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IFN-y reporter activities at <5 x Cmax in at least 2 of 3 experi-
ments. Digoxin suppressed IL-2 reporter activity at €5 x Cmax in
2 of 3 experiments, while it suppressed IL-2 and IFN-y reporter
activities at >5 x Cmax in 3 experiments. AA augmented IL-2 and
IFN-y reporter activities at <5 x Cmax in 3 experiments and 4 re-
porter activities at >5 x Cmax. The statistical analysis of the exam-
inations in which only 2 out of 3 experiments demonstrated
consistent results showed significant suppression in IL-8 and IL-
1B reporter activities by warfarin at <5 x Cmax.

4. Discussion

We developed an immunotoxicity assay system, the Multi-
ImmunoTox Assay (MITA), with 3 reporter cell lines that can eval-
uate the effects of chemicals on the promoter activity of IL-2, IFN-y,
IL-18, and IL-8. Then, we demonstrated the tight correlation be-
tween the evaluation of the effects of 3 representative immuno-
suppressive drugs based on MITA and that based on mRNA
expression of the mother cell lines, Jurkat cells and THP-1 cells.
There was a minor discrepancy between the two assays. The assay
based on qPCR demonstrated significant augmentation of IL-1B or
IL-8 mRNA expression by THP-1 cells treated with CyA or Tac.
Although we do not know the exact reason for the discrepancy,
the results obtained by HWBCMET suggest that the data obtained
by MITA are more appropriate.

Next, we demonstrated the correlation between the evaluation
of the effects of these 3 immunosuppressive drugs based on MITA
and that based on mRNA expression of whole blood cells. In the
originally reported HWBCRA, the final output was determined by
the amount of released cytokines. In contrast, our altered method
of HWBCRA, HWBCMET, measured mRNA expression of cytokines
by qPCR. When we compared the immunosuppressive effects of
Dex, CyA, and Tac recognized by HWBCMET with those by the ori-
ginal HWBCRA, which were reported by Langezaal et al. (2002), the
qualitative HWBCMET evaluation of these 3 immunosuppressive
drugs was consistent with that of HWBCRA. Namely, in both as-
says, CyA and Tac were more potent in the suppression of T cell
cytokine expression than Dex, while Dex was more potent in the
suppression of monocyte cytokine expression than CyA and Tac.
Next, we demonstrated that the qualitative evaluation of Dex,
CyA and Tac was consistent between HWBCMET and MITA, which
indicates that the qualitative evaluation by MITA was also consis-
tent with that by the original HWBCRA. Furthermore, the results
demonstrating that CyA or Tac significantly suppressed both IL-2
and IFN-y mRNA induction after stimulation with PMA/lo, while
only Dex significantly suppressed IL-18 and IL-8 mRNA induction
by LPS, are consistent with the previously reported effects of these
drugs on human T cells or macrophages (reviewed in Saag (2008)
and Furst and Clements (2008)).

Moreover, in general, when immunotoxicity of chemicals is
examined by using human blood cells or murine spleen cells, it is
not easy to determine whether the immunotoxicity is caused by
their effects on T cells or antigen presenting cells such as mono-
cytes and dendritic cells because of the difficulty in purifying each
population. Indeed, HWBCRA cannot confidently determine
whether the detected immunological effects of chemicals are due
to their direct effects on T cells or antigen presenting cells. In con-
trast, since MITA uses established T cell and monocyte cell lines, it
can separately determine immunotoxicity of chemicals on T cells
and monocytes.

In the present study, although we demonstrated that MITA can
correctly characterize the effects of 3 representative immunosup-
pressive drugs, Dex, CyA, and Tac, on the cytokine production by
T cells as well as monocytes, it did not reveal the immunosuppres-
sive effects of rapamycin, an alkylating agent or inhibitors of

purine or pyrimidine synthesis. Rapamycin inhibits the action of
growth-promoting cytokines, while both alkylating agents and
antimetabolites induce immunosuppressive effects through their
inhibitory action on cell division (reviewed by Hardinger et al.
(2004)). In general, immunotoxicity assays detecting the inhibitory
effects of chemicals on cytokine expression may not be able to de-
tect their immunosuppressive effects. Indeed, HWBCRA could not
detect the immunotoxicity of CP, AZ, and MZR either since the
log IC50 values against release of IL-4 by CP, AZA, and MZR were
beyond their therapeutic plasma concentrations (Langezaal et al.,
2002). The Fluorescent Cell Chip (FCC) could not detect immuno-
toxicity of cyclophosphamide (Wagner et al., 2006). Therefore, at
present, to overcome the drawbacks of these assays, they may need
to be combined with assays that can detect the inhibitory action of
chemicals on cell division, such as the conventional 28-day suba-
cute toxicity test (Investigators, 1998).

Unexpectedly, rapamycin, CP or inhibitors of purine or pyrimi-
dine synthesis augmented some reporter activities mostly at
>5 x Cmax. Since these immunosuppressive drugs inhibit cell
growth at much lower concentration than they augment reporter
activities, these effects might be overlooked in an in vivo system.
Further investigation is required to clarify their mechanism and
the significance in detecting immunotoxicity in vitro.

[n addition to AZ and MZR, we also examined immunosuppres-
sive effects of drugs evaluated by HWBCRA, such as colchicine, AA,
digoxin, and warfarin (Langezaal et al., 2002). MITA did not detect
any suppressive effects of AA on the 4 reporter activities at any
concentration. Similarly, the log IC50 values against release of both
IL-1p and IL-4 by AA were greater than 1 mM and much higher
than 5 x Cmax. MITA detected inhibitory effects of warfarin in IL-
1B and IL-8 reporter activities, but not those in IL-2 or IFN-y repor-
ter activities. Likewise, HWBCRA revealed that warfarin suppressed
[L-18 formation more strongly than IL-4 formation. Moreover,
MITA demonstrated that digoxin suppressed IL-2 and IFN-y repor-
ter activities. Similarly, HWBCRA showed that it suppressed 1L-4
release. These data are also consistent with the recent publication
demonstrating the immunological effects of digoxin (Huh et al,
2011). Therefore, although MITA detected some immunological ef-
fects in presumptive non-immunological drugs, these drugs might
have unrecognized immunoregulatory activities.

Finally, in the present study, we presented the performance of
MITA in evaluation of immunosuppressive or immunostimulatory
activities of chemicals and demonstrated that MITA can distinguish
which cells, either T cells or monocytes, were primary targets for
immunological effects of chemicals. We have already reported that,
without any additional stimuli, THP-G8 cells can predict skin sen-
sitizers with test accuracies of greater than 80% (IL-8 Luc assay)
(Takahashi et al., 2011). Thus, taking the present and previous
studies into consideration, we believe that MITA combined with
the IL-8 Luc assay can present a novel high-throughput assay to de-
tect immunotoxicity of chemicals and provide insight into their
mechanism in humans. The obtained information from these as-
says can be used to assess the risks from chemicals by industries
as well as regulatory agencies. Needless to say, a larger number
of chemicals must be evaluated by MITA to determine the potential
and limits of this technique.
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Alarmin Function of Cathelicidin Antimicrobial Peptide
LI.37 through IL-367y Induction in Human Epidermal
Keratinocytes

Na Li,* Kenshi Yamasaki,* Rumiko Saito,*" Sawako Fukushi-Takahashi,*
Ryoko Shimada-Omori,* Masayuki Asano,* and Setsuya Aiba*

Several dermatoses, including psoriasis, atopic dermatitis, and rosacea, alter the expression of the innate immune effector human
cathelicidin antimicrobial peptide (CAMP). To elucidate the roles of aberrant CAMP in dermatoses, we performed ¢DNA array
analysis in CAMP-stimulated human epidermal keratinocytes, the primary cells responding to innate immune stimuli and a major
source of CAMP LL37 in skin. Among L137-inducible genes, IL-1 cluster genes, particularly IL36G, are of interest because we
observed coordinate increases in CAMP and IL-36v in the lesional skin of psoriasis, whereas virtually no CAMP or IL-36y was
observed in nonlesional skin and normal skin. The production and release of IL-36y were up to 20-30 ng/ml in differentiated
keratinocytes cultured in high-calcium media. G-protein inhibitor pertussis toxin and p38 inhibitor suppressed IL-36y induction
by LL37. As an alarmin, LL37 induces chemokines, including CXCL1, CXCLS/ILS, CXCL19/IP-160, and CCL20/MIP3a, and IL-
36 (10-1006 ng/ml) augments the production of these chemokines by LL37. Pretreatment with small interfering RNA against IL36y
and IL-36R IL36R/ILIRL2 and ILIRAP suppressed LL37-dependent /118, CXCLI, CXCLI0/IP10, and CCL20 production in kera-
tinocytes, suggesting that the alarmin function of LL37 was partially dependent on IL-36y and its receptors. Counting on CAMP
induction in innate stimuli, such as in infection and wounding, IL-36+y induction by cathelicidin would explain the mechanism of

initiation of skin inflammation and eccasional exacerbations of psoriasis and skin diseases by general infection. The Journal of

Immunology, 2014, 193: 5140-5148.

athelicidin is a gene family that is preserved in vertebrates
from fishes to mammals. Some mammals have multiple
cathelicidin genes; in humans, CAMP is the only cathelicidin
gene, and it encodes the 18-kDa proprotein hCAP18. LL37 is
one form of the mature cathelicidin peptides that are derived
from hCAP18 by enzymatic cleavage with kallikreins in human
epidermis (1). LL37 forms an « helical structure and has broad
antimicrobial properties against bacteria, virus, and fungus (2-5).
LL37 kills microbes and exerts “alarmin” activity, which works as
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a multifunctional innate immune effector that recruits and activates
inflammatory cells, including dendritic cells (DC) and monocytes
(6). LL37 drives biological responses through epidermal growth
factor receptor (EGFR), formyl peptide receptor-like 1 (FPRL1),
TLR4, and TLRY (7-11), resulting in the induction of proin-
flammatory cytokines and chemokines, such as [1.-8 and IL-6, in
monocytes, mast cells, and epithelial cells (5, 12-15). Thus,
cathelicidin peptides modulate inflammatory cascades, and the
effects of cathelicidin stimulation depend on the host cells and
tissues that induce, and are affected by, cathelicidin.

Danger signals, such as infection and injury, exacerbate der-
matoses, including psoriasis, and the induction of new lesions by
injury is known as the Koebner phenomenon. Danger signals
provoke the epidermis to produce cathelicidin through TLR2 ac-
tivation in keratinocytes (16, 17). Aberrant LL37 expression is
observed in psoriasis, rosacea, and other skin inflammatory dis-
orders (18-21). In psoriasis, LL37 enables plasmacytoid DC to
recognize self-DNA through TLRY (8) and enables keratinocytes
to induce TLRY and to react against TLRY ligands (7). Altered
cathelicidin peptides are observed in rosacea, and they induce
dermatoses resembling rosacea in mouse skin (19). Thus, cathelicidin
has roles in the initiation of inflammatory cascades in some dis-
eases, although the functions and roles of cathelicidin peptides
differ depending on the type of dermatosis. Hence, it is still
generally unknown how the aberrant cathelicidin causes skin
diseases, and how cathelicidin acts as an alarmin in epidermal
keratinocytes where innate immune responses are initiated has
not systematically analyzed.

To understand how aberrant epidermal cathelicidin affects the
behavior of keratinocytes and consequent inflammatory reactions
by innate immune systems, we performed cDNA array analysis and
revealed that LL37 induces molecules related to innate immunity,
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such as the IL-1 family and antimicrobial peptides, as well as
chemokines in human keratinocytes. Among them, IL-36 is of
particular interest because IL-36y and LL37 are abundant in
psoriasis epidermis, and they synergistically increase chemokine
production in human keratinocytes. Furthermore, silencing of IL-
36y and its receptors attenuated LL-37-dependent chemokine
induction in keratinocytes, suggesting that LL37 initiates and
exacerbates inflammation coordinately with IL-36-y and that IL-
36+ enhances the alarmin functions of epidermis in dermatoses.

Materials and Methods

Cells, media, and reagents

Human neonatal epidermal keratinocytes were grown in serum-free
medium supplemented with HuMedia-KG2 Growth Supplements
(KURABO INDUSTRIES, Tokyo, Japan). All cells were passed at 80%
confluence under low-calcium conditions (0.05 mM), and keratinocytes in
the third or fourth passage were used for the experiments. To induce
keratinocyte differentiation, confluent keratinocytes were cultured in 1 mM
calcium media for 72 h; subsequently, the calcium concentration was in-
creased to 1.6 mM for an additional 48 h. Human cathelicidin antimicrobial
peptide (hCAMP) LL37 (amino acid sequence of LLGDFFRKSKE-
KIGKEFKRIVQRIKDFLRNLVPRTES) was synthesized by Scrum (Tokyo,
Japan). Recombinant human IL-36 (IL-36¢, 8, and +y), monoclonal rat anti-
human IL-36y/IL-1F9 Ab (MAB2320), and human IL-36v/IL-1F9 bio-
tinylated Ab (BAF2320) were purchased from R&D Systems (Minneapolis,
MN). Polyclonal goat anti-human IL-36y/IL-1F9 Ab was purchased from
Santa Cruz Biotechnology (Dallas, TX). P38 MAPK inhibitor SB203580,
MEXK inhibitor PD98059, rhodamine-conjugated donkey anti-goat IgG were

Time ()

IL1 family

FIGURE 1. LL37 altered innate immune gene ex- - AMPs.
pression in undifferentiated and differentiated kerati- .
nocytes. Undifferentiated keratinocytes (low calcium;
0.05 mM) and differentiated keratinocytes (high cal-
cium; 1.6 mM) were stimulated with hCAMP LL37 at thin &
0, 2.56, or 7.68 uM for 12 or 24 h. Individual boxes Chemokines]
represent the relative gene expression intensity (log,- G o
transformed signal ratios of the replicate spots) of the
given genes (rows) in each culture condition. The color
bar shows the log, ratio.
Th17/Th1
cytokines
Growth |
- factors

5141

purchased from Chemicon International (Temecula, CA). FITC-conjugated
donkey anti-rabbit IgG, and G; protein inhibitor pertussis toxin (PTx)
were purchased from Merck Millipore (Billerica, MA). JNK1/2 inhibitor
SP600125, heparin-binding EGF-like growth factor (HB-EGF) inhibitor
CRM197 (nontoxic mutant of diphtheria toxin solution), and EGFR
tyrosine kinase inhibitor AG1478 were purchased from Wako Pure
Chemical Industries (Osaka, Japan). The NF-«kB inhibitor curcumin and
the endosomal acidification inhibitors chloroquine diphosphate salt
(ChQ) and bafilomycin Al (BAF) were purchased from Sigma-Aldrich
(St. Louis, MO). TLR2 and TLR4 inhibitor OXPAPC, TLR9 antagonist
ODN TTAGGG (ODN A151), and ODN TTAGGG control were pur-
chased from InvivoGen (San Diego, CA).

DNA microarray

Keratinocytes were maintained in an undifferentiated condition in low-
calcium media (0.05 mM) or in a differentiated condition in high-calcium
media (1.6 mM) and stimulated with LL37 at 0, 2.56, or 7.68 uM for 12
or 24 h. Total RNA was isolated using an RNeasy Mini Kit and the RNase-
Free DNase set (both from QIAGEN, Valencia, CA). Total RNA concen-
tration was measured using a NanoDrop spectrophotometer (Thermo Fisher
Scientific, Waltham, MA). The RNA quality was determined using the RNA
6000 Nano Kit and an Agilent 2100 Bioanalyzer (both from Agilent Tech-
nologies, Palo Alto, CA), and the RNA Integrity Number was confirmed to
be =9. Total RNA was amplified, labeled, and analyzed as previously de-
scribed (22). Normalization of the expression data was performed using
GeneSpring GX 12.6 (Agilent Technologies) to query the expression of
41,000 genes with 44,000 distinct probes. After data transformation to
GeneSpring, per-chip normalization to the 75th percentile and baseline to the
median of all samples was performed. After this normalization, extremely
low-intensity probes were excluded, leaving 32,940 probes for analysis. The
c¢DNA microarray data were deposited in the Gene Expression Omnibus
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database under accession number GSEA9472 (http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE49472).

RNA isolation and quantitative RT-PCR

Total RNA was extracted using ISOGEN (NIPPON GENE, Toyama, Japan).
cDNA synthesis and quantitative PCR were performed as previously de-
scribed (23). The primers and TagMan probe sets used are listed in
Supplemental Table I.

Western blotting

Cells were lysed in RIPA buffer (50 mM HEPES, 150 mM NaCl, 0.05%
SDS, 0.25% deoxycholate, 0.5% Nonidet P-40 [pH 7.4]) with cOmplete
protease inhibitors (F. Hoffmann-La Roche, Basel, Switzerland). The
protein concentration was determined using the Pierce BCA kit (Thermo
Fisher Scientific). A total of 20 pg total protein or recombinant human IL-
36y/IL-1F9 (aa 18-169) was loaded/well for electroporation and Western
blotting. Membranes were incubated at 4°C overnight with monoclonal rat
anti-human IL-36y/IL-1F9 Ab (1 pg/ml), rinsed with TBS-T (25 mM Tris
[pH 7.5] and 0.1% Tween 20), and incubated with HRP-labeled polyclonal
goat anti-rat IgG Ab. Chemiluminescence data from Western blots were
collected using an Image Quant LAS 4000 mini (GE Healthcare UK, Little
Chalfont, U.K.).

ELISA and Bio-Plex assay to measure proteins in culture media

IL-36+y protein in the supernatants of the keratinocytes was measured by
sandwich ELISA. Microlon 96-well high-binding plates (Greiner Bio-One,
Frickenhausen, Germany) were coated with 100 pl/well monoclonal rat
anti-human IL-36v/IL-1F9 Ab (1 pg/ml) overnight at room temperature
(RT). After washing thrice with 0.05% Tween 20 in PBS (PBST), 300 pl
blocking solution containing 5% BSA in PBST was added for | h at RT.
After washing with PBST, 100 ul samples or rIL-36y/IL-1F9 was added to
each well in duplicate and incubated for 2 h at RT. After washing with
PBST, human IL-36vy/IL-1F9 biotinylated Ab (0.5 pg/ml in PBST)
was added for 2 h at RT. Streptavidin-HRP and substrate solution was used
for colorimetric assay following the manufacturer’s instructions (R&D
Systems).

To detect multiple cytokines and chemokines in the supernatants of
keratinocytes stimulated with IL-36 in the presence or absence of LL37,
Bio-Plex Pro Human Cytokine Assay 1 X 96-well 27-Plex Group I and
Bio-Plex suspension array system (both from Bio-Rad, Hercules, CA) were
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FIGURE 2. LL37 increases gene expression of IL-1 family and IL-36R.
Keratinocytes were cultured in low-calcium or high-calcium media and
stimulated with LL37 (0, 2.56, or 7.58 uM from left to right) for 24 h.
Gene expression is indicated as the fold change compared with keratino-
cytes cultured in low-calcium media without LL37 (mean * SEM, n = 3).
#p < 0.05, ¥*p < 0.01, #*%p < 0.001, ***+*p < 0.0001. *p < 0.05, ¥p <
0.01, #mrp < 0.001, Wp < 0.0001 versus low-calcium condition.

used, following the manufacturer’s instructions. IL-8, CXCL1, and CCL20
protein in cultured media were measured using a DuoSet ELISA Devel-
opment human kit (R&D Systems).

Immunohistochemistry and immunofluorescence staining

Paraffin sections (3 jum thickness) were treated with a microwave, blocked
with rabbit serum (Sigma-Aldrich), and incubated with polyclonal goat
anti-human IL-36y/1L-1F9 Ab (20 pg/ml) at 4°C overnight. Subsequently,
sections were visualized with a Histofine SAB-PO (G) kit (Nichirei Bio-
science, Tokyo, Japan) and 3,3'-diaminobenzidine substrate (Wako Pure
Chemical Industries) and counterstained with Mayer’s hematoxylin.
Images were obtained using an Axio Imager M1 microscope (Carl-Zeiss,
Oberkachen, Germany).

For immunofluorescence, paraffin sections were incubated with poly-
clonal goat anti-human IL-36v/IL-1F9 Ab and polyclonal rabbit anti-
human LL37 Ab (Phoenix Pharmaceuticals, Burlingame, CA) at 4°C
overnight. Rhodamine-conjugated donkey anti-goat IgG and FITC-con-
jugated donkey anti-rabbit IgG were used as secondary Abs. Images
were obtained using a Zeiss LSM700 laser scanning confocal microscope
(Carl-Zeiss).

Small interfering RNA

The small interfering RNA (siRNA) for IL36B, IL36G, IL36RN, ILIRL2
(IL36R), and ILIRAP (FlexiTube GeneSolution; GS27177 for 11368,
GS56300 for IL36G, GS26525 for IL36RN, GS8808 for ILIRL2, and
(S3556 for IL1IRAP), control siRNA (AllStars Negative Control siRNA),
and HiPerFect Transfection Reagent (both from QIAGEN) were used for the
siRNA experiments. Keratinocytes were processed with siRNA (10 nM)
following the protocol in the HiPerFect Transfection Reagent handbook
(QIAGEN). After 24 h for gene silencing, LL37 (0, 2.56, or 7.68 M)
was added to each well. After 24 h of stimulation, the supernatants were
collected for protein analysis, and the total RNA was isolated as described
above,
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FIGURE 3. LL37 increases IL-367y protein expression and release from
keratinocytes. (A) Keratinocytes were treated with LL37 (0, 2.56, 7.68
M, left to right lanes) for 12, 24, or 48 h in low-calcium (upper panel) or
high-calcium (lower panel) conditions. Cellular IL-36y was detected by
Western blotting. (B and C) The keratinocyte culture media were collected
at 24 h after stimulation with LL37 at 0, 2.56, and 7.68 pM (left to right
bars). IL-36y (B) and IL-8 (C) in culture supernatant were measured by
ELISA (mean * SEM, n = 3). (D) Keratinocytes were treated with LL37
(0, 2.56, or 7.68 pM, left to right bars) for 12, 24, or 48 h in low-calcium
(upper panel) or high-calcium (lower panel) conditions. Cellular IL-36y
was detected by Western blotting. Recombinant human IL-36y/IL-1F9
(a truncated form, aa 18-169) was used as a positive control. *p < 0.05,
##p < 0.01. #p < 0.05 versus low-calcium condition.
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Fold change

FIGURE 4. LL37 induces /L36G through G; protein-
coupled signals and p38 MAPK signals. Keratinocytes
cultured in low-calcium media (the left side) or high-
calcium media (right side) were treated (black bars) or
not (vehicle controls, white bars) with the indicated
inhibitors for 1 h at 37°C and then stimulated with
LL37 at 0, 2.56, or 7.68 uM for 24 h. The inhibitors
used were G; protein inhibitor PTx, p38 kinase-specific
inhibitor SB203580, JNK1/2 inhibitor SP600125, MEK
inhibitor PD98059, NF-kB inhibitor curcumin, EGFR
tyrosine kinase inhibitor AG1478, HB-EGF inhibitor
CRM197, endosomal acidification inhibitors ChQ and
BAF, TLR2 and TLR4 inhibitor OxPAPC, TLR9 an-
tagonist ODN A151, and ODN control. Total RNA was
collected to measure /L36G by quantitative RT-PCR.
Gene expression is represented as the fold change rel-
ative to keratinocytes that were not treated with in-
hibitors and not stimulated with LL37. Data are mean %
SEM of three independent experiments. **p < 0.01,
#HEp < 0.001, *#%Ep < 0.0001.

Fold changse Fold change

Fold change

Low Ca

Inhibition of EGFR, G; protein, TLRs, and intracellular
signaling pathway

To determine the signaling pathway by which LL37 induces IL36G, the
keratinocytes were pretreated with inhibitors for I h and stimulated with
LL37 at 0, 2.56, or 7.68 pM for 24 h in both low- and high-calcium
conditions. The inhibitors used for the assay were HB-EGEF inhibitor
CRM197 (10 pg/ml), EGFR tyrosine kinase inhibitor AG1478 (50 nM), Gi
protein inhibitor PTx (200 ng/ml), endosomal acidification inhibitors ChQ
(5 uM) and BAF (100 nM), p38 MAPK inhibitor SB203580 (10 uM),
MEK inhibitor PD98059 (20 wM), JNK1/2 inhibitor SP600125 (10 uM),
NF-«B inhibitor curcumin (10 M), TLR2 and TLR4 inhibitor OxPAPC
(30 pg/ml), and TLRY antagonist ODN TTAGGG (ODN A151, 1 pM) and
ODN TTAGGG control (1 uM). Total RNA was collected to measure
IL36G using quantitative RT-PCR.

To determine the signaling pathway by which IL-36y induces chemo-
kine induction, keratinocytes were pretreated with p38 MAPK inhibitor
S$B203580 (10 uM), MEK inhibitor PD98059 (20 uM), INK1/2 inhibitor
SP600125 (10 wM), or NF-«B inhibitor curcumin (10 pwM) for 1 h and
stimulated with 100 ng/ml IL-36 (a, B, vy) in the presence or absence of
LL37 (2.56 M) for 24 h under low-calcium conditions. Total RNA was
collected to measure /L8, CXCLI0, CXCLI, and CCL20 by quantitative
RT-PCR.

Statistical analysis

Data were analyzed by one-way ANOVA with the Tukey multiple-compari-
sons test or two-way ANOVA with the Sidak multiple-comparisons test
using GraphPad Prism 6 (GraphPad, La Jolla, CA), unless otherwise stated.
The p values < 0.05 were considered significant. All experiments were
performed in triplicate and repeated at least three times to confirm the
reproducibility.

Resuits
hCAMP LL37 augments the expression of IL-36y and IL-1
cluster genes in human keratinocytes

Because the cathelicidin peptide LL37 modifies the host immune
responses, cell growth, migration, and differentiation (24), we
conducted cDNA microarray analysis to understand the conse-
quences of aberrant cathelicidin antimicrobial peptide (CAMP)
expression in epidermal keratinocytes of dermatoses. We stimu-

251 mmpry
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ODN control
B ODN A151

/ﬁs,?‘! L37 %

High Ca LowCa HighCa

High Ca Low Ca

lated human epidermal keratinocytes with LL37 (2.56 or 7.68
M) for 12 or 24 h and identified genes with altered expression in
both undifferentiated keratinocytes (low calcium) and differenti-

Non lesion Lesion

e

Normal

FIGURE 5. Coordinate increases in IL-36y and CAMP (LL37) in
lesional epidermis of psoriasis. Localization of hCAMP and IL-36y was
visualized by immunohistochemical staining (top three panels; scale bars,
500 wm) or by immunofluorescence (all lower panels; scale bars, 50 wm)
in normal human skin, nonlesional skin of a psoriasis patient, or lesional
skin of a psoriasis patient. Green indicates cathelicidin (LL37), red indi-
cates IL-36+, and nuclei were visualized with DAPI (blue).
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5144 ALARMIN FUNCTION OF CATHELICIDIN LL37 THROUGH IL-36y

ated keratinocytes (high calcium). These LIL37 concentrations
were the ones observed in skin diseases (19, 20). /LS induction
confirmed a proper stimulation by LL37 (13) (Supplemental
Table II). From the microarray data, we identified several gene
groups that affect inflammatory reactions in skin diseases (5,
25-28). LL37 increased genes of the IL-1 family, antimicrobial
peptides, and chemokines in keratinocytes (Fig. 1). Increases in the
IL-1 family and antimicrobial peptides were more obvious in dif-
ferentiated keratinocytes cultured in high-calcium media. 1137
increased Th17/Thl-related genes /L6 and [L23A and increased
CSF2 (GM-CSF) in undifferentiated keratinocytes. We did not
observe significant expression of IL/0 or Th2 cytokines /L4 and
ILI3 by keratinocytes (data not shown). Most of the TLRs were
increased in differentiated keratinocytes, and LL37 increased TLR2.
Thus, 1137 induced proinflammatory cytokines related to the 1L-1
family, Th1/Th17 cascades, and innate immune molecules antimi-
crobial peptides and TLRs.

The IL-1 family contains 11 members: IL-1e, IL-183, IL-IR
antagonist (IL-1RN), IL-18, IL-33, IL36RN/IL-1F5, IL-36a/IL-
1F6, 1L-36B/IL-1F8, IL-36y/1L-1F9, IL-37/IL-1F7, and IL-1F10/
1L-38 (29). LL37 increased [L36G, IL36RN, IL1F10, ILIA, IL1B,
and ILIRN in both undifferentiated and differentiated keratino-
cytes, and it increased [L36B and IL37 in differentiated keratino-
cytes. IL36y was significantly increased (>4-fold) by LL37 in both
undifferentiated and differentiated keratinocytes (Supplemental
Table II). Quantitative RT-PCR confirmed the induction of IL-1
cluster genes by LL37 (Fig. 2). IL36G, IL36B, ILIF10, and
IL36RN were increased by LL37, and the high-calcium con-
dition augmented their expression. IL37, ILIA IL1B, and ILIRN
were increased by LL37, and the calcium conditions had vir-
tually no effect on their expression. We also observed that
LL37 increased the IL-36R ILIRL2/IL36R and ILIRAP. Con-
sistent with the very low level of [L36A in the microarray
analysis, /L36A was not detectable by quantitative RT-PCR
(data not shown).

A mRNA(Fold change)
80 4

FIGURE 6. Induction of c’hex\nokines_’and, cyto-
kines by LL37 and IL-36. (A-D) Keratinocytes
were cultured in a low-calcium condition, stimu-
lated with IL-36 (o, B, ¥) at 1 pwg/ml, 100 ng/ml, or
10 ng/m] (left to right bars) in the absence (white
bars) or presence (black bars) of LL37 (2.56 pLM)‘f.g :
for 24 h. Gene expression is represented as the fold |~ . 407
change relative to keratinocytes that were not cul- ~ ..
tured with IL-36 and LL37 (mean * SEM, n=3). « "
(E-L) Keratinocytes were stimulated as dcscnbed -
above, and proteins in the culture supernalants were
analyzed by Bio-Plex multlplex analyses or sand-
wich ELISA. Data are mean '*' SEM of three in-!
dependent experiments. o

CXCL10

Because LL37 stimulation induced IL-36y mRNA most sig-
nificantly in the -1 cluster genes, we further examined the dy-
namics of 1L-36y. We observed that LL37 increased IL-36y
protein in a time- and a dose-dependent manner (Fig. 3A). IL-36vy
release in cultured media was confirmed by ELISA (Fig. 3B). In
parallel with the calcium effects on /L36G mRNA, IL-36+y protein

was increased in the high-calcium condition. Truncated forms of

IL-36y have greater immunological activity than do their full-
length counterparts (30). Keratinocytes stimulated by LL37, es-
pecially differentiated keratinocytes, produced both the full-length
and the truncated active forms of IL-36y (Fig. 3D). These data
showed that cathelicidin augmented IL-36y expression in kerati-
nocytes and that calcium modulated the expression. Again, 1L-8
served as positive controls for LL37 stimuli (Fig. 3C).

LL37 induces IL-36y ihzough G, protein—coupled signaling
and p38 MAPK

1137 acts on several receptors and signaling pathways, including
EGFR, FPRLI, TLR4, and TLRY, to induce proinflammatory
cytokines and chemokines (5, 7-15). We exaniined which sig-
naling pathways are involved in /L36G induction by LL37. PTx,
a reagent known to selectively block G; protein—coupled signaling,
significantly decreased /L36G induction by LL37 in both undif-
ferentiated and differentiated keratinocytes (Fig. 4). EGFR inhi-
bition by HB-EGF inhibitor CRM197 and EGFR tyrosine kinase
inhibitor AG1478, as well as blockade of TLRs by TLR2 and
TLR4 inhibitor OxPAPC and TLRY antagonist ODN TTAGGG,
did not affect /236G induction by LL37. Among the intracellular
signaling pathways, p38 MAPK-specific inhibitor SB203580
blocked /L36G induction by LL37. JNK inhibitor SP600125,
MEK inhibitor PD98059, NF-kB inhibitor curcumin, and endo-
somal acidification inhibitors ChQ and BAF did not affect IL36G
induction by LL37. These observations suggest that LL37 induces
IL36G through a G protein—coupled receptor (GPCR) and p38
MAPK-signaling pathway in human epidermal keratinocytes.
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IL-36% is abundant and coexists with hCAMP in psoriasis
epidermis

Because hCAMP is abundantly expressed in psoriatic epidermis (7,
18, 20), we examined the expression of hCAMP and IL-36v in
psoriatic skin. As reported previously (31, 32), we observed high
IL-36y expression in the lesional epidermis of psoriasis (Fig. 5).
We also confirmed that IL-36y and LL37 coexisted in the lesional
skin of psoriasis. It is noteworthy that IL-36y was observed more
in suprabasal cells than in basal cells, which is consistent with the
in vitro data showing greater IL-36+y induction by LL37 in dif-
ferentiated keratinocytes in high-calcium condition (Figs. 2, 3).

LL37 and IL-36 coordinately increase chemokines and
cytokines in keratinocytes

To elucidate how the coexistence of abundant IL-36y and LL37
affects the epidermis, we stimulated keratinocytes with 1LL37 and
IL-36 and examined the induction of chemokines and cytokines
using cDNA array analysis (Supplemental Table IIT). Exogenous
IL-360, B, and <y increased IL-8, CXCLI1, CXCL10, and CCL20
mRNA in a dose-dependent manner at concentrations of 10 ng/ml
to 1 pg/ml (Fig. 6A-D). Chemokine release by IL-36 also was
observed, and 100 ng/ml of IL-36 efficiently increased the release of
most chemokines (Fig. 6E-H). Because up to 30 ng/ml of IL-36vy
was detected from keratinocytes in vitro (Fig. 3B), it is suggested
that a physiological concentration of IL-36 released from kerati-
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FIGURE 7. LL37 induces chemokines through IL- ﬁ
36y induction in keratinocytes. (A—H) Keratinocytes o]
were not treated with siRNA [siRNA (—)] or were I
AN

treated with transfection reagent only (mock), siRNA
against control RNA (control), or siRNA against /L36G {:
(AL1F9_3, IL1F9_S5, or ILIF9_Mix) for 24 h and then

stimulated with LL37 (0 uM, white bars; 2.56 pM, 8.

gray bars; 7.68 uM, black bars) for 24 h in low-calcium
condition. Gene expression is represented as the fold
change relative to keratinocytes that were not pretreated
with siRNA [siRNA (—)] and not stimulated with
LL37. Data are mean * SEM of three independent
experiments. *p < 0.05, *¥p < 0.01, ***p < 0.001,
*Ekkp < 0.0001 versus mock-treated sample.

Fold change

Fold change
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nocytes would result in skin inflammation through chemokine in-
duction. The presence of LL37 further augmented the production of
CXCL10, CCL20, and G-CSF (CSF3) but showed little effect on
CXCL1, GM-CSF (CSF2), IL-6, and RANTES (CCL5).

To explore the intracellular signaling pathways that induce
chemokines by IL-36 and LL37, we treated keratinocytes with
inhibitors for MAPK or NF-«B. p38 MAPK inhibitor SB203580
suppressed IL-36—derived /L8, CXCLIO0, and CCL20 expression,
regardless of the presence of LL37 (Supplemental Fig. 1). The
NF-«B inhibitor curcumin significantly suppressed CXCLI and
CXCLI0 expression by IL-36, regardless of the presence of LL37.
The JNK1/2 inhibitor SP600125 reduced /L8 and CXCLI
expression induced by IL-36, but it augmented CXCLI0 and
CCL20 expression (Supplemental Fig. 1). The MEK1/2 inhibitor
PD98059 showed no effect on IL8 and CXCLI but augmented
CXCLIO and CCL20 expression (Supplemental Fig. 1). Thus,
LL37 and IL-36 coordinately augment the production of these
chemokines, primarily through p38 and JNK MAPK and NF-«B
pathways, and MEK1/2 signaling negatively regulates the ex-
pression of these chemokines in keratinocytes.

LL37 induces chemokines through IL-367y and IL-36R in
keratinocytes

Associating the IL-36y induction by LL37 with the IL-36y—in-
ducible chemokines from keratinocytes, we sought to determine

IL3BRN
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whether LL37 induces chemokines that are dependent on IL.-36y
induction. We knocked down IL36G/ILIF9 by siRNA (IL1F9_3,
IL1F9_5, and IL1F9_Mix) for 24 h and then stimulated it with
LL37 for another 24 h. /L36G suppression was confirmed in LL37-
treated keratinocytes (Fig. 7A). The stable /L3685 expression
showed the specificity of IL36G siRNA (Fig. 7B). IL36G siRNA
(IL1F9_3, IL1F9_5, and IL1F9_Mix) significantly suppressed /L8,
CXCLI, CXCLI10, and CCL20 induction by 1L.L37 (Fig. 7E-H).
Silencing of IL-36R [L36R/ALIRL2 and ILIRAP also significantly
decreased the induction of chemokines by LL37 (Fig. 8). Ex-
pression of IL36RN and IL38/ILIF10, which are known antago-
nists of IL-36 ligands, was not altered when [L36G was silenced
(Fig. 7C, 7D). IL36RN knock down did not significantly alter
chemokine induction by LL37 (Fig. 8). These results suggested
that LL37 induces chemokines in keratinocytes, at least in part, via
an IL-36y and 1L-36R-mediated mechanism, and 11.-36 antagonist
IL-36RN has little effect on chemokine induction by LL37.

Discussion

In this study, we systematically examined the LL37-inducible
genes in human keratinocytes by ¢cDNA array analysis and dem-
onstrated that a representative hCAMP LL37 induces IL-1 clus-
ter genes, antimicrobial peptides, and chemokines. Among IL-1
cluster genes, we showed that LL37 induces IL-36v in both un-
differentiated and differentiated keratinocytes and that IL-36y and
hCAMP are both abundant and coexisted in psoriatic epidermis.

ALARMIN FUNCTION OF CATHELICIDIN L137 THROUGH IL-36vy

IL-36y and LL37 coordinately induced chemokine production
from human epidermal keratinocytes. Furthermore, the induction
of proinflammatory cytokines and chemokines by LL37 is carried
out, at least in part, through IL-367 induction and the IL-36R
pathway. Thus, this study revealed that alarmin functions of
LL37 in human epidermis are enhanced by IL-36vy induction and
its receptors in keratinocytes, as well as through the induction of
other molecules related to the innate immune reaction.

The Koebner phenomenon is well known in psoriasis: danger
signals, such as infection and injury, provoke new skin lesions in
psoriasis patients. Because cathelicidin can be induced in human
epidermis by environmental changes, including infections and
injuries, the coexistence of LL37 and IL-36 in psoriatic epidermis
would initiate skin exacerbations by stimuli from the microenvi-
ronment. IL-36y and IL-36f are increased in human psoriatic
epidermis (32), whereas IL-36c—transgenic mice show an in-
flammatory skin condition that is similar to human psoriasis (31).
In patients with a familial history of generalized pustular psoriasis,
homozygous loss-of-function mutations were identified in IL-36R
antagonist (IL-36RN), which results in constitutive IL-36 activa-
tion (33, 34). Thus, the possible involvement of IL-36 signaling
has gained attention in the pathogenesis of psoriasis. Our data
showed that LL37 induces IL-36y and that IL-36 efficiently
induces chemokines and cytokines in the presence of LL37 in
human keratinocytes. 1L-36-inducible factors from human kera-
tinocytes include chemokines IL-8, CXCL1, CXCL10, RANTES,
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FIGURE 8. LL37 induces chemokines dependent b X
on IL-36R but not IL-36RN in keratinocytes. Kera- o 20
tinocytes were not treated with siRNA [siRNA (—)] ;g i 0

or were treated with transfection reagent only (mock),
siRNA against control RNA (control), or siRNA
(ILIRL2 2, ILIRL2_S, and ILIRL2 M for ILIRL2/
IL36R; ILIRAP_3, ILIRAP_6, and ILIRAP_M for
ILIRAP; ILIF5_1, IL1F5_4, IL1IF5_M for IL36RN)
for 24 h. Subsequently, the keratinocytes were stimu-
lated with LL37 (0 pM, white bars; 2.56 uM, gray
bars; 7.68 uM, black bars) for 24 h in low-calcium
condition. Gene expression is represented as the fold
change relative to keratinocytes that were not treated
with siRNA [siRNA (—)] and not stimulated with
LL37. Data are mean = SEM of three independent
experiments, *p < 0.05, **p < 0.01, **¥p < 0.001,
Fdoky < 0.0001 versus mock-treated sample.
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and CCL20, and cytokines IL-6, G-CSF, and GM-CSF, which can
recruit and activate DC, macrophages, neutrophils, T cells, and
NK cells. Studies in other epithelial tissues, such as human
bronchial epithelial cells and mouse lungs, showed that IL-36,
particularly IL-36v, induces the neutrophil-attracting chemokines
IL-8 and CXCL1, the T cell-attracting chemokines CXCL10, and the
DC-attracting and Th17-attracting chemokine CCL20, as well as
cytokines and growth factors, including IL-6, G-CSF, and GM-
CSF (35, 36). Data from previous studies combined with our data
indicate that IL-36y would activate epithelial cells to induce
chemokines and recruit inflammatory cells for the initial stages of
innate immunity in skin inflammation. Thus, in human epidermal
keratinocytes, the induction of CAMP by innate immune stimuli
can be a trigger to activate the IL-36 axis that initiates skin in-
flammation and exacerbates chronic dermatoses.

The cathelicidin LL37 acts on several receptors and signaling
pathways (5, 7-15). By blocking with PTx, we demonstrated that
LL37 induced [L36G through G; protein—coupled signaling.
Among GPCR, LL37 is known to activate FPRL1 in endothelial
cells (10). However, keratinocytes are suggested to have little
FPRL1 and induce transactivation of EGFR by LL37, which is
mediated through GPCR other than FPRLI1 (13). However, we
observed that EGFR inhibition by HB-EGF inhibitor CRM 197 and
EGFR tyrosine kinase inhibitor AG1478 did not affect /L36G
induction by LL37. Because EGFR dominantly activates p42/p44
MEK in keratinocytes, inhibition of LL37-mediated IL36G in-
duction by p38 inhibitor SB203580, but not by MEK inhibitor
PD98059, also suggested little involvement of EGFR in IL36G
induction by LL37 in keratinocytes. Although specific receptors
inducing /L36G by LL37 were not identified in this study, multiple
GPCR might be involved in the process. The ligand-dependent
and -independent activation and oligomerization of GPCR are
recognized as a cross-talk of GPCR, which alters intracellular
signals making them different from the non-oligomerized GPCR
signaling (37-40). Because LL37 is a cationic peptide and can
bind directly to the cell membrane without receptors (8, 41), it
may activate GPCR in a ligand-independent manner to induce IL-
36y. Occasionally, we observed increases in chemokines when we
treated keratinocytes with mock (transfection reagent) and control
siRNA along with LL37 (Figs. 7, 8). These phenomena also
suggested the ligand-independent activation of GPCR, because the
transfection reagent is also a cation that affects cell membrane
components. The molecular mechanism of LL37-mediated GPCR
activation should be explored further to define the cascade of in-
flammatory reactions in innate immunity of the skin.

We demonstrated that L1.37 induces IL-36R IL-1RL2/IL-36R
and IL-1RAP, as well as IL-36y, IL-36(, and other IL-1 family
genes. Therefore, LL37 would amplify the stimulation of IL-36 by
inducing both ligands and their receptors in keratinocytes, which
was demonstrated, in part, by the experiments with siRNA for
IL36G and its receptors IL36R/ILIRL2 and ILIRAP. We also
showed that p38 and JNK MAPK and NF-«B signaling affected
the induction of chemokines in combination with IL.-36 and LL37;
these results are similar to those from a previous study that
demonstrated that IL-36 phosphorylates NF-kB and JNK and p38
MAPK (30). IL-1B and IL-1R-associated kinase-1 are aberrantly
expressed in psoriatic lesions, and the synergy between IL-1@ and
TNF-o leads to sustained inflammatory responses (42). IL-18
induces IFN-v, and the increased IL-18 participates in the de-
velopment of the Th1l response in lesional skin of psoriasis (43).
IL-36c, IL-363, and IL-36y are members of IL-1 family of
cytokines and use the same receptor IL-36R/IL-IRL2 coupled
with IL-1RAP (30), and IL-36 induces TNF and IL-6 in human
keratinocytes (44). Combined with observations of the functions
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of IL-1 family molecules in psoriasis, cathelicidin-dependent in-
duction of IL-1 family molecules might indicate that the mechanism
of altered innate immunity exacerbates and modulates inflamma-
tory responses in psoriasis.

In summary, hCAMP LL37 induces IL-36y production, as well
as IL-36R. LL37 induces IL-8, CXCL1, CXCL10, and CCL20
through IL-36y induction and IL-36R signaling, which would
recruit neutrophils, T cells (including Th17 cells), and DC for the
epidermis. Our findings provide evidence that some of the alarmin
activities of LL37 occur via IL-36y induction; thus, IL-36vy
facilitates innate immune reactions by cathelicidin. Cathelicidin
and IL-36 are engaged, therefore, in the pathogenesis of psoriasis
and other skin diseases during the initiation or occasional exac-
erbation of dermatoses by innate immune stimuli, such as local
and general infections and injuries.
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Abstract

In this study, we demonstrate that a small population of pluripotent stem cells, termed adipose multilineage-
differentiating stress-enduring (adipose-Muse) cells, exist in adult human adipose tissue and adipose-derived
mesenchymal stem cells (adipose-MSCs). They can be identified as cells positive for both MSC markers
(CD105 and CD90) and human pluripotent stem cell marker SSEA-3. They intrinsically retain lineage plasticity
and the ability to self-renew. They spontaneously generate cells representative of all three germ layers from a
single cell and successfully differentiate into targeted cells by cytokine induction. Cells other than adipose-
Muse cells exist in adipose-MSCs, however, do not exhibit these properties and are unable to cross the
boundaries from mesodermal to ectodermal or endodermal lineages even under cytokine inductions. Im-
portantly, adipose-Muse cells demonstrate low telomerase activity and transplants do not promote teratogenesis
in vivo. When compared with bone marrow (BM)- and dermal-Muse cells, adipose-Muse cells have the
tendency to exhibit higher expression in mesodermal lineage markers, while BM- and dermal-Muse cells were
generally higher in those of ectodermal and endodermal lineages. Adipose-Muse cells distinguish themselves as
both easily obtainable and versatile in their capacity for differentiation, while low telomerase activity and lack
of teratoma formation make these cells a practical cell source for potential stem cell therapies. Further, they will
promote the effectiveness of currently performed adipose-MSC transplantation, particularly for ectodermal and
endodermal tissues where transplanted cells need to differentiate across the lineage from mesodermal to
ectodermal or endodermal in order to replenish lost cells for tissue repair.

Introduction

MESENCHYMAL STEM CELLS (MSCs) derived from adi-
pose tissue are multipotent stromal cells that can dif-
ferentiate into adipocytes, chondrocytes, osteoblasts, and
myoblasts in vitro and undergo differentiation in vivo [1].
MSCs are currently being applied in a number of clinical
studies that target numerous diseases because of their ac-
cessibility, nontumorigenicity, and powerful trophic effects
[2,3].

MSCs derived from adipose tissue (adipose-MSCs) pro-
vide an abundant and minimally invasive source of cells [4].

Adipose-MSCs can be maintained in culture for extended
periods of time and can be induced in vitro to differentiate
into all mesenchymal cell lineages [1,4]. Moreover, adipose-
MSCs can be safely and efficiently transplanted to autolo-
gous hosts, and they are currently being used successfully
for a variety of regenerative therapies (2,3].

Although not in high ratio, adipose-MSCs also have the
capacity to differentiate into neuronal cells [5,6], Schwann
cells [7], beta cells [8], and hepatocytes [9,10] in the pres-
ence of specific cell differentiation media. Thus adipose-MSCs
may cross the oligolineage boundaries from mesodermal to
ectodermal or endodermal lineages. Adipose-MSCs exhibit
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a wide variety of triploblastic differentiation not only in
vitro, but also in vivo. At a low ratio, they may spontane-
ously differentiate into hepatocyte-marker-positive cells in
the damaged liver [11,12], neuronal- and glial-marker-
positive cells in ischemic brain injury |13,14}, and cardio-
myocytes in acute myocardial infarction [15] after homing
to damaged sites. The low rate of adipose-MSC differentia-
tion into ectodermal and endodermal cell lineages could be
explained in part by the presence of a small population of
stem cells within the adipose-MSC population that have the
ability to differentiate to any type of cells, much like plu-
ripotent stem cells. Isolation of such stem cells could have a
critical impact in regenerative medicine and cell therapy.

Recently, a novel population of stem cells with pluripo-
tent characteristics has been isolated from mesenchymal
tissues, such as human skin fibroblasts and bone marrow
(BM). These cells, termed multilineage-differentiating
stress-enduring (Muse) cells, are of mesenchymal origin,
comprise several percentages of human dermal fibroblasts
and BM-MSCs, and are highly resistant to cellular stress.
They are double positive for CD105, an MSC marker, and
the stage-specific embryonic antigen-3 marker (SSEA-3),
well known for the characterization of undifferentiated hu-
man embryonic stem (ES) cells. Muse cells can differentiate
into cells of ectodermal, endodermal, and mesodermal lin-
eages both in vitro and in vivo, and have the ability to self-
renew [16]. Advantageously, Muse cells do not produce
teratomas in vivo, nor do they induce immunorejection in
the host upon autologous transplantation [16,17]. In addi-
tion, Muse cells are shown to home into the damaged site
in vivo and spontaneously differentiate into tissue-specific
cells according to the microenvironment to contribute to
tissue regeneration when infused into the blood stream [16].

In the present study, we isolated Muse cells derived from
human adipose tissue (adipose-Muse cells) using SSEA-3-
cell-sorting techniques. Further characterization indicates
that SSEA-3(+) adipose-Muse cells express general mes-
enchymal markers CD105, CD90, and CD29 [18,19]. They
express the pluripotent stem cell markers Nanog, Oct3/4,
PAR4, Sox2, and TRA-1-81 and can spontaneously differ-
entiate into cells representative of all three germ layers from
a single cell. Conversely, alternate cells in adipose-MSCs,
SSEA-3 (~) adipose-MSCs (adipose-non-Muse cells), can
only differentiate into mesenchymal but not into ectodermal
and endodermal cell lineages even under the presence of
cytokine induction. Further, adipose-Muse cells are negative
for CD34 and CD146, known as classical adipose-derived
stem cell (ADSC) markers [4]. While core properties of
Muse cells among BM, dermis, and adipose tissues,
namely, triploblastic differentiation, self-renewal, and non-
tumorigenicity, are the same, BM- and dermal-Muse cells
show higher expression of ectodermal and endodermal lin-
eage markers while adipose-Muse cells show a tendency for
higher expression of mesodermal markers, and preferen-
tially differentiate into mesodermal cell lineages, suggesting
that the propensity for differentiation is in accordance with
the source of tissue from which Muse cells are derived.

In contrast to ES and induced pluripotent stem (iPS) cells,
adipose-Muse cells have low telomerase activity and do not
produce teratomas in vivo, which may alleviate one of the
primary concerns with the use of pluripotent stem cells in
the clinical arena. Adipose-Muse cells could be an ideal
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source of pluripotent stem cells with the potential to have a
critical impact on regenerative medicine,

Materials and Methods
Cell source

Two different sources of adipose-MSCs were used in this
study: adipose-MSCs commercially purchased from Lonza
(LA-MSCs) and freshly isolated adipose-MSCs from sub-
cutaneous adipose tissue (AT-MSCs). Cells were main-
tained at 37°C in Dulbecco’s modified Eagle’s medium
high-glucose (DMEM; Gibco) containing 15% fetal bovine
serum (FBS) and 0.1 mg/mL kanamycin sulfate (Gibco) in
an atmosphere containing 5% CO,.

The use of human subcutaneous adipose tissue was ap-
proved by the Ethics Committee for Animal Experiments at
the Tohoku University Graduate School of Medicine. Sub-
cutaneous adipose tissue was provided by Department of
Dermatology, Tohoku University Graduate School of
Medicine with informed consent. Isolation of AT-MSCs
from adipose tissue was done according to the method
previously reported by Estes et al. with minor modification
[20]. In brief, adipose tissue was minced into small pieces
and incubated in equal volume of phosphate-buffered saline
(PBS, without calcium chloride and magnesium chloride)
containing 1 mg/mL Collagenase Type 1 (Worthington
Biochemical) and 1% bovine serum albumin (Nacalai) at
37°C for 1 h with mild shaking. Digested material was then
centrifuged at 300 g for 5min to obtain a cell pellet. The
pellet was resuspended and filtered through a 100-pum nylon
mesh filter (Becton Dickinson) and centrifuged again at
300 g for 5min. The pellet was resuspended in DMEM
containing 15% FBS and 0.1 mg/mL kanamycin sulfate and
cultured. Cells were plated in adherent dishes at density of
3.5%10* cells/em? and cultured after reaching ~90% con-
fluence, exhibiting a fibroblast-like shape. The doubling
time of the cells was 0.9-1.3 days/cell division.

Mouse ES cells (TT2 cells) were cultured at 37°C in
DMEM containing 15% FBS, 0.1 mg/mL kanamycin sul-
fate, 0.1mM MEM non-essential amino acid solution
(NEAA; Gibco), 1mM sodium pyruvate solution (SP;
Gibceo), 1000 U/mL leukemia inhibitory factor (Merk), and
100 uM 2f-mercaptoethanol on mitomycin-C-treated mouse
embryonic fibroblast feeder cells established from 12.5-day
embryos of C57BL/6 mice.

Fluorescence-activated cell sorting

Confluent adipose-MSCs (two to eight passages) were
used for cell sorting. Cells were collected by trypsin-EDTA
(0.25%) treatment, centrifuged, and resuspended in fluo-
rescence-activated cell sorting (FACS) buffer (PBS con-
taining 0.5% BSA and 2mM EDTA) [21] at a concentration
of 1x10° cells/100pL. Cells were incubated in FACS
buffer containing 15% human serum for 20 min. After two
successive washes by FACS buffer, cells were incubated
with anti-SSEA-3 antibody (1:50; Millipore) for 1h at 4°C.
Cells were then washed three times with FACS buffer,
followed by FITC-conjugated anti-rat IgM (1:100; Jackson
ImmunoResearch) for 1h at 4°C. After three consecutive
washes in FACS buffer, cells were sorted for SSEA-3(+)
and SSEA-3(~) cells (adipose-Muse and -non-Muse cells)
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by Special Order Research Products FACSAriall (Becton
Dickinson) using a low stream speed. This ensured a high
level of cell survival and the highest purity of the sorted
cells, via the four-way purity sorting mode, as previously
described [21]. SSEA-3(+)-adipose-Muse cells (labeled
with FITC) were analyzed by flow cytometry for the ex-
pression of cell surface antigens CD29 [labeled with phy-
coerythrin (PE)], CD90 (PE), CD105 (Pacific Blue), CD34
(PE), and CD146 (PE) (Becton Dickinson).

Single-cell suspension culture

Adipose-Muse cells were cultured as floating cells using
poly-HEMA-coated dishes as previously described [21].
Each single cell was plated in an individual well on 96-well
plates after limiting dilution with alpha-MEM medium
containing 15% FBS. The actual number of cells deposited
in each well was determined by visual inspection using a
phase-contrast microscope, and empty wells or wells with
more than one cell were excluded from analysis.

Spontaneous differentiation of clusters in vitro

After 7-10 days of single-cell suspension culture, single
clusters of adipose-Muse cells were picked up with a glass
micropipette and transferred onto a gelatin-coated culture
dish or cover glass. After another 7-10 days of incuba-
tion, clusters were subjected to immunocytochemistry and
reverse-transcription polymerase chain reaction (RT-PCR).

Immunocytochemistry

Immunocytochemistry was performed as previously de-
scribed [21]. Clusters of adipose-Muse cells were fixed with
4% paraformaldehyde in 0.01 M PBS, embedded in OCT
compound, and then cut into 8-pm-thick cryosections. Dif-
ferentiated cells derived from adipose-Muse cell cluster
were grown in gelatin-coated dishes. Cells were fixed using
the same fixative described earlier. Antibodies used in this
study included Nanog (1:100; Millipore), Oct3/4 (1:100;
Santa Cruz Biotechnology), Sox2 (1:1000; Millipore), PAR4
(1:100; Santa Cruz Biotechnology), TRA-1-81 (1:100; Santa
Cruz Biotechnology), smooth muscle actin (SMA, 1:100;
Lab Vision, Thermo Fisher Scientific), neurofilament-M
(1:100; Millipore), cytokeratin 7 (CK7, 1:100; Millipore),
alpha-fetoprotein (a-FP, 1:100; DAKO), fatty acid-binding
protein 4 (FABP-4, 1:100; R&D Systems), human hepato-
cyte paraffin-1 (HepParl, 1:200; Dako), delta-like protein-1
(DLK1, 1:100; Santa Cruz), human albumin (1:100;
Bethyl Laboratories), and neuronal class III B-tubulin (Tuj-
1, 1:1000; Covance). All primary antibodies were diluted
1:200 in PBS/0.1% BSA solution and incubated overnight at
4°C. Following treatment with primary antibodies, cells
were washed three times with PBS and incubated for 1h at
R/T with PBS/0.1% BSA containing secondary immuno-
fluorescent antibodies. These antibodies included FITC-,
Alexa-488-, or Alexa-568-labeled conjugated anti-rabbit
IgG, anti-mouse IgG, anti-mouse IgM, or anti-rat IgM
(1:100; Jackson ImmunoResearch). Nuclei were identified
by 4’,6-diamidino-2-phenylindole (DAPI) staining (1:1000;
Sigma). Cells were then washed three times with PBS.
Images were acquired with a confocal laser scanning
microscope (CS-1; Nikon).
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RT-PCR

Total RNA was extracted from cells and purified using
NucleoSpin RNA XS (Macherey-Nagel). First-strand cDNA
was generated using the SuperScript VILO cDNA Synthesis
Kit (Invitrogen) according to the manufacturer’s instruc-
tions. The PCRs were performed using Ex Taq DNA
polymerase using standard temperature cycling conditions
(TaKaRa Bio). The primers used were (1) B-actin sense
5-AGGCGGACTATGACTTAGTTGCGTTACACC-3" and
antisense 5-AAGTCCTCGGCCACATTGTGAACTTTG-3’,
(2) Nkx2.5 sense 5-GGGACTTGAATGCGGTTCAG-3’
and antisense 5-CTCCACAGTTGGGTTCATCTGTAA-3’,
(3) a-FP sense 5"-CCACTTGTTGCCAACTCAGTGA-3" and
antisense 5-TGCAGGAGGGACATATGTTTCA-3"; (4) mi-
crotubule associated protein-2 (MAP-2) sense 5-ACTACC
AGTTTCACACCCCCTTT-3 and antisense 5-AAGGGT
GCAGGAGACACAGATAC-3', and (5) GATAG sense 5'-
CCTGCGGGCTCTACAGCAAGATGAAC-3 and antisense
5’-CGCCCCTGAGGCTGTAGGTTGTGTT-3".

Evaluation for cell self-renewal

Cell self-renewal of adipose-Muse cell clusters was per-
formed as previously described [21]. Briefly, adipose-Muse
cells isolated by FACS were grown in single-cell suspension
after limiting dilution to generate the first-generation cluster.
After 7-10 days of single-cell suspension culture, first-
generation clusters were transferred onto an adherent culture
for expansion. After another 7 days of incubation of first-
generation clusters in adherent culture, expanded cells were
collected by trypsinization and returned to single-cell
suspension culture after limiting dilution to form second-
generation cluster. This cycle was repeated up to third-
generation clusters. In each generation step, samples were
subjected to RT-PCR.

Test for teratoma formation in immune-deficient
mice festes

Adipose-Muse cells (1x 10° cells) were suspended in
PBS and injected using glass micropipette into the testes of
8-week-old CB17/Icr-Prkde scid/CrlCrlj(SCID) mice (n=06).
Mice were sacrificed for analysis 6 months after injection. For
negative control, testes were injected with PBS (n=2) and,
for positive control, 5 X 10° mouse ES cells (n=4) were in-
jected, and were sacrificed 8 weeks after injection. Tissues
were fixed with 4% paraformaldehyde in 0.01M PBS and
3-pm-thick paraffin sections and analyzed by HE staining.

Telomerase activity

Telomerase activity was detected using TRAPEZE XL
telomerase detection kit (Millipore) and Ex Taq polymerase
(TaKaRa Bio). Fluorescence intensity was measured with a
microplate reader (infinite M1000; Tecan) as described by
Wakao et al. [17].

In vitro differentiation into adipocytes, hepatocytes,
and neuronal cells

Experiments were repeated three times for each differ-
entiation. Adipose-Muse cells and -non-Muse cells were
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incubated in adipogenic differentiation medium (R&D
Systems) for 14 days. Formation of new adipocytes was
detected using the human MSC functional identification kit
(R&D Systems) [19]. For hepatocyte induction, adipose-
Muse cells (at a density of 2.0 x 10* cells/em?) were cultured
on collagen-coated dishes for 14 days in DMEM supple-
mented with 10% FBS, insulin-transferrin-selenium (Gib-
c0), 10nM dexamethasone (Sigma), 100 ng/mL hepatocyte
growth factor (R&D Systems), and 50ng/mlL fibroblast
growth factor-4 (R&D Systems) [9]. Neuronal differentia-
tion was performed according to the method reported by
Boulland et al. [6]. Briefly, cells were induced by culture in
the Neurobasal medium (Invitrogen) containing 1% FCS,
1xB27 supplement, 0.5mM 1-methyl-3 isobutylxanthine,
1mM dexamethasone, 0.2mM 8CPTcAMP, 10mM val-
proic acid, and 10mM forskolin for 7 days. Comparatively,
adipose-non-Muse, SSEA-3 (-) cells obtained from the
same adipose tissue were used as controls in all these cell
differentiation studies.

Quantitative PCR (q-PCR)

Adipose-Muse cells were induced to neuronal differenti-
ation and total RNA was extracted as described previously.
Customized primers for Tuj-1 were purchased from SA
Biosciences. Total RNA of BM- (Lonza) and dermal-Muse
cells (Lonza) and adipose-Muse cells from LA-MSCs was
collected using the RNeasy Mini Kit (Qiagen), and cDNA
was synthesized using the RT2First Strand Kit (SA Bios-
ciences). In both experiments, DNA was amplified with the
Applied Biosystems 7300 real-time PCR system according
to the manufacturer’s instructions. Data were processed
using the AACT method [22].

Comparative analysis of gene expression

Total RNA of Muse cells derived from BM (Lonza),
normal human dermal fibroblasts (Lonza), and LA-MSCs
was extracted and purified using NucleoSpin RNA XS
(TaKaRa Bio). The poly-A RNA molecules were further
purified from total RNA using poly-T oligo-attached mag-
netic beads, and then fragmented and converted into cDNA
using Illumina TruSeq RNA Sample Prep Kit (Illumina) to
make libraries. The quality of libraries was determined with
Agilent 2100 Bioanalyzer. The libraries were analyzed by
Illumina HiSeq2000 sequencing (Illumina) according to
standard procedure. Paired-end 100-bp reads were generated
and subjected to data analysis with the use of the platform
provided by DNAnexus.

Results
Culture of adipose-MSCs

This study utilized two sources of human adipose-MSCs;
five lots of commercially available LA-MSCs that are
widely used as adipose-derived MSCs, and four lots of ad-
ipose-MSCs established from human subcutaneous adipose
tissue, namely, AT-MSCs. For AT-MSCs, volumes, culture
duration, and total number of MSCs obtained from the four
samples are shown in Supplementary Fig. S1 (Supplemen-
tary Data are available online at www.liebertpub.com/scd).
On average, a culture of 15 cm® of adipose tissue for 3
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weeks yielded ~3x107 adipose-MSCs. There were no
significant differences observed in morphology or doubling
time between LA-MSCs and AT-MSCs (Supplementary
Fig. S1).

Characterization of adipose-Muse cells
in LA-MSCs and AT-MSCs

We previously reported the presence of Muse cells in the
adult human BM and dermis isolated by cell sorting using
SSEA-3, a pluripotent stem cell marker for undifferentiated
ES cells [16,17]. FACS analysis revealed the presence of
SSEA-3-positive cells in LA-MSCs (3.8% *0.9%) and AT-
MSCs (8.8 +1.3), which are termed as adipose-Muse cells in
the following descriptions (Fig. 1A, B and Supplementary
Table S1).

Surface marker expression was further analyzed in these
adipose-Muse cells. They expressed general mesenchymal
markers; all of SSEA-3(+)-adipose-Muse cells expressed
CD105 (100%) and CD90 (100%), and in a lesser ratio
(60%-70%) with CD29 (Fig. E-H). Adipose tissue is gen-
erally known to contain so-called ADSCs that express both
CD34 and CD146 markers [23]. Adipose-Muse cells iso-
lated from both LA-MSCs and AT-MSCs were, however,
negative for these markers, suggesting that they are a dis-
tinct population from ADSCs (Fig. 11, J).

When adipose-Muse cells were transferred to a single-cell
suspension culture, each cell began to proliferate and form a
cluster that is similar to the human-ES-cell-derived embry-
oid body formed in suspension culture at days 7-10 (Fig.
1C, D). On an average, adipose-Muse cells derived from
LA-MSCs and AT-MSCs formed clusters in a single-cell
suspension at a ratio of 31.3%+2.8% and 40.9% +6.8%,
respectively (Supplementary Table S1). Importantly, none
of the SSEA-3 (—) adipose-MSCs, namely, adipose-non-
Muse cells, obtained from both LA-MSCs and AT-MSCS
formed clusters in a single-cell suspension.

Adipose-Muse cell clusters both from LA-MSCs and AT-
MSCs expressed pluripotency markers Nanog, Oct3/4,
PAR4, Sox2, and TRA-1-81 and were positive for alkaline
phosphatase reaction, one of the indicators of ES cells (Fig.
2).“When" these single-cell-derivedclusters-were-individu-
ally transferred onto gelatin-coated dish and cultured ad-
herently for 10-14 days, cells expanded from the cluster and
proliferated. Among the expanded cell population, cells
positive for «-FP (endodermal marker), SMA (mesodermal),
and neurofilament (ectodermal) were recognized (Fig. 3A-
D). Cells expanded from clusters of adipose-Muse cells
were collected and analyzed by RT-PCR, and gene ex-
pression was detected for NKX2-5 (mesodermal), GATAG
(endodermal), MAP2 (ectodermal), and o-FP (endodermal)
(Fig. 3E). Expression of these genes further indicated that
adipose-Muse cells, from either LA-MSCs or AT-MSCs,
may have the ability to spontaneously generate cells repre-
sentative of all three germ layers from a single cell.

To examine the potential for self-renewal, adipose-Muse
cells from LA-MSCs and AT-MSCs were subjected to sin-
gle-cell suspension culture in order to obtain first-generation
clusters. Half of the clusters were transferred individually
onto gelatin culture, maintained, and analyzed by RT-PCR
for the expression of endodermal, mesodermal, and ecto-
dermal markers, as described previously. The rest of the
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FIG. 1. Characterization of SSEA-3(+) cells in LA-MSCs and AT-MSCs. (A, B) An example of SSEA-3(+) cells in LA-
MSC (A) and AT-MSC (B) FACS analysis showed the presence of SSEA-3(+) cells in both populations. (C, D) Clusters
were formed in single-cell suspension culture from LA-MSC- (C) and AT-MSC-SSEA-3(+) cells (D). Scale bars=50 um.
(E-J) Expression of mesenchymal and ADSC markers in LA-MSC-SSEA-3(+) cells. Cells positive for SSEA-3 (E) were
positive for CD105 (F), CD90 (G), and CD29 (H) but were negative for CD34 (I) and CD146 (I). AT-MSCs, adipose-MSCs
from subcutaneous adipose tissue; LA-MSCs, adipose-MSCs commercially purchased from Lonza. Color images available
online at www.liebertpub.com/scd

renewal as well as triploblastic differentiation ability up to
the third generation (Fig. 4).

clusters were individually transferred to adherent culture
and allowed to proliferate for 7-10 days, after which they
underwent a second round of single-cell suspension in cul-

ture to generate second-generation clusters (Fig. 4). This  Tg/omerase activity and in vivo transplantation

experimental cycle was repeated three times and clusters
from each step were analyzed by RT-PCR. Again, gene
expression of MAP2, GATAG, «-FP, and NKX2.5 was de-
tected in first-, second-, and third-generation clusters,
demonstrating that adipose-Muse cells maintain self-

of adipose-Muse cells

Being a strong indicator of tumorigenicity, telomerase
activity was examined in adipose-Muse cells from LA-
MSCs and AT-MSCs. High telomerase activity was observed

FIG. 2. Immunostaining of clusters formed from adipose-Muse cells in single-cell suspension culture. Clusters were
positive for Nanog, Oct3/4, PAR4, Sox2, and TRA1-81, as well as for reactive alkaline phosphatase (ALP). Nanog, Oct3/4,
and TRA-1-81 were from AT-MSC-SSEA-3(+) cells and PAR4, Sox2, and ALP from LA-MSC-SSEA-3(+) cells. Scale
bars =25 um. Color images available online at www .liebertpub.com/scd
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FIG. 3. Differentiation of single-Muse-cell-derived cluster into endodermal, mesodermal, and ectodermal lineages.
Clusters formed from adipose-Muse cells of LA-MSCs in single-cell suspension culture were transferred onto gelatin-coated
culture (A) allowing the cells to expand and differentiate spontaneously, expressing alpha-fetoprotein (o-FP: endodermal)
(B), smooth muscle actin (SMA: mesodermal) (C), and neurofilament (ectodermal) (D). Scale bars=100pum. RT-PCR
analysis of cells expanded from single adipose-Muse cell cluster detected signals for Nkx2.5 (mesodermal), GATA-6
(endodermal), MAP-2 (ectodermal), and -FP (endodermal) in both AT-MSCs and LA-MSCs (E). Positive controls for
Nkx2.5, MAP-2, and o-FP were human whole embryo (H embryo) and for GATA-4 was human fetus liver (Fetus liver).
Negative controls for Nkx2.5 and MAP-2 were human adult liver (Adult liver) and for GATA-6 and o-FP were human adult
brain (Adult brain). RT-PCR, reverse transcription-polymerase chain reaction. Color images available online at www liebertpub
.com/scd :

FIG. 4. Adipose-Muse cells
demonstrate the capacity for
self-renewal. Schematic di-
agram outlines experiments
that validate self-renewal
ability of adipose-Muse cells.
RT-PCR data are from AT-
MSC-derived adipose-Muse
cells as an example. MAP-2
(ectodermal), GATA-6" (endo-
dermal), «-FP (endodermal),
and Nkx2.5  (mesodermal)
gene expression was detected
in RT-PCR from cells ex-
panded from each of clusters
from first to third generations.
Adipose-Muse cells from
LA-MSCs showed basically
same data (not shown). Po-
sitive controls for MAP-2,
o-FP, and Nkx2.5 were hu-
man whole embryo and for
GATA-4 was human fetus li-
ver. 1 and 2 in f-actin are
from human whole embryo
(1) and human fetus liver (2),
respectively. Scale bars =25 pm.
Color images available on-
line at www.liebertpub.com/
scd
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in Hela cells, while adipose-Muse cells both from LA-MSCs
and AT-MSCs were at nearly the same reduced level as
cells from the original LA-MSC and AT-MSC populations
(Fig. 5A).

Next, cell transplantation was performed in the testes of
immune-deficient mice. When mouse ES cells were trans-
planted, large teratomas, consisting of mesodermal, endo-
dermal, and ectodermal tissues, were formed by 8-10 weeks
(Fig. 5B-E), while even after 6 months, the adipose-Muse
cells transplanted in the mouse testes never formed terato-
mas. Normal testicular tubes were maintained in these testes
(Fig. SF-H).

All of the characteristics present in adipose-Muse cells,
namely, expression both of pluripotency and mesenchy-
mal markers, generation of embryoid-body-like clusters in
suspension, triploblastic differentiation from a single cell,
self-renewal, and nontumorigenicity, were consistent with
previously reported BM- and dermal-Muse cells [16,17,21].

Cyitokine induction into endodermal, ectodermal,
and mesodermal lineages

Adipose-Muse and -non-Muse cells were treated with
cocktails of cytokines and reagents for adipocyte (meso-
dermal), hepatocyte (endodermal), and neuronal cell (ecto-
dermal) differentiation. In adipocyte induction, both
adipose-Muse and -non-Muse cells generated cells with li-
pid droplets that were positive for Oil Red-O staining.
Immunolabeling of FABP-4, however, resulted in
72.4% +3.4% of adipose-Muse cells that display positivity,

723

FIG. 5. Nontumorigenicity of
adipose-Muse cells. (A) Telomer-
ase activity in LA-MSCs, AT-
MSCs, as well as adipose-Muse
cells [SSEA-3(+)] from both pop-
ulations. Hela cells (Hela) were
used as positive control and tem-
plate for negative control. (B-E)
Teratoma formation in mouse testis
with mouse ES cell transplantation
(8 weeks after) (B). Histological
analysis showed that the teratoma
contained muscle tissue (C), intes-
tine-like structure (D), and kerati-
nized skin formation (E). (F-H)
Transplantation of adipose-Muse
cells from LA-MSCs into Nog
mouse testis did not form teratoma
even after 6 months () and main-
tained normal testis structure (G,
H). Scale bars=100um. Color
images available online at www
Jiebertpub.com/scd

Hebs
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while adipose-non-Muse cells were only 34.4% +2.9%
positive, suggesting that adipose-Muse cells have higher
potential to become adipocytes than adipose-non-Muse cells
(Fig. 6A-D). :

Hepatocyte induction demonstrated that cells positive for
hepatic stem cell marker human DLKI, and hepatocyte
markers human HepParl and human albumin were induced
from adipose-Muse cells but not from adipose-non-Muse
cells. The positivity for human albumin in adipose-
Muse cells was 13.7% £ 1.6% while it was undetectable in
adipose-non-Muse cells (Fig. 6E-H).

Neuronal induction in adipose-Muse cells resulted in
generation of cells positive for Tuj-1 with neuron-like
morphology. These cells were generated from adipose-
Muse cells but not from adipose-non-Muse cells. These
results were also confirmed by g-PCR of Tuj-1 expression
(Fig. 6I-M).

These results suggest that both adipose-Muse and -non-
Muse cells are capable of differentiating into mesodermal
lineage cells, such as adipocytes; however, higher efficiency
is anticipated in adipose-Muse cells rather than -non-Muse
cells. In contrast, differentiation from mesodermal to ecto-
dermal or endodermal lineages was only possible in adipose-
Muse cells.

Comparison among BM-, dermal-,
and adipose-Muse cells

Muse cells collected as SSEA-3(+) cells from human
BM-MSCs (BM-Muse), dermal fibroblasts (dermal-Muse),
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FIG. 6. Induced differentiation of adipose-Muse and -non-Muse cells. (A-D) Muse (A-C) and non-Muse (D) cells from

LA-MSCs were subjected to adipocyte induction. Cells with lipid droplets (A) that are stained with Oil Red-O (B) were
detected in adipose-Muse cells. Those cells were also positive for the adipocyte marker FABP-4. Adipose-non-Muse cells
also contained cells positive for FABP-4 but with lower ratio (D). (E-H) After hepatocyte induction, Muse cells were
positive for liver stem cell marker human-DLK1 (E) and hepatocyte markers human HepParl (F) and human albumin (G),
while non-Muse cells lacked these expression. An example of non-Muse cells was shown in human albumin expression (H).
(I-M) After neuronal induction, Muse cells demonstrated a morphology similar to neuronal cells (I), and some were also
positive for Tuj-1 (J). However, adipose-non-Muse cells were not like neuronal cells (K) and all cells were Tuj-1 negative
(L). Q-PCR consistently detected 7uj-/ signal only in Muse cells and not in non-Muse cells (M). Scale bars= 100 pum. Color

images available online at www liebertpub.com/scd

and LA-MSCs (adipose-Muse) were subjected to next
generation sequencing to compare expression levels of
genes related to endodermal, mesodermal, and ectodermal
differentiation (Table 1). Analysis of mesodermal lineage
expression revealed that osteogenic, adipogenic, and
myogenic genes were generally higher in adipose-Muse
rather than BM-Muse or dermal-Muse cells, and some of
the factors, such as SP7, osteogenic factor, and Pax7
muscle stem cell marker, were only detected in adipose-
Muse cells. Different from mesodermal factors, endo-
dermal factors were more predominantly expressed in
BM-Muse cells than in adipose-Muse cells. However,
cholesterol 7, alpha-hydroxylase (CYP7A1), insulin gene
enhancer binding protein (ISL1), and hepatocyte nuclear
factor 4 alpha (HNF4A) were only expressed in adipose-
Muse cells and not in BM-Muse or dermal-Muse cells
(Table 1). Ectodermal genes that relate to neuronal dif-
ferentiation were higher in both BM-Muse and dermal-
Muse cells than in adipose-Muse cells while factors such
as genes encoding for musashi RNA-binding protein 1
(MSI1), ISL1, and myelin transcription factor 1-like
(MYTI1L) were not expressed in BM-Muse or dermal-
Muse cells, but only in adipose-Muse cells (Table 1).

Discussion

In this~study,” we ‘demonstrate that both adult human
subcutaneous adipose tissue and commercially available
adipose-MSCs contain a small percentage of stem cells with
the capacity for triploblastic differentiation and self-
renewal. These cells do not undergo tumorigenic prolifera-
tion in vitro, nor do they elicit teratomas when transplanted
in vivo. These characteristics match those of previously
reported Muse cells that were isolated from the BM and
dermis [16,17,21], indicating that adipose tissue also con-
tains Muse cells.

In adipose tissue, single-cell-derived cluster formation
in suspension was unique to adipose-Muse cells; how-
ever, cluster formation ratio did not always reach 100%
(Supplementary Table S1). This may be in part because
of cellular damage caused by laser irradiation in the
process of FACS isolation. Alternatively, cells might
have been in an inactive dormant state, such that they did
not proliferate. This property of Muse cells requires
further study.

While MSCs are known to provide trophic and anti-
inflammatory effects, these effects are temporary and do not
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