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Abstract: The sources of mesenchymal stromal cells (MSCs) for cell therapy trials are expanding,
increasing the need for their characterization. Here, we characterized multi-donor, turbinate-derived
MSCs (TB-MSCs) that develop from the neural crest, and compared them to bone marrow-derived
MSCs (BM-MSCs). TB-MSCs had higher proliferation potential and higher self-renewal of colony
forming cells, but lower potential for multi-lineage differentiation than BM-MSCs. TB-MSCs ex-
pressed higher levels of neural crest markers and lower levels of pericyte-specific markers. These
neural crest-like properties of TB-MSCs were reflected by their propensity to differentiate into neu-
ronal cells and proliferative response to nerve growth factors. Proteomics (LC–MS/MS) analysis
revealed a distinct secretome profile of TB-MSCs compared to BM and adipose tissue-derived MSCs,
exhibiting enrichments of factors for cell-extracellular matrix interaction and neurogenic signaling.
However, TB-MSCs and BM-MSCs exhibited comparable suppressive effects on the allo-immune
response and comparable stimulatory effects on hematopoietic stem cell self-renewal. In contrast, TB-
MSCs stimulated growth and metastasis of breast cancer cells more than BM-MSCs. Altogether, our
multi-donor characterization of TB-MSCs reveals distinct cell autonomous and paracrine properties,
reflecting their unique developmental origin. These findings support using TB-MSCs as an alternative
source of MSCs with distinct biological characteristics for optimal applications in cell therapy.

Keywords: turbinate MSC; neural crest; secretome

1. Introduction

Mesenchymal stromal cells (MSCs) are non-hematopoietic adherent cell populations
with multi-lineage differentiation potential towards diverse types of tissues, including
bone, cartilage, vessels, and neuron-like cells [1–3], and exhibits common surface pheno-
types [4]. Cell therapeutic trials utilizing ex vivo expanded MSCs are increasing, and their
potential within a wide range of applications is being explored. These include the regen-
eration of damaged cardiovascular [5], neural [6], and muscular–skeletal tissues [7–10];
the suppression of allogenic immune reactions [11,12], and facilitation of hematopoietic
engraftment [13,14] or suppression of graft versus host diseases [15,16].

However, significant heterogeneity in the morphology, proliferation, and differentia-
tion potentials of MSCs has been observed during their culture [17–19]. The heterogeneity
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of MSCs can also originate from differences in the ontological stage [20] or differences in the
tissue source [21–23]. Accumulating studies have shown that the heterogeneity of MSCs
can cause a difference in the biological properties and cell therapeutic outcomes [20–24].
Moreover, the sources of MSCs in the cell therapy trials are rapidly expanding, and includes
bone marrow (BM), adipose tissue, placenta, and Warton–Jelly derived MSCs. Accordingly,
with these increasing sources and their heterogeneity, the precise characterization of MSCs
is needed in order to optimize the choice of MSCs for a specific therapeutic application
based on their distinct biological characteristics.

Recently, MSCs from the olfactory epithelium or nasal turbinate are emerging as
an alternative source of MSCs that originates from the neural crest, unlike MSCs from
conventional sources developed from the mesodermal origin [25–27]. Previous studies
have shown that the neural crest-derived stem cells (NCSC) harbor extensive plasticity
for serving as multipotent stem cells/progenitors [28] that can differentiate into multiple
lineages [29], including MSCs in the cranial regions and other organs [30].

However, the potential distinctions in the biological roles of TB-MSCs as neural
crest-derived MSCs as opposed to mesoderm-origin MSCs remains unclear. Therefore,
in this study, we investigated the possibility that the NCSC-derived MSCs obtained in
the turbinate exhibit distinct cellular characteristics and paracrine functions and cause
distinct biological effects in MSC-based cell therapeutic trials. Our study should aid in the
optimization of MSC source selection with respect to their developmental origin.

2. Materials and Methods
2.1. Isolation of Cells and Culture

Umbilical cord blood was obtained from the Seoul Metropolitan Government Public
Cord Blood Bank. BM-MSCs from bone marrow aspirates or TB-MSCs from nasal turbinate
were obtained under informed consent from healthy donors or patients with nasal septal
deviation, respectively, under approval from the Institutional Review Board of the Catholic
University of Korea and Seoul St. Mary’s Hospital, the Catholic University of Korea
(MC19TNSI0012 and KC08TISS0341). MSC cultures were established from the mononuclear
cell fraction and maintained in Dulbecco’s modified Eagle’s medium (DMEM; Hyclone
Laboratories Inc, Schenectady, NY, USA) containing 10% fetal bovine serum (FBS; Hyclone,
Logan, UT, USA), L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin in a
humidified 5% CO2 at 37 ◦C.

2.2. Phenotyping of MSCs

MSCs were analyzed for phenotype by flowcytometry using monoclonal antibodies
against human CD34, CD90, CD146, CD140b, CD13, CD19, HLA-DR, CD14, CD45, CD105,
and CD73 (BD Pharmingen, San Jose, CA, USA) and anti-human CD166 (Serotec, Oxford,
UK), according to the manufacturer’s instructions.

2.3. Colony-Formation Assay

For colony formation of MSCs (CFU-F), MSCs were plated in a dish (300 cells per
80 cm2; 100 mm dish) and incubated for 14 days, and then the number of colonies containing
>50 cells were counted by staining with crystal violet (Sigma, St. Louis, MO, USA) in
methanol, as described [31]. The secondary CFU-F was counted by replating the primary
CFU-F for 2 weeks.

2.4. Multilineage Differentiation Assays

Osteogenic differentiation was induced by DMEM supplemented with 10% FBS,
10 nM dexamethasone, 0.2 mM ascorbic acid, and 10 mM β-glycerophosphate. After
14 days, the mineralization of the extracellular matrix was determined by Alizarin Red S
staining, and extraction with 10% cetylpyridinium chloride followed by measurement of
the absorbance at 550 nm. For adipogenic differentiation, confluent cells were incubated
in DMEM containing 10% FBS, 1 µM dexamethasone, 0.5 mM isobutyl-1-methylxanthine,
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100 µM indomethacin, and 10 µg/mL insulin. After 14 days, cells were fixed with propylene
glycol and stained with Oil Red O to visualize lipid droplets. The numbers of lipid droplets
were subsequently determined by dye extraction using 4% Nonidet P40 in isopropyl alcohol
followed by spectrophotometry at 520 nm.

2.5. RNA Extraction and qRT-PCR

Total RNA from MSC was isolated with Trizol (Invitrogen, San Diego, CA, USA).
cDNA was synthesized from l–2 µg of total RNA with superiorScript III mastermix (En-
zynomics, Daejeon, Korea). mRNA levels of SOX2, OCT4, NANOG, PAX3, CD13, CD146,
PDGFRβ, NG2, NESTIN, SYP (synaptophysin), and PAX3 were measured by quantitative
real-time PCR (qRT-PCR) using SYBR Premix Ex Taq II (TaKaRa, Shiga, Japan). Nor-
malization and fold changes were calculated using the 2−∆∆Ct method using GAPDH as
internal control.

2.6. Growth Factors for Cell Stimulation

For stimulation of cell growth, MSCs in the exponential growth phase were treated
with recombinant human β-NGF (rNGF) (100 ng/mL) (PeproTech, Rocky Hill, NJ, USA)
and recombinant bFGF (100 ng/mL) (PeproTech) for 3 days, and proliferation was deter-
mined by fold increase in cell numbers. Effects on MSC phenotype were analyzed by flow
cytometry using antibody against human CD271 (BD Pharmingen).

2.7. Co-Culture

Human CD34+ cells were purified from umbilical cord blood using a CD34 MicroBead
kit (Miltenyl Biotec, Bergisch Gladbach, Germany). For co-culture, MSCs were pretreated
with mitomycin-C (10 µg/mL) for 1 h, washed, and co-cultured with purified CD34+

cells for 4 days in DMEM + 10% FBS (Hyclone) in the presence of cytokine mixtures
(20 ng/mL hSCF, 20 ng/mL hFlt3L, 4 ng/mL hIL-3, 4 ng/mL hIL-6, 4 ng/mL hG-CSF,
and 0.2 × 10−6 M hydrocortisone (ProSpec-Tany TechnoGene Ltd., Rehovot, Israel). For
phenotypic analysis of ex vivo expanded hematopoietic cells, co-cultured cells were stained
with antibodies against CD45, CD34, and CD90 (BD Pharmingen, San Jose, CA, USA) and
analyzed by flow cytometry after gating the hematopoietic (CD45+) population. Colony-
forming cell (CFC) assays were performed by plating the co-cultured cells in semisolid
medium (H4230; STEMCELL Technologies, Vancouver, Canada) for 14 days.

2.8. Neural Differentiation

For neural differentiation of MSCs, cells were plated in a fibronectin-precoated dish
(60–80% confluency) and induced to differentiate into neuronal cells for 3 or 7 days using
the neuronal induction media (PromoCell-C28015, Heidelberg, Germany) with medium
changes in every 48 h.

2.9. Immunocytochemistry and Western Blotting

MSCs were plated in fibronectin-coated chamber slides and fixed with cold methanol.
For blocking, cells were incubated in 10% goat serum-containing PBS for 1 h at room
temperature. After washing, the chamber slides were incubated with primary antibody
against Synaptophysin (SYP) (Abcam, Cambridge, MA, USA), and visualized by secondary
antibody. Fluorescent images were obtained using a confocal laser scanning microscope
(LSM700; ZEISS International, Oberkochen, Germany) and analyzed by using ZEISS ZEN
Imaging Software. Expression of neuronal markers was also analyzed by Western blots
using antibodies against neurofilament (NF), NEUN, MAP2, and NESTIN (Abcam) and a
Luminescent Image Analysis System (LAS-4000; Fuji film, Tokyo, Japan) with quantification
using Image J software.
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2.10. Tumor Growth and Metastasis

The human breast cancer cell line MDA-MB-231 was purchased from ATCC (Manassas,
VA, USA). Animal experiments were approved by the Catholic University of Korea Animal
Care and Use Committee (IACUC no. 2018-0172-01). MDA-MB-231 cells (5 × 105) and
MSCs from TB or BM (5 × 105) were co-injected into mammary fat pads of immune-
deficient NOD scid gamma (NSG) mice in a mixture with growth factor-reduced Matrigel
(BD). Primary tumor volumes were measured as previously described (width × length ×
height × 0.52) [32]. Distant metastasis was analyzed by gross and microscopic analysis of
organs by hematoxylin/eosin staining.

2.11. Immune Suppression Assay

Mononuclear cells (MNCs) from human umbilical cord blood were stained with CFSE
using a CellTrace CFSE cell proliferation kit (5 µM, Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s protocol. The MNCs were mixed with mitomycin-C
pre-treated MSCs and stimulated by anti-CD3/CD28 microbeads (Gibco) and recombi-
nant human IL-2 (30 U/mL, PeproTech). The proliferation of T-cells was measured by
flow cytometry analysis for decrease of CFSE intensity in the gated (CD45+CD3+CD8+ or
CD45+CD3+CD4+) subsets of T-cells.

2.12. Mass Spectrometric (MS) Analysis of Secreted Proteins

The collected secretome samples (100 µg protein) were analyzed by nano-flow liquid
chromatography tandem mass spectrometry (LC–MS/MS) on an LTQ-Orbitrap XL mass
spectrometer (Thermo Fisher Scientific) after tryptic digestion. The detailed procedure is
the same as described in our previous paper [33], except that the length of the analytical
column was 15 cm. Each biological replicate of the secretome was analyzed in a single
LC–MS/MS run.

2.13. Bioinformatic Analysis of Mass Spectrometric Data

The mass spectrometric data were loaded on the Proteome Discoverer (ver2.2.0.388)
software, and label-free quantification (LFQ) was performed to compare the expression
levels of each individual protein between replicates and between different MSCs. We used
the human UniProtKB database (released in June 2020) with the FBS protein list added for
the MS data search to exclude suspected proteins affected by FBS [34]. Only the proteins
confirmed as true secretory proteins by either SignalP [35], SecretomeP (score ≥ 0.5) [36], or
TMHMM [37] were used for the next step of gene ontology (GO) analysis. GO terms were
analyzed using the algorithm of the Database for Annotation, Visualization, and Integrated
Discovery (DAVID) tools (https://david.ncifcrf.gov/, accessed on 19 March 2021). The
prediction of biological functions and upstream regulators were analyzed using Ingenuity
Pathway Analysis (IPA) software (content version: 47547484). A t-test for LFQ intensity
values was performed, and proteins with p-values less than 0.05 were used for IPA analysis.
Uploaded data for upstream regulator analysis contained UniProtKB accession and the
log2 ratio of identified proteins. Predicted upstream regulators with a Z-score above 2 and
a p-value of overlap below 0.01 were considered significantly activated.

2.14. Statistical Analysis

Two-group comparisons were conducted using a two-tailed, unpaired t-test. Data
were expressed as mean ± standard error of the mean (SEM). Significance levels were
indicated as * p < 0.05, ** p < 0.01, and *** p < 0.001. One-way ANOVA was used to
analyze the differences among the means for three or more groups. When ANOVA test
showed significant difference between the groups, Tukey’s test was used as post hoc
tests to find differences between specific groups. Significance levels were indicated as
* p < 0.05. Statistical analysis was performed using GraphPad Prism software (version 8.0.1;
GraphPad Software, San Diego, CA, USA).

https://david.ncifcrf.gov/
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3. Results
3.1. Turbinate and Bone Marrow MSCs Exhibit Distinct Cellular Characteristics

To compare MSCs derived from the nasal turbinate (TB-MSCs) with bone marrow-
derived MSCs (BM-MSCs), and to control for individual variation, we collected each
tissue-source of MSCs from multiple donors at similar ages and compared their biological
properties. TB-MSCs exhibited a similar cell size as BM-MSCs, but their cell density was
lower, as evidenced by the comparable forward scatter (FSC) and lower side scatter (SSC)
in flow cytometry (Figure 1A). The surface phenotypes of TB-MSCs were also similar to
those of BM-MSCs, exhibiting a common canonical phenotype for MSCs (Figure 1B).

We next compared the growth kinetics of TB-MSCs to BM-MSCs. As shown in
Figure 1C, TB-MSCs exhibited a higher proliferative activity than BM-MSCs. Moreover,
TB-MSCs exhibited a delay in replicative senescence; TB-MSCs continued to grow beyond
passage 16, whereas BM-MSCs reached growth arrest after 11–13 passages (Figure 1D).
When examined for colonogenic potential, TB-MSCs exhibited a significantly higher fre-
quency of CFU-F than BM-MSCs (Figure 1E). Moreover, the numbers of secondary CFU-F
after replating the primary colonies were strikingly higher in TB-MSCs than for BM-
MSCs, indicating higher self-renewal of colonogenic MSC progenitors (CFU-F) in TB-MSCs
(Figure 1F). In contrast, when examined for multi-lineage differentiation potential into
osteogenic or adipogenic lineages, TB-MSCs exhibited decreased terminal differentiation
into osteogenic and adipogenic lineages compared to BM-MSCs (Figure 1G,H).

Together, these results reveal that TB-MSCs exhibit higher proliferative potential with
higher self-renewal rates of colonogenic progenitors, but lower potential for multi-lineage
differentiation than BM-MSCs.

3.2. Turbinate MSCs Preserve the Neural Crest-Like Properties in Cell Autonomous Effects

Based on these differences in the cellular properties of TB and BM-MSCs, we examined
the potential differences in the expression of genes that characterize the cellular identity
of MSCs. For pluripotency-related genes, TB-MSCs exhibited significantly lower levels of
expression of OCT4, NANOG, and SOX2, indicating that the higher proliferation potential of
TB-MSCs is not attributed to an increase in the stemness-related genes (Figure 2A). Next, we
compared the expression of pericyte markers; TB-MSCs expressed lower levels of pericyte
markers than BM-MSCs, including CD146, PDGFRß, NG2, and CD13 [38,39] (Figure 2B).
In contrast, TB-MSCs expressed strikingly higher levels of neural crest markers, such as
NESTIN and PAX3 [40,41] (Figure 2C). Together, these results show that TB-MSCs preserve
the characteristic features of neural crest-derived stem cells, while down-regulating genes
required for pluripotency and pericyte-related genes.

To further examine the neural crest-like properties of TB-MSCs, we evaluated whether
the MSCs exhibit a differential response to nerve-specific growth factors. As shown, nerve
growth factors (NGF) exhibited a selective stimulatory effect on TB-MSCs, but not on
BM-MSCs (Figure 3A and Supplemental Figure S1A). Consistent with this finding, higher
levels of the NGF receptor (CD271) were found on the cell surface of TB-MSCs than on
BM-MSCs (Figure 3B). In contrast, responses to fibroblast growth factor (FGF) were not
significantly different between TB and BM-MSCs (Supplemental Figure S1B), indicating
that TB-MSCs mimic neuronal cells in their response to growth factors.

Based on these findings, we next examined the neurogenic potential of TB-MSCs
in comparison to BM-MSCs during induced differentiation into neurons. Induction of
neuronal differentiation in TB-MSCs caused higher levels of expression of MAP2, a marker
for neurons [42], and SYP(synaptophysin), a marker specific for functional synaptic vesi-
cle protein [43,44], compared to BM-MSCs (Figure 3C–E). Similarly, there were higher
expression levels of NF (neurofilament), a marker for motor neurons [45], and NEUN, a
neuron-specific markers [46], as detected by immunoblot analysis in TB-MSCs than in
BM-MSCs (Figure 3F).
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Figure 1. Biological characteristics of turbinate-derived MSCs (TB-MSCs) compared with BM-derived MSCs (BM-MSCs).
(A) Representative flow cytometry profiles of TB and BM-MSCs for cell size (FSC) and density (SSC) (left) and quantitative
analysis of the median values (right) (mean ± SEM, * p < 0.05, three expts, n = 3). (B) Flow cytometry analysis of TB and
BM-MSCs for canonical phenotypic markers of MSCs. (C) Proliferation potential of TB and BM-MSCs. Cells were seeded at
the same density (2.5 × 103/cm2), and cell numbers counted after 3 days of culture. Shown are the numbers of cells after
the culture period for each of three individual donor-derived TB-MSCs and BM-MSCs (mean ± SEM, * p < 0.05, six expts,
n = 3). (D) Replicative senescence of TB and BM-MSCs. Each MSC type was plated at identical density (3.5 × 103/cm2;
100 mm dish) and subcultured in growth media with serial subcultures. Shown are the long-term growth potentials over the
indicated passages for TB and BM-MSCs (one expt, n = 2 for each). (E) The frequency of CFU-F for BM and TB-MSCs. Cells in
the exponential growth phase were plated at the same density (300 cells/100 mm plate), and formed colonies were identified
by crystal violet staining. Shown are the mean numbers of CFU-F from three independent donors of TB and BM-MSCs
(mean ± SEM, ** p < 0.01, three expts, n = 12). (F) Self-renewal potential of colony-forming cells (CFU-F) in TB and BM-MSCs.
Colonies formed in each plate were harvested and re-plated for self-renewal. Shown are the ratios of secondary/primary
colony numbers obtained from three individual donors of TB and BM-MSCs (mean ± SEM, * p < 0.05, two expts, n = 12).
(G,H) Multi-lineage differentiation potential of TB and BM-MSCs. Each MSC type was subjected to osteogenic and adipogenic
differentiation. Shown are representative images of terminal differentiation (left) and quantification of osteogenic (G) or
adipogenic (H) differentiation from three individual donors of TB and BM-MSCs as determined by droplets (Abs 520 nm)
and mineralization (Abs 550 nm), respectively (mean ± SEM, ** p < 0.01, *** p < 0.001, three expts, n = 9).

These results together indicate that TB-MSCs preserve the properties of neural crest
stem cells and are more prone to differentiate into functional neuronal cells than BM-MSCs.

3.3. Proteomic Distinctions of TB and BM-MSCs in Their Secreted Proteins

Based on these cell autonomous distinctions between TB-MSCs and BM-MSCs, we
were prompted to investigate whether these MSCs could have distinct paracrine effects.
For this, we first examined their secretomes by analyzing the proteins in their culture su-
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pernatants by liquid chromatography with tandem mass spectrophotometry (LC–MS/MS).
The secreted proteins of TB and BM-MSCs exhibited distinctions with only about 57% simi-
larity among the top 100 secreted proteins from each MSC (Figure 4A). These distinctions
were similarly observed in the multiple PCA analyses of secreted proteins among TB-MSCs,
BM-MSCs, and adipose tissue-derived MSCs (AD-MSCs), revealing a clear clustering of
the TB-MSCs secretome from the other sources of MSCs (Figure 4B and Supplemental
Figure S3). Gene ontology analysis of the secreted proteins enriched in TB-MSCs revealed
gene clusters involved in extracellular matrix organization/disassembly and cell adhesion
(Figure 4C). Similarly, analysis of disease and function prediction for the proteins enriched
in TB-MSCs compared to BM-MSCs revealed significant enrichment of clusters for cancer
cell growth and proliferation (Supplemental Figure S2B), suggestive of their distinctive
influence on cell proliferation and cell–cell interactions. Moreover, Neurogenin1 was iden-
tified as the most significant upstream signal among the upstream signals responsible for
proteins enriched in the secretome of TB-MSCs (z-score > 2.0) (Figure 4D and Supplemental
Figure S2A), further supporting the neural crest-like properties of TB-MSCs. Interestingly,
the distinct pattern of TB-MSCs in comparison to BM-MSCs were similarly reproduced
in the comparison of TB-MSCs to AD-MSCs, exhibiting similar enrichment of proteins
involved in cell adhesion and cell growth as well as enrichment of Neurogenin1 in the
upstream analysis (Supplemental Figure S3A–D). These results together indicate that the
secretome of TB-MSCs exhibit a conserved distinction from MSCs of mesodermal origin,
including BM or AD-MSCs, further supporting the unique secretome pattern of TB-MSCs.
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Figure 3. Neurogenic potential of TB-MSCs. (A) Response of TB and BM-MSCs to NGF. TB or BM-MSCs from three
individual donors were plated in the same density (3 × 104/cm2) and stimulated by NGF (100 ng/mL) for 3 days, and
their proliferative response in the presence or absence of NGF were quantified. Shown are the increments of cell numbers
in TB-MSCs relative to the increase in BM-MSCs from each individual donor (one-way ANOVA followed by Tukey’s
post-test, * p < 0.05, two expts, n = 3). (B) Expression levels of a receptor for NGF (CD271) in TB and BM-MSCs in the
presence or absence of NGF. Shown are the folds intensity of mean fluorescence (MFI) relative to the intensities of donor
cell-matched isotype controls in TB and BM-MSCs derived from three individual donors (one-way ANOVA followed by
Tukey’s post-test, * p < 0.05, two expts, n = 3). (C–F) TB and BM-MSCs were induced to differentiate into neurons. (C,D)
Neurogenic differentiation after 3 days of induction was quantitated by transcripts for the synaptic vesicle-specific gene
(SYP) or the neuron-specific gene (MAP2) (one-way ANOVA followed by Tukey’s post-test, * p < 0.05, three expts, n = 3
from 3 donors). (E) Neurogenic differentiation was examined by immunofluorescence for expression of SYP 7 days after
differentiation induction (left, 100X magnification) with quantification of the SYP (+) cells among the DAPI stained cells in
the field (right) (one expt, n = 3, * p < 0.05). (F) Immunoblot analysis for expression of neuron-specific genes in MSCs after
neuronal differentiation for 3 days. Shown are the representative images for immunoblot (left) and quantification of the fold
changes in expression levels of each indicated gene relative to β-actin, analyzed by using Image J (right) (one expt, n = 6, * p
< 0.05, ** p < 0.01).

3.4. Comparisons of Paracrine Effects of TB and BM-MSCs on Normal and Cancer Stem Cells

To further examine the paracrine effects, we next compared the niche activities of TB-
MSCs and BM-MSCs for supporting the growth and self-renewal of normal and cancer stem
cells. First, to examine support for normal stem cells, TB or BM-MSCs were co-cultured
with CD34+ hematopoietic progenitors and analyzed for the self-renewing expansion of
primitive subsets of hematopoietic progenitors (CD34+90+), the subset representing BM
repopulating cells [47,48] (Figure 5A). The numbers of CD34+90+ subsets were significantly
increased in the co-cultures with both TB or BM-MSCs, compared to the stroma-free
cultures (Figure 5B), consistent with the microenvironmental support for self-renewal of
HSCs [24,49–51], thus indicating that the supporting activities of TB-MSCs on primitive
CD34+90+ subsets were comparable to those of BM-MSCs. However, colony-forming
cells (CFC) representing more down-stream precursors were not significantly increased by
co-culture with TB or BM-MSCs compared to the stroma-free culture (Figure 5C). These
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results show TB-MSCs can similarly exert support for the self-renewing expansion of such
primitive subsets of hematopoietic progenitors as BM-MSCs.
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Figure 4. Secretome of TB and BM-MSCs. To obtain serum-free supernatants, TB and BM-MSCs
grown in FBS containing media were switched into serum-free media, and the serum-free super-
natants were collected 24 h after media switching. The supernatants were analyzed for secreted
proteins by liquid chromatography/mass spectrophotometry (LC–MS/MS) (3 individual samples for
one expt). (A) Shown are the % overlaps of the top 100 most abundant secreted proteins between
TB and BM-MSCs. (B) PCA analysis of the secretome from TB-MSCs (TB), BM-MSCs (BM), and
AD-MSCs (AD). (C) Gene ontology of secreted proteins up-regulated in TB-MSCs in comparison
to BM-MSCs. Shown are the gene clusters of up-regulated proteins in supernatants of TB-MSCs
compared to BM-MSCs along with counts of genes in each clusters (FDR < 0.02). (D) Upstream
analysis of transcriptional regulators that can explain the observed increase of the secreted proteins
up-regulated in supernatants of TB-MSCs relative to that of BM-MSCs. The analysis was performed
using IPA software (Z-score > 2.0).

In contrast, when TB-MSCs and BM-MSCs were examined for their effects on cancer
cells by co-implanting MSCs and breast cancer cells into immune-compromised mice
(NSG), TB-MSCs supported faster growth of cancer cells than did BM-MSCs, resulting
in larger tumor volumes (Figure 6A,B). Moreover, the numbers of metastatic foci in lung
were significantly higher in mice implanted with TB-MSCs than in mice with BM-MSCs
(Figure 6C–E and Supplemental Figure S4). In addition, the length of the metastatic lesion
for each metastatic tumor was also significantly higher in mice with TB-MSCs than the
BM-MSC group. Given that cancer cells evolve into metastatic tumors primarily through
the acquisition of stemness [52,53], these results indicate that TB-MSCs better support
stemness in breast cancer cells as well as their growth in distant organs.
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Figure 5. TB-MSCs were examined for HSC-supporting niche activity in comparison to BM-MSCs.
(A) Schematic of the experimental procedure. BM or TB-MSCs (2 × 104/cm2) were pre-treated with
mitomycin-C (10 µg/mL) for growth arrest 1 h before co-culture with CD34+ cells (400 cells/cm2).
Expansion of hematopoietic progenitors (CD34+/90+) or colony forming cells (CFC) after 4 days
of co-culture with each group of MSCs were compared. (B) Expansion of primitive hematopoietic
progenitors (CD34+90+) under stroma-free conditions or co-culture with each MSC type. Shown
are the % of CD34+90+ subsets in hematopoietic cells (CD45+) (left) and numbers of CD34+90+

cells (right) after co-culture (mean ± SEM, one-way ANOVA followed by Tukey’s test, * p < 0.05,
three expts, n = 9). (C) Colony-forming cells (CFCs) after co-culture under the indicated conditions
(mean ± SEM, one-way ANOVA p > 0.05, three expts, n = 9).

3.5. Comparisons for Immune-Modulating Effects of TB and BM-MSCs

Given that MSCs are also frequently utilized for suppressing the immune response,
we compared the immune-modulating effects of TB and BM-MSCs in suppressing the allo-
immune response. Thus, mononuclear cells stained with carboxyfluorescein succinimidyl
ester (CFSE), a membrane binding dye, were co-cultured with MSCs and stimulated with
anti-CD3/CD28 microbeads and IL-2. As shown in Figure 7, tracking of T-cell proliferation
showed that both BM and TB-MSCs inhibited the allo-immune reaction of CD4+ or CD8+

T-cells to comparable levels, indicating that TB-MSCs can also exert a comparable immune-
modulating potential as BM-MSCs.

Taken together, our results reveal that TB-MSCs developed from the neural crest
preserve the neural crest-like properties and exhibit a series of distinct cell autonomous as
well as paracrine functions, which may have specific biological effects in MSC-based cell
therapy trials.
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Figure 6. Effects of TB-MSCs and BM-MSCs on cancer cells. (A) Schematic of experimental procedure. Breast cancer cells
(MDA-MB-231) were inoculated into the mammary fat pad of NSG mice along with BM or TB-MSCs in a mixture with
Matrigel (1:1 ratio). Mice were examined for growth of primary tumor mass and distant metastasis to liver and lung.
(B) Tumor growth of breast cancer cells. After inoculation of the tumor cells with TB or BM-MSCs, the tumor volumes were
measured at the indicated time points (tumor volume (mm2): width × length × height × 0.52). Data from three independent
donors (mean ± SEM, * p < 0.05, one expt, n = 24 for each group). (C–E) Effects of TB or BM-MSCs on metastasis of breast
cancer cells. The mice with primary tumors were examined for metastasis in liver and lung by microscopy to count the
number of metastatic foci and size. (C) Representative micrographs of metastasis by H/E staining and measurement
of their length. Metastatic foci in low magnification images and their high magnification of the area indicated by box.
(D,E) Quantification of metastatic foci by numbers and length in lung (D) and liver (E) (mean ± SEM, * p < 0.05, ** p < 0.01,
one expt, n = 6 for each group).
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Figure 7. Suppression of allogenic immune responses by TB-MSCs in comparison to the BM-MSCs. (A) Representative flow
cytometry profiles. Mononuclear cells (MNCs) from umbilical cord blood (1 × 105/96 well) were stained with CFSE and
stimulated with anti-CD3/CD28 microbeads and IL-2 for 6 days in the absence or presence of MSCs (1 × 104/96 well). The
subsequent proliferation of T-cells (CD3) and their subsets (CD3+CD4+ or CD3+CD8+) was measured by the decrease of
CFSE intensity in their cell membranes. Shown are representative flow cytometry profiles for gating T-cells (CD3+) and
their changes in CFSE intensity. (B) Quantitative measurement of immune suppressive function of TB and BM-MSCs. The
suppression of T-cell proliferation by each type of MSCs was analyzed by the decrease in mean CFSE fluorescence intensity
in CD3+CD4+ or CD3+CD8+ cells. Shown are the mean fluorescence intensity of CFSE in T-cells of each group relative to
the intensity in un-stimulated group (one-way ANOVA followed by Tukey’s test, * p < 0.05, one expt, n = 3).

4. Discussion

While MSC-based cell therapy is currently expanding into diverse clinical applications,
the difference in the biological properties of MSCs and subsequent heterogeneity in clinical
outcomes have been major challenges in the field.

So far, most of the heterogeneity has been thought to originate from the differences in
the source of MSCs, including BM, umbilical cord blood or adipose tissue, etc., exhibiting
distinct as well as common characteristics in their intrinsic biological properties [21–23].
However, studies have shown that additional heterogeneity of MSCs can be created during
ex vivo culture, causing batch-to-batch variations in the biological function of MSCs and
their outcomes from applications [54]. Similarly, differences in the ontological stage of
the source tissue were also shown to cause heterogeneity in the support of normal and
leukemic stem cells [20,22].
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Moreover, a recent in vivo cell tracking study showed that MSCs serve different biolog-
ical functions depending on their developmental origin, i.e., MSCs from the mesodermal
sclerotome in BM primarily contribute to the generation of bone and adipose tissues,
whereas MSCs from the neural crest contribute to Schwann cells and microenvironmental
niche cells that can support the self-renewal of HSCs [41]. Given that MSCs in adipose
tissue or skeletal tissues develop from somatic or visceral lateral plate mesoderm, but MSCs
in the craniofacial regions are derived from the neural crest [55], it has been an unanswered
question whether these different origins lead to distinct biological functions of culture
expanded MSCs. In this light, the precise characterization of TB-MSCs is of particular im-
portance, partly because they originate from the neural crest, and partly because TB-MSCs
can be easily obtained without ethical conflicts from patients with nasal septum deviations,
representing another important source of MSCs [25,27].

However, the quality of MSCs varies widely among donors [56–58], thus making it
difficult to standardize the results of each individual clinical and preclinical studies [59].
To overcome these limitations, in this study, we compared TB and BM-derived MSCs
with different batches from multiple donors to overcome individual variations among the
same groups, and we found characteristic properties of TB-MSCs that are distinct from
BM-derived MSCs. First, TB-MSCs exhibited many features that suggest preservation of the
developmental memory of the neural crest. For example, TB-MSCs expressed lower levels
of pluripotency or pericyte-related genes, but strikingly higher levels of genes for the neural
crest, including NESTIN and PAX3 [40,41]. The neural crest-like properties of TB-MSCs
were similarly mirrored in their specific proliferative response to NGF. Moreover, TB-MSCs
were more prone to differentiate into functional neuronal cells, expressing markers for
motor neurons (NF) and synaptic vesicles (SYP), as well as neuron-specific markers (NEUN
and MAP2) compared to BM-MSCs.

Of note, TB-MSCs exhibited a remarkably higher proliferation potential and self-
renewing expansion of CFU-F, the mesenchymal progenitors, as well as delayed replicative
senescence compared to BM-MSCs, pointing to the relative advantage of TB-MSCs for
ex vivo expansion. Currently, more than 425 clinical trials have been performed using
large doses of expanded MSCs (1–5 × 106/kg) [60], indicating that large-scale expansion
of primary MSCs still pose a challenge in clinical trials. Moreover, primary MSCs exhibit
a decline of proliferative activities with increasing age and underlying disorders [58,61].
Similarly, culture expansion of MSCs to a large number of cells are limited by continuous
gene expression changes and replicative senescence [62]. In this sense, higher proliferation
potential with delay in replicative senescence of TB-MSCs could open the possibility that it
can serve as highly expandable MSCs without ethical compromise to overcome current
limitations in cell therapy using cultured MSCs.

Interestingly, in addition to the distinction in cell autonomous properties, TB-MSCs
exhibited a distinct pattern in their secreted proteins from BM-derived MSCs, which was
also distinct from AD-MSCs. This indicates that the secretome of TB-MSCs could exert
unique paracrine effects distinct from other MSCs. The most characteristic features of
secreted proteins from TB-MSCs were the higher secretion levels of proteins involved
in cell–cell interactions or cell–ECM interactions. In addition, the upstream signaling of
secreted proteins revealed an enrichment of signals for Neurogenin1, the master regulatory
gene for neuronal commitment [63,64], supporting their propensity to differentiate into
neuronal cells. Interestingly, the distinct patten of secretome for TB-MSCs in comparison
to BM-MSCs were similarly reproduced in their comparison to AD-MSCs, suggestive of
a unique secretome pattern of TB-MSC, being consistently distinct from other sources
of MSCs.

However, when examined for HSC supporting functions of neural crest-derived
MSCs [41], TB-MSCs exhibited comparable support for self-renewing expansion of normal
HSCs as BM-MSCs. These findings, given that the HSC-supporting niche activity of MSCs
are controlled by various extrinsic signals [49,51], suggest that the functional distinction
of MSCs with respect to their developmental origin may not be precisely reproduced in
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the MSCs cultured in vitro. Consistent with the possibility, MSCs from different sources
were shown to exhibit differential responses to different inflammatory stimuli [21]. Thus, it
is possible that while the HSC-supporting niche activities are comparable for TB and BM-
MSCs under in vitro conditions, the "in vivo" niche activities under distinct extrinsic signals
could be regulated in a tissue-specific manner. Further in vivo studies under physiological
conditions are warranted to pursue this possibility.

In contrast, the paracrine-supporting activities on solid tumors (breast cancer cells)
were distinct between the TB-MSCs and BM-MSCs; proliferation of primary tumors and
their metastasis to lung were more highly stimulated by TB-MSCs than BM-MSCs. Consis-
tent with the findings, the secretome of TB-MSCs is highly enriched with proteins whose
gene function is related to cancer cell growth. Similarly, secreted proteins were most
significantly enriched in TB-MSCs involved in ECM organization/disassembly and cell
adhesion. Taking that the changes in cell–cell interaction or adhesion to ECM underlies the
metastatic cancer cells undergoing epithelial–mesenchymal transition [65–68], it is possible
that the secretome of TB-MSCs differentially influences the growth of tumor cells and the
acquisition of metastatic potential. Further studies are warranted for a more comprehensive
analysis of tissue-specificity in the paracrine support from TB-MSCs.

Taken together, our study shows that MSCs of neural crest origin preserve the neural
crest-like nature with a commitment to neuronal differentiation along with a distinct
secretion of paracrine factors resulting in distinct biological responses to environmental
cues. Our findings should help rationalize the selection of different MSCs for optimization
of cell therapeutic trials based on their distinct biological characteristics.

5. Conclusions

TB-MSCs developed from the neural crest can be easily obtained without ethical
issues and can be expanded to a larger amount than BM-MSCs due to higher proliferation
and self-renewing potential. TB-MSCs also preserve the developmental memories on
the neural crest origin, exhibiting higher response to nerve growth factors and higher
propensity to differentiation into neuronal cells. Moreover, TB-MSCs secrete distinct
spectrums of proteins from BM or AD-MSCs to exert a distinct effect on cancer stem
cells. Nevertheless, TB-MSCs exert comparable support on normal HSCs and comparable
immune modulating effects as BM-MSCs. These comparable but distinct properties of
TB-MSCs indicate that they can be utilized as alternative sources of MSCs for specific
indication of cell therapy trials.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm10081792/s1, Figure S1: Neuronal cell-like properties of individual donor-derived TB-
MSCs in comparison to BM-MSCs. TB-MSCs and BM-MSCs were compared for their response
to growth factors and expression of receptors for NGF in three individual donors. (A) Response
of TB and BM-MSCs to NGF. TB or BM-MSCs from three individual donors were stimulated by
NGF (100 ng/ml) for 3 days, and their proliferative response in the presence or absence of NGF
were quantified. Shown are the increments of cell numbers in the presence of NGF relative to
the increase in absence of NGF in each individual donor (mean ± SEM, * p < 0.05, ** p < 0.01,
*** p < 0.001, two expts, n = 3). (B) Response of TB and BM-MSCs to FGF. TB or BM-MSCs from three
individual donors were stimulated by FGF (100 ng/ml) for 3 days. Shown are the increments of cell
numbers in the presence of FGF relative to the increase in the absence of FGF in each individual
donor (left) and mean of individual donors (B) (mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001,
three expts, n = 3 for each experiment). Figure S2: Bioinformatics analysis of differential secretome of
TB and BM-MSCs. (A) Upstream analysis transcriptional regulators that can explain the observed
increase of the secreted proteins up-regulated in supernatants of TB-MSCs relative to that of BM-
MSCs. The analysis was performed using IPA software (Z-score > 2.0). Shown are the predicted
upstream signals and their target molecules identified in the secretome. (B) Analysis for disease or
function prediction of secretome enriched in TB-MSCs in comparison to BM-MSCs. The analysis
was performed by IPA software (Z-score > 1.5). Figure S3: Bioinformatic analysis of differences
in the secretome of TB-MSCs and AD-MSCs. (A, B) Profiles of analysis for distinct secretome in
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up-stream regulators predictions (A) and biological function prediction (B). (C) Gene ontology of
secreted proteins upregulated in TB-MSCs in comparison to AD-MSCs. Shown are the gene clusters
of up-regulated proteins in supernatants of TB-MSCs compared to AD-MSCs along with counts of
genes in each clusters (FDR < 0.02). (D) Upstream analysis transcriptional regulators that can explain
the observed increase of the secreted proteins up-regulated in supernatants of TB-MSCs relative to
that of AD-MSCs. The analysis was performed using IPA software (Z-score > 2.0). Figure S4: Effects
of TB or BM-MSCs on metastasis of breast cancer cells. The mice with primary tumors were examined
for metastasis in liver and lung by microscopy to count the number of metastatic foci and size (A, B):
Representative micrographs of metastasis by H/E staining and measurement of their length in mice
co-implanted with BM-MSCs (A) or TB-MSCs (B). Metastatic foci in low magnification images and
their high magnification of the area indicated by box. Table S1: Primer sequences used for RT-QPCR
analysis of transcripts in TB and BM-MSCs. Table S2: Gene ontology clusters for PCA analysis of
TB-MSCs in comparison to BM or AD-MSCs.
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