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Milk is a complex fluid required for development, nutrition and immunological protection to the newborn
offspring. Interestingly, latest finding proved the presence of novel stem cell population in human milk with
multilineage differentiation potential. Given that little is known about cellular milk content in other mammalian
species such as bovine, the purpose of our study was to isolate and characterize a potential stem cell-like
population in bovine milk. In detail, we first analyzed the phenotype of the isolated cells able to grow in plastic
adherence and then their capability to differentiate into osteogenic, chondrogenic, and adipogenic lineages.
Bovine milk stem cells (bMSCs) resulted plastic adherent and showed a heterogeneous population with epi-
thelial and spindle-shaped cells. Successively, their immunophenotype indicated that bovine milk cells were
positive for the typical epithelial markers E-cadherin, cytokeratin-14, cytokeratin-18, and smooth muscle actin.
Notably, a subset (30%–40%), constantly observed in purified milk cells, showed the typical mesenchymal
surface antigens CD90, CD73, and CD105. Furthermore, the same percentage of bMSCs expressing CD90,
CD73, and CD105 presented the stemness markers SOX2 and OCT4 translocated in their nuclei. Finally, our
data showed that bMSCs were able to differentiate into osteoblasts, chondroblasts, and adipocytes. In addition,
the flow cytometry analysis revealed the presence of a subpopulation of events characterized by typical
extracellular vesicles (EVs, size 0.1–1mm), which did not contain nuclei and were positive for the same markers
identified on the surface of bMSCs (CD73, CD90, and CD105), and thus might be considered milk cell-derived
EVs. In conclusion, our data suggest that bovine milk is an easily available source of multipotent stem cells able
to differentiate into multiple cell lineages. These features can open new possibilities for development biology
and regenerative medicine in veterinary area to improving animal health.
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Introduction

M ilk, produced in the mammary glands of all mam-
mals, is the first food necessary for protection, nutri-

tion, and development of newborn offspring [1,2]. However,
the functions of milk are highly conserved, its composition is
dynamic and variable, and differs substantially not only be-
tween but also within mammalian species [3]. Many factors
may be associated with this variation, including maternal
diet, the environment, and potentially genetic factors [4,5].
Despite these variations, milk is a complex fluid containing
common molecules, including proteins, easily digestible fats,

carbohydrates, vitamins, immunomodulatory factors, as well
as viable cells [6]. Although so far the majority of studies
have focused on bioactive molecules in milk, little is known
about milk cell properties and origin [7]. It is only recently
that researchers have begun studying the nature and features
of milk cells. Particularly, it was found that milk contains a
heterogeneous cellular composition characterized by epi-
thelial cells (lactocytes and myoepithelial cells) other than
leukocytes and immune cells [7,8]. In addition, very inter-
esting findings suggest the presence of stem cells in human
milk [9]. Particularly, stem and differentiated cells from
the lactating epithelium could enter in milk through cell
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migration and/or as a consequence of the mechanical shear
forces during breastfeeding [2]. One should point out that,
based on the capability of the mammary gland epithelium to
expand and regress during adult life, the existence of mam-
mary stem cells (MaSCs) was hypothesized since 1970s [10].
A small number of MaSCs exists in a quiescent state in this
organ and it is only activated during pregnancy and breast-
feeding to proliferate and differentiate by hormonal signals
[11,12]. Interestingly, multipotent MaSCs able to self-renew
and differentiate in the two main mammary epithelial cells
were found in both mammary gland [13–16] and human milk
[17–19].

Subsequently, Hassiotou et al. [2] have identified, for the
first time, a novel stem cell population in human milk,
named human breastmilk stem cells (hBSCs) expressing
embryonic stem cell (ESC)-associated gene, including POU
class 5 homeobox 1 (OCT4), sex-determining region Y-box
2 (SOX2), Nanog homeobox, and Kruppel-like factor 4
(KLF4), with multilineage differentiation potential.

Following the discovery of hBSCs, which highlighted
breastmilk as a novel non-invasive source of multipotent stem
cells potentially useful for regenerative medicine, nowadays
the attention is focused on the study of milk composition in
other mammalian species such as the bovine.

In this context, Martignani et al. [20] have demonstrated
the presence of bovine MaSCs in the mammary gland able
to regenerate cells secreting milk when transplanted in mice,
and Cravero et al. [21] have demonstrated that adult stem
cells reside in the bovine mammary gland and possess re-
generative potential. Moreover, an interesting study recently
describes bovine milk as a source of extracellular vesicles
(EVs) released by cells into the extracellular environment
and able to improve in vitro the osteoblast differentiation of
human mesenchymal stem cells [22]. This finding would be
of great importance, since EVs represent a reasonable cell-
free approach alternative to cell therapy in tissue regenera-
tion or as potential biomarkers and delivery systems for
active molecules [23,24].

Thus, the purpose of our study was to isolate and char-
acterize a potential stem cell-like population from bo-
vine milk stem cells (bMSCs). In detail, we evaluated the
plastic adherence when maintained in vitro, the expression
of specific epithelial and mesenchymal markers, and the
capability to differentiate into osteoblasts, adipocytes, and
chondroblasts in vitro [25]. Moreover, we were able to
identify EVs from bMSCs showing positive expression for
the same markers of bMSCs.

Materials and Methods

Bovine milk sample collection

Bovine milk samples (15 samples, 500 mL/sample) were
collected from animals during standard milking procedures.
All samples were collected at mid-lactation (day 90–120).

In detail, milk was collected in farm of dairy cows rou-
tinely milked for milk processing and distribution, and this
did not require an ethics statement. Moreover, the milk
collection from the dairy cows is normed by specific con-
ventions subscribed between the Faculty of Veterinary
Medicine of Teramo and the ASL, organ of the Ministry of
Health vocated to the control and safety of dairy farms. In
fact, in each dairy farm, the collection of milk is controlled

by an inspector, which is a Veterinary in charge of following
the regularity of all the procedures.

Bovine milk samples were transported immediately to the
laboratory under aseptic condition and preserved for maxi-
mum 12 h at room temperature (RT) before being processed.
Of note, milk collection was made using a specific protocol
to reduce the microbial contamination. Briefly, after wash-
ing and disinfection of the bovine mammary gland with
ethanol 70%, the first milk jets were discarded and milk
samples were collected in sterile bottles added with 1%
penicillin/streptomycin and 1% amphotericin B (Sigma-
Aldrich, St. Louis, MI).

Bovine milk cell isolation and culture

Bovine milk was diluted with sterile phosphate-buffered
saline (PBS) (Sigma-Aldrich) in ratio 1:1 to minimize lipids
on pellet formation and then centrifuged at 1,400 rpm for
15 min at RT. In detail, the supernatant and the fat layer
were discarded and the cellular pellet washed twice in wash
solution composed of sterile sodium chloride with 1%
penicillin/streptomycin and 1% amphotericin B. Finally,
the cells were suspended in a standard medium composed
of Minimum Essential Medium Alpha (a-MEM; Sigma-
Aldrich) supplemented with 10% fetal bovine serum (FBS;
Gibco-Life Technologies, Monza, Italy), 1% penicillin/
streptomycin, and 1% L-glutamine, and grown under a
controlled atmosphere (5% CO2 and 37�C). The medium
was changed every 3 days and after *7–10 days, the cul-
tures had reached 70%–80% confluence. The cells were
expanded at 1:3 dilution using Trypsin-EDTA (2.5X) (Sigma-
Aldrich). All experiments were performed using cells be-
tween passages 3–6.

Flow cytometry

Cell staining and acquisition for flow cytometry. Isolated
bovine milk cells (15 samples) were stained for their phe-
notype analysis. Briefly, the staining for surface antigens
was performed by incubating 5 · 105 cells/sample with pri-
mary antibody against CD73 (1:50, polyclonal rabbit anti-
CD73 antibody; Antibodies-online), CD90 (1:50, polyclonal
rabbit anti-CD90 antibody; Antibodies-online), CD105
(1:200, monoclonal anti-CD105 antibody; ThermoFisher
Scientific), and E-cadherin (1:50, monoclonal anti-E-cadherin
antibody; Cell Signaling Technology) for 30 min on ice,
followed by staining the samples with the appropriate
Alexa488-labeled secondary antibody (1:1,500; Jackson Im-
munoResearch Laboratories) for 30 min on ice.

The staining of intracellular antigens was carried out as
previously described [26]. Briefly, a previous step of
membrane fixation and permeabilization using FACS Lys-
ing and Permeabilizing Solution (BD Bioscience, Milano,
Italy) was performed. SOX2 (1:100, monoclonal rabbit anti-
SOX2; Cell Signaling Technology), OCT4 (1:50, polyclonal
anti-OCT4 antibody; Abnova), cytokeratin-14 (CK14; 1:10,
polyclonal rabbit anti-CK14; My Biosource), cytokeratin-
18 (CK18) fluorescein isothiocyanate (FITC)-conjugated
(1:10, monoclonal anti-CK18 antibody; Antibodies-
online), cytokeratin-19 (CK19; 1:100, polyclonal rat anti-
KRT19; Acris), or smooth muscle actin (SMA; 1:100, rabbit
anti-SMA; My Biosource) was added to each tube together
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with DRAQ5 (0.2:100), used as nuclear marker. The samples
were incubated for 30 min on ice, followed by staining with
the appropriate Alexa488-labeled secondary antibody (1:1,500;
Jackson ImmunoResearch Laboratories) for 30 min on ice.

1 · 104 events/sample were acquired by flow cytometry
(FACS Canto II or FACSVerse; BD Biosciences). Samples were
analyzed by FACSuite v 1.0.5 (BD Biosciences) software.

Extracellular vesicles (EVs) staining and acquisition for flow

cytometry. The identification and analysis of bMSC-derived
EVs were carried out as previously described [26]. Briefly,
samples were stained by the same above described anti-
bodies used for bMSC phenotype. After 30 min of staining
(4�C in the dark), 1 · 106 events/sample were acquired by
ImageStream (40· objective; AMNIS). The threshold was
placed on the FITC channel, while, to avoid EVs loss, no
threshold on morphological parameters were applied. EV
morphological properties were confirmed by running
Megamix Plus-Side Scatter (SSC) and Forward Scatter
beads (Biocytex, Marseille, France) at the same photo-
multiplier voltages used for EVs detection.

Flow cytometry and ImageStream data analysis. All samples
were analyzed by FACSuite v 1.0.5 software (BD Biosciences).
To evaluate not specific fluorescence, secondary antibody-
alone controls were used.

Data were expressed as percentage of positivity, and as
mean fluorescence intensity (MFI) ratio. The MFI ratio was
calculated by dividing the MFI of positive events by the
MFI of negative events (MFI of secondary antibody). Each
antibody/reagent was titrated (eight point titration) under
assay conditions. Instrument performances and data repro-
ducibility were sustained and checked by the Cytometer
Setup and Tracking Module (BD Biosciences).

Imaging flow cytometry (ImageStream by using IDEAS
software; AMNIS) was used to determine cytoplasm-nucleus
translocation of OCT4 and SOX2. Secondary antibody alone
controls were used to correctly set the gating strategy.

Multipotency assays

Bovine milk cells were plated at the density of *3,000/
cm2 in six-well plates to evaluate the multipotency capa-
bility, following the protocol already used for mesenchymal
stem cells from other sources [27–29].

For osteogenic differentiation bovine milk cells were
treated for up to 21 days with an osteogenic medium (OM)
containing Dulbecco’s modified Eagle’s medium low glucose
(DMEM-LG), 0.05 mM ascorbic acid-2-phosphate, 10 mM
b-glycerophosphate, and 100 nM dexamethasone (all from
Sigma-Aldrich) supplemented with 10% FBS, 1% penicillin/
streptomycin, and 1% L-glutamine. The OM was replaced
every 3 days and calcium deposits were finally visualized and
quantified by Alizarin Red S staining.

For chondrogenic differentiation, bovine milk cells were
treated for up to 21 days with a chondrogenic medium (CM)
composed of DMEM high glucose (DMEM-HG) supplemented
with 1% FBS, 1% penicillin/streptomycin, 1% L-glutamine,
100 nM dexamethasone, 1% Insulin-Transferrin-Selenium-
Ethanolamine (ITS-X; Invitrogen), 50 mg/mL ascorbate-2
phosphate, 1 mM sodium pyruvate (Sigma-Aldrich), and
10 ng/mL of TGF-b1 (PeproTech EC Ltd., London, UK).
The CM was replaced every 3 days and glycosaminoglycan
(GAG) production was assessed by Alcian Blue staining.

To induce adipogenic differentiation, bovine milk cells
were cultured with an adipogenic medium (AM) composed
of DMEM-HG supplemented with 10% FBS, 1% penicillin/
streptomycin, 1% L-glutamine, 1mM dexamethasone, 0.5 mM
3-isobutyl-1-methylxanthine, 100mM indomethacin (all from
Sigma-Aldrich), and 10mg/mL insulin (Eli Lilly, HumanLoh
100 U/mL; Nederland). The AM was replaced every 3 days
for 4 weeks. Cells were then stained with Oil Red O to
identify the presence of lipid droplets.

Alizarin Red S staining. Osteogenic differentiation of
bovine milk cells was assessed by Alizarin Red staining
(Sigma-Aldrich) using an established protocol [28,30]. In
detail, after two washes with PBS, cells were fixed in 10%
formaldehyde and then stained with 40 mM of Alizarin Red
S solution (pH 4.2) for 20 min at RT to detect and quantify
the calcium deposits.

Alcian Blue staining. To identify the GAG, the Alcian Blue
staining (Sigma-Aldrich) was performed as already established
[29]. Briefly, cells were fixed in cold methanol for 5 min and
then incubated in 1% Alcian Blue (pH 2.5) solution for 30 min
at RT. After rinsing three washes with deionized water for
2 min, accumulation cells were incubated in 1% sodium do-
decyl sulfate solution for 30 min to quantify GAG. Absorbance
of the solubilized solution was measured at 605 nm using a
microplate spectrophotometer (Spectramax SM190).

Oil Red O staining. Bovine milk cells were washed twice
with PBS and fixed with formaldehyde for 10 min at RT.
The fixed cells were incubated for 1 h in freshly diluted Oil
Red O solution (Sigma-Aldrich), prepared by mixing six
parts of Oil Red O stock solution (0.5% Oil Red O in iso-
propanol) and four parts of distilled water.

RNA isolation and quantitative reverse
transcription-PCR

The total RNA was isolated from bovine milk using
Trizol� reagent (ThermoFisher Scientific) according to the
manufacturer’s instructions. The RNA concentration and
quality were evaluated using a NanoDrop 2000c Spectro-
photometer (ThermoFisher Scientific).

For reverse transcription, the High Capacity cDNA Re-
verse Transcription Kit (ThermoFisher Scientific) was used.

The equivalent of 0.1mg of cDNA was used for the reactions
of quantitative reverse transcription-PCR (qRT-PCR) carried
out using TaqMan Universal Master Mix II (Thermofisher Sci-
entific) and commercially available TaqMan Gene Expression
Assay: bovine alkaline phosphatase (ALP, Bt03244508_m1);
bovine osteopontin (OPN, Bt03213107_m1); bovine collagen
type I alpha I (COL1A1, Bt01463861_g1); bovine collagen
type II alpha I (COL2A1, Bt03251861_m1); bovine per-
oxisome proliferator-activated receptor gamma (PPAR-c,
Bt03217547_m1); bovine fatty acid binding protein 4
(FABP4, Bt03213820_m1); and bovine glyceraldehyde-3-
phosphate dehydrogenase (Bt03210913_g1). The gene
expression levels were analyzed with ABI Prism 7900 Se-
quence Detection System (ThermoFisher Scientific). The
relative gene expression was calculated using the com-
parative 2-DDCT method.

Statistical analysis

Data are expressed as mean – standard deviation. Statis-
tical analysis was performed by the unpaired Student’s
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FIG. 1. Morphological analysis and phenotype of the bovine milk cell population. Representative phase-contrast images of
cells derived from bovine milk with (A) epithelial- (initially culture) and (B) fibroblast-like morphology (third passage). Scale
bar: 100mm. (C) Representative dot plots show the expression of E-cadherin (FITC-conjugated), CK18 (FITC-conjugated),
CK19, CK14, and SMA. Gates (FITC+) were drawn on the basis of the respective secondary antibody-alone sample. CK14,
cytokeratin-14; CK18, cytokeratin-18; CK19, cytokeratin-19; FITC, fluorescein isothiocyanate; SMA, smooth muscle actin.
Color images available online at www.liebertpub.com/scd
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FIG. 2. Stem cell-like phenotype of the bovine milk cell population. (A) Representative dot plots show the surface
expression of CD90 (FITC conjugated), CD73. and CD105. (B) Representative dot plots show the intracellular expression of
FITC-conjugated OCT4 and SOX2. Gates (FITC+) were drawn on the basis of the respective secondary antibody-alone
sample. (C) Representative single-cell images of OCT4 and SOX2 nuclear localization, obtained by ImageStream. Color
images available online at www.liebertpub.com/scd
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t-test. All experiments were performed employing 15 cel-
lular strains obtained from 15 bovine milk samples. Each
experiment was performed using at least three different
cellular strains (n = 3) and in technical duplicate or triplicate.
A P value <0.05 was considered statistically significant.

Results

Bovine milk cell phenotype

Cells from bovine milk samples (n = 15) were harvested
as widely described in Materials and methods section.
Phase-contrast light microscopy images (Fig. 1A) revealed
that adherent bovine milk cells showed initially a mainly
round/polyhedral epithelial-like morphology (E-like mor-
phology). Moreover, following two additional passages,
bovine milk cells also exhibited (Fig. 1B) a subpopulation
with an elongated fibroblast-like morphology (F-like mor-
phology; star-shaped with long cytoplasmic processes)
typical of mesenchymal stem cells.

In agreement with these results, flow cytometry analysis
(Fig. 1C) confirmed that 57%–60% of bovine milk live cell
fraction (identified on the basis of their scatter parameters)

at passage 3 expressed the typical epithelial markers, in-
cluding E-cadherin, CK18, CK14, and SMA. On the other
hand, CK19 resulted negative. Interestingly, a positive cel-
lular fraction (30%–40%) for the typical mesenchymal
surface antigens CD90, CD73, and CD105 (Fig. 2A) was
found. Moreover, this subset was also positive for the in-
tracellular stemness markers OCT4 and SOX2 (Fig. 2B),
mainly localized into the nucleus (Fig. 2C), as confirmed by
ImageStream AMNIS analysis.

Altogether, these evidence suggest that bovine milk
contains a stem cell-like population named bMSCs.

Multilineage differentiation potential of bMSCs

bMSCs were analyzed for their capability to commit into
osteogenic, chondrogenic, and adipogenic lineages induced
by specific differentiation media.

As shown in Fig. 3, after 21 days of osteogenic differ-
entiation, bMSCs changed their morphology with formation
of cellular aggregates and calcified nodules as revealed by
Alizarin Red S staining (Fig. 3A). A significant increase of
mineral matrix deposition was also observed (Fig. 3B). The
bMSCs osteogenic ability was further validated by analyzing

FIG. 3. Osteogenic differentiation of bMSCs. (A) Representative images and (B) quantification of Alizarin Red staining
carried out after 21 days of osteogenic differentiation. (C) qRT-PCR analysis of the typical osteogenic markers ALP, OPN, and
COL1A1 shows increased mRNA levels in differentiated bMSCs compared to undifferentiated cells. For all experiments,
results are expressed as mean – SD of at least three independent experiments (n = 3) (*P < 0.05 vs. SM). ALP, alkaline
phosphatase; bMSCs, bovine milk stem cells; COL1A1, collagen type II alpha I; mRNA, messenger RNA; OM, osteogenic
medium; OPN, osteopontin; qRT-PCR, quantitative reverse transcription-PCR; SD, standard deviation; SM, standard medium.
Color images available online at www.liebertpub.com/scd
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the expression of typical osteogenic markers. Following
21 days of osteogenic induction, the bMSCs showed signifi-
cant upregulation of ALP, OPN, and COL1A1 messenger
RNA (mRNA) expression level (Fig. 3C).

Under chondrogenic conditions for 21 days, an increase
of GAGs was revealed as shown by representative images

(Fig. 4A) and quantification of Alcian Blue staining
(Fig. 4B). The chondrogenic differentiation was also con-
firmed by increased COL2A1 mRNA expression level, a
typical chondrogenic marker (Fig. 4C).

Moreover, following 28 days of adipogenic treatment,
bMSCs showed a morphological change and formation of

FIG. 4. Chondrogenic differentiation of bMSCs. (A) Alcian Blue staining of two different bMSC samples (1 and 2)
following 21 days of chondrogenic differentiation. (B) Relative quantification of Alcian Blue staining. (C) qRT-PCR analysis
of the specific chondrogenic marker COL2A1 shows increased mRNA level in differentiated bMSCs compared to undiffer-
entiated cells. For all experiments, results are mean – SD of at least three independent experiments (n = 3) (*P < 0.05 vs. SM).
Color images available online at www.liebertpub.com/scd

FIG. 5. Adipogenic dif-
ferentiation of bMSCs. (A)
Lipid droplet accumulation
in two different representa-
tive experiments of bMSCs
(1 and 2) on day 28 of adi-
pogenic differentiation. (B)
qRT-PCR analysis of the
adipogenic markers PPAR-c
and FABP4 shows in-
creased mRNA levels in dif-
ferentiated bMSCs compared
to undifferentiated cells. Re-
sults are mean – SD of at least
three independent experi-
ments (n = 3) (*P < 0.05 vs.
SM). FABP4, fatty acid bind-
ing protein 4; PPAR-c, per-
oxisome proliferator-activated
receptor gamma. Color ima-
ges available online at www
.liebertpub.com/scd
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multiple vacuoles (Fig. 5A) associated with a significant
increase in PPAR-c and FABP4 mRNA levels (Fig. 5B).
Nevertheless, although a morphological change was evident,
no significant difference was found after Oil Red O staining
(Fig. 5A), indicating that bMSCs did not reach a fully dif-
ferentiated stage of maturity, due to a possible blockage in
adipocyte maturation.

Identification of milk cell-derived EVs

The flow cytometry analysis of bovine milk cells revealed
the presence of a subpopulation of events, characterized by
scatter parameters values lower than that measured for cells
falling in the 0.1–1 mm region size, as measured by Mega-
Mix plus bead running. The percentage of this subset of
events changed depending on cell clone (5%–60%), as
demonstrated by the ImageStream analysis (Fig. 6A, B). As
shown in Fig. 6C, such events do not contain nuclei and
result positive for the same markers identified on the surface
of milk cells (E-cadherin, CD73, and CD90); thus, they may
be considered milk cell-derived EVs.

Discussion

The emerging field of regenerative medicine has inten-
sified the demand for novel advantageous sources of stem
cells. Some studies have described the presence of stem/
progenitor cells in the mammary gland [31–34] and more
recently in breastmilk [2]. Overall, milk is undoubtedly a
dynamic and heterogeneous natural source of cells that has
gained interest in the last years [2,35]. Interestingly, Has-

siotou et al. [2] have demonstrated that human breastmilk,
cultured in pluripotent stem cell conditions, expresses typ-
ical markers found in ESCs. Moreover, multipotent stem
cells with potential use in regenerative medicine have been
isolated from human milk [2,9,17,18,35–37]. These find-
ings, although the somatic cells from cow milk may present
a composition very different from the human one [38],
support the hypothesis that similar stem cells may exist also
in bovine milk.

To date, official methods for the isolation and character-
ization of stem cells from bovine milk do not exist. Thus,
this study is intended to establish how to efficiently obtain,
expand and characterize them. Interestingly, in this study,
we have shown that cells from bovine milk can be easily
isolated through a noninvasive method and their prolifera-
tion can be maintained up to many passages.

In particular, the microscope analysis revealed that cells
isolated from bovine milk are able to grow in plastic ad-
herence and represent a heterogeneous population contain-
ing both epithelial- and fibroblast-like cells (Fig. 1). Indeed,
according to Baratta et al. [23], the isolated cells mainly
showed an epithelial-like morphology, thus indicating a
presumable origin of the majority of cells from the lactating
epithelium. However, in agreement with findings of Kain-
gade et al. in human cells [39], after two additional pas-
sages, the bovine milk cells also showed a subpopulation
with typical fibroblast-like mesenchymal stem cell mor-
phology, characterized by star shape with long cytoplasmic
processes [40]. Although concern was initially expressed
about the possibility of finding bovine-specific antibodies,
we were able to characterize the cells by their expression of

FIG. 6. Milk cell-derived
extracellular vesicles. (A, B)
ImageStream analysis of mor-
phological parameters for two
different milk cell clones. A
subset of events characterized
by scatter values (extracellular
vesicle gate) lower than that
identified for cells (singlets
gate) has been identified in all
analyzed samples. (C) Events
in the extracellular vesicle
gate display round shapes
(bright field images) and ex-
press E-cadherin, CD73, and
CD90 (green staining). Gates
were placed on the basis
of the respective secondary
antibody-alone sample. Color
images available online at
www.liebertpub.com/scd
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a specific panel of markers. From the analysis of their im-
munophenotype, bovine milk cells resulted positive for the
epithelial markers E-cadherin and CK18 (Fig. 1C), thus
confirming the microscope analysis (Fig. 1A). Moreover,
our cells collected at mid-lactation were positive for CK14
and SMA (Fig. 1C) [23,41]. However, bovine milk cells
resulted negative for CK19, therefore suggesting their
composition based on the two epithelial cell populations
originating from luminal and myoepithelial (basal) com-
partments [6,42–44].

These findings, in agreement with those previously de-
scribed by Baratta et al. [23] in the alive milk cell population,
represent original data concerning the composition of somatic
cells in cow’s milk. As reported by Boutinaud and Jammes
[38], epithelial cells are the principal cells in human secre-
tion, while macrophages represent the predominant cell type
(35%–79%) in cow’s milk, acting as sentinels against the
mastitis caused by pathogens. However, although the analysis
of somatic cells in bovine milk denotes an interesting point to
investigate, herein we had the purpose to isolate and char-
acterize a stem cell-like population potentially useful in vet-
erinary regenerative medicine. Hence, for this study, we did
not use directly the bovine milk, but its isolated cells cultured
up to the third passage. It is therefore reasonable to assume
that the epithelial cell percentage we found in the isolated
cultured cells is higher compare to the one found in whole
milk [38], probably due to the in vitro plastic adherence and
passages in the culture of cells.

Consequently, the use of isolated cultured cells could
justify the discrepancy with previous controversial results
found in whole milk [45,46] and the absence of immune
cells that, besides confirming the state of health of the
tissue, may have been lost during in vitro culture passages.
Of note, our data are in line with studies on cells isolated
from human milk cultured for several passages [6,9],
showing initially heterogeneous population and with ho-
mogeneous mesenchymal stem cells upon several pas-
sages, possible due to epithelial-mesenchymal transition
(EMT). Hence, we can postulate that in our investiga-
tion, the mesenchymal stem cells may grow through EMT,
in which they express both epithelial and mesenchymal
markers.

Furthermore, for the first time, a cellular fraction (30%–
40%) positive for the typical mesenchymal and stem cell
markers CD90, CD73, CD105, OCT4, and SOX2 (Fig. 2)
was also found and the same amount of cells staining pos-
itive for the intracellular stemness markers OCT4 and SOX2
also presented their nuclear localization, indicating their
functionality (Fig. 2C). Notably, in agreement with a pre-
vious work [8,17], these results indicate that bovine milk
could represent a source of a putative stem cell-like
population that, in this study, we named bMSCs. These
findings are further supported by interesting data on hu-
man milk cells demonstrating the presence of cells with
positive expression of hematopoietic, mesenchymal, and
neuroepithelial markers such as CD133, Stro-1, and nestin,
respectively [8].

Based on our previous data obtained using heterogenous
(E- and F-like morphology) human amniotic fluid mesen-
chymal stem cells [29], we decided to culture the entire cell
population obtained from bovine milk, thus avoiding any
cell manipulations, like cell sorting for a specific marker.

In detail, we evaluated their ability to differentiate into
osteogenic, chondrogenic, and adipogenic lineages. Inter-
estingly, bMSCs displayed a high differentiation capability
toward osteogenic and chondrogenic lineages. Regarding
the adipogenic differentiation, although bMSCs did not
show a specific Oil Red O staining, we found morphological
changes such as the appearance of large vacuoles. In addi-
tion, the expression of the adipose-specific genes PPAR-c
and FABP4 was significantly induced throughout adipo-
genic differentiation. So far, the adipogenic commitment of
milk stem cells has been demonstrated only from cells
isolated from human breastmilk [9]. In particular, Hassiotou
and co-authors have demonstrated that these cells were able
to differentiate into adipocytes if cultured in pluripotent
stem cell conditions [2]. The poor Oil Red O staining ob-
tained in this study is possible due to the heterogeneous
population not able to reach a full adipogenic commitment.
Therefore, it is possible that a selection of a more pluripo-
tent stem cell population from bovine milk is needed to
achieve a full terminal adipogenic differentiation. However,
as previously cited, in this study, we decided to culture the
entire milk cell population without any selection and ma-
nipulation, to characterize the cells derived from the native
environment. A minimal manipulation is of clinical impor-
tance for potential application in veterinary tissue regener-
ation [29,47].

Today, it is well known that the stem cell capability to
promote tissue regeneration is explained also through the
release of EVs [48]. In this regard, a previous study
demonstrated the presence of EVs in bovine colostrum and
mature milk [49]. As their potential role in health and
disease is drawing increasing attention, in this study, we
evidenced EVs derived from bMSCs, which interestingly
displayed the same antigenic pattern of the respective pa-
rental cells (E-cadherin, CD73, and CD90). These data
clearly suggest the potential use of EVs for in vitro and
in vivo application in functional studies. Their isolation in
veterinary may aid diagnosis in the future, providing a new
clinical tool to treat diseases and potential biomarkers for
quality control of milk. An in-depth study of EVs will help
to indentify particular subtypes of interest and explore their
specific roles in cell to cell communication and in milk
production.

Overall, we have demonstrated, for the first time, that a
stem cell-like population can be isolated from bovine
milk, further validating previous studies in the human
counterpart [2,6,8,9]. This outcome opens new avenues
for the veterinary use of milk as an innovative, nonin-
vasive source of multipotent stem cells, which may have
a potential role in regenerative medicine in veterinary
field. In particular, milk stem/progenitor cells could be
used to treat specific diseases or in the repair of damaged
tissues, such as postmastitis mammary tissue injury [50],
which affect milk production and quality. In addition,
bMSCs and their derived EVs may be also used as a di-
agnostic tool to monitor and evaluate aging and func-
tionality of the breast that can be compromised by
infectious processes.

In conclusion, this study could potentially offer tech-
niques to restore milk production, to manipulate lactation
yield, and for regenerative medicine with minimal risks of
rejection and side effects.
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