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Abstract: Adipose stem and progenitor cells (ASPCs) have been isolated from humans and animals for
use in regenerative medicine and therapy. However, knowledge of ASPCs in other species is limited.
Particularly, ASPCs in livestock are expected to enhance the fat content and meat composition. In this
study, we isolated bovine ASPCs using cell surface markers. Specifically, we focused on ASPC markers
in humans and experimental animals, namely CD26, CD146, and CD54. Stromal vascular fraction
cells from bovine fat were separated using flow cytometry before primary culture. We evaluated
the self-renewal and adipogenic potential of each fraction. We identified four cell populations:
CD26−CD146+CD54+, CD26−CD146+CD54−, CD26−CD146−, and CD26+CD146−. Among them,
the CD26−CD146+ fraction, particularly CD54+, demonstrated the properties of preadipocytes
(PreAs), characterized by slow proliferation and a high adipogenic capacity. In conclusion, we could
collect and characterize possible PreAs as CD26−CD146+CD54+ or CD26−CD146+CD54−, which
are expected for in vitro bovine adipogenic assays in the future.

Keywords: adipose stem and progenitor cells; adipogenic stem cells; preadipocytes; bovine; conservation

1. Introduction

Adipose stem and progenitor cells (ASPCs) are stromal vascular fraction (SVF) cells
derived from adipose tissue and do not include immune, endothelial, or red blood cells [1].
These cells are heterogeneous, and several studies have aimed to characterize and classify
them in humans and experimental animals such as mice. Particularly, researchers have
targeted cell surface markers to analyze and isolate distinctive cells. Compared to humans
and experimental animals, there have been few reports on ASPCs in other species, despite
their importance. ASPCs in livestock, in particular, are expected to enhance the fat content
and composition in food through in vitro assays of fatty acid metabolism, facilitation of
lipogenesis and production of specific fatty acids. SVF cells derived from bovine fat have
been reported to exhibit properties resembling mesenchymal stem/stromal cells (MSCs),
such as a fibroblast-like morphology and multilineage differentiation [2]. However, further
classification of ASPCs in bovine fat is yet to be conducted. Moreover, MSCs from different
species cannot be identified or isolated using the same markers [3].

Lin−CD29+CD34+Sca-1+CD24+ cells in the white adipose tissue (WAT) of adult
mice have been reported to be adipocyte progenitor cells and can reconstruct functional
white adipose tissue in vivo [4]. Moreover, single-cell RNA sequencing (scRNA-seq) has
made it possible to classify clusters based on gene expression and identify specific cell
surface markers. For example, CD142+ cells in the subcutaneous and visceral adipose
tissues of mice were found to inhibit adipogenesis via a paracrine mechanism and were
named adipogenesis regulatory cells (Aregs) [5]. In addition, CD54+ cells in human
and mouse WAT have been reported to be committed preadipocytes that differentiate
into mature adipocytes with minimal stimulation [6]. Furthermore, CD26+ cells are highly
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proliferative and multipotent progenitors capable of differentiating into CD54+ and CD142+
cells [6]. Ferrero et al. reviewed the heterogeneity of ASPCs throughout previous works
and classified them into “adipogenic stem cells (ASCs): CD26+”, “preadipocytes (PreAs):
CD54+”, or “adipogenesis regulators (Aregs): CD142+” [1].

The mechanisms underlying adipogenesis in ASPCs, particularly those associated
with cell surface markers, have been investigated. CD146 (a melanoma cell adhesion
molecule, MCAM) has been identified as a ligand that interacts with more than 10 molecules,
including components of the extracellular matrix, proangiogenic factor receptors, and
growth factors [7]. Among these, angiopoietin-like protein 2 (ANGPTL2) binds to CD146
and facilitates adipogenesis, lipid accumulation, and adipose inflammation through the
activation of cAMP response element-binding protein [8]. Consistent with this report,
human CD146+ cells are highly adipogenic stem and progenitor cells [9,10]. However, it is
unclear whether bovine CD146+ cells share this capacity.

In this study, we isolated novel ASPC populations based on the expression patterns
of cell surface markers and confirmed whether the markers and stemness of human and
mouse ASPCs, such as ASCs, PreAs, and Aregs, are conserved in cattle. Specifically, we
performed prospective isolation using flow cytometry before primary culture. We then
evaluated the self-renewal and adipogenic capacities of the isolated ASPCs.

2. Results
2.1. Isolation and Classification of ASPCs

First, we confirmed the cross-reactivity between cattle and antigen species based on
previous reports [11–13], as the number of monoclonal antibodies targeting bovine antigens
is limited. Notably, we used bovine muscle rather than bovine adipose to confirm cross-
reactivity. Especially, we targeted CD29 (clone: Ha2/5) positive cells as the population
had been shown to be concentrated in colony-forming cells [13]. Antigens (58 clones)
were analyzed via flow cytometry and a homology search. Specifically, in flow cytometry,
we evaluated “%positive (%pos.)” and “Staining index.” “%positive” is the proportion
of positive events to observed events, and “Staining index” is the index commonly used
to validate the degree of separation between the positive and negative population. For
the homology search, we targeted the full-length amino acid sequence and calculated
the p-distance after multiple sequence alignments between cattle and antigen species.
Among the listed antibodies, we could pick up candidate antibodies for 15 antigens (CD49a,
CD49e, CD49f, CD9, CD24, CD34, CD36, CD44, CD54, CD56, CD90, CD106, CD146,
CD295, and CD344) (Supplementary Material Table S1). As a result of the comprehensive
judgment, human CD146 (clone: P1H12) and mouse CD54 (clone:3E2) were selected to
isolate proliferative cells from the bovine adipose tissue. In addition to the screened
antibodies, we used a bovine CD26 antibody (clone: CACT114A) for the categorization
of cells present in adipose tissue. We obtained SVF cells from adipose tissue around the
cheek meat by mechanical and enzymatic dissociation. Lin− (CD31−CD45−) live singlets
from SVF cells were analyzed via flow cytometry to determine the CD26, CD146, and CD54
expression patterns (Figure 1). Consequently, the following two points were identified.
First, CD146 and CD26 were exclusively expressed. Next, most CD54+ cells (92.6% of
CD54+) express CD146 and CD146+ cells were further divided based on CD54 expression.
Therefore, we decided to separate ASPCs based on CD146 and CD26 expression and then
to classify the CD146+ fraction into CD54+ and CD54− fractions. Finally, bovine ASPCs
were classified into four fractions: CD26−CD146+CD54+ (6.1%), CD26−CD146+CD54−
(31.6%), CD26−CD146− (35.8%), and CD26+CD146− (6.4%) (Figure 1).
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cells were passaged every week, confirming that they were not confluent. Populations are indicated 

by the following symbols and color (whole ASPCs: close square and gray, CD26−CD146+CD54+: 

Figure 1. Isolation method of ASPCs based on cell surface markers. The gating strategy shown
above was used for the identification of ASPCs in bovine adipose. The percentage shown on each
population means the fraction of each population to whole ASPCs (CD31−CD45− live singlets).

2.2. Cell Morphology and Self-Renewal Capacity of Each ASPC Population

In primary cultures, CD26−CD146+CD54+, CD26−CD146+CD54−, CD26−CD146−,
and CD26+CD146− cell populations could adhere to plastic culture dishes, which is one of the
MSC criteria [14]. Two fractions of CD26−CD146+ cells adhered more slowly and were more
elongated than CD26+CD146− and CD26−CD146− cells (Figure 2A). Regarding proliferative
capacity, cumulative population doubling (CPD) was evaluated for each fraction. CD26−146+,
particularly the CD54+ population, grew slowly (Figure 2B). In contrast, the CD26+CD146−
population grew fast and was approximately 10,000 times between CD26−CD146+CD54+
and CD26+CD146− in terms of cell number for 7 weeks (Figure 2B).
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Figure 2. Cell morphology and growth capacity of each ASPC. (A) Representative cell morphology
scanned via phase contrast microscopy on day 6 of primary culture (bar = 150 µm). (B) The prolifera-
tive capacity of each population was evaluated as cumulative population doubling (CPD). The cells
were passaged every week, confirming that they were not confluent. Populations are indicated by
the following symbols and color (whole ASPCs: close square and gray, CD26−CD146+CD54+: open
circle and red, CD26−CD146+CD54−: open triangle and orange, CD26+CD146−: open square and
blue, and CD26−CD146-: open rhombus and light blue), n = 1.
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2.3. Adipogenic Capacity of Each ASPC Population

The adipogenic capacity of each population was evaluated in vitro. First, complete
induction shown in the scheme (Figure 3A), which is common for MSC induction [15], was
performed for each population and cells were stained with Oil Red O (ORO) (Figure 3B).
Then, CD26−146+, especially the CD54+ population, showed a high adipogenic capacity.
For CD26−CD146+CD54+ cells, the ORO positive area was approximately 30 times larger
than that of whole ASPCs. In contrast, CD26−CD146− and CD26+CD146− rarely showed
adipogenesis. Moreover, in immunocytochemistry (ICC), CD26−CD146+CD54+ cells
showed a high adipogenic capacity, and 91.0% of cells in them resulted as Bodipy positive
after complete induction (Figure 3C).
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Flow cytometric analyses revealed a low expression of CD26 and CD54 (Figure 4). 
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Figure 3. Adipogenic capacity of each ASPC population. (A) Schema of adipogenic induction by three
methods: minimal, middle, and complete induction. Ins, insulin; OA, oleic acid; Dex, dexamethasone;
IBMX, isobutylmethylxanthine. (B) Oil red O staining after complete induction. Bright-field images
are shown (bar = 150 µm). The proportions of ORO positive areas to the total area are shown in the
upper right of each image. (C) Immunocytochemical images of each population induced by three
methods (bar = 150 µm) for Bodipy (green) and CD146 (red). Bodipy positive rates are shown at the
upper right of each image.
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Next, adipogenesis was comparatively observed after minimal, middle, and complete
induction (Figure 3A,C) to confirm whether minimal stimulation could induce adipogenesis
like human and mouse PreAs [6]. In brief, compared to complete induction for 2 weeks,
the others were performed for 3 d only, and minimal induction lacked dexamethasone and
isobutylmethylxanthine. Concerning the CD26−CD146+CD54+ fraction, few Bodipy+ cells
(1.75%) were observed with minimal induction, but middle induction resulted in 94.0%
Bodipy+ cells, which was comparable to complete induction. These results suggested that
not only insulin and oleic acid but also dexamethasone and isobutylmethylxanthine were
necessary for the CD26−CD146+CD54+ population to differentiate into adipocytes.

2.4. Cell Surface Marker Expression of Each ASPC Population after In Vitro Culture

Flow cytometric analyses revealed a low expression of CD26 and CD54 (Figure 4).
However, we found that the two populations of CD146 positive maintained CD146 ex-
pression after culture (Figure 4). Specifically, CD146 was expressed in 93.0% of the
CD26−CD146+CD54+ fraction and 21.1% of the CD26−CD146+CD54− fraction.
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Figure 4. Flow cytometric analysis of cell surface markers on cultured bovine cells. Expression patterns
are about the cell surface markers used for isolation. The profiles are shown for CD26−CD146+CD54+,
CD26−CD146+CD54−, CD26−CD146−, CD26+CD146−, and whole ASPCs. Positive rates are shown
on each plot.

3. Discussion

This study aimed to isolate novel ASPC populations from bovine fat and confirm
the conservation of markers and stemness in ASPCs, such as ASCs, PreAs, and Aregs,
between cattle and other previously reported species. Our findings indicate similarities
and differences, as described below.

First, possible PreAs were isolated from bovine adipose as CD26−CD146+CD54+
or CD26−CD146+CD54−. CD146, also known as a MCAM, has been reported to be a
marker for highly adipogenic progenitors in adipose tissue [9,10]. Furthermore, CD54,
also known as intercellular adhesion molecule-1, is a marker of PreAs in human and
mouse white adipose tissue [6]. This study shared these markers; however, the fractions
of positive populations were lower than those reported in previous reports. For example,
concerning CD54-positive populations, there was only 6.1% in this study compared to
40.8% reported by Merrick et al. [6]. This difference probably indicates that anti-mouse
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CD54 (clone3E2) antibodies failed to bind to bovine CD54. Additionally, CD26−CD146+
populations, especially CD54+, from bovine fat showed slow proliferation and a high
adipogenic capacity. These phenotypes are consistent with the characteristics of PreAs [1];
however, CD26−CD146+ populations from bovine fat showed lower adipogenic capacities
than PreAs in humans and mice described in a previous report [6]. Specifically, possible
PreAs from bovine fat cannot differentiate into adipocytes by insulin alone, but PreAs in
humans and mice have been reported [6]. This difference was possibly caused by the differ-
ence in the optimal adipogenic induction method between cattle and other experimental
animals. To support this possibility, adipogenic protocols for humans and mice are known
to be ineffective for cattle, and three-dimensional spheroid culture and endothelial basal
medium facilitate bovine adipogenesis [16].

Next, a bovine CD26-positive cell population was isolated as a candidate ASC against
possible PreAs. This population comprised 6.4% of whole ASPCs (CD31−CD45− live
singlets), and the percentage was comparable with a previous report [6]. In addition,
the bovine CD26+CD146− cell population is highly proliferative, and this phenotype is
characteristic of ASCs [1]. In contrast, bovine CD26+CD146− cells did not differentiate into
adipocytes after complete adipogenic induction for 2 weeks. The human CD26-positive
cell population has adipogenic capacity via complete induction. The optimization of
adipogenic induction protocol for bovine CD26-positive cells may overcome this difference.
Alternatively, the bovine CD26-positive population may not have an adipogenic capacity.
To confirm the possibilities, it is required to try other induction methods optimized for
cattle and other ruminants, such as the addition of PPAR-γ agonist [17,18] and the removal
of dexamethasone and isobutylmethylxanthine [19].

We were unable to isolate two fractions from the bovine fat: CD142+ adipogenesis
regulators (Aregs) and CD26+CD146+ (double positive, DP). Aregs are commonly recog-
nized as adipogenesis suppressors in a paracrine manner; however, there is no consensus
on whether Aregs can differentiate into adipocytes [5,6]. In this study, we could not use
markers such as CD142 or substitutes for CD142; therefore, populations other than CD54
positive or CD26 positive were candidates for Aregs. However, CD26−CD146+CD54− or
CD26−CD146− were still heterogeneous in this study. Further classification and assays
are required to confirm the presence of Aregs, with a focus on adipogenesis suppression.
In addition, DP was reported as the transition state between ASCs and PreAs in vivo [6];
however, we did not observe DP in prospective isolation or after in vitro culture. These
observations are probably due to the poverty caused by cross-reactivity. Another possibility
is that bovine CD26 positive and CD54 positive are highly independent.

In this study, we could not observe each population repeatedly and multilaterally. The
position of bovine fat was in bovine cheek meat only and the biological replicate was poor.
Furthermore, gene-level analyses and histochemical analyses were not carried out.

In the future, each ASPC fraction of this study can make a contribution to the evalua-
tion of adipogenesis and lipogenesis in vitro regarding a variety of species. For example,
CD26−CD146+ will be useful to validate adipogenesis and lipogenesis more accurately, as
the fraction is homogeneous and high adipogenic progenitors. Furthermore, the fraction
may facilitate the analysis of the fatty-acid metabolism in vitro, which is helpful in devel-
oping the livestock industry. Also, the sorting strategy and characteristics of bovine ASPCs
are expected to be applied to other livestock animals as they are more closely related to
cattle than humans and mice, which traces back to Boreoeutheria. For example, in order
of closest relatives, bison and buffalo of a common tribe (Bovini), goats and sheep of a
common family (Bovidae), and pigs of a common order (Cetartiodactyla) may share the
characteristics of ASPCs in this study. ASPCs of other livestock animals can make the
in vitro assay described above more comprehensive and acceptable to different cultures in
terms of ethics, religion, and environment.
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4. Materials and Methods
4.1. Preparation of SVF Cells from Livestock Tissue

Bovine fat was derived from bovine cheek meat after slaughter. The meat was obtained
from Tokyo Shibaura Zoki Co., Ltd. (Tokyo, Japan) and transported to our laboratory on ice.
Fat around the fascia of the cheek meat was harvested and stored in Hanks’ Balanced Salt
Solution (HBSS) with a penicillin–streptomycin–amphotericin B Suspension (FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan; 161-23181) at 4 ◦C until the following
procedures were conducted.

SVF cells were prepared from bovine fat via mechanical and enzymatic dissociation
as described previously [13]. Briefly, harvested tissues were mechanically dissected with
scissors for approximately 10 min and digested with a collagenase solution. The collagenase
solution consisted of 2 mg/mL collagenase (FUJIFILM; 032-22364), 25 Units/mL DNase
1 (Sigma-Aldrich, St. Louis, MO, USA; D5025), HEPES 10 mM (Nacalai Tesque, Kyoto,
Japan; 17557-94), and penicillin–streptomycin–amphotericin B Suspension in Dulbecco’s
modified Eagle medium (DMEM) (Gibco; 10567-014). Tissues cut into tiny pieces were
rotated in collagenase solution for 1 h at 37 ◦C. After rotation, the tissue fragments were
removed using a drain net for the kitchen, and the filtrate was centrifuged at 490× g for
5 min in HBSS. The cell pellet was resuspended in HBSS and centrifuged at 490× g for
5 min. Finally, the cell pellet was frozen in CELLBANKER 1plus (Nippon Zenyaku Kogyo
Co., Ltd., Fukushima, Japan; 11912). All procedures until cell freezing were performed
within 48 h of slaughter, and the cells were stored in liquid nitrogen.

4.2. Isolation of Each ASPC Population with Flow Cytometry

The cells were rapidly thawed and filtered in HBSS through a 100 µm cell strainer
(Corning, Durham, NC, USA; 352360). Then, the filtrate was centrifuged at 490× g for
5 min and resuspended in basic staining buffer, which comprised 1 mM ethylenediaminete-
traacetic acid (EDTA) (Invitrogen, Carlsbad, CA, USA; 15575-038), 10 mM HEPES, 2% fetal
bovine serum (FBS) (Gibco; 10270-106), and a penicillin–streptomycin–amphotericin B
Suspension in HBSS. Finally, the cell suspensions were stained with the following anti-
bodies for analysis and sorting: The primary antibody set was fluorescein isothiocyanate
(FITC)-conjugated anti-sheep CD31 (clone: CO.3E1D4) antibody (1:50; Bio-Rad Laborato-
ries, Inc., Hercules, CA, USA; MCA1097F), FITC-conjugated anti-sheep CD45 (clone:1.11.32)
antibody (1:200; Bio-Rad; MCA2220F), phycoerythrin (PE)-conjugated anti-human CD146
(clone: P1H12) antibody (1:200; BD Biosciences, Franklin Lakes, NJ, USA; 550315), non-
conjugated anti-bovine CD26 (clone: CACT114A) antibody (1:200; Monoclonal Antibody
Center, Washington State University, Pullman, WA, USA; BOV2078), and Brilliant Violet
510 (BV510)-conjugated anti-mouse CD54 (clone:3E2) antibody (1:200; BD Biosciences;
563628). The secondary antibody was Alexa Fluor 647-conjugated anti-mouse IgG2b an-
tibody (1:1000; Jackson ImmunoResearch Inc., West Grove, PA, USA; 115-605-207) and
binding anti-CD26 antibody. The cell suspension was incubated with primary and sec-
ondary antibodies on ice for 30 min each. The cell suspension was washed once after the
primary response. Finally, a 200 ng/mL propidium iodide (PI) solution (Sigma-Aldrich;
P4864) was used to remove the dead cells. Flow cytometry and cell sorting were performed
using an FACSAria II Cell Sorter (BD Biosciences).

4.3. Cell Culture, Proliferation Assay, and Cell Surface Marker Analysis

Isolated cells were cultured on plastic dishes (Thermo Fisher Scientific Inc., Waltham,
MA, USA; 150464, 150468) in DMEM (Gibco; 10567-014), which contained 10% FBS, 10 mM
HEPES, and penicillin–streptomycin–amphotericin B Suspension in 5% CO2 at 37 ◦C. The
medium was changed twice weekly and cultured cells were passaged with 0.05% trypsin-
EDTA (Gibco; 25300-620) until confluence. Proliferation assays were performed from
passages 1 to 7, and CPD was evaluated. The number of passaged cells was accordingly
adjusted not to cause contact inhibition.
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For cell surface marker analysis, the cultured cells were detached using trypsin-EDTA.
The cells were then stained with antibodies and analyzed via flow cytometry in the same
manner as for cell isolation.

4.4. Adipogenic Differentiation

Adipogenic differentiation was assessed via ORO staining and ICC analysis for each
population at early passages. The three methods used for adipogenic differentiation
were complete, middle, and minimal induction. In complete induction, DMEM (Gibco;
10567-014) was supplemented with 1 µg/mL of human recombinant insulin (FUJIFILM;
093-06471), 400 µM of oleic acid (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan; O0180)
conjugated with bovine serum albumin (Nacalai Tesque; 19361-84), as previously de-
scribed [20], and penicillin–streptomycin–amphotericin B suspension. Furthermore, 1 µM
dexamethasone (FUJIFILM; 041-18861) and 500 µM isobutylmethylxanthine (FUJIFILM;
095-03413) were added to the induction medium for the first 3 d. Complete induction was
performed over 2 weeks. In contrast, middle and minimal inductions were performed
for 3 d. The middle induction was identical to the first 3 d of complete induction, and
the minimal induction lacked dexamethasone and isobutylmethylxanthine. Each fraction
was passaged on laminin (FUJIFILM; 120-05751)-coated plastic plates (Greiner Bio-One,
Kremsmünster, Oberösterreich, Austria; 665180) for ORO or glass chambers (Matsunami
Glass Ind., Ltd., Osaka, Japan; SCS-N08) for ICC and induced after confluency.

4.5. ORO Staining

Induced cells were fixed in 4% paraformaldehyde (FUJIFILM, 163-20145) for 10 min
and washed with phosphate-buffered saline (PBS) twice. Then, the cells were acclimated
with 60% 2-propanol (Nacalai Tesque; 29112-63) for 3 min and stained with ORO working
solution for 10–20 min, which comprised ORO solution (Muto Pure Chemicals Co., Ltd.,
Tokyo, Japan; 40491) and water in the ratio of 6:4. After washing with 60% 2-propanol
for a short period, the cells were further washed with water thrice. Stained cells were
observed using a BZ-X710 microscope (Osaka, Japan). Scanned images were then analyzed
to evaluate the ORO positive area using ImageJ 1.53q software (Supplementary Material
Figure S1) [21,22].

4.6. ICC

Induced cells were fixed, washed as described above, and blocked with 2% bovine
serum albumin (BSA) in PBS for 1 h at room temperature. Then, the cells were stained
with the following primary antibody in 2% BSA/PBS overnight at 4 ◦C: PE-conjugated anti-
human CD146 (clone: P1H12) antibody (1:100; BD Biosciences; 550315). After two washes,
the cells were stained with Hoechst 33258 (1:1000; FUJIFILM; 343-07961), 1 µg/mL Bodipy
493/503 (Invitrogen; D3922), and Alexa Fluor 555-conjugated anti-mouse IgG1 secondary
Antibody (1:1000; Invitrogen; A-21127) for 1 h at room temperature. The stained cells were
washed twice and mounted using Fluoremount g (Southern Biotech, Birmingham, AL, USA;
0100-01). The prepared samples were observed under an LSM 700 confocal microscope
(Zeiss, Oberkochen, Germany).

4.7. Confirmation of Cross-Reactivity between Bovine and Other Species for Immunogen

Thirty antigens (58 clones) were analyzed using flow cytometry and a homology
search. For flow cytometry analyses, targeted SVF cells were isolated from bovine muscle
and analyzed using a FACSAria II cell sorter (BD Biosciences). SVF cells were pre-gated as
CD29 (Ha2/5)-positive singlets (BD Biosciences; 562153 or 562154) to concentrate colony-
forming cells, as described previously [13]. Then, the cells were validated for reactivity
of each antibody in terms of “%pos” and “Staining index.” “%pos” was defined as the
fraction of positive events to total CD29+ singlets. Additionally, the “Staining index” was
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commonly defined as the formula below, showing the degree of separation between the
positive and the negative populations.

{MFI (pos.) − MFI (neg.)}/2 × SD (neg.)

MFI: Mean Fluorescence Intensity, SD: Standard Deviation

In the homology search, the p-distance was measured as the evolutionary distance
between the cattle and antigen species. The amino acid sequence of each protein was
obtained from the National Center for Biotechnology Information. Notably, the information
on the focal site targeted by each antibody was often close to the public; therefore, we ana-
lyzed the full length of the total amino acids. Multiple sequence alignment (ClustalW) and
measurements of the p-distance by pairwise deletion were performed using the Molecular
Evolutionary Genetics Analysis software [23–25].

5. Conclusions

Our results showed similarities and differences in both markers and stemness between
cattle and other species, suggesting that collecting and characterizing possible bovine PreAs
as CD26−CD146+CD54+ or CD26−CD146+CD54− is possible. More detailed analyses of
gene expression and histochemical locations will help clarify these characteristics more
accurately. In addition, we were unable to characterize possible bovine ASCs or collect
bovine Aregs. Optimized induction protocols for ASCs and novel Areg markers for cattle
will be required in the future.

Supplementary Materials: The following supporting information can be downloaded from https:
//www.mdpi.com/article/10.3390/ijms241511908/s1.

Author Contributions: Conceptualization, Y.I., Y.M. and C.A.; methodology, Y.I., Y.M., Y.N., D.H.
and C.A.; formal analysis, Y.I.; writing original draft preparation, Y.I., Y.M. and C.A.; writing review
and editing, Y.I., Y.M., Y.N., D.H. and C.A.; visualization, Y.I.; supervision, Y.M. and C.A.; project
administration, Y.M. and C.A.; funding acquisition, Y.M., Y.N., D.H. and C.A. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was financially supported by the JST-Mirai Program (grant number JPMJMI18CB);
Otsuka Holdings Co., Ltd., Japan, Grants-in-Aid for Scientific Research (B) (grant number JP21H03328);
the Takeda Science Foundation, Japan; and Japan Agency for Medical Research and Development,
AMED (grant number JP21be0804001).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used in this study are available from the corresponding
author upon request.

Acknowledgments: We would like to thank all members of our laboratory for supporting this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ferrero, R.; Rainer, P.; Deplancke, B. Toward a Consensus View of Mammalian Adipocyte Stem and Progenitor Cell Heterogeneity.

Trends Cell Biol. 2020, 30, 937–950. [CrossRef] [PubMed]
2. Sampaio, R.V.; Chiaratti, M.R.; Santos, D.C.N.; Bressan, F.F.; Sangalli, J.R.; Sá, A.L.A.; Silva, T.V.G.; Costa, N.N.; Cordeiro, M.S.;

Santos, S.S.D.; et al. Generation of Bovine (Bos indicus) and Buffalo (Bubalus bubalis) Adipose Tissue Derived Stem Cells: Isolation,
Characterization, and Multipotentiality. Genet. Mol. Res. 2015, 14, 53–62. [CrossRef] [PubMed]

3. Hill, A.B.T.; Bressan, F.F.; Murphy, B.D.; Garcia, J.M. Applications of Mesenchymal Stem Cell Technology in Bovine Species. Stem
Cell Res. Ther. 2019, 10, 44. [CrossRef]

4. Rodeheffer, M.S.; Birsoy, K.; Friedman, J.M. Identification of White Adipocyte Progenitor Cells in Vivo. Cell 2008, 135, 240–249.
[CrossRef]

https://www.mdpi.com/article/10.3390/ijms241511908/s1
https://www.mdpi.com/article/10.3390/ijms241511908/s1
https://doi.org/10.1016/j.tcb.2020.09.007
https://www.ncbi.nlm.nih.gov/pubmed/33148396
https://doi.org/10.4238/2015.January.15.7
https://www.ncbi.nlm.nih.gov/pubmed/25729935
https://doi.org/10.1186/s13287-019-1145-9
https://doi.org/10.1016/j.cell.2008.09.036


Int. J. Mol. Sci. 2023, 24, 11908 10 of 10

5. Schwalie, P.C.; Dong, H.; Zachara, M.; Russeil, J.; Alpern, D.; Akchiche, N.; Caprara, C.; Sun, W.; Schlaudraff, K.-U.;
Soldati, G.; et al. A Stromal Cell Population That Inhibits Adipogenesis in Mammalian Fat Depots. Nature 2018, 559, 103–108.
[CrossRef]

6. Merrick, D.; Sakers, A.; Irgebay, Z.; Okada, C.; Calvert, C.; Morley, M.P.; Percec, I.; Seale, P. Identification of a Mesenchymal
Progenitor Cell Hierarchy in Adipose Tissue. Science 2019, 364, eaav2501. [CrossRef] [PubMed]

7. Wang, Z.; Xu, Q.; Zhang, N.; Du, X.; Xu, G.; Yan, X. CD146, from a Melanoma Cell Adhesion Molecule to a Signaling Receptor.
Signal Transduct. Target. Ther. 2020, 5, 148. [CrossRef]

8. Wu, Z.; Liu, J.; Chen, G.; Du, J.; Cai, H.; Chen, X.; Ye, G.; Luo, Y.; Luo, Y.; Zhang, L.; et al. CD146 Is a Novel ANGPTL2 Receptor
That Promotes Obesity by Manipulating Lipid Metabolism and Energy Expenditure. Adv. Sci. 2021, 8, 2004032. [CrossRef]

9. Lauvrud, A.T.; Kelk, P.; Wiberg, M.; Kingham, P.J. Characterization of Human Adipose Tissue-derived Stem Cells with Enhanced
Angiogenic and Adipogenic Properties. J. Tissue Eng. Regen. Med. 2017, 11, 2490–2502. [CrossRef]

10. Scioli, M.G.; Storti, G.; Bielli, A.; Sanchez, M.; Scimeca, M.; Gimble, J.M.; Cervelli, V.; Orlandi, A. CD146 Expression Regulates
Osteochondrogenic Differentiation of Human Adipose-derived Stem Cells. J. Cell. Physiol. 2021, 237, 589–602. [CrossRef]

11. Sopp, P.; Kwong, L.S.; Howard, C.J. Cross-Reactivity with Bovine Cells of Monoclonal Antibodies Submitted to the 6th Interna-
tional Workshop on Human Leukocyte Differentiation Antigens. Vet. Immunol. Immunopathol. 2001, 78, 197–206. [CrossRef]

12. Sopp, P.; Werling, D.; Baldwin, C. Cross-Reactivity of MAbs to Human CD Antigens with Cells from Cattle. Vet. Immunol.
Immunopathol. 2007, 119, 106–114. [CrossRef] [PubMed]

13. Naraoka, Y.; Mabuchi, Y.; Yoneyama, Y.; Suto, E.G.; Hisamatsu, D.; Ikeda, M.; Ito, R.; Nakamura, T.; Takebe, T.; Akazawa, C.
Isolation and Characterization of Tissue Resident CD29-Positive Progenitor Cells in Livestock to Generate a Three-Dimensional
Meat Bud. Cells 2021, 10, 2499. [CrossRef] [PubMed]

14. Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.C.; Krause, D.S.; Deans, R.J.; Keating, A.; Prockop, D.J.;
Horwitz, E.M. Minimal Criteria for Defining Multipotent Mesenchymal Stromal Cells. The International Society for Cellular
Therapy Position Statement. Cytotherapy 2006, 8, 315–317. [CrossRef]

15. Vater, C.; Kasten, P.; Stiehler, M. Acta Biomaterialia Culture Media for the Differentiation of Mesenchymal Stromal Cells. Acta
Biomater. 2011, 7, 463–477. [CrossRef] [PubMed]

16. Ma, Y.N.; Wang, B.; Wang, Z.X.; Gomez, N.A.; Zhu, M.J.; Du, M. Three-Dimensional Spheroid Culture of Adipose Stromal
Vascular Cells for Studying Adipogenesis in Beef Cattle. Animal 2018, 12, 2123–2129. [CrossRef] [PubMed]

17. Grant, A.C.; Ortiz-Colòn, G.; Doumit, M.E.; Buskirk, D.D. Optimization of in Vitro Conditions for Bovine Subcutaneous and
Intramuscular Preadipocyte Differentiation. J. Anim. Sci. 2007, 86, 73–82. [CrossRef]

18. Pu, Y.; Veiga-Lopez, A. PPARγ Agonist through the Terminal Differentiation Phase Is Essential for Adipogenic Differentiation of
Fetal Ovine Preadipocytes. Cell. Mol. Biol. Lett. 2017, 22, 6. [CrossRef]
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