are not able to tolerate cows’ milk as part of a
healthy diet might meet with a positive consumer response.

We investigated the RNA cargo of the isolated SM-sEVs and LEVs and were able to
identify several microRNA species that have previously been shown to be associated with
chronic inflammation, either exacerbating or demonstrating the regulation of immune cell
function, activation and differentiation. The most highly expressed (lowest Ct; Figure 4)
in our panel was miR26a, which has previously been shown to be elevated in raw milk
and to be relatively consistently expressed across lactation [31], more recently as one of
the most abundant miRNAs in cows’ milk [32] and in sheep milk EVs [33]. In a separate
study, miR26a has been shown to target the IFNb and IL6 genes, and was postulated to be
positively related to asthma reduction in infants who drink raw milk [34].

MiR92a was the next best expressed (Figure 4). MiR92a has been identified in a bovine
study of mastitis [35]. Functionally, it has been associated with STAT3, CTLA4 and TLR1
regulation, genes that have been implicated as key players in chronic inflammatory immune
responses. MiR125b has also been shown to regulate STAT3 [36] and Luoreng et al. [37]
found that MiR125b is a negative regulator of mastitis, with its expression significantly
downregulated during the LPS stimulation of bovine mammary epithelial cells in vitro.
Mastitis is a key long-standing endemic disease in sheep farming, as well as in the dairy
cattle industry [38], that provides a constant source of strain on already scarce resources
such as time and money [39]. Although data on the prevalence and impact of the different
forms of mastitis are scarce for meat sheep in the UK, let alone dairy sheep, it is thought
that the incidence of acute mastitis is 0-6.6% per flock in meat sheep [40] and that chronic
mastitis can affect up to half a flock at a time [41]. Since we were able to identify expression
in all six samples from healthy dairy sheep, we suggest that miR125b may hold promise
as a useful biomarker of ovine mammary health and is worthy of further investigation.
We detected low levels of MiR155 in both LEVs and sEVs tested, which may represent a
species difference between small and large ruminants, since Izumi et al. [42] reported the
presence of miR155 in bovine colostrum but not mature milk. MiR155 has been known
for a long time to be a key miRNA in the regulation of both innate and adaptive immune
responses [43]. For example, it has been shown to modulate the differentiation of T and
B cells, as well as being a positive regulator for regulatory T cell differentiation [43].
Specifically, it has been implicated in the expression of STAT3 and CTLA4, as well as
VCAM-1 and eNOS, suggesting that its presence could influence cytokine and chemokine
expression in activated endothelial cells, as well as contributing to leukocyte inflammatory
responses. A link has recently been established between miR155 expression and CCL2
in RAW264 murine macrophages in vitro and in a rodent model of sepsis [44]. This is
intriguing and worthy of further study, given our finding that both large and small SMEVs
included a cargo of miR155 but reduced, rather than exacerbated, LPS-driven CCL2 in
human THP-1 cells.

In the present study, we saw the most variation in the expression of miR223 between in-
dividual sheep. MiR223 has previously been shown to be a negative regulator of neutrophil
activation [43] and has recently been associated with mammary inflammation [45,46].
This could be a useful miRNA to follow up as a potential biomarker of early mastitis or
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other inflammatory conditions that might impact dairy sheep production or their health
and welfare.

MiR10b, miR27a and miR126 have all previously been reported to be present in EVs
from cows and sheep [31,33]; however, we were not able to detect these species in our
samples. This may be due to differences in processing or the phase of lactation at which
our samples were taken.

Sheep milk consumption is gaining popularity, and therefore, its production is becom-
ing commercially more viable for farmers in the UK. There is continued pressure on the
UK livestock industries to produce more output with less input, as well as minimizing
negative impacts across the food system (all the elements, actors and activities involved in
producing and consuming food), including on the environment and the welfare and health
of food-producing animals and consumers, all while ensuring prices and accessibility stay
at an equitable level [47—49]. Sheep can take advantage of lower-quality land, enabling
more productive land to be used for dairy or other feedstuff production; this could allow
for more milk production but lessen the overall negative effects of dairy milk production.

From a One Health and One Welfare perspective (where the health and welfare of
humans, non-human animals and the ecosystem are considered to be interdependent), if
sheep milk contains beneficial anti-inflammatory properties, then providing lambs with
ewe milk rather than powdered lamb milk replacer could give them an advantage in being
able to better ward off diseases and syndromes that are of greater prevalence in farmed
settings. It will also be important in the sheep meat industry to ascertain whether these
benefits also impact dietary phospholipids in the meat that would then be eaten by human
consumers [50]. This represents an important move to ensure that small-ruminant health
and welfare is maintained as the industry grows. There are also many questions that should
be addressed that relate to the sustainability of sheep dairy enterprises, including the land
use for ovine vs. bovine systems, water and land contamination from ovine waste, the
production of greenhouse gases (methane) and the possible increased use of medicines such
as antimicrobials. Whilst these are clearly beyond the scope of this small-molecular study,
there could be a benefit to following up with an interrogation of ovine excreta to determine
whether similar miRNA are present, what effect they might have on the microbiome,
and whether there are ovine miRNA present that can influence soil and aquatic micro-
organisms and therefore influence wider environmental questions. Additionally, it would
be interesting to ascertain whether the health and welfare of sheep impact these properties;
for example, if sheep have higher welfare and/or health status, does this positively impact
the number or cargos of the LEVs and/or sEVs in the milk? This type of One Health-One
Welfare investigation could move us more towards more win-win-win actions for more
sustainable farming [51].

This study represents a first step towards understanding the potential benefits of the
human ingestion of sheep milk. Further work should include an examination of milk to
determine whether there are different phenotypes. These could include different stages of
lactation, different breeds of dairy sheep and different management systems, additionally
paying attention to ewes with evidence of mastitis or other health issues, where molecular
markers measurable in milk could enable early intervention. Our approach to interrogating
the molecular profile of the mammary epithelial cell via analysis of secreted EVs could also
be useful to understand more about the potential health and welfare of dairy sheep (and
could be applied to other small-ruminant dairy species). In particular, the finding that it
is possible to measure the presence of different miRNA species could allow insight into
the changes that take place, either physiologically during the progression of lactation or
during mastitis, and may also be of relevance for dairy cow health. There is also potential to
develop a biomarker panel based on the presence of miRNAs that are up- or downregulated
in mastitis or that change at different stages of lactation.
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5. Conclusions

In this study, we have shown that both small and large EV particles can be ob-
tained from raw sheep milk; these particles are able to influence human immune cell
behavior in vitro, including reactive oxygen species production and the secretion of CCL2
chemokines. We have demonstrated that it is possible to isolate sufficient miRNA cargo
from individual SM-derived EVs to test using qRT-PCR. Our findings broadly suggest that
the human intake of sheep milk may be beneficial for individuals with chronic inflammatory
conditions. However, further work is required to fully interrogate the miRNA cargo and
further explore the downstream effects that these particles have on human inflammation.
This work could not only impact human health and welfare, but has the potential to also
enable the investigation of the benefits to livestock and environmental health and welfare,
and sustainable farming.
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