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Abstract: In the murine model system of adipogenesis, the CD24 cell surface protein represents
a valuable marker to label undifferentiated adipose progenitor cells. Indeed, when injected into
the residual fat pads of lipodystrophic mice, these CD24 positive cells reconstitute a normal white
adipose tissue (WAT) depot. Unluckily, similar studies in humans are rare and incomplete. This is
because it is impossible to obtain large numbers of primary CD24 positive human adipose stem cells
(hASCs). This study shows that primary hASCs start to express the glycosylphosphatidylinositol
(GPI)-anchored CD24 protein when cultured with a chemically defined medium supplemented with
molecules that activate the Hedgehog (Hh) signaling pathway. Therefore, this in vitro system may
help understand the biology and role in adipogenesis of the CD24-positive hASCs. The induced
cells’ phenotype was studied by flow cytometry, Real-Time Quantitative Polymerase Chain Reaction
(RT-qPCR) techniques, and their secretion profile. The results show that CD24 positive cells are early
undifferentiated progenitors expressing molecules related to the angiogenic pathway.

Keywords: CD24; Hedgehog; hASC; adipose tissue; angiogenesis; UrSuppe; defined cell culture;
serum- and xeno-free cell culture

1. Introduction

In 2002, Zuk et al. published a study describing a novel adult stem cell population
isolated from adipose tissue [1,2]. Since then, adipose stem cells (ASCs) have become one of
the most popular adult cell populations and have already found their way into the clinic for
cell therapeutic applications [3–5] Furthermore, the endocrine functions of these cells have
made them very useful and interesting for regenerative medicine [6–8]. At the beginning
of the new millennium, almost simultaneously with the first description of ASCs, several
research groups reported the existence of other adult stem cells of mesodermal origin found
in other organs or tissues. This led the International Society of Cellular Therapy (ISCT) to
publish a position paper to give standard guidelines to researchers studying this type of
stem cell [9]. However, shortly after, the researchers realized that these adult stem cells of
mesodermal provenance are different and have peculiarities depending on the tissue of
origin. This new vision, which also concerns the ASCs, was expressed in a position article
in a joint statement of the International Federation for Adipose Therapeutics and Science
(IFATS) and the ISCT [10]. Indeed, recently, cutting-edge technologies have confirmed a
substantial difference between ASCs and bone marrow-derived mesenchymal stem cells
(BM-MSCs), the two most studied types of adult stem cells of mesodermal origin [11,12].

In recent years, developmental biology has made incredible advances, and this has
helped understand the reasons for these differences at the molecular level. In fact, during
ontogenesis, the mesoderm is specified and diversified very early, and at the end of the
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gastrulation, there are five different mesodermal subtypes [13]. This phenomenon can also
be reproduced in vitro, starting from embryonic stem cells. When these cells were cultured
with the appropriate induction media, mesodermal subtypes were obtained, differing in
their gene expression profile and their ability to give rise to specific organs or tissue [14,15].
Thus, the subcutaneous adipose tissue and its stem cells derive from the somatic lateral
plate mesoderm, while the BM-MSCs derive from the paraxial mesoderm [16,17]. Different
ontogenesis explains the differences in surface and gene expression markers between ASCs
and BM-MSCs [11,12].

A clear milestone in the study of adipose tissue biology was the characterization of
murine adipose tissue stem cells (ASCs) in 2008 [18]. They were described as a rare subpop-
ulation of early adipocyte progenitors defined as CD24+ CD29+ CD34+ Sca-1 (Ly6A)+ in
mouse white adipose tissue (WAT) [19,20]. Importantly, Rodeheffer et al. showed that the
CD24 positive cells in the mouse adipose stroma could form a normal-size fat depot in vivo
and complement the diabetic phenotype of lipodystrophic mice. These studies demon-
strated that the adipose tissue stromal fraction’s CD24 positive cells could proliferate and
differentiate into functional, mature adipocytes to reconstitute a fully functional adipose
depot in vivo [18]. Thus, they have the attributes to be termed “stem cells” of murine
adipose tissue. These findings were confirmed and extended in 2013 with a subsequent
study [19,20].

The human CD24 gene encodes a primary short (80-amino acid) protein. However, its
mature form contains only 27 amino acids with multiple N-or O-glycosylation sites. It is pri-
marily localized at the plasma membrane as a glycosylphosphatidylinositol (GPI)-anchored
molecule with variable molecular weight ranging from 27–70 kD [21–23]. Surprisingly,
immunohistochemical stainings revealed the CD24 polypeptide in the cytoplasm [24,25]
and even in the nucleus [26]. Thus, many studies suggested a particular role of the CD24
protein for tumor progression [27,28]. These observations raise the question of whether
CD24 can act as a signaling molecule. Strikingly, although CD24 lacks an intracellular
domain, antibody-mediated cross-linking experiments showed that CD24 itself has a signal-
ing capacity [29]. Thus, D Craig Ayre and Sherri L. Christian postulated that CD24 might
act in a cell-specific manner dependent on its specific glycosylation pattern, as a membrane-
organizing factor regulating the association and localization of cell surface receptors with
their canonical ligands to promote or inhibit receptor activation [30]. While CD24 is consid-
ered a marker for the high stem-like capacity of murine adipose stem cells [18–20], the role
of CD24 in human ASCs (hASCs) has yet to be completely elucidated. Indeed, the presence
of CD24 positive cells in human adipose tissue is poorly documented in the literature. In
two early publications, it was reported that the percentage of cells resulting as positive
to a single-parameter flow cytometric analysis was about 5% [31,32]. However, a study
focusing on the role of CD24 in human subcutaneous adipose tissue was recently published.
Florian M. Hatzmann et al. reported that approximately 3% of human SVF ASCs were
positive for CD24. Furthermore, their data suggested that the stemness of human CD24
positive ASCs was higher than that of CD24 negative ASCs and that this protein was
necessary for adequate ASC proliferation and adipogenesis [33]. Although CD24 is not yet
part of the panel suggested by IFATS and ISCT to characterize ASC, all these data cannot
be ignored and elect CD24 as a very useful and exciting marker for studying the biology
of subcutaneous adipose tissue stem cell in mice and man. Furthermore, what is known
about the functional tasks of CD24 in other contexts is very intriguing. Indeed, CD24 is
expressed by several stem cell types, plays a role in the regulation of cell proliferation
and differentiation [34,35], and tracks various pluripotent states in mouse and human
cells [36,37].

The present study investigates how to induce CD24 expression in hASCs and their
possible functional meanings. As expected from high-ranking stem cells, CD24 positive
ASCs are elusive and rare in adipose tissue. Therefore, we thought it would be exciting to
establish an in vitro model to culture large numbers of CD24-positive hASCs to facilitate the
study of human subcutaneous adipose tissue biology. Since CD24 is finely regulated during
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adipogenesis [18–20], we searched the scientific literature to find out how this surface
protein expression may be governed. We found two studies showing that the Hedgehog
(Hh) pathway regulated the CD24 expression in two different tumor types [38,39]. This
information gave us the cue to test the hypothesis that the Hh signaling could be a way to
control the expression of CD24 in primary human ASCs, and in this study, we show that
this is indeed the case. We also clarify that the CD24 antigen is a marker that is most likely
associated with adipose progenitor/stem cells and does not label preadipocytes committed
to adipogenesis.

The Hh signaling pathway is highly conserved and is critical for embryonic develop-
ment and adult homeostasis [40]. Its misregulation leads to numerous human disorders,
including cancer [41]. The canonical signaling pathway is initiated by binding one of the
three mammalian ligands to the protein Patched (gene PATCH1), removing the suppression
of the protein Smoothened (gene SMO). This later turns on an intracellular cascade resulting
in activating one of the three transcription factors of the glioma-associated oncogene genes
family: GLI1, GLI2, and GLI3 [42,43]. In adipose tissue, the Hh signaling plays an essential
role in adipogenesis by blocking white but not brown adipocytes [44–48]. However, in
general, little is known about Hh’s role during adult life [49]. Therefore, this study allowed
us to investigate the involvement of the Hh signaling in postnatal stem cells of mesodermal
origin, facilitating the characterization of some target genes controlled directly or indirectly
by this pathway.

2. Results
2.1. Generation In Vitro of CD24 Positive Cells from Primary hASCs

To give the Hh signaling pathway the possibility to operate without interference
from other cell transduction circuits, we developed a basal-defined xeno- and serum-free
medium called UrSuppe-24 (US-24). This latter is composed only of defined molecules
appropriate to support cell viability without negatively interfering with the Hh signaling.
We decided to use the synthetic agonist SAG (Smoothened agonist) at a concentration
of 200 nM to activate this pathway. This molecule is a chlorobenzothiophene-containing
compound that directly binds to Smoothened (Smo) and acts as an agonist for the Hh
signaling pathway [50]. So, we analyzed by flow cytometry the hASCs obtained from six
different donors for the expression of CD24 at passage 2 (P2) after growing them with the
appropriate cell culture media combinations.

As shown in Figure 1A,B, the hASCs grown in the basal expansion and maintenance
cell culture medium UrSuppe [51] did not express the CD24. However, we can modulate
the CD24 expression on these cells when cultured in the US-24 medium with a combination
of different treatments. When hASCs are grown with US-24 alone, about 20% of them
are positive for CD24. With the addition of Insulin, the percentage rises to about 30%,
and with SAG alone to about 40%. Finally, Insulin and SAG’s combination rises to about
60%, and some samples reach even about 80% of CD24 positive cells. Interestingly, the
CD24 marker disappears from the cells’ surface by adding Dexamethasone (Dex) or TNFα
(Figure 1A,B). These observations were confirmed when we analyzed the mRNA levels of
CD24 by RT-qPCR analysis (Figure 1C).

These results demonstrate that it is possible to detect the CD24 on the surface of hASCs
when cultured in defined conditions with a cell culture medium that does not contain
inhibitors of the Hh signaling pathway. Furthermore, its expression can be enhanced by
Insulin and SAG or entirely suppressed by Dexamethasone or TNFα.
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Figure 1. Analysis of CD24 expression in hASCs. The cells were expanded in UrSuppe up to passage 
P2. Once the confluence was reached, the usual cell culture medium was replaced by US-24. Addi-
tionally, the following factors were added, as indicated: Ins (Insulin), Dex (Dexamethasone), SAG, 
and TNFα. (A) Cells were analyzed by flow cytometry: Representative histograms and plots depict-
ing the CD24 expression in response to different treatments. Red line and spot: the isotype control; 
Green line and spot: Specific anti-CD24 antibody. (B) Quantification of the flow cytometry analysis 
of CD24 expression. Percentage of CD24 positive cells depending on the cell culture conditions in-
dicated on the histogram’s x-axis (n = 3, error bars represents S.E.M., complete statistical significance 
reported in Supplementary Materials Table S1). (C) Quantification of CD24 expression by RT-qPCR 
in response to the different treatments indicated on the x-axis. The histogram shows the relative 
fold-expression change related to the CD24 expression value measured in hASCs grown in UrSuppe 
(n = 3, error bars represent Standard Error of the Mean (S.E.M.), complete statistical significance 
reported in Supplementary Materials Table S2). 

Figure 1. Analysis of CD24 expression in hASCs. The cells were expanded in UrSuppe up to
passage P2. Once the confluence was reached, the usual cell culture medium was replaced by US-24.
Additionally, the following factors were added, as indicated: Ins (Insulin), Dex (Dexamethasone),
SAG, and TNFα. (A) Cells were analyzed by flow cytometry: Representative histograms and
plots depicting the CD24 expression in response to different treatments. Red line and spot: the
isotype control; Green line and spot: Specific anti-CD24 antibody. (B) Quantification of the flow
cytometry analysis of CD24 expression. Percentage of CD24 positive cells depending on the cell
culture conditions indicated on the histogram’s x-axis (n = 3, error bars represents S.E.M., complete
statistical significance reported in Supplementary Materials Table S1). (C) Quantification of CD24
expression by RT-qPCR in response to the different treatments indicated on the x-axis. The histogram
shows the relative fold-expression change related to the CD24 expression value measured in hASCs
grown in UrSuppe (n = 3, error bars represent Standard Error of the Mean (S.E.M.), complete statistical
significance reported in Supplementary Materials Table S2).

2.2. Induction of the Hedgehog Signaling and Detection by RT-qPCR of Its Core Transducing and
Effector Genes

The Hh pathway is activated by the binding of one of the three natural ligands, Sonic
Hedgehog (SHH), Desert Hedgehog (DHH), or Indian Hedgehog (IHH), to the receptor
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Patched-Smoothened [42]. As shown in Figure 2, the best performing recombinant ligand
was SHH. However, compared to the inductions with SAG, recombinant SHH generated
only about half of the CD24 positive cells. The percentage of CD24 positive cells relative to
the value obtained with SAG as inducer decreases further with the recombinant ligands
DHH: ~40%, and IHH: ~30%. The experiments performed by Robert Tokhunts et al. with
processing deficient SHH mutants produced in mammalian cells also showed functional
reductions between 60% and 30% compared to the processed wildtype ligand [52]. Thus, the
post-transcriptional modifications of the natural Hh signaling proteins are very important
to achieve full biological activity [53]. These alterations are lacking in the recombinant
ligands produced in E. coli we used in these experiments. However, they can still trigger
the Hh signaling pathway in hASC cultured under defined conditions in vitro. Therefore,
these experiments show that it is possible to activate the Hh signaling with the three
ultrapure recombinant ligands, confirming that the hASCs are receptive to this specific
transduction pathway.

Figure 2. The activity of the recombinant natural Hh ligands was reduced compared to that achieved
with the synthetic agonist SAG. Data represent the mean of CD24 expression measured by flow
cytometry. The percentage of CD24 positive cells obtained with the US-24 medium with SAG and
Insulin (SAG + Ins) was set as 1. The results obtained with the other three conditions are related
to the CD24 induction achieved with SAG + Ins. The agonists’ concentrations were: SAG, 200 nM;
Recombinant natural Hh ligands (E. Coli), 50 ng/mL. (n = 3, error bars represent S.E.M., p value; **:
p value < 0.01; ****: p value < 0.0001, complete statistical significance reported in Supplementary
Materials Table S3).

Next, we checked by RT-qPCR whether the hASCs grown in US-24 with SAG and
Insulin expressed Hedgehog’s core transducing and effector genes. Relative to the mea-
surements done with hASCs cultured in UrSuppe, the mRNA of the primary membrane
receptors PTCH1 and SMO was upregulated following induction with US-24 with SAG
and Insulin. The downstream effector transcription factor GLI1 was also significantly
upregulated, while GLI2 and GLI3 less conspicuously. As shown in Figure 3A, these results
confirmed that the induced hASCs were perfectly equipped to cope with ligands and
transduce the Hh signaling. Interestingly, we could not detect mRNA of the three pathway
ligands: SHH, DHH, and IHH in hASCs, while in SVF cells, we found SHH and DHH (data
not shown). This suggests that the hASCs might be only Hh morphogen recipients and
other cells in the adipose tissue secrete the ligands to trigger this signal pathway.
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Figure 3. Detection by RT-qPCR of the Hh signaling core transducing and effector genes. Human
ASCs were cultured for 5 days in the Hh signaling pathway permissive US-24 with SAG and Insulin
medium. (A) Hh signaling core transducing genes. (B) Some Notch signaling core transducing genes
and crosstalk between Hh and Notch. The calculated expression levels of the different markers of
induced hASCs are related to the value obtained from the same cells cultured in the UrSuppe medium.
We do not show the Hedgehog acyltransferase (HHAT) mRNA expression in the graphs because did
not change between the two conditions, while the Delta-like 4 (DLL4) gene is undetectable in both
cell culture media (n = 3, error bars represent S.E.M., p value; **: p value < 0.01; ****: p value < 0.0001).

Some conserved signaling pathways interact at various levels to define tissue mor-
phology, size, and differentiation during development. This is the case of Notch and
Hh pathways, which have been shown to form a complex web of interaction throughout
various developmental stages in different tissues. Indeed, some processes employ Notch
signaling to regulate Hh response, while others utilize Hh signaling to modulate Notch
response [54,55]. The Notch signaling pathway plays a crucial role in the adipose tissue
because it regulates adipocyte progenitor cell proliferation and differentiation in vitro, and
modulates adipose development and functions, beige adipocyte formation, and whole-
body energy metabolism in vivo [56,57]. Thus, we checked by RT-qPCR analysis whether
some essential genes of this pathway were also affected by the specially defined cell culture
conditions favoring the Hh signaling. As shown in Figure 3B, while the expression of
the Notch signaling receptor 1 (NOTCH1) did not change substantially between hASCs
cultured in UrSuppe and those induced in US-24 with SAG and Insulin, the expression
of two ligands of the Notch pathway, DLL1 and JAG1, significantly increased under con-
ditions that trigger the Hh pathway. However, even more consistent was the increase
in HES1, a transcriptional repressor protein classified as one of the many Notch target
genes. Interestingly, it is known that HES1 is broadly detected in different tissue and cell
types, including neuronal stem cells, embryonic stem cells, quiescent cells, and generally
in cells at the precursor stage [58,59]. Therefore, the upregulation of HES1 is involved in
maintaining stemness in mammals and reflects elevated Notch signaling pathway activity.
In agreement with this notion, it was shown that HES1 blocked the differentiation of 3T3-L1
pre-adipocytes [60]. These results suggest that it is possible to observe the Notch and
Hh signaling crosstalk in primary cells cultured in US-24 with SAG and Insulin. In the
adipose tissue, both pathways are known as inhibitors of adipogenesis and promoters of
the undifferentiated state of ASCs [42,45,56].

2.3. Monitoring the Expression of Selected Stemness or Cell Differentiation Genes by RT-qPCR

The cells used for this study were extracted from human subcutaneous adipose
tissue. Thus, we reasoned that their default differentiation pathway would be mainly
towards adipogenesis in case of spontaneous, unwanted, and uncontrolled maturation. In
recent years, several essential genes have been discovered that are crucial for maintaining
“stemness” or promote differentiation of hASCs. Thus, they can be used as markers
in RT-qPCR tests to assess and compare the differentiation status of hASCs grown in
UrSuppe medium or cultured for 5 days in US-24 with SAG and Insulin medium. We
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design a panel of genes to understand whether the cells are immature or heading towards
differentiation. We chose three markers considered “stemness maintenance genes” for this
analysis: PREF1 [61], SOX9 [62,63], and WISP2 [64]. On the other hand, we included in
our analysis three genes classified as “differentiation regulators/markers”: PPARG [65–67],
for white adipogenic differentiation; UCP1 [68], for brown adipogenic differentiation; and
RUNX2 for endochondral bone development [69,70]. For more information regarding these
genes, see Supplementary Materials Table S4.

Total RNAs were isolated from hASCs cultured in UrSuppe or the three different
US-24 based media, and RT-qPCR was performed to analyze the expression of the six
markers described above. The measured values were normalized to those obtained from
hASCs grown in the UrSuppe medium. As shown in Figure 4A, the three markers signaling
the cells’ undifferentiated status are significantly higher expressed in hASCs cultured
with US-24 with SAG and Insulin than in UrSuppe medium. Simultaneously, the three
markers signaling differentiation decreased or are not expressed (like UCP1). Interestingly,
the addition of Dex (Figure 4B) or TNFα (Figure 4C) to US-24 with SAG and Insulin
medium resulted in a change in the trend of marker genes expression: Those signaling an
undifferentiated status slightly decreased, while those attributed to differentiation slightly
increased. An exception was WISP2, whose expression was unaffected by Dex or TNFα
addition in the cell culture medium.

Figure 4. Relative expression levels measured by RT-qPCR of some essential genes influencing positively or negatively the
differentiation process of hASCs. (A) hASCs cultured in US-24 with SAG and Insulin. (B) hASCs cultured in US-24 with
SAG, Insulin, and Dex. (C) hASCs cultured in US-24 with SAG, Insulin, and TNFα. The normalized expression ratios of the
six markers measured for hASCs cultured with the three US-24 media were related to the values obtained with cells grown
in UrSuppe medium (n = 3, error bars represent S.E.M., p value; *: p value < 0.05; **: p value < 0.01; ****: p value < 0.0001).
UCP1 mRNA was undetectable in the three experiments.

So, triggering the Hh signaling led to reduced differentiation markers and enhanced
expression of “stemness” maintenance genes in hASCs cultured in US-24 with SAG and
Insulin medium. Furthermore, the cells did not choose alternative developmental path-
ways. Indeed, the expression of UCP1 (beige adipocytes) or RUNX2 (endochondral bone
development) did not increase compared to the values found when hASCs were cultured
in the UrSuppe medium.

2.4. Transforming Growth Factor Family Members Downregulate the Expression of the
CD24 Antigen

The presence of CD24 on the surface of subcutaneous white adipose tissue cells has
been associated by some researchers with adipose progenitor/stem cells [20], while by
others, as preadipocytes committed to adipogenesis [71–73]. Bone morphogenic protein
4 (BMP4) plays a crucial role in the commitment of ASCs into the adipogenic lineage
and in the terminal differentiation of preadipocytes into mature cells [74]. We reasoned
that by adding BMP4 to hASCs cultured in US-24 with SAG and Insulin, we should have
seen an increase or stabilization of CD24 expression if this surface protein was a marker
of adipogenic commitment. However, as shown in Figure 5, this was not the case, and
we found that BMP4 reduced the expression of CD24 on the surface of the cells. This
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effect was even more pronounced when we tested two BMP4-related factors: Transforming
growth factor 1 (TGF-β1) and Transforming growth factor 3 (TGF-β3). The direct or
indirect antagonistic crosstalk between the Hh and BMP/TGF signaling pathways is not
new. For example, it has been well documented during limb development [75] and the
neural tube’s dorsoventral patterning [76,77]. Thus, in the adipose tissue there may be
active cell development regulatory mechanisms that have been previously described in
other contexts.

Figure 5. TGF family members downregulate the CD24 antigen. Analysis by flow cytometry and
RT-qPCR of the expression of this surface protein. Human ASCs were cultured for 5 days in the
US-24 medium combined with the factors depicted on the x-axis. (A) Flow cytometry analysis:
Percentage of CD24-positive hASCs depending on the factors displayed on the x-axis (n = 3, error
bars represent S.E.M., complete statistical significance reported in Supplementary Materials Table S5).
(B) CD24 mRNA expression measured by RT-qPCR. The cells were cultured and treated as in (A),
the normalized expression ratios found with the eight cell culture conditions depicted on the x-axis
were related to the value obtained with hASCs grown in UrSuppe medium (n = 3, error bars represent
S.E.M., complete statistical significance reported in Supplementary Materials Table S6).

Interestingly, we found that the addition of BMP4, TGF-β1, or TGF-β3 to the US-24
with SAG and Insulin medium also affected the expression of CD36 on the surface of
hASCs, and BMP4 was the factor that generated the most significant increase of this marker
(see Supplementary Materials Figure S1). CD36 is a practical surface antigen because it
labels adipogenic progenitor cells [78,79]. Its strong upregulation in the presence of BMP4
fits with the role attributed to this factor as a promoter of adipogenesis and adipocyte
maturation [74]. In the previous section, we showed that Dex, a well-known pro-adipogenic
compound [80], can also downregulate the expression of CD24. Therefore, our data suggest
that CD24 antigen is a marker that is most likely associated with adipose progenitor/stem
cells and does not label preadipocytes committed to adipogenesis.

2.5. Monitoring Angiogenic Markers after Triggering the Hh Signaling Pathway in hASCs

Hh signaling is crucial for postnatal tissue repair; vascular development [81]; and in
the adipose tissue, adipogenesis appears to be linked to angiogenesis. During this physio-
logical process, the Hh signaling pathway orchestrates, together with the adipogenesis, the
development of blood vessels [82,83]. This prompted us to investigate whether other sur-
face receptors with an established angiogenic role are also induced, as the CD24 marker, by
a Hh signaling pathway agonist such as SAG. After a simple screening by flow cytometry,
we quickly found that CD130 (IL6-Rβ or GP130) and CD143 (ACE: angiotensin-converting
enzyme) were induced when the hASCs were cultured for 5 days in US-24 with SAG and
Insulin medium (Figure 6).
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Figure 6. Analysis of CD130 and CD143 expression in hASCs. Cells were analyzed by flow cytometry
for the expression of CD130 (A1,A2) and CD143 (B1,B2). (A1,B1) Exemplary mono-parametric
histograms showing the expression of CD130 or CD143 in hASCs grown in UrSuppe or US-24
with SAG and Insulin medium: Red line: hASCs grown in UrSuppe medium stained with anti-
CD130-APC or anti-CD143-PE (control samples). Green line: hASCs induced with US-24 with SAG
and Insulin medium and stained with anti-CD130-APC or anti-CD143-PE (test samples). (A2,B2)
Quantification of flow cytometry analysis, percentage of CD130 or CD143 positive cells in UrSuppe,
or US-24 with SAG and Insulin medium (n = 3, error bars represents S.E.M., p value; *: p value < 0.05;
**: p value < 0.01).

This result encouraged us to extend our analysis by using RT-qPCR assays to in-
vestigate other factors involved in angiogenesis that could be affected by the induction
provided by the US-24 with SAG and Insulin medium. As shown in Figure 7, this was
the case for most of the genes tested. The mRNA expression levels of Angiopoietin 2
(ANGPT2) and its receptor (CD202b) were upregulated when hASCs were cultured for
5 days in US-24 with SAG and Insulin. Interestingly, ANGPT2, known for its vascular
remodeling property, was more induced than ANGPT1, linked to vessel maturation and
stabilization. The renin-angiotensin system (RAS) was also upregulated: Starting with
the mRNA coding for the ligand, angiotensinogen (AGT), up to the mRNAs coding for
the receptors (AGTR1 and AGTR2) that mediate the biological effects triggered by the
processed peptide hormones. Very intriguing is also the increase in the mRNA levels of
CXCL12/SDF-1 and CXCR7. This constitutes a pair of ligand/receptor mRNAs that are
simultaneously regulated. Activation of this pathway mediates chemotaxis, migration, and
secretion of angiopoietic factors. The mRNA expression levels of IFNG and CD130 were
also increased. Depending on the cellular, microenvironmental, and/or molecular context,
IFNG can function as an angiogenesis inhibitor. CD130 is a transmembrane protein that
can transduce signals from many different ligands, and therefore its activation can give
rise to different biological responses. However, these signals transduced by CD130 often
promote angiogenesis.
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Figure 7. Human ASCs were cultured for 5 days in US-24 with SAG and Insulin medium, and then
the mRNA expression levels of the 14 genes indicated on the x-axes were measured by RT-qPCR.
Each gene’s normalized expression ratio was correlated to the corresponding value obtained with
the hASCs grown in UrSuppe medium (n = 3, error bars represent S.E.M., p value; **: p value < 0.01).
(A) Angiogenesis genes; (B) Cytokines and chemokines genes. AGTR2 is not expressed; mRNA
not detectable.

Only three genes were expressed at lower levels in cells cultured in US-24 with
SAG and Insulin than in those grown in UrSuppe. So, the mRNA levels of the Vascular
Endothelial Growth Factor A (VEGFA) and its receptor, Vascular Endothelial Growth Factor
Receptor 2 or CD309, were reduced. This ligand/receptor pair clearly has to do with
angiogenesis, but their signaling may also play an essential role in the tightly controlled
“beiging” process of white adipocytes. Thus, it makes sense to find it inactive in the cells
we analyzed. Finally, CXCL10 is an anti-angiogenic factor. We measured a decrease in its
mRNA level in hASCs induced with the US-24 with SAG and Insulin medium compared
to those grown in UrSuppe. This result is not surprising given that the cells were cultured
in a medium supposed to promote angiogenesis.

In summary, these results suggest that triggering the Hh signaling pathway in hASCs
under defined serum-free conditions leads to the expression of genes related to angiogenesis
and vascular remodeling. Simultaneously, some of these genes are also known to be
expressed especially by early progenitors. Thus, inducing the Hh signaling in hASCs
might promote early precursors specialized in vascular morphogenesis and remodeling
characterized by the expression of the CD24 surface antigen.

A list with descriptions and references regarding the 14 genes discussed in this para-
graph is included in the Supplementary Materials List S1.

2.6. Secretome Analysis of hASCs Cultured in UrSuppe or Hedgehog Signaling
Permissive Conditions

Adipose stem cells secrete many biologically active metabolic hormones, cytokines,
chemokines, growth factors, extracellular matrix proteins, and tissue remodeling en-
zymes [6]. These polypeptides are produced and secreted only during certain precise
phases of development. So, they can be considered markers and used to diagnose a spe-
cific metabolic state or a specific maturation degree of the cells under investigation. The
supernatants of hASCs grown in UrSuppe or US-24 with SAG and Insulin medium were
collected and subjected to an adipokine and chemokine proteome analysis using two
commercial kits.

At first glance, as shown in Figure 8, the two secretion patterns were different from
each other, suggesting that the cells that gave rise to the two profiles were no longer the
same. Subsequently, we realized that the secreted polypeptides could be grouped based
on some sheared features. Thus, the first group consists of proteases of the Cathepsin
family and three protease inhibitors. Cathepsin D [84] (aspartyl protease) and Cathep-
sin L [85] (cysteine protease), as well as Cathepsin S (cysteine protease), play essential
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physiological roles in the adipose tissue and are essential for remodeling the extracellular
matrix (ECM) [86]. The two last proteases are considered to be promoters of adipoge-
nesis [84,85]. On the other hand, Cathepsin D seems to have more complex tasks and
may exert mitogenic activity independent of its proteolytic activity [87]. This protease’s
secretion increased when the hASCs were cultured in US-24 with SAG and Insulin medium,
whereas Cathepsin L and Cathepsin S decreased. We also detected three protease inhibitors,
PAI-I/Serpin E1, Serpin F1, and Timp-1 (tissue inhibitor of metalloproteases). This latter
directs with the matrix metalloproteases (MMP) the regulated turnover of the ECM [88].
However, it also exerts multiple effects on biological processes [7,8]. Indeed, it was recently
shown that TIMP-1 negatively regulated the adipogenesis of ASCs via the Wnt/β-catenin
signaling pathway in an MMP-independent manner [89]. The two protease inhibitors
PAI-I and Serpin F1 also belong to the Serpin gene superfamily [90] and are known for
their anti-adipogenic effects. As far as PAI-I is concerned, one of its additional roles may
be the stimulation of neovascularization in injured tissues [91]. Serpin F1 is a surprising
member of this family: Indeed, it lacks a serine-reactive loop and has no function on
protease inhibition. However, it plays a role in many important biological processes, such
as being a negative regulator of angiogenesis, neuronal development, inflammation, and
oxidative stress [92,93]. Interestingly, these two latter Serpins with clear anti-adipogenic
and angiogenic effects were found only in the supernatant of cells where the Hh signaling
pathway was triggered with SAG and Insulin.

Figure 8. Proteome profiler of hASCs growth in UrSuppe (blue bar) or US-24 with SAG and Insulin
medium (red bar). Data are represented as Mean Pixel Intensity (MPI) of fluorescence measured by
the Licor acquisition system. Measured values were normalized on background fluorescence and on
positive control to obtain a Relative MPI. This experiment was performed with hASCs.

The proteome profiler arrays also detected several cytokines and chemokines in
the cell-conditioned media: IL-6, IL-8, CCL2/MCP-1, CCL5/Rantes, CCL7, CXCL5, M-
CSF, MIF, Complement Factor D, and Pentraxin3/TSG-14. In addition to their roles as
immunological playmakers, most of these factors have other regulatory functions that
are often unknown or poorly characterized. However, we noted that most inflammatory
cytokines and chemokines were reduced or missing in the supernatant of hASCs cultured
in US-24 with SAG and Insulin medium. This also includes IL-6, which disappears, and
IL-8, which is reduced. On the other hand, two factors are detected only when hASCs
were cultured in the Hh signaling permissive medium. Macrophage migration inhibitory
factor (MIF) is a pleiotropic factor with chemokine-like functions involved in cell-mediated
immunity, immunoregulation, and inflammation [94]. Recently it was implicated as a
mediator in neo-angiogenesis/vasculogenesis by endothelial cell activation and endothelial
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progenitor cell recruitment [95]. During adipogenesis, the role of MIF was investigated by
Atsumi et al. and found to be anti-adipogenic [96]. This finding agrees with the known
ability of MIF to counter-regulate the immunosuppressive effects of glucocorticoids [97],
which are also well known for their capacity to induce adipocyte maturation. Conversely,
Complement Factor D (adipsin) was described as a pro-adipogenic protein [98,99].

The next group of related polypeptides consists of the Insulin-like growth factor-
binding proteins (IGFBPs). One of their primary function is to regulate Insulin-like growth
factors (IGF-I, IGF-II) action by controlling the accessibility of these peptide hormones
to their receptors [100]. Both IGF-I [101] and IGF-II [102,103] are pro-adipogenic. It has
been shown that IGFBP-4 binds IGF-I and its expression negatively correlates with adi-
pose tissue growth [104]. IGFBP-6 can bind IGF-II, while IGFBP-7 both IGF-I and II [105].
Thus, it is likely that these three members of the IGFBP family are anti-adipogenic. Inter-
estingly, experimental evidence suggests that IGFBP-4 and IGFBP-6 are predominantly
anti-angiogenic, whereas IGFBP-7 has pro and anti-angiogenic properties [106].

In the cell culture supernatants, we also detected four factors related to angiogene-
sis and cell proliferation: Hepatocyte Growth Factor (HGF) [107], Vascular Endothelial
Growth Factor (VEGF) [108], Angiopoietin-2 [109], and CXCL12/SDF-1 [110]. In addition,
we detected the soluble version of CD26, CD54, and Pref-1 as hASC-specific secretions.
These proteins are encoded by genes classified as adipose progenitor cell markers [111,112].
Therefore, we consider their presence in the conditioned media of hASCs as a positive
result that confirms the data obtained previously by flow cytometry or RT-qPCR. Nido-
gen/Entactin is a typical component of the ECM found in the adipose tissue [88] and,
therefore, it is not surprising to find it in the cell supernatants.

The canonical role of Fibrinogen (Fg) is traditionally linked to its well-recognized role
in blood clotting and hemostasis [113]. However, other functions for this protein were
described over the years. For example, Fibrinogen (Fg) was shown to act as a bridging
molecule to enhance leukocyte attachment to endothelial cells in vitro through a simulta-
neous interaction with CD11b/CD18 (LFA-1) on the leukocyte and intercellular adhesion
molecule CD54 on the endothelium [114,115]. Furthermore, Fg and some of its fragments
induced mitogenic activity in T and B lymphocyte cell lines and hematopoietic progenitor
cells through the cell surface receptor CD54 [116]. This effect may explain why Fg has long
been employed in the clinic as a synthetic matrix, providing a scaffold or a delivery system
to facilitate tissue repair. Interaction between CD54 and Fg may also regulate endothelial
cell survival [117]. Interestingly, Fg was detected only in the supernatant of cells cultured
in US-24 with SAG and Insulin, even if its secretion was moderate.

The Endothelial cell-specific molecule 1 (ESM-1), also called endocan, described
initially as an endothelial-specific molecule, was later found to also be expressed by
adipocytes [118]. In vitro, endocan interferes with the molecular mechanisms of immune
cell migration by binding to adhesion molecules. Indeed, David Béchard et al. showed
that endocan directly binds to the integrin CD11a/CD18 (LFA-1) on lymphocytes and
monocytes’ cell surface, inhibiting the interaction of CD54/ICAM-1 with CD11a/CD18
binding sites [119]. We detected endocan only in the conditioned medium of hASCs
grown in UrSuppe medium and not in cells cultured in US-24 with SAG and Insulin
medium. As described before, Fg and endocan target the same cell surface receptor system
with opposite results: Fg acts as an adapter between LFA-1 and CD54, while endocan
prevents this interaction. Therefore, it appears that there is a coordinated regulation of
these two proteins in hASCs grown in US-24 with SAG and Insulin medium: Endocan is
downregulated and Fg upregulated.

As a preliminary observation, the secretion profile of hASCs grown in UrSuppe
medium seems different from that obtained with the same cells cultured in defined Hh
signaling permissive conditions. The secretion of inflammatory mediators is reduced in
the supernatants of hASCs cultured in US-24 with SAG and Insulin medium. Conversely,
some anti-adipogenic or angiogenic factors and proteins related to early progenitor cells
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are mainly present in the conditioned media when hASCs are grown with an active Hh
signaling pathway.

For more details, see Supplementary Materials Figure S2 and Tables S7 and S8.

3. Discussion

Ryan Berry and Matthew S. Rodeheffer showed that the expression of the cell surface
molecule CD24 was critically important for the reconstitution of murine WAT function
in vivo [19]. These authors also proposed a model where the CD24-positive adipocyte
progenitors become further committed to the adipocyte lineage as CD24 expression is
lost, generating CD24-negative preadipocytes, which express late markers of adipogene-
sis [19,20]. Thus, CD24 has all the credentials to consider it an indicator of cell stemness
and an essential factor in adipogenesis. In these last years, we developed a defined serum-
and xeno-free cell culture medium called UrSuppe, specifically formulated to grow pri-
mary hASCs [51]. A crucial peculiarity for a stem cell culture medium is its ability to
preserve the cells’ undifferentiated status and prevent spontaneous maturation during the
in vitro amplification phase. So, we thought that obtaining CD24 positive hASCs in vitro
would confirm their immature status. Furthermore, since the functional importance of
CD24 in human ASCs is still unclear, an in vitro model could help understand its role
during adipogenesis.

The scientific literature gave us a hint to start our studies: The Hedgehog signaling
pathway could be responsible for the upregulation of the CD24 antigen [38,39]. Further-
more, Nicole C. Smith et al. also showed that the addition of 3-isobutyl-1-methylxanthine
(IMBX) and dexamethasone (Dex) increases the expression level of CD24 mRNA and
protein in both the murine 3T3-L1 cell line and in primary mouse preadipocyte [72]. The
cells used for these experiments were grown in non-defined media containing 10% of
new-born calf serum [72]. Recently, Florian M. Hatzmann et al. found that approximately
3% of human SVF ASCs were positive for CD24. Furthermore, they could induce CD24
expression in hASCs using a serum-free medium without apparently activating the Hh
signaling pathway [33]. These two studies indicate that CD24 may also be upregulated by
other, currently non-characterized, signal transduction circuits.

We noticed that triggering the Hh signaling pathway in hASCs under defined serum-
free conditions leads to gene expression related to angiogenesis and vascular remodeling.
CD24 is a GPI-linked sialoglycoprotein that was initially related to B lymphocytes and
hematopoietic lineages [35]. In general, it is highly expressed on stem, and to a lesser
extent, on terminally mature cells [21,37]. It gained prominence as a marker of cancer
stem cells linked to metastatic progression. The relationship between CD24 and metastasis
probably relates to the ability of CD24 to facilitate interactions with the vasculature. This
ability of CD24 to alter adhesive properties may also explain why putative stem cells
expressing CD24 can engraft and reconstitute diverse organ systems, whereas those lacking
CD24 do not [19]. The role of Hh signaling has been well documented not only for can-
cer vascularization and metastasis but also in normal vascular development, maturation,
and maintenance [81]. Thus, we suggest that CD24-positive hASCs may characterize
early rare progenitor cells specialized in vascular morphogenesis and remodeling. Angio-
genesis plays a crucial role in the modulation of adipogenesis: When the adipose tissue
expands, both processes must perfectly time the development of microvasculature and new
adipocytes’ maturation [83]. So, it could be possible that CD24-positive hASCs and the Hh
signaling play an instructive role and orchestrate the expansion and metabolism of fat mass.
Hh signaling has a known and evolutionary conserved role in preventing preadipocyte
differentiation into mature fat cells [44,45]. However, also profound differences in the func-
tion of Hh signaling in rodent and human ASCs have been reported. Indeed, in humans,
triggering the Hh transduction system in ASCs leads to adipogenesis and osteogenesis
inhibition. On the contrary, in rodent cell lines, adipogenesis is blocked while osteogenesis
is stimulated by the expression of osteoblast markers, such as Runx2, and mineralization
enzymes, such as alkaline phosphatase [44,46,120].
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Interestingly, the CD24 marker disappears from the cells’ surface by adding to the
US-24 medium either Dex or TNFα. Matthew S. Rodeheffer et al. performed in vivo fat
mass reconstitution assays using murine early adipocyte CD24-positive or CD24-negative
progenitor cells. Only CD24-positive cells were able to proliferate, form an adipose tissue
depot, and correct blood glucose levels in the transplanted lipodystrophic mice. It is
known that TNFα plays a crucial role in the onset and perpetuation of obesity and insulin
resistance [121,122]. Indeed, the expression of this inflammatory cytokine is elevated in the
adipose tissue of multiple experimental models of obesity [123]. Therefore, it could be pos-
sible that one TNFα target in the adipose tissue is the CD24-positive ASC. Downregulation
of CD24 could point out, as demonstrated by Matthew S. Rodeheffer et al. [18], that this
progenitor cell has lost the ability to differentiate appropriately, forcing adipose tissue to
become hypertrophic and triggering the metabolic pathologies typical of obesity. Growing
evidence has given rise to the idea that obesity could be defined as a disease caused by
adipose stem cells’ dysfunction [124]. We may now have the chance to test this hypothesis
in vitro with our defined cell culture platform since we can grow significant numbers of
human CD24-positive ASCs and study at the molecular level the effects on these cells of
two obesogenic molecules like TNFα and Dex.

TGF-β1, TGF-β3, and BMP4 were also able to counteract the expression of CD24 in
hASCs cultured in US-24 with SAG and Insulin. Simultaneously, the expression of CD36,
a reliable marker signaling adipocyte maturation [79], was upregulated on the surface of
hASCs. BMP4 plays a crucial role in ASCs’ commitment to adipogenic lineage and terminal
differentiation of mature adipocytes [74]. Therefore, we concluded that CD24-positive
hASCs do not represent preadipocytes committed to adipogenesis but a particular stem cell
type of the subcutaneous adipose tissue. However, it is still unknown if these cells are the
most potent stem cells in the adipose tissue or the CD24-positive population is maintained
by another, currently unidentified, adult population. So, in the future, it will be essential
for the CD24-positive hASCs to find their place inside the adipose tissue progenitor cells
hierarchy, which is beginning to emerge from recent studies [111,112,125].

The Hh signaling pathway is crucial for growth and patterning during embryonic
development. However, it is mostly quiescent in adults, regulating tissue homeostasis
and stem cell behavior [49]. This is probably why not many genes are known in the
adult organism, whose expression is regulated by the Hh signaling pathway. This study
found several important genes, such as CD130, CD143, CD202b, SDF-1, and CXCR7, which
the Hh signaling pathway could directly or indirectly regulate. Further specific studies
are needed to distinguish between these two possibilities. Single-cell RNA sequencing
(scRNAseq) technology was recently used to find new gene markers useful to characterize
the cellular subpopulation involved in adipogenesis [112,126,127]. This method helped
David Merrick et al. [111] identify distinct types of progenitor cells in murine subcutaneous
adipose tissue, which were subdivided into three hierarchical groups based on their gene
expression patterns [112,125,128,129]. Unfortunately, the authors of these studies did not
attempt to assign a precise collocation in one of these three groups for the CD24-positive
ASCs originally described by Matthew S. Rodeheffer et al. [18]. This is perhaps because
CD24-positive ASCs are very rare in mouse tissue and have escaped the scRNAseq analysis.
The gene expression pattern we detected by RT-qPCR assays indicated that these cells
were undifferentiated and most likely classifiable as progenitors positioned high in the
subcutaneous adipose tissue stem cell hierarchy.

CD24 could turn out as an exciting and valuable marker for the study of adipose
tissue. Indeed, in mice, only less than 1% of the SVF cells that express CD24 also display
the complete cell surface marker profile of adipocyte progenitors [19]. In the human SVF,
CD24-positive ASCs are also rare [33]. The properties and functions attributed to this
surface protein definitively promote it as a marker of hASCs and other types of stem
cells. Surprisingly, Nika Shakiba et al. found that CD24 acts as an excellent marker to
track the initiation of reprogramming following the exogenous overexpression of the four
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transcription factors (OCT4, KLF4, C-MYC, SOX2) that allow somatic cells to be induced to
a pluripotent state and during which the cells acquire a CD24high/SSEA1 state [37].

4. Materials and Methods
4.1. Isolation and Culture of Human Adipose Stem Cells (hASCs)
4.1.1. Extraction of Adipo-Cutaneous Tissue

For studies involving human tissues, we obtained ethical approval from the local
Ethics Committee of the Canton Ticino (Switzerland), which approved the project and its
procedures (project reference number: CE 2915). A written agreement in compliance with
the Ethics Committee’s directives was obtained from all patients who donated their spare
adipo-cutaneous tissue, and all personal information was made anonymous by encryption.
Human adipose tissue samples were obtained from tissue excess originating from surgical
interventions performed in the Department of Plastic, Reconstructive and Aesthetic Surgery
at the “Ospedale Regionale di Lugano.” Briefly, this study’s cellular source originated
from adipose tissue harvested from the abdominal region of female patients undergoing
autologous breast reconstruction with general anesthesia [51]. Adipose tissue biopsies
were kept at room temperature and processed within 24 h to obtain the Stromal Vascular
Fraction (SVF) [130].

4.1.2. Isolation of Stromal Vascular Fraction (SVF)

Extraction of the SVF from human adipose tissue, in vitro expansion of ASCs, and
their cryopreservation conformed to the ethical principles outlined in the Declaration of
Helsinki and were in compliance with the directives of the Ethics Committee of the Canton
of Ticino (Switzerland).

SVF was isolated from fresh subcutaneous adipose tissue in four steps: homogeniza-
tion, enzymatic digestion, hydrophilic separation, and filtration. (1) Homogenization:
Adipose tissue was washed with DPBS with Ca2+ and Mg2+ (Bioconcept AG, Allschwil,
Switzerland) in a Gosselin sterile container (Corning, New York, NY, USA), chopped into
smaller pieces, and homogenized with a handheld blender. (2) Enzymatic digestion: The
homogenized fat was then poured into an Omnifix 100 mL Syringe (BBraun, Melsungen,
Germany) for dissociation with Collagenase Type B, Animal Origin Free (Worthington,
Biochemical Corp., Lakewood, NJ, USA) at a final concentration of 0.28 Wünsch U/mL
for 45 min at 37 ◦C under constant but gentle agitation. (3) Hydrophilic separation: 30 mL
of an injectable 1% human albumin solution (CLS Behring, Bern, Switzerland) in DPBS
without Ca2+ and Mg2+ (Biowest, Nuaillé, France) were aspirated and the syringes were
thoroughly shaken to extract the cells. The syringes were placed vertically to allow the
separation of the two phases. The lower layer (hydrophilic phase), which contains the
SVF, was carefully poured into a conical 50 mL tube (TPP, Trasadingen, Switzerland). The
extraction step was repeated with 20 mL on 1% human albumin solution, and subsequently,
the hydrophilic phase was centrifuged (600× g for 10 min at Room Temperature, RT). (4)
Filtration: The dissociated cells were resuspended and filtered through a 100 µm and then
through a 40 µm sieve cell strainer (Becton Dickinson, Franklin Lakes, NJ, USA). At the end
of the final centrifugation (600× g for 10 min at RT), the cellular pellet was resuspended in
an injectable 1% human albumin solution or cell culture medium.

The SVF extraction and characterization by flow cytometry were fully described in
our previous study [51].

4.1.3. Seeding and Culture of hASCs

Cells were always and exclusively cultivated using our proprietary defined serum-and
xeno-free cell culture medium called “UrSuppe” [51]. The medium contains only defined
molecules, some recombinant human growth factors, and injectable human albumin in
the µg range. After the characterization and enumeration of the cells of the SVF by flow
cytometry, the cells were seeded at a density of ~30,000 ASCs/cm2 in Fibronectin pre-
coated vessels [131] (Corning PureCoat™ ECM Mimetic Fibronectin Peptide, Corning
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Inc., Corning, NY, USA) and kept in a humidified incubator at 37 ◦C with 5% CO2 at
90% humidity. This initial passage of the primary cell culture was referred to as passage
0 (P0). Cells were maintained in culture until they achieved 75–90% confluence. They
were then either collected and cryopreserved or passaged in new Fibronectin pre-coated
tissue culture vessels at a density of ~5000–10,000 ASCs/cm2. The medium was changed
every two days, always keeping 20–50% of the conditioned medium until the cell reached
75–90% confluency. Cells were detached with TrypLEe Select [132] (Life Technologies,
Thermo Fisher Scientific, Waltham, MA, USA) for 2 min at 37 ◦C, then washed with PBS
supplemented with 1% injectable human albumin, and pelleted by centrifugation at 400× g
for 5 min. After discarding the supernatant, the cells were counted with Trypan Blue
(Thermo Fisher Scientific, Waltham, MA, USA), resuspended in UrSuppe, and passaged or
used for various tests. Characterization by flow cytometry of passaged hASCs was shown
in our previous study [51].

4.2. Induction and Characterization of CD24 Positive Cells
4.2.1. Generation of CD24 Positive Cells

hASCs were expanded in the defined xeno- and serum-free UrSuppe medium up to
passage P2. UrSuppe contains only defined molecules, some recombinant human growth
factors, and injectable human albumin in the µg range. Once the confluence was reached,
the usual cell culture medium was replaced by UrSuppe-24 (US-24), a precisely defined
xeno- and serum-free medium derived from UrSuppe, which we developed to induce
the CD24 antigen in hASCs. This medium contains human Insulin (at 5 µg/mL, Sigma,
St. Louis, MO, USA) since this hormone’s canonical signaling mechanism involves the
activation of the phosphoinositide-3-kinase (PI3K) AKT pathway, which acts as an agonist
with the Hh signaling components [101,102] and additionally has positive effects on the
vitality of the cells.

The ready-to-use US-24 medium also incorporates the synthetic Hh agonist called
Smoothened Agonist (SAG-dihydrochloride, 3-Chloro-N-[trans-4-(methylamino)cyclohexyl]-
N-[3-(4-pyridinyl)benzyl]-1-benzothiophene-2-carboxamide·2HCl, water-soluble; AdipoGen,
San Diego, CA, USA) at the final concentration of 200 nM [50,133].

The reason that led us to formulate US-24 lies in the fact that undefined media contain
factors that could activate antagonistic pathways to the Hh signaling. Indeed, several
antagonistic interactions between the Hh and other signaling pathways have been described
in numerous studies. For example, inducers of intracellular cAMP and Protein Kinase
A [134,135], the Wnt and Notch signaling pathways [136], the Bone Morphogenetic Proteins
(BMPs) group of signaling molecules [75], Glucocorticoids [137], Retinoic Acid [138], and
Interferon-gamma [139]. Inevitably, these Hh signaling antagonists (or agonists) can be
found in large and unknown quantities in all undefined cell culture systems based on fetal
bovine serum (FBS) or platelet lysate (PL). Glucocorticoids, BMPs, and other growth factors
are ordinarily present in FBS and PL [140–142].

To activate the Hh signaling, in some experiments, we replaced the synthetic agonist
SAG with the natural ligands of this pathway: Human recombinant Sonic Hedgehog
(SHH); Human recombinant Desert Hedgehog (DHH); and Human recombinant Indian
Hedgehog (IHH). SHH, DHH, and IHH were used at the final concentration of 50 ng/mL
and purchased from ProSpec-Tany Ltd., Rechovot, Israel.

Human ASCs cultured in normal UrSuppe or US-24 without SAG and Insulin were
used as negative controls.

In some experiments, primary hASCs were treated with 50 nM Dexamethasone (DEX)
(Cayman Chemical, Ann Arbor, MI, USA) or 2 ng/mL human TNFα, or with members
of the TGF-β superfamily: TGF-β1, TGF-β3, and BMP4, all three at the concentration of
10 ng/mL and purchased from ProSpec-Tany Ltd., Rechovot, Israel. The experiments
shown in this study were done with hASCs samples that had at least 60% of CD24-positive
cells on flow cytometric analysis.
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Interestingly, we found that the coating of the cell culture vessels used to grow and test
the hASCs played a crucial role. When Fibronectin was used as coating substrate (Corning
PureCoat™ ECM Mimetic Fibronectin Peptide, Corning Inc., Corning, NY, USA), it was
possible to reach a significant expression of the CD24 antigen with the US-24 with SAG
and Insulin medium (data not shown). This was not the case when, for example, Collagen
I coating was employed instead.

4.2.2. Flow Cytometry Analysis

hASCs were detached, washed, and resuspended with FACS buffer (PBS supple-
mented with 1% injectable human albumin and 50 ng/µL of human immunoglobulins,
CLS Behring, Bern, Switzerland). All centrifugation steps were performed at 400× g for
5 min. For each sample, 50,000 cells (in 100 µL FACS Buffer) were used and incubated with
appropriate fluorochrome-conjugated antibodies for 20 min a RT in the dark. Finally, the
sample was diluted with 100 µL FACS Buffer before the acquisition. Cells were analyzed
using a CytoFLEX Flow Cytometer (Beckman Coulter Inc., Pasadena, CA, USA), recording
30,000 cells/test. Data analysis was performed with Kaluza Flow Cytometry Analysis Soft-
ware (Beckman Coulter Inc., Pasadena, CA, USA). All antibodies were titrated to optimize
the signal-to-noise ratio and used at a specific concentration. Isotype controls and specific
mAbs were used at the same final concentrations; further information about the different
antibodies can be found in Supplementary Materials, Table S9.

4.2.3. RNA Preparation, cDNA Synthesis and Quantitative Real-Time PCR
(RT-qPCR) Analysis

Total RNAs were purified using the Nucleospin® RNA kit (Macherey-Nagel, Düren,
Germany) according to the manufacturer’s instructions. The purification procedure in-
cludes an on-column digestion step with DNase I. cDNA was obtained from 400 ng
RNA using GoScriptTM Reverse Transcription System (Promega, Madison, WI, USA) and
T100TM Thermal Cycler (BIO-RAD, Hercules, CA, USA); the protocol can be found in
Supplementary Materials, Table S10. RNA and cDNA concentration and purity were
determined by measuring the absorption at 260/280 nm with NanoDropTM 2000/2000c
Spectrophotometers (Thermo Fisher Scientific, Waltham, USA). RT-qPCR was done using
SsoAdvancedTMUniversal SYBR® Green Supermix kit (Biorad, Hercules, CA, USA) and
detected with the CFX Connect Real-Time System (Biorad, Hercules, CA, USA). RT-qPCR
was performed using 20 ng of cDNA for each sample, and RPL13A was used as an internal
control gene. Each primer pair product was examined for proper amplification by agarose
gel electrophoresis. We used exclusively primers, which gave rise to single sharp bands of
the expected size. Primer sequences, temperature, and cycle conditions can be found in
Supplementary Materials, Tables S11 and S12. Relative mRNA levels were normalized to
RPL13A mRNA by the ∆∆Ct method. The mean Ct was converted to relative expression
value by the equation: 2−∆∆Ct. All experiments were done in triplicate.

4.2.4. Secretome Profiler

The conditioned cell culture medium of hASCs cultured for 5 days in US-24 with
SAG and Insulin medium was analyzed to detect secreted cellular factors. The medium
was filtered through a 0.22 µm syringe mesh (Jet Biofil, Guangzhou, China) to remove
cellular debris, then 1 mL of supernatant was incubated overnight with a nitrocellulose
membrane containing many different capture antibodies. The array procedure was carried
out according to the instructions provided with the Proteome Profiler Human Adipokine
Array Kit (#ARY024) and Proteome Profiler Human Chemokine Array Kit (#ARY017),
both manufactured by R&D Systems, Minneapolis, MN, USA. The secondary biotinylated
detection antibodies were highlighted using Streptavidin conjugated IRDye 800 CW (Li-Cor
Corporate, Lincoln, NE, USA). Positive signals were detected after scanning the membrane
using an Odyssey® CLX Imaging System (Li-Cor Corporate, Lincoln, NE, USA).
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4.3. Statistical Analysis

Statistical analyses were performed using one-way ANOVA in Prism 7 (Graph Pad
Software Inc., San Diego, CA, USA). A p-value lower than 0.05 is considered statistically sig-
nificant. More information about the statistical analysis can be found in the Supplementary
Materials Tables S1–S3, S5, and S6.

A detailed description of all the chemicals and reagents used in this study is shown in
the online Supplementary Materials Table S13.

5. Conclusions

The CD24 glycosylphosphatidylinositol (GPI)-linked cell surface receptor is an in-
triguing marker used to characterize early murine adipocyte progenitors [19,20]. However,
CD24-positive ASCs are elusive, and the presence of these cells in human adipose tissue is
poorly documented in the literature. Thus, in the present study we investigated how to
upregulate CD24 expression in primary human ASCs and its possible functional meanings.
We showed for the first time that this marker can be induced in primary human ASCs
by the Hh signaling pathway. This was only possible thanks to the development and
employment of defined serum-free media. Indeed, we observed that many growth factors
and hormones, commonly contained in fetal bovine serum or platelet lysate, are antagonists
of the Hh signaling. Surprisingly, even small biochemical molecules and the type of coating
used in the experiments can modulate the Hh signaling pathway.

We show that in hASCs, the CD24 marker can be induced by the synthetic Hh signaling
pathway agonist SAG or with the three natural ultrapure human recombinant ligands
(SHH, DHH, IHH, produced in E. coli). So, triggering the Hh signaling in hASCs with SAG
brought the CD24 marker to appear on their surface and led to reduced differentiation
markers, enhanced expression of “stemness” maintenance genes, and the emergence of
genes involved in angiogenesis and vascular remodeling. The Hh signaling is known
mainly for its role in embryonic development, while few target genes for this pathway
have been described in the adult organism. This study found several important genes, such
as CD130, CD143, CD202b, SDF-1, and CXCR7, in which the Hh signaling pathway could
directly or indirectly regulate in adult cells.

Two studies suggest that CD24 may also be upregulated by other, currently non-
characterized, signal transduction circuits different from the Hh signaling pathway [33,72].
It is proposed that CD24 may act as a membrane-organizing factor that regulates the
association and localization of cell surface receptors with their canonical ligands [30]. The
fact that different signaling circuits can induce it is compatible with the postulated role
for this marker. Indeed, different transduction systems could use CD24 as an adapter,
and the specificity of the interactions might be determined by the different glycosylation
patterns of this GPI-anchored protein. Therefore, it will be interesting to check whether the
glycosylation pattern of the CD24 surface antigen changes according to the transduction
signaling used for its upregulation.

Taken together, we believe that CD24 is an exciting multitasking protein that could
help better understand adipose tissue biology in health and disease. With this new cell
culture platform described in this study, we can now grow large numbers of CD24-positive
hASCs in vitro. Based on the data from this study, we think that CD24-positive hASCs
may characterize early rare progenitor cells specialized in vascular morphogenesis and
remodeling and do not represent preadipocytes committed to adipogenesis. Therefore, it
will be exciting to apply single-cell RNA sequencing to identify and profile these cells and
find their collocation in the subcutaneous adipose tissue stem cell hierarchy, which is still
yet to be clarified [111,112,125].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biologics1020008/s1, Table S1: Generation in vitro of CD24 positive cells from primary hASCs:
Statistical significance for flow cytometer analysis, Table S2: Generation in vitro of CD24 positive cells
from primary hASCs: Statistical significance for RT-qPCR analysis, Table S3 CD24 upregulation in
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hASCs mediated by recombinant natural Hh ligands and synthetic SAG agonist, Table S4: Overview
of measured genes, Table S5: CD24 positive hASCs & transforming growth factor β family: Statistical
significance for flow cytometer analysis, Table S6: CD24 positive hASCs & transforming growth
factor β family: Statistical significance for RT-qPCR analysis, Figure S1: Analysis of CD24 and
CD36 expression in hASCs, List S1: Description and references regarding the 14 genes, Figure S2:
Comparing the adipokines and chemokines secretion profile of hASCs, Table S7: Human adipokine
array, Table S8: Human chemokine array, Table S9: Detailed information of the antibodies used for
the flow cytometric measurements, Table S10: Reverse transcription detailed procedure, Table S11:
RT-qPCR cycle conditions, Table S12: Primer sequences, Table S13: Materials. References [143–172]
are cited in the Supplementary Materials.
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