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Abstract

Peripheral blood (PB) contains several types of stem/progenitor cells, including hematopoietic stem and endothelial progenitor
cells. We identified a population positive for both the pluripotent surface marker SSEA-3 and leukocyte common antigen CD45
that comprises 0.04% + 0.003% of the mononuclear cells in human PB. The average size of the SSEA-3(+)/CD45(+) cells was
10.1 + 0.3 um and ~22% were positive for CD 105, a mesenchymal marker; ~85% were positive for CD 19, a B cell marker;
and ~ 94% were positive for HLA-DR, a major histocompatibility complex class [l molecule relevant to antigen presentation.
These SSEA-3(+)/CD45(+) cells expressed the pluripotency markers Nanog, Oct3/4, and Sox2, as well as sphingosine- |-
phosphate (SIP) receptor 2, and migrated toward S|P, although their adherence and proliferative activities in vitro were low.
They expressed NeuN at 7 d, Pax7 and desmin at 7 d, and alpha-fetoprotein and cytokeratin-19 at 3 d when supplied to mouse
damaged tissues of the brain, skeletal muscle and liver, respectively, suggesting the ability to spontaneously differentiate into
triploblastic lineages compatible to the tissue microenvironment. Multilineage-differentiating stress enduring (Muse) cells,
identified as SSEA-3(+) in tissues such as the bone marrow and organ connective tissues, express pluripotency markers,
migrate to sites of damage via the SIP-SIP receptor 2 system, and differentiate spontaneously into tissue-compatible cells after
homing to the damaged tissue where they participate in tissue repair. After the onset of acute myocardial infarction and stroke,
patients are reported to have an increase in the number of SSEA-3(+) cells in the PB. The SSEA-3(4-)/CD45(+) cells in the PB
showed similarity to tissue-Muse cells, although with difference in surface marker expression and cellular properties. Thus,
these findings suggest that human PB contains a subset of cells that are distinct from known stem/progenitor cells, and that
CDA45(+)-mononuclear cells in the PB comprise a novel subpopulation of cells that express pluripotency markers.
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Introduction

The peripheral blood (PB) contains several types of stem/
progenitor cells, including hematopoietic stem cells positive
for CD34 and endothelial progenitor cells (EPCs) positive
for CD31, von Willebrand factor, and VE-cadherin'. Bone
marrow (BM)-derived mesenchymal stem cells (MSCs),
which are normally very sparse in the PB, are mobilized into
the PB in some situations?.

Multilineage-differentiating stress-enduring (Muse) cells
are endogenous nontumorigenic pluripotent-like stem cells
positive for pluripotent markers, including Nanog, Oct3/4,
and Sox2, that generate endodermal-, ectodermal-, and
mesodermal-lineage cells from single cells and self-
renew” . Muse cells are stress-tolerant, have high activity
to repair damaged DNA, exhibit low telomerase activity, and
do not form teratomas when transplanted in vivo®~’. They
are identified as cells positive for stage-specific embryonic
antigen (SSEA)-3, a pluripotent surface marker, in the PB,
BM, and organ connective tissues*®*'°.

Muse cells exhibit unique characteristics in vivo. Muse
cells express sphingosine-1-phosphate (S1P) receptor 2
(S1PR2) and sense the S1P produced by damaged tissue,
which enables them to migrate to and home to the site of
tissue damage“. Therefore, Muse cells, in both the circula-
tion and tissues, can selectively accumulate at the damaged
site. After homing, Muse cells spontaneously differentiate
into tissue-constituent cells and replenish damaged/lost cells
to participate in tissue repair, as demonstrated following
intravenous injection of exogenous Muse cells into animal
models of stroke, encephalitis, acute myocardial infarction,
renal failure, and liver damage''™'>. Clinical data from
patients with acute myocardial infarction and stroke indicate
that the serum S1P levels increase prior to the increase in the
number of endogenous PB-Muse cells after onset and this
increase in the acute phase significantly correlates with func-
tional recovery at 6 months, supporting a reparative function
of Muse cells in vivo'"'®,

Those ‘PB-Muse cells’ were analyzed only on the basis of
their SSEA-3-positivity and their properties have not been
characterized. In the present study, we collected SSEA-3(+)
cells from the PB of healthy volunteers and compared them
with BM-derived Muse cells (hereafter referred to as BM-
Muse cells) as representative tissue-derived Muse cells, as
well as with PB-derived SSEA-3(-)-mononuclear cells.

Materials and Methods

Isolation of Human PB-derived SSEA-3(+) Cells

Approximately 20 ml of PB from a healthy volunteer was
collected into a collection tube containing ethylenediamine-
tetraacetic acid (EDTA). To isolate mononuclear cells, an
equal volume of Dulbecco’s phosphate-buffered saline with
2% fetal bovine serum (FBS, STEMCELL Technologies,
Vancouver, BC, Canada) was added to the blood and the
diluted blood was layered over the septum of a SepMate-

50 tube (STEMCELL Technologies) filled with Lympho-
prep (STEMCELL Technologies) under the septum, and
centrifuged at 1,200 g for 20 min at room temperature. The
specific gravity centrifugation method was performed
according to the manufacturer’s protocol. Approximately,
8~ 14 x 10° mononuclear cells were collected in each sam-
ple. The isolated mononuclear cells were then resuspended
at a concentration of 1 x 10° cells/100 pl in fluorescence-
activated cell sorting (FACS) buffer containing FluoroBrite
Dulbecco’s Modified Eagle Media (DMEM; Thermo Fisher
Scientific, Pittsburgh, PA, USA), 100 mM EDTA, and 5%
bovine serum albumin, and then incubated with 10% inacti-
vated human AB type serum for 20 min at 4°C for Fc recep-
tor blocking. After filtration through a 40-um FALCON Cell
Strainer (Corning, Corning, NY, USA), anti-SSEA-3 anti-
body (1:100; BioLegend, San Diego, CA, USA) was added
and the cells were incubated for 60 min in the dark at 4°C
with gentle mixing every 10 min. The cells were then
washed three times with FACS buffer. Next, fluorescein
isothiocyanate (FITC)-labeled anti-rat IgM antibody
(1:100; Jackson ImmunoResearch, West Grove, PA, USA)
was added as a secondary antibody and the cells were incu-
bated for 60 min in the dark at 4°C with gentle mixing every
10 min. Cells were then washed three times with FACS
buffer. Finally, Hoechst33342 (Invitrogen, Eugene, OR,
USA) was added for nuclear staining and the cells were
incubated for 30 min at room temperature to distinguish
mononuclear cells from erythrocytes. FACS (FACS Aria
II, Becton Dickinson, San Jose, CA, USA) and FACSDiva
Software (Becton Dickinson) were used for analysis and
isolation. Cells without any antibody incubation, cells incu-
bated with only secondary antibody (FITC-labeled anti-rat
IgM antibody), and cells incubated with rat IgM (1:100;
BioLegend) followed by the secondary antibody (FITC-
labeled ant-irat IgM antibody) as an isotype control were
used to exclude the nonspecific reactions and auto-
fluorescence, as well as to set the gate for the SSEA-3(+)
cells. The procedure is shown in Fig. 1.

The proportion of SSEA-3(+) cells to mononuclear cells
was calculated according to the SSEA-3(+) cell number/
Hoechst33342(+) cell number x 100 (%). The number of
SSEA-3(+) cells is presented as absolute number per 1x10°
cell counts of PB-mononuclear cells. For viability staining,
samples incubated with primary (SSEA-3) and secondary
(FITC-rat IgM) antibodies were finally incubated with
Hoechst 33342 in the presence of 7-amino-actinomycin D
(7-AAD, 1:20; BioLegend) and then subjected to FACS
analysis.

Laser Confocal Microscopy of Human PB-Derived
SSEA-3(+) Cells
Human PB-derived SSEA-3(+) cells, hereafter referred to as

PB-SSEA-3(+) cells, were placed on a slide glass immedi-
ately after isolation by FACS and observed with a laser
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Fig. 1. Protocol for FACS analysis. The staining method for isolating human PB-SSEA-3(+) cells from PB-mononuclear cells using anti-SSEA-
3 antibody is shown on the left side (SSEA-3 staining protocol). In this method, mononuclear cells isolated using Lymphoprep were dispensed
at | x 10° cells into each of five tubes (a—e), and anti-SSEA-3 antibody (e) and rat-IgM (d) (isotype control) were added to two tubes (d and e,
respectively), and then these two tubes were incubated at 4°C for | h with mixing every 10 min, followed by three washes. The secondary
antibody for SSEA-3, FITC-anti-rat IgM antibody, was then added to the above two samples (d and e) and one new tube (for secondary
antibody only) (c). After repeating the incubation and washing regimen, Hoechst 33342 for nuclear staining was added to the above three
samples (c—e) and one new tube (for Hoechst 33342 staining only) (b) and incubated at room temperature for 30 min, washed twice, and

(to be Continued.)
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confocal microscope (C2si; Nikon Corporation, Tokyo,
Japan).

Double-Staining of PB-SSEA-3(+) Cells in Flow
Cytometry

Approximately 10—20 ml fresh PB was obtained from four
healthy volunteers. After staining for SSEA-3, the cells
were further stained with another marker for double-
staining. The positive cell population gates were set using
two isotype controls, mouse IgGlk and mouse IgG2axk,
both directly labeled with allophycocyanin (APC). The pro-
portion of double-positive cells was calculated according to
the number of double-positive cells/number of SSEA-3(+)
cells x 100 (%). Antibodies used for double-staining with
SSEA-3 were APC- labeled mouse anti-human -CD2,
-CD14, -CD16, -CD19, -CD34, -CD45, -CD62P, -CD62E,
-CD73, -CD105, -CD106, and -HLA-DR (at 1:20 dilution,
all purchased from Becton Dickinson), and APC-labeled
mouse anti-human -CD144, -CD309 (at 1:20 dilution,
both purchased from BioLegend). The collected PB-
mononuclear cells were divided into 21 tubes, each con-
taining ~ 1 x 10° PB-mononuclear cells, and subjected to
either no stain, Hoechst 33342 only, rat IgM secondary
antibody only, isotype control for rat IgM, isotype controls
for mouse IgGlx and mouse IgG2ak, SSEA-3 staining
only, or double-staining for SSEA-3 plus the above-
mentioned 14 markers. The detailed incubation protocol
is described in Fig. 1.

Analysis of Fresh Human BM-Muse Cells

Approximately 15 ml of human fresh unprocessed BM
aspirates was purchased from Lonza (Lonza Inc., Allen-
dale, NJ, USA). SSEA-3(+) cells were isolated using the
same protocol as described above with minor modifica-
tions. Various types of nucleated red blood cell-lineage
cells were contained in the BM, for example, pre-
erythroblasts, basophilic erythroblasts, and polychromatic
erythroblasts. For this, the erythrocytes were removed by
hemolysis with ACK Lysis Buffer (1.5 mM NH4Cl, 0.1 mM
KHCO3, and 0.01 mM Na,EDTA) instead of Hoechst33342
nuclear staining. After incubation with the SSEA-3 anti-
body followed by FITC-labeled anti-rat IgM antibody, the
cells were incubated with either APC-labeled anti-CD45 or
anti-CD105 antibodies for 30 min at room temperature and

analyzed. APC-labeled mouse IgG1lx was used as an iso-
type control.

Quantitative Polymerase Chain Reaction

Approximately 6,000 PB-SSEA-3(+) and PB-SSEA-3(-)
cells were collected from two healthy volunteers and
~ 6,000 Muse cells were collected from human BM-MSCs
(Lonza Inc., Basel, Switzerland) as SSEA-3(+) cells, as
mentioned above®. Total ribonucleic acid (RNA) was
extracted and purified from these cells using NucleoSpin
RNA XS (Macherey-Nagel, Bethlehem, PA, USA), and sub-
jected to reverse transcription to obtain complementary
DNA (cDNA) using a SuperScript 11 synthesis kit (Invitro-
gen) according to the manufacturer’s instructions. The
samples were applied to an Applied Biosystems 7500 fast
real-time PCR system (Applied Biosystems, Carlsbad, CA,
USA) for quantitative polymerase chain reaction (Q-PCR).
The cDNA was reacted with Tagman Universal Master Mix
II with UNG (Applied Biosystems) for Nanog, OCT4, Sox2,
S1PR1, S1PR3, S1PR4, S1PRS5, CD105, and CD45, or with
SYBR Green PCR Master Mix (Applied Biosystems) for
SI1PR2. The data were analyzed using the AACt method
from the obtained Ct value, and the results are presented
as fold-change of gene expression'’. The following primer/
probe set was purchased from Applied Biosystems: B-actin
(Hs99999903_m1), Nanog (Hs04260366_gl), OCT4
(Hs00999632_g1), SOX2 (Hs01053049_s1), S1PR1
(Hs01922614_s1), S1PR3 (Hs00245464_s1), S1PR4
(Hs02330084_s1), S1PRS (Hs00928195_s1), CD45
(Hs00236304_m1), and CD105 (Hs00923996_m1). The spe-
cific primer sets for SIPR2 were as follows: forward primer
5'-ACCTCAAGTGATCCGCCC-3’ and reverse primer 5'-
CTAGCCACTGCCACCCC-3'.

PB-SSEA-3(+) Cell Culture

The following methods were used to culture and proliferate
PB-SSEA-3(+) cells: (1) ~ 10 x 10 cells were plated onto a
96 well-culture dish per well (Corning) and cultured in
DMEM with 10% FBS at 37°C, 5% CO,. For tracing, cells
were labeled with Hoechst 33342 and vibrant CFDA-SE cell
tracer (ThermoFisher). (2) ~ 10 x 10* cells were plated onto
a fibronectin-coated 96 well-culture dish per well (Corning)
and cultured in DMEM with 10% human serum (pool of
donors; BiolVT, Westbury, NY, USA). 3)~ 10 x 10° cells

Fig. 1. (Continued). analyzed by FACS. The last tube was directly analyzed without any stain (nonstained) (a) for forward scatter (FSC), side
scatter (SSC), and the removal of doublet cells. A method for double staining, SSEA-3 plus each marker, is shown on the right side (double
staining). Two tubes (f and g) were prepared, and one was stained with anti-SSEA-3 and FITC-anti-rat IgM antibodies (g) as mentioned above,
and then the third incubation step was performed, namely incubation with APC-labeled mouse anti-human -CD2, -CD 14, -CD16, -CD 19,
-CD34, -CD45, -CD62P, -CD62E, -CD73, -CDI105, -CD106, -HLA-DR, -CD144, or -CD309, in the presence of Hoechst 33342 (g).
Another tube was used for the APC-labeled isotype control antibody and Hoechst 33342 incubation (f). The use of APC-labeled direct
antibody and isotype control was performed according to the manufacturer’s instructions. FACS: fluorescence-activated cell sorting; APC:

allophycocyanin.
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were plated into each well of a fibronectin-coated 96 well-
culture dish (Corning) and cultured in DMEM with 5% FBS
and 5% inter-a-inhibitor, known to promote attachment and
long-term growth of pluripotent stem cells such as embryo-
nic stem cells by activating Yes/YAP/TEAD transcription
pathway'® (Athens Research And Technology, Inc., Athens,
GA, USA). (4) MethoCult (H4100; STEMCELL Technolo-
gies) was diluted in 20% (vol/vol) FBS plus o-minimal
essential medium to a final concentration of 0.9%. Metho-
Cult (100 pl) was placed into each well of a 96-well plate
(Corning), ~ 10 x 10° cells were seeded on the top of Meth-
oCult, and then another 50 pl MethoCult was added. The
cells and MethoCult were mixed thoroughly by gentle pipet-
ting and cultured at 37°C, 5% CO,. To change the medium,
10% of the volume of the initial MethoCult culture medium
was gently added to the wells every 3 d.

Migration Assay

To analyze the migration of human PB-SSEA-3(+) cells, a
chemotaxis assay was performed using a IncuCyte Clear-
View 96-well Cell Migration Plate (Essen Bioscience, Ann
Arbor, MI, USA) according to the manufacturer’s protocol.
The plate was coated with Protein-G (Life Technologies,
Carlsbad, CA, USA) and ICAM-1 (Life Technologies)
according to the manufacturer’s protocol. The well of the
upper insert plate was seeded with ~500 cells in RPMI
1640 Medium (Life Technologies) containing 0.5% FBS
(MilliporeSigma, St. Louis, MO, USA), and the lower reser-
voir plate was filled with 1.5 uM S1P (Enamine LLC, Mon-
mouth Jct., NJ, USA) in the same medium. Using the
IncuCyte ZOOM System (Essen BioScience), time-lapse
photography was performed for 12 h every 3 min at 37°C
in 5% CO,. Because the human PB-SSEA-3(+) cells were
not adherent in vitro, the number of cells at the bottom of the
reservoir plate below the pore of the wells of the insert plate
could not be measured as for adhesive cells. PB-SSEA-3(+)
cells were collected from one donor. The migration distance,
velocity, and directionality'® of the cells on the insert plate
were evaluated using Chemotaxis software, which is a plug-
in function of ImagelJ software (National Institutes of Health,
Bethesda, MD, USA), and compared with those of the PB-
SSEA-3(+) cells whose lower reservoir plate contained
medium without SI1P. For evaluation, single cells that were
observed to migrate were randomly selected, and their tra-
jectories were manually traced and analyzed using ImageJ
software.

Administration of Human PB-SSEA-3(+) Cells to
Mouse Damaged Tissues

All the animal experiments were done under deep anesthesia
with 1.5% isoflurane. A lacunar stroke mouse model was
created according to previous reports'®. In brief, vasocon-
strictive peptides, endothlin-1 combined with the nitric oxide
synthase inhibitor N(G)-nitro-L-arginine methyl ester, were

injected into the right internal capsule of a male SCID mouse
(10 wk old) to induce a lacunar infarction. After 1 wk,
600~ 800 human PB-SSEA-3(+4) cells isolated by FACS
from healthy donors were suspended in 3 pl FluoroBrite
DMEM and stereotaxically injected into the perilesion site
(from bregma: AP, —2.0 mm; ML, 4+2.0 mm; DV, —3.0
mm). For muscle degeneration, cardiotoxin was injected into
the gastrocnemius muscles of male C57BL/6 mice (10-wk
old), according to the previous method>. Approximately 500
human PB-SSEA-3 (+) cells isolated by FACS from healthy
donor PB were locally injected to the degenerated site 2 d
after inducing the damage. Control received the same vol-
ume of PBS.

One week after injecting the PB-SSEA-3(+) cells in both
models, the mice were perfused intracardially with periodate
lysine paraformaldehyde solution (0.01 M NalOy4, 0.075 M
lysine, and 2% paraformaldehyde, pH 6.2). The brains and
muscles of injected region were dissected out and postfixed
in the same fixative for at least 6 h at 4°C.

For the liver, male C57BL/6 mice (10-wk old) liver was
dissected out under anesthesia and tissue slices at 2-mm
thick were prepared and placed on culture dishes. Then,
~ 500 human PB-SSEA-3 (+) cells were supplied onto the
liver slice. Culture media contained DMEM, GlutaMAX
(Gibco), 0.1 mg/ml kanamycin sulfate (Gibco), and 10%
fetus bovine serum, and samples were cultured in 5% CO,
at 37°C. Three days after, liver slices were fixed with 4%
paraformaldehyde in 0.02 M PBS.

The fixed samples were cryoprotected by successive
immersion into 15%, 20%, and 25% sucrose overnight at
4°C, embedded in O.C.T. compound (Sakura Finetek USA,
Inc., Torrance, CA, USA), and cut into 6-pum thick sections
using a cryostat (CM1850; Leica, Wetzlar, Germany). Cryo-
sections were blocked with blocking buffer (20% Block Ace,
5% bovine serum albumin, 0.3% Triton X-100, and PBS) for
30 min at room temperature. For the brain tissue, samples
were then incubated with the anti-human mitochondria anti-
body (1:100; Merck Millipore, Darmstadt, Germany) at 4°C
overnight, and then sections were incubated with Alexa
488-labeled antimouse IgG antibody (1:500; Jackson Immu-
noResearch) as the secondary antibody for 2 h at room
temperature. The sections were then further incubated with
anti-NeuN antibody (1: 100; Abcam, Cambridge, MA, USA)
followed by Alexa 680-labeled antirabbit IgG antibody
(I: 500; Invitrogen), and then counterstained with
4’ 6-diamidino-2-phenylindole (1:1000; MilliporeSigma).

For the muscle tissue, primary antibodies used were anti-
human Golgi complex antibody (1:200; Abcam), anti-
Desmin antibody (1:100, BD Pharmingen) and anti-Pax7
antibody (1:200; DSHB, University of Iowa). For the liver
tissue, primary antibodies used were human mitochondria
antibody (1:100), antialpha-fetoprotein antibody (1:10,
DAKO, Santa Clara, CA, USA), and anticytokeratin 19
(CK19) antibody (1:100, SantaCruz, Dallas, Texas, USA).
After washing with PBS, samples from the muscle and liver
were incubated with secondary antibodies either of
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antimouse IgG antibody conjugated with Alexa 568 or anti-
rabbit IgG antibody conjugated with Alexa-488 under the
presence of DAPI in the antibody diluents for 2 h at room
temperature. For control, staining without primary antibo-
dies was performed.

Samples were inspected using a laser confocal micro-
scope (Al R; Nikon Corporation). For counting human-
mitochondria(+) and human-Golgi complex(+) cells, five
fields were randomly selected from areas near the injection
site and the positive cells were counted.

Statistical Analysis

Data are expressed as the mean + standard error (SE). Stu-
dent’s r-test was applied to assess the significance of differ-
ences between two groups. Statistical analysis was
performed with JMP statistical software (SAS Institute,
Cary, NC, USA). A value of P < 0.05 was considered sta-
tistically significant.

Results
Analysis of PB-SSEA-3(+) Cells

Tissue-derived Muse cells are labeled and identified as
SSEA-3(+), as previously reported®>*1%. SSEA-3(+) cells
are also observed to increase in the PB of patients with stroke
and acute myocardial infarction'""'°. In this study, we there-
fore collected SSEA-3(+) cells from human PB for analysis.

Fresh PB samples obtained from 16 healthy volunteers
(mean age: 36.7 + 2.1 years, eight men and eight women)
without remarkable past medical histories were used in the
study. We carefully identified the SSEA-3(4) cells using
multiple controls by setting strict gates for FACS. The
experimental procedure is shown in Fig. 1 and an example
of the analysis of SSEA-3(+) cells among PB-mononuclear
cells is shown in Fig. 2A—H. First, the mononuclear cell
fraction after Lymphoprep treatment was roughly selected
by forward scatter and side scatter (Fig. 2A), doublet cells
were removed (Fig. 2B), and the few remaining red blood
cells, negative for Hoechst 33342, were removed by specific
gravity centrifugal methods (Fig. 2C). Nonspecifically
labeled cells were removed based on secondary antibody-
only staining (Fig. 2D) as well as isotype control (Fig. 2E),
and finally the gating was set for SSEA-3(+) cells (Fig. 2F).
In the example shown in Fig. 2F, PB-SSEA-3(+) cells com-
prised 0.04% =+ 0.003% of total PB-mononuclear cells. To
confirm whether dead cells had contaminated the PB-SSEA-
3(+) fraction, PB-mononuclear cells were stained with both
SSEA-3 and 7-AAD (a dead cell marker). While 0.36% =+
0.03% of the PB-mononuclear cells comprised 7-AAD(+)
cells, none of the SSEA-3(+) cells was 7-AAD(+) (Fig. 2G,
H). Isolated PB-SSEA-3(+) cells were confirmed to contain
a nucleus and their surface was labeled by the green fluor-
escence of the SSEA-3 marker under laser confocal micro-
scopy. The mean diameter of the PB-SSEA-3(+) cells was
10.1 £+ 0.3 pm (range: 8.7-14.7 um; Fig. 21).

We further analyzed fresh PB from 15 volunteers using
the same method (Fig. 2J, K). The mean proportion of PB-
SSEA-3(+) cells among the total PB-mononuclear cells was
0.04% + 0.01%, while the percentage varied among indi-
viduals (Fig. 2K).

To further characterize PB-SSEA-3(+) cells, surface
marker expression was examined in four healthy volunteers
(Donors #1, 2, 3, and 8 in Fig. 2K). Tissue-derived Muse
cells, for example from the BM, adipose tissue, and dermis,
are reported to be double positive for SSEA-3 and mesench-
ymal marker CD105>®. The ratio of PB-SSEA-3(+) cells
positive for CD105 was only 22.4% + 3.8% and the ratio
of PB-SSEA-3(+) cells positive for CD73, another MSC
marker, was 47.5% + 6.5% (Fig. 3A—C). We then examined
blood cell-lineage markers CD2 (T cells and NK cells),
CD14 (monocyte-lineage cells), CD16 (NK cells and
monocyte-lineage cells), CD19 (B-cells and follicular den-
dritic cells), and CD45 (white blood cells); hematopoietic
stem cell marker CD34; endothelial progenitor cell markers
CD309 (vascular endothelial growth factor receptor-2
[VEGFR-2]) and CD144 (VE-Cadherin); HLA-DR (major
histocompatibility complex class II molecule relevant to
antigen presentation); and cell adhesion molecules CD62P
(P-selectin), CD62E (E-selectin), and CD106 (VCAM-1)
(Fig. 3A-G, supplemental Fig. SIA-H). Interestingly,
100% of PB-SSEA-3(+) cells were positive for CD45, a
leukocyte common antigen (Fig. 3D). Regarding the other
blood cell-lineage markers, 84.9% + 4.6% of PB-SSEA-
3(+) were positive for CD19, and 3.2% + 1.5% were pos-
itive for CD14 (Fig. 3E, F), and negative for CD2 and CD16.
None of the PB-SSEA-3(+) cells was positive for CD34,
CD62P, CD62E, CD106, CD144, or CD309 (supplemental
Fig. SIA-H). High proportion of PB-SSEA-3(+) cells
expressed HLA-DR (93.9% + 2.2%) (Fig. 3G).

Analysis of BM-Muse Cells

Human BM-Muse cells were directly isolated from fresh
unprocessed BM aspirates using a method similar to that
used for isolating the PB-SSEA-3(+) cells with the minor
modification of eliminating the red blood cell-lineage cells.
The mean percent of SSEA-3 in the total BM-mononuclear
cells was 0.2% =+ 0.01% (Fig. 4A). We further examined the
expression of CD45, which was positive in 100% of the PB-
SSEA-3(+) cells, as well as CD105, which is expressed in
nearly 100% of tissue-Muse cells obtained from the dermal-,
adipose tissue-, and umbilical cord-derived MSCs, as SSEA-
3(+) cells®!'?. Consequently, 7.5% + 0.9% of BM-Muse
cells were positive for CD45 (Fig. 4B) and 68.4% + 1.7%
were positive for CD105 (Fig. 4C).

Gene Expression and Other Properties of PB-SSEA-
3(+) Cells

Fresh PB-SSEA-3(+) cells isolated from two healthy volun-
teers (Donors #1 and #3 in Fig. 2K) were subjected to gene
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Fig. 2. SSEA-3(+)-Muse cells in the PB of healthy volunteers. (A—F) PB-SSEA-3(+) cells in human fresh PB. (A) Rough selection of
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cells (left side of C). (D, E) Analysis of human PB-mononuclear cells stained with secondary antibody only (FITC-labeled anti-rat IgM
antibody) (D) and isotype control (rat IgM + FITC-labeled anti-rat IgM antibody (E). (F) PB-mononuclear cells stained with anti-SSEA-3
antibody followed by secondary antibody. SSEA-3(+) cells comprised 0.04% of the PB-mononuclear cells. (G, H) Analysis of dead cells and

(to be Continued.)
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expression analysis (P14 in Fig. SA). The levels of the plur-
ipotency markers Nanog, Oct3/4, and Sox2 in PB-SSEA-
3(+) cells were remarkably higher (~90x, ~30x, and
~45x, respectively) in PB-SSEA-3(+) cells than in BM-
Muse cells (Fig. 5B; all with P <0.01).

The S1PR has five subtypes, SIPRI~ S1PR 5%°
S1PR1, 3, 4, and 5 gene expression levels were not signif-
icantly different between PB-SSEA-3(+) and PB-SSEA-
3(-) cells (P15 in Fig. 5A), while that of SIPR2 was
approximately seven times higher in PB-SSEA-3(4) cells
than in PB-SSEA-3(-) cells (P < 0.01; Fig. 5C). We then
compared the gene expression level of SIPR2 between PB-
SSEA-3(+) and BM-Muse cells; SIPR2 expression was
~50 times higher in PB-SSEA-3(+) cells than in BM-
Muse cells (P < 0.001; Fig. 5D).

We also examined the gene expression levels of
CD105 and CD45. CD105 was ~0.2 times lower in
PB-SSEA-3(+) cells than in PB-SSEA-3(-) cells (P <
0.001), while CD45 was nearly the same level in PB-
SSEA-3(+) cells and PB-SSEA-3(-) cells (Fig. 5E).
CD105 gene expression was also examined in PB-
SSEA-3(+) and BM-Muse cells. The expression level of
CD105 was 67 times lower in PB-SSEA-3(+) cells than
in BM-Muse cells (P < 0.001; Fig. 5F).

The PB-SSEA-3(-) cell population is considered hetero-
geneous and comprises several subpopulations, including
monocytes, lymphocytes, and other kinds of white blood
cells. As shown in supplemental Fig. 2A, three subpopula-
tions of PB-SSEA-3(-) cells, P16, P17, and P18, all of which
were gated differently from those in Fig. SA, were individu-
ally selected from the SSEA-3(-) fraction, and subjected to
Q-PCR. Compared with PB-SSEA-3(+) cells, the gene
expression of CD105, CD45, and S1PR2 was similar to that
shown in PB-SSEA-3(-) cells in Fig. 5C-E (supplemental
Fig. 2B).

Tissue-Muse cells derived from the BM, adipose tissue,
dermis, and umbilical cord are reported to adhere to the
culture dish without requiring a fibronectin coating and to
proliferate in adherent culture®™*'°. They are also reported to
proliferate from a single cell to generate embryonic stem
cell-derived embryoid body-like clusters in suspension cul-
ture>>*%'°. The PB-SSEA-3(+) cells, however, neither
adhered to nor proliferated on the culture dish for up to 7
d under the conventional conditions as used for adherent
culture of tissue-Muse cells (supplemental Figs 2C and 3).
Even when the dish was coated with fibronectin, or combin-
ing fibronectin coating and administration of inter-o-inhibi-
tor, known to promote attachment and growth of embryonic

stem cells by activating Yes/YAP/TEAD transcription factor
pathway'®, into the culture medium, the PB-SSEA-3(+)
cells failed to adhere to the dish nor did they proliferate on
the culture dish for up to 7 d (supplemental Figs 2D and 3).
The cells also did not proliferate in the MethoCult suspen-
sion culture for 7 d (supplemental Fig. S3). In all cases,
however, the PB-SSEA-3(+) cells did not appear to be dead
(supplemental Fig. 2C and D). Therefore, single cell-derived
cluster formation in suspension culture and the following
triploblastic differentiation assay from clusters in adherent
culture, which are generally performed in tissue-Muse cells,
could not be performed in PB-SSEA-3(+) cells.

Migration of PB-SSEA-3(+) Cells to SIP

To evaluate the migration capacity of PB-SSEA-3(+) cells
in the presence of S1P, a chemotaxis assay was performed by
recording the movement of each PB-SSEA-3(+) cell, either
with or without the presence of S1P. PB-SSEA-3(+) cells
were plated in the upper insert plate, and medium with or
without S1P was placed in the lower reservoir plate. Cell
movement was traced and analyzed (Fig. 5G and H). The
migration distance, velocity, and directionality of the PB-
SSEA-3(+) cells were significantly higher when S1P was
present (Fig. 5T and K).

Triploblastic Differentiation of PB-SSEA-3(+-) Cells in
Mouse Damaged Tissues

Topically or intravenously injected tissue-derived Muse
cells are reported to selectively migrate to and integrate into
sites of damage and spontaneously differentiate into tissue-
compatible cells in animal disease models'' . To examine
whether PB-SSEA-3(+) cells also show the same ability,
freshly collected human PB-SSEA-3(+) cells were injected
into a site ~ 1 mm distant from the peri-infarct region of a
lacunar stroke area in a SCID mouse model at 7 d after the
stroke. Immunohistochemistry of brain sections at 7 d after
injecting the cells demonstrated that human PB-SSEA-3(+)
cells, labeled by human-specific mitochondria, were present
in the infarct region (Fig. 6A, B). Of the human
mitochondria-positive PB-SSEA-3(+) cells, 33.8% +
2.2% expressed NeuN (Fig. 6A, B). In the mouse damaged
skeletal muscle, expression of Pax7 (satellite cell marker)
and desmin (skeletal muscle cell marker) were recognized
in human PB-SSEA-3(+), labeled by human-specific Golgi-
complex at day 7 after injection (Fig. 6C, D) and 30.3% +
4.1% of human Golgi-complex-positive PB-SSEA-3(+)
cells expressed desmin. In the mouse liver, expression of

Fig. 2. (Continued). SSEA-3(+) cells. (G) 7-AAD staining in mononuclear cells (left side of G). Dead cells comprised 0.36% of total cells. (H)
Double-positive cells for SSEA-3 and 7-AAD comprised 0% of the SSEA-3(+) cells. (I) SSEA-3(+)/Hoechst33342(+) cells under a confocal
laser microscope. Scale bar = 10 um. (J, K) SSEA-3(+) cells in fresh peripheral blood mononuclear cells from 15 healthy volunteers (J) and
the proportion of the SSEA-3(+) cells to mononuclear cells in all 16 healthy volunteers (K). FSC: Forward scatter; SSC: Side scatter; 7-AAD:

7-amino-actinomycin D; PB: peripheral blood.
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Fig. 3. Surface marker expression in PB-SSEA-3(+) cells. The proportion of SSEA-3(+)/Hoechst33342(+) cells in the PB-mononuclear cells
in four healthy volunteers and the proportion of PB-SSEA-3(+) cells positive for CD 105, CD73, CD45, CD19, CD 14, and HLA-DR. (B-G)
Examples of staining for each marker in PB-SSEA-3(+) cells. The first two figure columns on the left show the gating by the isotype control
and the fraction of SSEA-3(+), respectively. The next two figure columns show the gating by the isotype control and the fraction of cells
positive for (B) CD105, (C) CD73, (D) CD45, (E) CDI9, (F) CD14, or (G) HLA-DR. Appropriate positive gates were set in the dot plot
using the appropriate isotype control for each primary antibody. The last figure column on the right shows the fraction of cells double-
positive for SSEA-3 and each marker. Data for CD2, CD 16, CD34, CD62P, CD62E, CD 106, CD 144, and CD309, all of which were negative
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Fig. 4. Analysis of fresh BM-Muse cells. (A) Human fresh BM-mononuclear cells stained with a secondary antibody (FITC-labeled anti-rat IgM
antibody) only, isotype control (rat IgM + FITC-labeled anti-rat IgM antibody) followed by secondary antibody, and anti-SSEA-3 antibody
followed by secondary antibody. SSEA-3(+) was 0.2 + 0.01%. (B) SSEA-3(+) cells, isotype control for CD45 and CD45(+) cells in the BM-
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of SSEA-3(+)/CD45(+) cells in the BM-SSEA-3(+) cells. (C) CD 105 staining was performed in the same manner as in (B) and 68.4% + 1.7%
of BM-SSEA-3(+) cells were SSEA-3(+)/CD105(+). BM: bone marrow.

alpha-fetoprotein and cytokeratin-19 (both liver progenitor
markers) was observed in PB-SSEA-3(+) cells, identified as
human-specific mitochondria (+) cells, and 31.8% + 6.2%
of human mitochondria-positive PB-SSEA-3(+) cells were
positive for alpha-fetoprotein (Fig. 6E, F). In control samples
which received PBS, we detected no human-specific mito-
chondria- or human-specific Golgi-complex-positive cells
(data not shown).

Discussion

This study revealed the presence of stem cells in the PB that
are double-positive for SSEA-3 and CD45 at a proportion of
0.04% + 0.01% of the total number of mononuclear cells.
These cells were also positive for other pluripotent markers,

Nanog, Oct3/4, and Sox2, at significantly higher levels than
in BM-Muse cells.

Like BM-Muse cells, PB-SSEA-3(+) cells expressed
S1PR2 and migrated toward S1P. S1P is a lipid mediator
that modulates a variety of biologic actions, including cell
migration®'. The production of SIP phosphatase and S1P
lyase is increased in damaged tissue, which leads to an
increase in S1P locally and generates an S1P gradient that
acts to attract stem cells such as lymphocytes®%. In patients
with acute myocardial infarction, the increase in serum S1P
occurs before the increase in endogenous SSEA-3(+) cells in
the PB after the onset of acute myocardial infarction'’, and
Muse cells selectively home to the postinfarct cardiac tissue
via SIPR2 in a rabbit model of acute myocardial infarc-
tion''. Here, we demonstrated that SIPR2 gene expression
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Fig. 6. PB-SSEA-3(+) cells in the damaged tissues. (A, B) Immunohistochemical staining of the brain in a mouse lacunar infarct model 7 d
after injecting human PB-SSEA-3(+) cells. Human mitochondria (green)-positive cells, indicating human PB-SSEA-3(+) cells, were detected
in the vicinity of the infarct lesion. Neuronal marker NeuN (red)-positive cells were identified among human mitochondria-positive cells
(arrowheads). Scale bars = 10 um. (C, D) In damaged muscle tissue, human PB-SSEA-3(+) cells, positive for human Golgi-complex,
expressed satellite cell marker Pax7 (C) and muscle cell marker desmin (D) (arrowheads). Scale bars = 50 pm. (E,F) In the liver, human
PB-SSEA-3(+) cells, positive for human mitochondria, expressed alpha-fetoprotein (AFP) (E) and cytokerain-19 (CK19) (F), both liver
progenitor cell markers (arrowheads). Scale bars = 25 pum. PB: peripheral blood.
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in PB-SSEA-3(+) cells was ~ 50 times higher than that in
BM-Muse cells. Compared with the baseline values,
PB-SSEA-3(+) cells supplied with S1P exhibited a signifi-
cantly greater migration distance, velocity, and directional-
ity. Together, these findings suggest that SIP mobilizes
PB-SSEA-3(+) cells.

When injected near the postinfarct area in a mouse lacu-
nar stroke model, ~34% of topically injected human PB-
SSEA-3(+) cells expressed the neuronal marker NeuN at 7 d
after administration. Similarly, in a mouse lacunar stroke
model, locally and intravenously injected human BM- and
dermal-Muse cells integrate into the postinfarct tissue and
spontaneously differentiate into cells positive for several
neuronal markers, including NeuN, at 7 d after administra-
tion'>1*%. In the damaged muscle tissue, locally injected
human PB-SSEA-3(+) cells expressed satellite cell marker
Pax7 and muscle cell marker desmin at 7 d, similar to the
spontaneous differentiation of intravenously injected human
BM-Muse cells in the mouse muscle degeneration model®. In
the liver tissue, human PB-SSEA-3(+) cells were found to
express liver progenitor markers alpha-fetoprotein and
cytokeratin-19 at day 3, similar to the expression of liver
progenitor markers including alpha-fetoprotein and
cytokeratin-19 in human BM-Muse cells integrated into the
liver 2 d after intravenous injection into mouse partial hepa-
tectomy model**. In this manner, PB-SSEA-3(+) cells are
able to differentiate into ectodermal- (neuronal cells), meso-
dermal- (skeletal muscle cells), and endodermal- (liver pro-
genitor cells) lineage cells according to tissue
microenvironment, and thus PB-SSEA-3(+) cells, tissue-
derived Muse cells from the BM, adipose tissue, and umbi-
lical cord behave similarly®-51°.

On the other hand, there are several differences between
PB-SSEA-3(+) cells and BM-Muse cells: (1) the mean size
of PB-SSEA-3(+) cells (10.1 4+ 0.3 pum) is smaller than that
of tissue-derived Muse cells (13 ~ 15 pum) *; and (2) SSEA-3
is expressed in both PB-SSEA-3(+) cells and BM-Muse
cells, while the expression of other markers differs. All of
the PB-SSEA-3(+) cells expressed CD45, leukocyte com-
mon antigen, while only ~7.5% of freshly isolated
BM-Muse cells express CD45. A high proportion of PB-
SSEA-3(+) cells expressed CD19 (~85%), a marker for B
cells and follicular dendritic cells. BM-Muse cells express
CD105, a marker for MSCs that is postulated to be involved
in cell adhesion and cytoskeleton arrangement, at a higher
proportion (~68%) than PB-SSEA-3(+) cells (~22%). All
of human BM-Muse cells were reported to be negative for
HLA-DR!, while ~90% of PB-SSEA-3(+) cells were pos-
itive for HLA-DR; (3) PB-SSEA-3(+) cells showed 30 ~90
times higher expression of pluripotency markers than BM-
Muse cells; (4) PB-SSEA-3(+) cells did not attach to the
culture dish and did not actively proliferate under the con-
ventional culture methods used for tissue-derived Muse
cells, including that for BM-Muse cells, although various
culture conditions should be evaluated in future studies. Low
adherence and low proliferation of PB-SSEA-3(+) cells in

vitro is considered pertinent to the microenvironment where
PB-Muse cells exist; if PB-SSEA-3(+) cells have high
adherence and proliferative activity in the PB, they would
easily adhere to vessel walls, potentially inhibiting smooth
circulation and causing emboli in vessels. Therefore, these
properties seem reasonable for PB-SSEA-3(+) cells.

The marker expression profile of PB-SSEA-3(+) cells,
positive for SSEA-3 and CD45, while negative for CD34,
CD309 (VEGFR-2), and CD144 (VE-Cadherin), suggests
that these cells are distinct from other progenitor/stem cells
in the PB. Human hematopoietic stem cells are characterized
as CD34+ and Lin-*>. EPCs are also progenitor/stem cells
found in the PB. Premature EPCs are positive for CD34 and
CD309 (VFGFR-2), and mature EPCs are positive for
CD144 (VE-Cadherin)®®*’. MSCs are detectable in the
PB**°, particularly in the presence of mobilizers. MSCs
exhibit different properties depending on the tissue origin,
however, and the International Society for Cellular Therapy
suggested a definition of human MSCs as cells positive for
CD73, CD90, and CD105, and negative for CD11b or CD14,
CD19 or CD790, CD34, CD45, and HLA-DR. In contrast
to MSCs, all of PB-SSEA-3(+) cells were positive for CD45
and ~90% of them were positive for HLA-DR. Very small
embryonic-like stem cells have been detected in the mouse
BM, human-umbilical cord blood, and human-PB>!. They
are positive for CD34, and negative for CD45 and Lin***>.
Furthermore, very small embryonic-like stem cells are 4 ~ 5
pm in mouse and 2 ~5 pum (after mobilization by granulo-
cyte colony-stimulating factor) or 7~8 pum (in acute myo-
cardial infarction) in humans, and are smaller than
PB-SSEA-3(+) cells?*3*. Several reports refer to
pluripotent-like stem cells found in the PB*>7. These
reports, however, are based on cultured PB cells, unlike
PB-SSEA-3(+) cells, and are CD34(+). Taken together,
PB-SSEA-3(+) cells do not appear to be identical to previ-
ously reported stem/progenitor cells in the PB.

While SSEA-3 is an established marker for pluripotent
stem cells, the SSEA-3 antibody reacts weakly with red
blood cells®®, which produces a significantly high false pos-
itive rate in the PB because the number of red blood cells is
considerably higher than the number of rare stem cells. To
exclude the possible contamination of red blood cells, we
incorporated the Hoechst 33342-staining step in the cell sort-
ing procedure as shown in Fig. 2C and selected the mono-
nuclear cell fraction. We further observed the morphology of
PB-SSEA-3(+) cells under laser confocal microscopy and
confirmed that they were nucleated cells with a diameter of
10.1 + 0.3 pm, which is larger than that of red blood cells
(Fig. 2D).

PB-SSEA-3(+) cells are assumed to be the bone marrow
origin because as shown in Fig. 4, SSEA-3(+)/CD45(+)
cells are corresponding to ~7.5% of total SSEA-3(+) cells
in the BM, and it is plausible that those cells actively mobi-
lized from the BM into the PB. Besides, it is also possible
that SSEA-3(4)/CD105(+) cells that occupy 68% of total
SSEA-3(+) cells in the BM switch the class from SSEA-
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3(+)/CD105(+) to SSEA-3(+)/CD45(+) for mobilization in
order to adapt to the microenvironment. Whether or not PB-
SSEA-3(+) cells are related to tissue-Muse cells and are a
specialized subpopulation of Muse cells, and whether or not
PB-SSEA-3(+) cells and tissue-Muse cells constitute differ-
ent lineages of cells are interesting subjects to be clarified in
the future.
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