Biosystems, Foster City, CA, USA) was used for PCR amplifi-
cation. The amplification program used was 35 cycles of 30 s
at 94°C, 30 s at 64°C, and 40 s at 72°C, with a final incubation
of 7 min at 72°C.

Flow cytometry and cell sorting

Cultured cells were incubated with enzyme-free Hank's-based
Cell Dissociation Buffer (Invitrogen) for 30 min at 37°C and
gently dissociated into single cells. The cells were then
washed with PBS twice, probed with biotinylated-SM/C-2.6
(23) antibody for 15 min at room temperature, and stained
with phycoerythrinconjugated strepavidin (12-4312; eBio-
science, San Diego, CA, USA) for 15 min at room tempera-
ture. Dead cells were excluded from the plots based on
propidium iodide staining (Sigma), and SM/C-2.6-positive
cells were collected using a FACS Vantage instrument (Bec-
ton Dickinson, San Jose, CA, USA). Sorted cells were plated
(1X10* cells/well) with differentiation medium in 96-well
plates (Falcon) coated with Matrigel (008504; BD Bio-
science). The medium was changed every 5 d, and 7 d after
plating the cultured cells were analyzed.

Intramuscular cell transplantation (primary transplantation)

Recipient mice were injected with 50 pl of 10 uM cardiotoxin
(CTX; Latoxan, Valence, France) (30) in the LTA muscle
24 h before transplantation (31). CTX is a myotoxin that
destroys myofibers, but not satellite cells, and leaves the basal
lamina and microcirculation intact. Since proliferation of
host myogenic cells may prevent the incorporation of trans-
planted cells, recipient mdx mice (15) received 8 cGy of
systemic irradiation (32) 12 h before transplantation to block
muscle repair by endogenous cells. An average of 4.53 X 10*
ES-derived SM/C-2.6-positive or -negative cells were washed
twice with 500 w1 of PBS, resuspended in 20 pl of DMEM, and
injected into the LTA muscle of recipient mdx mice using an
allergy syringe (Becton Dickinson). Mdx mice, which are
derived from the CL/B16 strain, were used as the recipient
mice in all experiments. Similarly, D3 ES cells, which are
derived from the 129X1/Sv] ES cells, were used in all
experiments. The major histocompatibility complex (MHC)
of mdx mouse and D3 cells are very similar, both possessing
type b MHC H2 haplotypes. All animal-handling procedures
followed the Guild for the Care and Use of Laboratory
Animals published by the U.S. National Institutes of Health
(NTH Publication No. 85-23, revised 1996) and the Guidelines
of the Animal Research Committee of the Graduate School of
Medicine, Kyoto University.

Secondary transplantation

The LTA muscles of recipient mice were collected 8 wk after
the primary transplantation, The muscles were minced and
digested into single cells with 0.5% collagenase type I (lot
84D7301; Worthington Biochemical Corp., Lakewood, NJ,
USA). After washing with PBS and filtration through a 100
pm filter, Pax7-positive cells were sorted by FACS using the
SM/C-2.6 antibody. SM/C-2.6-positive cells (200 cells/
mouse) were injected into preinjured LTA muscles of second-
ary recipient mice. The LTA muscles were analyzed 8 wk after
transplantation.

Isolation and immunostaining of single fibers

To detect muscle satellite cells attaching to single fibers with
Pax7, muscle fibers from the LTA muscle of recipient mice

mES DERIVED FUNCTIONAL SATELLITE-LIKE CELLS

were prepared essentially according to the method of
Bischoff in Rosenblatt et al. (33). Briefly, dissected muscles
were incubated in DMEM containing 0.5% type I collagenase
(Worthington) at 37°C for 90 min. The tissue was then
transferred to prewarmed DMEM containing 10% FBS. The
tissue was gently dissociated into single fibers by trituration
with a fire-polished wide-mouth Pasteur pipette. Fibers were
transferred to a Matrigel-coated 60 mm culture dish (Falcon)
and fixed in 4% PFA for 5 min at room temperature. Fibers
were permeabilized with 0.1% Triton X-100 in PBS for 10
min, and nonspecific binding was blocked by incubation in
5% skim milk for 10 min at room temperature. Primary
mouse monoclonal antibodies against mouse Pax7 were ap-
plied for 12 h at 4°C. Antibodies were detected using the
secondary antibodies described above.

Statistics

Data are presented as means * sp. For comparison of the
numbers of MHC and Pax7-positive cells in the sorted SM/
C-2.6-positive and -negative fractions and the numbers of
GFP-positive muscle fascicles and GFP/ Pax7—double-positive
cells in reinjured and noninjured groups, the unpaired
Student’s ¢ test was used, and a value of P < 0.05 was
considered to be statistically significant.

RESULTS

Myogenic lineage cells are effectively induced from
mES cells in vitro

EBs were formed in hanging drop cultures for 3 d
followed by an additional 3 d in suspension cultures
(Fig. 14). These EBs were then plated onto Matrigel-
coated 48-well plates in differentiation medium, which
contained 5% HS. This culture method is a modified
version of the classical ES cell differentiation method (25)
and the skeletal muscle single fiber culture method (33).
After plating, EBs quickly attached to the bottom of the
coated dishes, and spindleshaped fibers appeared sur-
rounding the EBs by the seventh day of plating (d 3+3+7,
Fig. 1B). As these spindle fibers grew, they began to fuse
with each other, forming thick multinucleated fibers
resembling skeletal myofibers (Fig. 1C, D). At the same
time we observed spontaneous contractions by the fibers
(Supplemental Videos 1 and 2), a trait commonly seen in
cultured skeletal muscle fibers. Immunostaining showed
that these fused fibers were positive for skeletal-muscle-
specific MHC (Fig. 1E). Furthermore, cells expressing
muscle regulatory factor (MRF) proteins, including Pax7
(Fig. 1F), Myf5 (Fig. 1G), MyoD (Fig. 1 H), and myogenin
(Fig. 11) were observed. On d 3 + 3 + 14, the average
number of MHC-positive wells was 73.6 = 5.8% (n=144).
In all the MHG-positve wells, cells expressing Pax7, an
essential transcription factor in satellite cells, were also
observed. Double staining for Pax7 and MyoD confirmed
the existence of cells staining for Pax7 alone, indicating
the presence of quiescentstate satellite cells (34) within the
culture (Supplemental Fig. 1). Next, the time course of
MRF expression was examined by RT-PCR (Fig. 1)).
Expression of Pax3 and Pax7 both peakedond 3 + 3 +
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Figure 1. Effective induction of myo-
genic lineage cells from mES cells in
vitro. A) In vitro culture system for ES
cells. B-E) Skeletal myofibers observed
within the culture system (B-D), which
were positive for the mature myofiber
marker MHC (£). K, G) Commonly
recognized markers for satellite cells,
Pax7 (F) and Myfd (G), were observed
in the cultures. H, ) MyoD-positive
(H) and myogenin-positive fibers (J)
were also observed in the cultures.
White boxes indicate multinucleated myotubes (J). /) RT- PCR expression of MRFs including Pax3, Pax7, Myf5, MyoD, and
myogenin in ES cells in our novel culture systemat d 0,3 + 3,3+ 3+ 7,3+ 3 + 14, and 3 + 3 + 21. Scale bars = 50
pm (A-F); 100 pm (G-D).

14, but Myfb, MyoD, and myogenin continued to be A novel antibody, SM/C-2.6, can enrich for

expressed afterd 3 + 3 + 14. Pax7-positive satellite-like cells derived from ES cells
Thus, using Matrigel plates and differentiation me-

dium containing HS, myogenic lineages including  To examine the characteristics of ES-derived Pax7-positive

Pax7-positive satellite-like cells were successfully in-  satellite-like cells, we needed to isolate these cells from the
duced from mES cells. culture. Since Pax7 is a nuclear protein rather than a
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surface marker, anti-Pax7 antibodies cannot be used for
living cell separation by FACS. Therefore, a novel anti-
body, SM/C-2.6 (23), was used to detect satellite cells.
SM/C-2.6 detects quiescent adult mouse satellite cells, as
well as satellite cells in neonatal muscle tissue, as deter-
mined by immunostaining (Supplemental Fig. 2). RT-
PCR confirmed that sorted SM/C-2.6-positive cells ex-
pressed Pax3, Pax7, Myfb, and c-met, whereas sorted
SM/C-2.6-negative cells did not (Supplemental Fig. 3).
Thus, the SM/C-2.6 antibody was shown to be useful for
isolating living satellite cells by FACS.

We collected all the differentiated ES cells (1x10°
cells) from cultures on d 3 + 3 + 14. FACS analysis
using the SM/C-2.6 antibody showed that 15.7% of the
cells were SM/C-2.6 positive (Fig. 24). RT-PCR analysis
revealed that sorted SM/C-2.6-positive cells strongly
expressed Pax3, Pax7, Myf5, c-met, and M-cadherin
(Fig. 2B). Using a cytospin preparation of sorted SM/
C-2.6-positive cells, we also confirmed the expression of
M-cadherin (Fig. 2C) and Pax7 (Fig. 2D; 70.7£16.5%
and 59.9%1.1% positive, respectively); only 2.3 =+
0.49% of the sorted SM/C-2.6-negative cells expressed

M-cadherin, and 2.7 £ 0.1% expressed Pax7. Thus, the
SM/C-2.6 antibody could enrich for satellite-like cells
derived from mES cells in vitro.

ES-derived satellite-like cells have strong myogenic
potential in vitro

To evaluate the myogenic potential of ES-derived SM/
C-2.6-positive satellite-like cells in vitro, both SM/C-2.6-
positive and -negative cells were sorted by FACS and
plated in 96-well Matrigel-coated plates (see Fig. 4A).
One week after cultivation, the number of muscle fibers
in the wells was assessed. Although there were fibro-
blast-like and endothelium-like cells, MHC-positive fi-
bers (787.3%£123.7/well, 10.7+£0.8% of the total cells
per well, n=3) and Pax7-positive cells (222+81.4/well,
2.9%1.1% of the total cells per well, n=9) were ob-
served in the SM/C-2.6-positive wells. In contrast, very
few MHC-positive fibers (8.75%32.6/well, n=15;
0.12+0.46%) or Pax7-positive cells (2.62.0/well, n=8;
0.0320.01%) were seen in the SM/C-2.6-negative wells

4 o ne fraction.00% e, positive after sorting 010 SM+ / SM—
15.73% Pax3
21 bl 100%
SM-C| .. T >
26 |l 2 ® Pax7
7 -]
] SM-C|. Myt
2.6 20 o [ty 168 104
20 o' tdé 10t c-met
GFp A - ragative after sertin 014
A~ o stain G017 \\ " M-cad
e 100%
] GAPDH
oev ° 10! 162 ;03 1ot

\ 4

Figure 2. A novel antibody, SM/C-2.6, can enrich Pax7-positive satellite-like cells derived from ES cells. A) FACS data of cultured
ES cells at d 3 + 3 + 14 indicate that 15.7% of total cultured cells are SM/C-2.6-positive cells. B) RT-PCR of the
SM/C-2.6-positive fraction showed strong expression of Pax3, Pax7, Myf5, c-met, and M-cadherin. Immunostaining of a cytospin
preparation of the sorted SM/C-2.6-positive cells showed that these cells were positive for M-cadherin (C), and Pax7 (D) (white

arrowheads). Scale bars = 20 pm (C); 50 pm (D).
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(both P<0.05; Fig. 3). Thus, ES-derived satellite-like
cells isolated wusing the SM/C-2.6 antibody possess
strong myogenic potential in viro.

Damaged muscle can be repaired by transplantation
of ES-derived satellite-like cells

To examine the myogenic potential of ES-derived sat-
ellite-like cells in vivo, SM/C-2.6-positive and -negative
cells were transplanted into conditioned mdx mice
(15). The LTA muscles of recipient mdx mice were
preinjured with CTX (primary injury; ref. 30) 24 h
prior to transplantation, and mice were exposed to 8
cGy of vy-irradiation (whole body) 12 h prior to trans-
plantation (Fig. 44). GFP-positive ES cells were used as
donor cells in this experiment. GFP " ES-derived SM/C-
2.6-positive and -negative cells were directly injected
into the predamaged LTA muscles. The recipient mice
were analyzed 3 wk post-transplantation. By fluores-
cence stereomicroscopy, GFP-positive tissues were clearly
observed within the LTA muscles injected with SM/C-2.6-

positive cells (Fig. 4B and Table 1). In contrast, no
GFP-positive tissue was observed in muscles injected with
SM/C-2.6-negative cells (Fig. 4C). These GFP-positive
tissues were further confirmed by diaminobenzidine
staining using ant-GIFP and a peroxidase-conjugated
secondary antibody (Supplemental Fig. 4) to exclude
the possibility of autofluorescence of the muscle tissues.
Immunostaining with anti-MIIC confirmed that these
GFP-positive tissues were mature skeletal myofibers
(Fig. 4D). In addition, GFP/Pax7 double-positive cells
were observed within the LTA muscles of the recipient
mice (Fig. 4F and Supplemental Fig. 5) and in isolated
single fibers (Fig. 4F and Table 1). The GFP-positive cells
were also confirmed to be positive for other satellite cell
markers such as Myts and M-cadherin (Supplemental
Figs. 6 and 7). These GFP/Pax7-double-positive cells were
located along the periphery of the muscle fascicle. With
laminin immunostaining we verified that the location of
the GFP-positive mononuclear cells was between the basal
lamina and the muscle cell plasma membrane, a location
consistent with the anatomical definition of satellite cells

Myosin Heavy Chain

*
1000 ¢ 1

800 *
P <0.05

E1 Myosin Heavy
Chain

600 [

400

200

SM/C-2.6 posi  SM/C-2.6 nega

Pax7+ cell

350 1

300 |
250 t *p<0.05
200
150 |
100
50 f

Pax7+ cell

SM/C-2.6 posi SM/C-2.6 nega

Figure 3. ES-derived satellite-like cells have strong myogenic potential in vitro. Inmunostaining detected an abundant number
of MHC-positive fibers and Pax7-positive cells in SM/C-2.6-positive cell culture (4, D) but not SM/C-2.6-negative cells (B, E) after
1 wk in culture. Scale bars = 50 wm. Significant differences were observed in the number of MHC-positive fibers and
Pax7-positive cells per well between sorted SM/C-2.6-positive and -negative cell cultures (C, B).
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Mdx mice were pre-damaged by CTX 24 h
before transplantation and exposed to 8 cGy
of irradiation 12 h before transplantation.
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cells were
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after sorting

In vivo d? Y
. o
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Sorted SM/C-2.6 positive and negative cells
were cultured in vitro and transplanted to
mdx mice in vivo.

Mice were divided into 3 groups:

@ evaluated at 3 weeks

@ with secondary CTX damage at 3 weeks
and evaluated at 3+1 weeks

® evaluated at 4, 12, 24 weeks

(long term evaluation)

Figure 4. ES-derived satellite-like cells can repair damaged muscle in vivo. A) Methods for in vitro and in vivo analysis of sorted
SM/C-2.6-positive and -negative cells derived from mES cells. B, () ES-derived GFP-positive tissue engrafted to the LTA muscle
of a recipient mouse that received SM/C-2.6-positive cells (B) but SM/C-2.6-negative cells (C). D) Grafted GFP-positive tissues
were histologically MHC positive. Ey GFP/Pax7-double-positive cells were observed in mice that received SM/C-2.6-positive cells
by anti-Pax7 immunostaining. ) GFP/Pax7-double-positive cells were also confirmed by immunostaining of isolated single
fibers. G) Laminin immunostaining indicated that the GFP-positive cells were located between the basal lamina and the muscle
cell plasma membrane, which is consistent with the anatomical definition of muscle satellite cells. Scale bars = 1 mm (B, (); 15

pm (D); 5 pm (E); 20 pm (F G).

(Fig. 4G). In contrast, in mice transplanted with SM/G2.6-
negative cells, GFP-positive tissues were rarely observed, and
none of the GFP-positive cells were positive for skeletal
MHC. H&E staining indicated that these GFP-positive tissues
were surrounded by inflammatory cells (Supplemental Fig.
8), suggesting that these nonmyogenic tissues may undergo
phagocytosis. These results demonstrate that ES-derived
SM/C2.6-positive satellitedike cells could be engrafted in
vivo and repair damaged muscle tissues of the host.

Engrafted ES-derived satellite-like cells function as
satellite cells following muscle damage

Muscle satellite cells are generally considered to be self-
renewing monopotent stem cells that differentiate into
myoblasts and myofibers to repair damaged skeletal mus-
cles. To determine whether these engrafted GFP'ES-

mES DERIVED FUNCTIONAL SATELLITE-LIKE CELLS

derived satellite-like cells are functdonal stem cells, we
injured the LTA muscle of primary recipient mice 3 wk
after primary transplantation with GFP ' SM/C-2.6-positive
cells. This experiment let us assess the ability of satellite-
like cells to repair damaged muscle fibers and selfrenew
in vivo (14). The LTA muscles were removed and ana-
lyzed 1 wk after the secondary injury (reinjured group).
Mice that were initially injected with GFP*SM/C2.6-
positve cells without a second injury were used as a
control (nonreinjured group). These control mice were
analyzed 3 or 4 wk after transplantation (Fig. 44). GFP-
positive muscle fascicles were counted in sections of both
reinjured and nonreinjured muscle (Fig. 54, B). In the
reinjured group 461.7 * 117.4 (n=6; per view, X100)
GFP-positive muscle fascicles were observed. In compari-
son, only 136.7 = 27.9 (n=4) and 168.7 * 72.9 (n=6; per
view, X100) GFP-positive muscle fascicles were evident in
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TABLE 1. Transplantation of reinjured and nonreinjured mice and long-term evaluation

TA with GFP™ GFP™ fascicles/TA GFP* /Pax7* Engraftment

Group fascicles [n(%)]" Mouse Cells/TA mjected (n) (avg)” cells/TA (avg)” efficicncy
SM/C-2.6"
W 4/8 (50%) 1 1.75 x 10* 125.3 5.3
2 3.5 X 10* 111.1 7.1
3 5% 10* 184.2 5.1
4 8 x 10* 176.1 492
Mean 45+ 2.6 x 10* 186.7 = 27.0 54+ 1792 0.30%
4W 6/9 (66.67%) 1 2 %X 10* 77.9 6.1
2 1.8 X 10° 153.2 4.6
3 5% 10* 163.1 6.8
4 3.5 X 101 168.9 5.1
5 8 x 10* 281.1 7.2
6 1.75 X 10* 169.4 6.2
Mean 3.6 2.5 X 10* 168.7 = 72.9 6+1 0.47%
3+ 1W 6/8 (75%) 1 2 X 10* 581.2 11.2
2 1.8 X 10° 370.3 11.5
3 5% 10* 586.6 10.1
4 3.5 X 10* 486.6 5.9
5 8 x 10* 347.1 15.%
6 1.75 x 10* 549.9 10.8
Mean 55+ 43 x 10* 461.7 + 117.3 108+ 3 0.84%
12W 3/5 (60%) 1 2 x 10* 391.5 9.7
2 5% 10" 266 9.3
3 8 x 10* 280.2 6
Mean 5+ 3 x10* 312.6 + 68.7 83+2 0.59%
24W 1/2 (50%) 1 2 X 10* 58.62 3.45
Mean 2 X 10* 58.62 3.45 0.20%
SM/C-2.6~
3SW 0/8 (0%) 1-8 1-8 X 10* 0 0 0%
4W 0/9 (0%) 1-9 1.3-8 x 10* 0 0 0%
3+ 1W 0/8 (0%) 1-8 1.75-13% % 10" 0 0 0%
12W 0/5 (0%) 1-8 2-8 X 10* 0 0 0%
24W 0/2 (0%) 1-2 2 x 10* 0 0 0%

Serial transplantation

Primary transplantation Secondary transplantation

Mouse Cells injected Collected GFP™ cells/TA Cells injected GFP™ fascicles/TA Engraftment efficiency
1 2 x 10* 3253 200 29.3 14.7%
2 2 x 10° 2277 200 28.6 14.3%
Mean 92 x 10* 2765 200 290 = 0.5 14.5%

TA, tibialis anterior; 3W, nonreinjured group analyzed 3 wk after cell transplantation; 4W, nonreinjured group analyzed 4 wk after cell
transplantation; 3 + 1W, reinjured group reinjured 3 wk after cell transplantation and analyzed 1 wk after reinjury; 12W, long-term engrafunent
evaluation analyzed 12 wk after cell transplantation; 24W, long-term engraftment cvaluation analyzed 24 wk after cell transplantation.
“Percentage of TA that had engrafted with GFP™ fibers was calculated as number of TAs with GFP™ fibers/total TAs injected with cells. "Average
determined from number of GFP™ muscle fascicles counted per field at X100 in 10 fields. "Average determined from number of GFP*/Pax7+
cells counted per field at X100 in 10 fields.

the nonreinjured groups at 3 and 4 wk, respectively, after
transplantation (Fig. 5B and Table 1). Furthermore, we
also observed that many GFP-positive muscle fibers had a
typical central nucleus in the reinjured group (Fig. 50),
indicating regenerating muscle fibers, Taken together, these
results suggest that these GFP-positive muscle tubes were
freshly regenerated by the engrafted GFP™ ES-derived satel-
lite-llike cells in response to the second injury. Surprisingly,
immunostaining with ant-Pax7 revealed an increase in num-
ber of GFP /Pax7-double-positive cells in the reinjured group
(10.8%3.0/view compared to 5.4*1.2, and 6.0=1.0 in the
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nonreinjured group; Fig. 5D and Table 1). This result
strongly suggests that engrafted ESderived satellite-like cells
not only selfrenewed but also expanded in number, possibly
replacing the recipient satellite cells lost because of excessive
repair of skeletal muscle in response to the second injury.

ES-derived satellite-like cells are capable of long-term
engraftment in recipient muscles

Long-term engraftment is an important characteristic
of self-renewing stem cells. If these ES-derived satellite-
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Figure 5. ESderived
satellitedike cells re-
pair damaged mus-
cles and are capable
of self-renewal.
A) GFP fluorescence
was brighter in the
reinjured group
(top panel) than the
nonreinjured group
(bottom panel).
B) Number of GFP-
positive muscle fasci-
cles was 461.7 =

117.3 in the reinjured group (BW-+1W) and 136.7 * 27.9 and 168.7 + 72.9 in the nonreinjured group at 3 wk (3W) and 4 wk
(4W), respectively. C} GFP-positive fibers were confirmed to be MHC positive and contained central nuclei (arrows). D) Number
of GFP /Pax7-double-positive cells also increased significantly in the reinjured group (10.8%3.0 cells at SW+1W) compared
to the nonreinjured group (5.4%1.2 and 6.0%£1.0 at 3W and 4W, respectively). E) In long-term evaluations, number of
GFP-positive muscle fascicles at 12 wk (12W) increased relative to number at 4 wk after transplantation {312.6268.7 (n=3)
vs. 168.7x72.9]. However, a decrease was observed at 24 wk (58.6; n=1). F) Immunostaining showed dystrophin (red)
surrounding the donor-derived GFP-positive fibers (green), 24 wk after transplantation of SM/C-2.6-positive cells.
G) Results similar to E were observed with the number of GFP/Pax7-double-positive cells. H) A GFP-positive cell beneath
the basal lamina was observed. Scale bars = 1 mm (A); 20 pm (C); 20 pm (F); 10 wm (H, top panel); 5 pm (H, bottom

panels).

like cells function as normal stem cells in skeletal
muscle, they should be able to reside within the tissue
for long periods of time and undergo asymmetric cell
divisions to maintain the number of satellite cells and
to generate muscle fibers. To examine this stem cell
function, we analyzed the recipient mice at 4, 12, and
24 wk after transplantation. Intriguingly, in the LTA
muscle of mdx mice transplanted with SM/C-2.6-posi-
tive cells, the number of GFP-positive fascicles at 12 wk
increased over that at 4 wk [12.6+68.7 (n=3) ws.

mES DERIVED FUNCTIONAL SATELLITE-LIKE CELLS

168.7+72.9; Fig. 5E] but decreased by 24 wk (58.6;
n=1). These engrafted GFP-positive tissues were con-
firmed to be MHC positive through immunostaining
(Supplemental Fig. 9), and surrounding these GFP-
positive fibers, dystrophin was observed (Fig. 5F). The
numbers of GFP/Pax7-double-positive cells were main-
tained from week 4 to week 24 (Fig. 5G, Table 1, and
Supplemental Fig. 10) and the location of GFP-positive
cells under the basal lamina meets the anatomical
definition of satellite cells (Fig. 5H). No teratomas were
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Figure 6. ES-derived satellite-like cells can be secondarily transplanted. A) SM/C-2.6-positive cells (2.5X 10") were transplanted
into the LTA muscle of recipient mice in primary transplantation, and as few as 200 SM/C-2.6-positive cells collected from the
primary recipients were retransplanted (secondary transplantation) into the LTA muscle of secondary recipient mice. B) FACS
data of primary transplantation indicated that 7.1% of engrafted (GFP-positive) cells were SM/C-2.6-positive. C) Eight weeks
after secondary transplantation, immunostaining of LTA muscle for MHC showed that engrafted ES-derived GFP-positive tissues
formed mature skeletal muscle fibers. D) GFP/Pax7-double-positive cells (arrowhead) located beneath the basal lamina were
observed within GFP-positive LTA muscle of secondary recipient mice. Scale bars = 2 mm (A); 20 pm (C); 10 pm (D).
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found in recipient mice transplanted with SM/C-2.6-
positive cells. Thus, ES-derived satellite-like cells effec-
tively engrafted and provided long-term stem cells,
which played an important role in maintenance of the
integrity of the surrounding muscle tissue.

ES-derived satellite-like cells can be
secondarily transplanted

For a more thorough characterization of the ES-derived
satellite-like cells, we performed serial transplantations.
Eight weeks after the primary cell transplantation with 2 X
10* SM/C-2.6-positive cells, the LTA muscles of the pri-
mary recipient mice were dissected to isolate the en-
grafted ES-derived cells, 2765 * 685.9 (n=2; Fig. 64). The
GFP*/SM/C-2.6-positive cells within the engrafted
cells were sorted by FACS (204+33.9; »=2), and only
200 GFP+/SM/C-2.6-positive cells/mouse were trans-
planted into predamaged LTA muscles of mdx mice
(Fig. 6B). Eight weeks later (16 wk after the primary
transplantation), the recipient mice were analyzed.
GFP-positive tissue in the LTA muscle of the secondary
recipient mice was observed (Fig. 6A4). The GFP-positive
tissues were confirmed to be MHC-positive mature
skeletal muscle (Fig. 6C), and surrounding these en-
grafted GFP-positive skeletal muscle fascicles, dystro-
phin was observed (Supplemental Fig. 11). GFP/Pax7-
double-positive cells located beneath the basal lamina
were also detected in the engrafted tissue (Fig. 6D).
Thus, with only 200 GFP+SMC/2.6-positive cells, in-
jured skeletal muscle and Pax7+ cells were successfully
restored in the secondary recipients. These findings
demonstrate that stem cell fraction contained within
SM/C-2.6-positive cells was enriched i viwo through
transplantation.

DISCUSSION

Many attempts have been made to induce mES cells
into the skeletal muscle lineage, with hanging drop
cultures for EB formation being the most widely ap-
plied method (25). However, although EBs contain
cells derived from all 3 germ layers, effective induction
of mES cells into the myogenic lineage, including
myogenic stem cells (satellite cells), has not yet been
achieved. Because of the lack of adequate surface
markers, purifying ES-derived myogenic precursor/
stem cells from differentiated mES cells in vitro has
been difficult. To overcome these problems, we modi-
fied the classic EB culture system by combining it with
aspects of the single-fiber culture method. Single-fiber
culture (33) has been used for functional evaluation of
satellite cells. When a single myofiber is plated on a
Matrigel-coated plate with DMEM containing HS, sat-
ellite cells migrate out of the fiber and differentiate
into myoblasts to form myofibers in vitro. Matrigel
allows the migrating satellite cells to proliferate before
differentiating and fusing into large multinucleated
myotubes (35). We hypothesized that this Matrigel
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environment might be suitable for ES cell differentia-
tion into satellite cells and myoblasts. Therefore, we
introduced Matrigel and HS into the classic EB culture
system and established an efficient induction system for
myogenic lineage cells, including cells expressing Pax7,
a commonly recognized marker for skeletal muscle
stem cells. Furthermore, we also successfully enriched
ES-derived Pax7-positive myogenic precursor/stem
cells using the SM/C-2.6 antibody.

The steps in ES cell induction are thought to be
homologous to normal embryogenesis. During normal
skeletal myogenesis, the initial wave of myogenic pre-
cursor cells in the dermomyotome express Myfb/MRF4
and Pax3, followed by a wave of Pax3/ Pax7 expression
(86). These waves of myogenesis act upstream of the
primary myogenic transcription factor MyoD (37-39).
In myotome formation skeletal myogenesis begins with
myoblasts, termed somitic myoblasts, which appear at
approximately E8.5, followed by the appearance of
embryonic myoblasts (E11.5), fetal myoblasts (E16.5),
and, ultimately, satellite cells, which are responsible for
postnatal muscle regeneration (40). Our RT-PCR re-
sults (Fig. 1)) showed an earlier appearance of Pax3
expression, on d 3 + 3, followed by Pax3/Pax7 expres-
sion on d 3 + 3 + 7 and stronger expression of Pax3
than Pax7. These results resemble normal myogenesis,
in which the primary wave of myogenesis is followed by
a secondary wave of Pax3/Pax7-dependent myogenesis
(41). Comnsidering thatin the time course of myogenesis
satellite cells emerge during late fetal development,
ES-derived Pax7-positive cells were collected on d 3 +
3 + 14 in an attempt to acquire cells that correspond to
those of the late fetal to neonatal period. However,
RT-PCR results of myogenic factors in SM/C-2.6-posi-
tive cells (Fig. 2B) indicated that these ES-derived
SM/C-2.6-positive cells are a heterogeneous popula-
tion, because they express not only Pax3 and Pax7 but
also Myf5 and c-met. Although further confirmation is
needed, we hypothesize that both embryonic/fetal
myoblasts expressing Myf-5 and/or c-met and satellite/
long-term stem cells expressing Pax3/Pax7 are present.

To confirm that the ES-derived SM/C-2.6-positive
cell population contained functional satellite cells, the
muscle regeneration and selfrenewal capacities were
examined. Recently Collins et al. established an excel-
lent system in which sequential damage to the muscle
of a recipient mouse was applied, to evaluate both
muscle regeneration and self-renewal (14) Using their
experimental approach, a significant increase in num-
bers of both ES-derived GFP-positive muscle fascicles
and GFP/Pax7-double-positive cells was observed in
mice that received a second injury. This result not only
demonstrates the myogenic ability of ES-derived cells
but also strongly supports the idea that these cells
undergo selfrenewal in vivo.

Analysis of long-term engraftment is an important
method to verify self-renewal ability, for 2 reasons. First,
ES-derived satellite cells must be able to engraft for
long periods of time in order to provide the amount of
progeny needed for repairing damaged tissue for an
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extended period. In our study the ES-derived GFP-
positive skeletal muscle tissues and Pax7-positive cells
engrafted up to 24 wk and were localed beneath the
basal lamina, which is consistent with the anatomical
definition of satellite cells. Although the number of
GFP-positive fascicles at 24 wk decreased compared to
12 wk, this diminution may be due to the heterogeneity
of ES-derived SM/C-2.6-positive cells as we mentioned.
Because myoblasts cannot support myogenesis in the
long term, we believe that GFP-positive fascicles at 24
wk are products of ES-derived satellite-like cells. Sec-
ond, one of the potential risks of ES cell transplantation
is teratoma formation. Considering clinical applica-
tions, it is extremely important to prevent formation of
teratomas in the recipients. In our study more than 60
transplanted mice were evaluated through gross mor-
phological and histological examination. There werc
no teratomas formed in mice that received SM/C-2.6-
positive cells, and only 1 teratoma was found among the
mice that received SM/(C-2.6-negative cells. This result
suggests that the risk of tumor formation by the ES cells
was eliminated by using sorted SM/C-2.6-positive cells.

In addition to the sequential damage model and the
long-term engraftment evaluation, we performed serial
transplantations to further confirm the stem cell prop-
erties of these ES-derived SM/C-2.6-positive cells. Serial
transplantation enables the identification and separa-
tion of long-term stem cells from short-term progeni-
tors (42). To eliminate myoblast involvement, we de-
signed a serial transplantation protocol of 8 + 8 wk (i.e,
a second transplantation 8 wk after the primary trans-
plantation and an analysis of recipient mice 8 wk after
the second transplantation). Strikingly these recol-
lected ES-derived SM/C-2.6-positive cells showed signif-
icantly higher engraftment efficiency compared to the
primary transplantation. In the previous reports en-
grafument efficiencies of myoblasts transplantation was
~0.1-0.2%, with the highest reported value being 2%
(43-45). This engraftment efficiency is similar to our
primary transplantation (0.2-0.8%) as well as the plating
efficiency of SM/C-2.6-positive cells in vitro (0.07%). In
our study as few as 200 recollected ES-derived SM/C-
2.6-positive cells were transplanted in the second trans-
plantation, and 29.0 £ 0.47 (n=2) fascicles were ob-
served, which indicates 14.7% of higher engraftment
efficiency. Thus, through the serial transplantation,
ES-derived stem cell fraction was purified. A compari-
son of these SM/C-2.6-positive cells before and after
injection might help to characterize the stem cell
fraction derived from ES cells.

There have been few reports describing transplanta-
tion of ES-derived myogenic cells into injured muscles,
and the report of engraftable skeletal myoblasts derived
from human ES cells represents significant progress
(26). Recently Darabi e al. (46) have reported that by
introducing Pax3 into mouse embryoid bodies, auton-
omous myogenesis was initiated in witro, and Pax3-
induced cells regenerated skeletal muscles in vivo by
sorting the PDGF-a+Flk-1- cells. The Pax3 expression
was not observed until 7 d of differentiation culture,
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but introduced Pax3 expression pushed EBs to myo-
genic differentiation. Interestingly, we observed Pax3
expression atd 3 + 3 weakly and d 3 + 3 + 7 strongly,
and gene expression process in our culture is very
similar to theirs. In prolonged culture using Matrigel
and HS, EBs were able to initiate myogenesis without
gene modification in our system.

In conclusion, we successfully generated transplant-
able myogenic cells, including satellite-like cells, from
mES cells. The ES-derived myogenic precursor/stem
cells could be enriched using a novel antibody, SM/C-
2.6. These ES-derived SM/C-2.6-positive cells possess a
high myogenic potential, participate in muscle regen-
eration, and are located beneath the basal lamina
where satellite cells normally reside. The self-renewal of
these ES-derived satellite-like cells enabled them to
survive long-term engraftment, up to 24 wk. Through
serial transplantation, these ES-derived SM/C-2.6-posi-
tive cells were further enriched and produced a high
engraftment efficiency of 14.7%.

Our success in inducing mES cells to form functional
muscle stem cells, the satellite-like cells, will provide an
important foundation for clinical applications in the
treatment of DMD patients.

This work was supported by a Grant-in-Aid for Scientific
Research (S) (19109006) and a Grant-in-Aid for Scientific
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SUMMARY

FoxP3is a key transcription factor for the development
and function of natural CD4* regulatory T cells (Treg
cells). Here we show that human FoxP3*CD4" T cells
were composed of three phenotypically and function-
ally distinct subpopulations: CD45RA"FoxP3" resting
Treg cells (FTreg cells) and CD45RA~FoxP3" activated
Treg cells (aTreg cells), both of which were suppres-
sive in vitro, and cytokine-secreting CD45RAFoxP3'"
nonsuppressive T cells. The proportion of the three
subpopulations differed between cord blood, aged
individuals, and patients withimmunological diseases.
Terminally differentiated aTreg cells rapidly died
whereas rTreg cells proliferated and converted into
aTreg cells in vitro and in vivo. This was shown by
the transfer of rTreg cells into NOD-scid-common
y-chain-deficient mice and by TCR sequence-based
T cell clonotype tracing in peripheral blood in a normal
individual. Taken together, the dissection of FoxP3*
cells into subsets enables one to analyze Treg cell
differentiation dynamics and interactions in normal
and disease states, and to control immune responses
through manipulating particular FoxP3* subpopula-
tions.

INTRODUCTION

FoxP3-expressing CD4* thymus-derived naturally occurring
regutatory T cells (Treg cells) play an indispensable role for the

maintenance of self tolerance and immune homeostasis (Saka-
guchi et al., 2008). They play crucial roles in human diseases,
such as autoimmune disease, allergy, and cancer (Curiel et al.,
2004; Ehrenstein et al., 2004; Kriegel et al., 2004; Miyara et al.,
2005; Viglietta et al., 2004). Human natural Treg cells were
initially defined according to their high expression of CD25
(Baecher-Allan et al., 2001; Dieckmann et al., 2001; Jonuleit
et al., 2001; Levings et al., 2001; Ng et al., 2001; Taams et al.,
2001), based on the finding that murine CD25*CD4* T cells are
highly suppressive (Sakaguchi et al., 1995). With the discovery
of FoxP3 as a “master control gene” for CD4* Treg cell develop-
ment and function (Fontenot et al., 2003; Hori et al., 2003; Khattri
et al., 20083), detection of FoxP3 at the mRNA and protein level
revealed that human CD25MCD4* T cells indeed express
FoxP3 (Miyara et al., 2006; Roncador et al., 2005; Yagi et al,,
2004). In contrast to murine FoxP3" Treg cells, however, human
FoxP3* cells may not be functionally homogenous. For example,
it has been reported that mere TCR stimulation can induce
FoxP3 expression in apparently naive human FoxP3-CD4*
T cells without conferring suppressive activity (Allan et al.,
2007; Gavin et al,, 2006; Tran et al., 2007; Wang et al., 2007).
Furthermore, some FoxP3* cells are phenotypically naive (e.g.,
CD45RA™"), present in cord blood as well as in peripheral blood
of adults, and suppressive in vitro (Valmori et al., 2005), whereas
other FoxP3" cells phenotypically resemble memory T cells (e.g.,
CD45RA™) and are suggested to originate from peripheral
memory FoxP37CD4* T cells (Vukmanovic-Stejic et al., 20086).
To better understand the roles of FoxP3" T cells for the control
of immune responses, it is necessary to determine whether
FoxP3-expressing T cells in freshly isolated CD4* T cells are
functionally heterogeneous, how functionally different subpopu-
lations of FoxP3* cells can be reliably delineated, and how such
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subsets differentiate and interact in physiological and disease
states.

In this report, we show that human FoxP3*CD4" T cells can be
separated into three functionally and phenotypically different
subpopulations based on the expression of FoxP3, cell surface
phenotype, the degree of DNA methylation of the FoxP3 gene,
DNA microarray profile, proliferation status in the physiological
state, cytokine secreting capacity, TCR repertoire, and in vitro
suppressive activity. These populations are (1) CD45RA*FoxP3"®
resting Treg cells, (2) CD45RA~FoxP3" activated Treg cells, and
(3) cytokine-secreting CD45RA"FoxP3' non-Treg cells. With
this dissection of FoxP3* T cells into subpopulations, we show
the dynamics of Treg cell differentiation in vitro, in vivo, and ex
vivo in normal and disease states. The results indicate that func-
tional and numerical analysis of each FoxP3" subset is essential
for assessing immunological states, and that manipulation of
a particular subset, rather than whole FoxP3* cells, helps to
dampen or augment a variety of physiological and pathological
immune responses.

RESULTS

Separation of FoxP3*CD4" T Cells into Three
Subpopulations by the Expression of FoxP3, CD25,

and CD4SRA

The combination of CD25 and CD45RA staining of CD4™ T cells
in peripheral blood lymphocytes (PBL) of normal healthy individ-
uals revealed six subpopulations (Fraction [Fr.] 1-VI) that
expressed the FoxP3 protein at different amounts (Figures 1A
and 1B). Among them, Fr. I, Il, and il were FoxP3" (Figure 1B)
and the degree of FoxP3 expression in these fractions were
proportional to CD25 expression (Figure 1C). Notably, these
three FoxP3™* populations could be distinctly separated by the
combination of FoxP3 and CD45RA staining; i.e., FoxP3"°C-
D45RA* cells, which were CD25** (Fr. I), FoxP3"CD45RA™ cells,
which were CD25*** (Fr. ll), and FoxP3'°CD45RA™ cells,
which were CD25%* (Fr. Hl) (Figure 1D). The fractions could be
prepared as live cells by cell sorting as CD25"*CD45RA",
CD25***CD45RA™, and CD25**CD45RA™ cells, respectively
(Figure S1A available online). Purified Fr. |, Il, and Il populations

expressed FoxP3 transcripts to a similar degree irrespective of
different amounts of FoxP3 protein expressed in each population
(Figure 1B; Figure S1B). Fr. IV formed a distinct population as
CD25*FoxP3™ cells (Figure 1C), but it was not well demarcated
from Fr. V by CD45RA or CD25 staining (Figure 1A). Therefore,
we analyzed Fr. [V and V together in the functional examination
of FoxP3* subsets (see below).

Assessment of the proliferative status of each subpopulationin
the physiological state by detecting the expression of Ki-67,
a nuclear protein expressed in cells ready to proliferate and at
ahigher amountin actually proliferating cells (Figure S2), revealed
that about halif of the cells in Fr. |l were proliferating whereas the
cells in Fr. [ and lll were not (red dotted line in Figure 1E). Fr. ll ex~
pressed intracellular CTLA-4 to the highest degree whereas Fr. |
hardly expressed the molecule (Figure 1F). Furthermore, Fr. il
corresponded to HLA-DR-expressing and also ICOS-expressing
FoxP3* cells as reported by others (Figures 1G and 1H; Baecher-
Allan et al., 2006; lto et al., 2008).

Analysis of cytokine production by each fraction showed that
Fr. ll scarcely produced IL-2 or IFN-y. Among FoxP3"° cells, Fr. |
was poor producer of IL-2 and IFN-y whereas Fr. Il produced
high amounts of these cytokines (Figure 11; Figure S3).

The 5’ flanking region and a STATS-responsive region in the in-
tron 1 of the FOXP3 gene are critical for induction and enhance-
ment of FoxP3 expression by TCR and IL-2 stimulation (Floess
et al., 2007; Mantel et al., 2006; Zorn et al., 2006). Analysis of
the DNA methylation status of these regions in each fraction
prepared from a male donor showed that the CpG methylation
sites in the regions were completely demethylated in Fr. | and
Fr. Il (Figure 1J). The & flanking region of Fr. lll was also highly
demethylated, although the demethylation pattern was less
uniform compared with Fr. | and il. In contrast, their STATS-
responsive region was less demethylated than other FoxP3*
subsets. In addition, memory-like CD25% and CD25~
CD45RA~CD4™ non-Treg cells (Fr. IV, V), which were FoxP3~,
had their & flanking region moderately demethylated whereas
the STATS responsive region was virtually completely methyl-
ated. Both regions were highly methylated in naive Fr. VI. These
findings were confirmed by analysis of individual clones isolated
from each subpopulation (Figure S4). The results collectively

Figure 1. Delineation of FoxP3*CD4" T Cells into Subsets by Cell Surface Molecules, Proliferative State, Cytokine Production, Methylation
Status of the FOXP3 Gene, and In Vitro Suppressive Activity

(A-D) Six subsets of CD4* T cells defined by the expression of CD45RA and GD25: pink line {Fraction [Fr.] I), CD25"*CD45RA" cells; bold red line (Fr. i),
CD25***CD45RA"™ cells; broken brown line (Fr. 1ll), CD25**CD45RA™ cells; green line (Fr. IV), CD25"CD45RA™ cells; blue line (Fr. V), CD257CD45RA™ cells; black
tine (Fr. V1), CD25-CD45RA" cells. Expression of FoxP3 (B), CD25 and intraceliular FoxP3 (C), and CD45RA and FoxP3 (D) in each fraction shown in (A). Data are
representative of 19 blood donors.

(E) Flow cytometry of the expression of nuclear Ki-67 and FoxP3 in CD4" T cells. Red broken line separates Ki-67"FoxP3" from Ki-67-FoxP3" cells and
CD45RAFoxP3® from CD45RA FoxP3™ cells. The percentages of Ki-67* and Ki-67"FoxP3" cells among CD4" cells are indicated in the top panel and the
percentage of FoxP3MCD45RA™ cells in the bottom panel.

(F) Flow cytometry of the expression of intracellular CTLA-4 and FoxP3 (top left); CD45RA and CTLA-4 (top right) by CD4" T cells; and expression of CTLA-4 by
each fraction defined in (A-(D) (bottom). Numbers indicate percent of cells in each quadrant.

(G and H) Expression of Ki-87 and FoxP3 (top) and of HLA-DR or ICOS and FoxP3 (bottom). Red broken line separates Ki-67*FoxP3" from Ki-67"FoxP3" cells
and HLA-DR~FoxP3'"° from HLA-DR*FoxP3" cells (G) or ICOS FoxP3® from ICOS*FoxP3™ celis (H).

() Production of IFN-v, IL-2 by each fraction after stimulation with PMA + ionomycin, and percent of cytokine-secreting cells in each fraction is shown. Data are
representative of six independent experiments.

() Analysis of DNA methylation status at 5’ flanking region {left) and STATS-responsive (right) region of the FOXP3 gene in FoxP3-expressing or -nonexpressing
CD4* T cell subsets (Figure S1) from PBMCs of one healthy male donor. Percentages of clones displaying demethylation of indicated CpG methylation sites are
indicated and depicted in white in sector graphs. 19 to 20 clones were sequenced from each CD4" T cell subset.

(K) CFSE dilution by 10% fabeled CD25~CD45RA*CD4* responder T cells assessed after 84-90 hr of TCR-stimulated coculture with indicated CD4”* T cell subset
ata 1 to 1 ratio. Cell number and percentage of dividing cells per well are indicated. Data are representative of 12 separate experiments,
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Figure 2. CD45RA "FoxP3°CD4* T Celis Contain Celis with Th17 Cell Potential
(A) The amounts of transcripts of indicated genes in separated CD4* T cell subsets were assessed by quantitative PCR.
(B) Flow cytometry of the production of IL-17 by gated CD4" T cell subsets after stimulation with PMA + ionomycin for 5 hr. Percentages of cytokine-secreting

cells are shown. Data are representative of six independent experiments.

indicate that Fr. | and Il are active in FoxP3 gene transcription
and close in their differentiation stage, and that, compared
with these fractions, Fr. Ill may be less capable of maintaining
FoxP3 expression in the presence of IL-2 and STATS signaling.

To assess the in vitro suppressive potency of each fraction, we
measured the extent of CFSE dilution of labeled naive
CD25-CD45RACD4"* T cells (hereafter called responder cells)
cocultured with an equal number of each fraction and stimulated
for 4 days (Figure 1K). Fr. | and 1i (isolated as CD25**CD45RA*
and CD25*"*CD45RA™ cells, respectively, as shown in Figure S1)
potently suppressed the proliferation of responder cells, where-
as Fr. lll, IV, and V did not and even enhanced the responder
proliferation. The inability of Fr. Ill (CD45RAFoxp3' cells) to
suppress was confirmed by using CD127 as an additional
marker for purifying FoxP3-expressing cells from CD4" T cells
(Figure S5; Liu et al., 2006; Seddiki et al., 2006).

Taken together, three distinct subpopulations of FoxP3*CD4*
T cells can be defined in human PBL by the expression of
CD45RA and FoxP3 as summarized in Table S1; i.e., Fr. i
CTLA-4°Ki-67"CD45RA*FoxP3" T cells; Fr. Il CTLA-4"C-
D45RAFoxP3" cells, both of which possess a fully functional
FOXP3 gene, hardly secrete cytokines, and potently suppress
proliferation; and Fr. Ill: CTLA-4™CD45RA™FoxP3" T cells,
which secrete cytokines, are much less active in the expression
of the FOXP3 gene under the control via STAT5, and do not
suppress proliferation in vitro. Based on their phenotypic and
functional characteristics, Fr. | and Fr. il can be designated as
resting Treg cells (rTreg cells) and activated Treg cells (aTreg
cells), respectively.

FoxP3'°CD45RA~ Nonregulatory T Cells Contain Cells
with Th17 Cell Potential

DNA microarray analysis of each fraction showed that the gene
expression patterns in the three FoxP3-expressing subpopula-
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tions were distinct (Figure S6A). Quantitative assessment of
mRNA expression of differentially expressed genes revealed
that the expression of RORC, a key transcription factor in Th17
cell lineage (lvanov et al., 2006), was highly upregulated in Fr. |l
and lll, indicating that RORC-FoxP3 double-positive population,
which was recently described in mice (Yang et al., 2008a;
Zhou et al., 2008), exists in humans as well in Fr. Il and lil (Fig-
ure S6B). Transcripts encoding RORa and AHR, both of which
contribute to Th17 cell differentiation in mice (Veldhoen et al.,
2008; Yang et al., 2008b), were highly upregulated in Fr.lll, further
indicating that this population contains cells with Th17 cell
potential (Figure 2A). Also of note is that Fr. Il specifically ex-
pressed high amounts of AHR repressor transcripts, suggesting
that Treg cell differentiation might accompany an inhibition of
Th17 cell differentiation via expression of AHR repressor.
Assessment of cytokine production revealed that Fr. lll was the
highest producer of IL-17 even compared with naive FoxP3~C-
D45RA*Y (Fr. VI) or memory-like FoxP3~CD45RA~CD4* non-
Treg cells (Fr. IV and V) (Figure 2B; Figure S3).

Thus, DNA microarray profiling of FoxP3* subpopulations
supports the relevance of separating FoxP3*CD4" T cells into
three subsets. Further, regarding the cell lineage relationship of
FoxP3* cells and Th17 cells, Fr. lll contains FoxP3-RORYy
double-positive cells with a Th17 cell potential, in addition to
IL-2- and/or IFN-y-producing cells (Figure 11).

Resting Treg Celis Proliferate whereas Activated Treg
Cells Die while Suppressing In Vitro

As shown in Figure 1E, fresh Fr. | cells (‘Treg cells) did not
express Ki-67. However, when they were cocultured with
responder cells and TCR stimulated, all the FoxP3-expressing
cells became Ki-67" on day 4, indicating that rTreg cells prolif-
erate (Figure S7). Assessment of proliferation by CFSE dilution
during 4 days of culture also revealed that both aTreg cells
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Figure 3. In Vitro Properties of FoxP3” Subpopulations

(A) CFSE dilution by rTreg or aTreg cells and intracellular expression of FoxP3 were analyzed after 4 days TCR stimulation in the absence or presence of non-
labeled responder cells. Percentages of FoxP3~ and of FoxP3* cells among CFSE-labeled cells are indicated.

(B) Viability assessed by 7-AAD staining of CFSE-labeled CD45RA*FoxP3" (left) or CD45RA"FoxP3" Treg cells (right) cocultured with nontabeled responder cells
for 4 days. Only CFSE-labeled cells are shown. Numbers indicate percentage in each quadrant. Data shown are representative of five independent experiments.
(C) CFSE dilution, surface CD45RO, and intracellular FoxP3 expression by CFSE-labeled responder cells cultured alone or cocultured with unlabeled Treg cell

subsets for 4 days. Numbers indicate percentage in each quadrant.

(D) CFSE dilution of labeled rTreg cells cultured alone or with aTreg cells at a 1 to 1 ratio. Numbers and percentage of proliferating cells are indicated. Data shown

in (B) and (D) are representative of five independent experiments.

{Fr. l) and rTreg cells (Fr. ) gave rise to CFSE-diluting FoxP3” cells
when cultured alone (Figure 3A). In addition, rTreg cells showed
more active proliferation than did aTreg cells in the presence of
responder cells. In contrast with rTreg or aTreg cells, most
(~70%) of CD45RA™FoxP3'°CD4* T cells (Fr. Ill) did not express
FoxP3 during their proliferation, indicating that FoxP3 expression
in the majority of Fr. il cells may not be stable in concordance
with the methylation status of their FOXP3 gene (Figure 3A).
Based on the finding that very few aTreg cells (Fr. ll) were
detectable after 4 days of culture (Figure S7), we assessed the
viability of Treg cells by measuring incorporation of 7-AAD by
CFSE-labeled rTreg or aTreg cells cultured with responder cells
(Figure 3B). The majority (~75%) of aTreg cells were positive for
7-AAD. By contrast, although a fraction (~20%) of rTreg cells
were nonproliferative and 7-AAD*, the majority of proliferating
rTreg cells (~60%) were 7-AAD~ (Figure 3B). In addition to
proliferation, rTreg cells showed increased expression of

FoxP3 (Figure 3A), CD45RO (Figure 3C), and intracellular
CTLA-4 (Figure S8). High expression of CD45R0 was secondary
to activation because rTreg cells, which were CD45RA", did
not express CD45RO when freshly isolated from peripheral
blood (Figure S9). Further, when CFSE-labeled rTreg cells
(Fr. ) were cultured with nonlabeled aTreg cells (Fr. II), the latter
substantially suppressed the proliferation of the former
(Figure 3D).

Taken together, rTreg cells are not anergic and are able to prolif-
erate upon TCR stimulation. They acquire a Ki-67*FoxP3" aTreg
cell phenotype and exert suppression during and after their prolif-
eration and conversion to aTreg cells, which die after proliferation
and exertion of suppression. Activated Treg cells also suppressthe
proliferation of resting Treg cells in a negative feedback fashion.
Thus, in addition to different cell surface phenotypes, rTreg and
aTreg cells possess different cell fates despite their comparable
in vitro suppressive activity when assessed separately.

Immunity 30, 899-911, June 19, 2009 ©2009 Elsevier Inc. 903
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In Vivo Conversion of rTreg Cells to aTreg Cells

and Differentiation of a Small Fraction of FoxP3™ Celis
to FoxP3* Cells

Next, to investigate whether the in vitro conversion of rTreg cells
to aTreg cells could also occur in vivo, we transferred human
PBMCs containing CFSE-labeled CD4* T cells into NOG (Nod-
scid-common y-chain-deficient) mice and analyzed their
splenocytes 5 days after transfer (Hiramatsu et al., 2003). Fox-
P3"CD4* T cells recovered in the recipients were largely
CD25" and CD45R0O™ (data not shown) and mostly confined to
Ki-67*CFSE-diluting cells, which had divided more than 6 times
after transfer (Figure 4A). In addition, most CD4* T cells express-
ing low amounts of FoxP3 had not proliferated. These findings
correspond to the in vitro findings that FoxP3" aTreg cells found
in PBMCs were highly proliferative and that FoxP3'°CD4* T cells
were Ki-67~ in PBMCs (Figure 1E), suggesting that, upon activa-
tion, rTreg cells upregulate FoxP3 expression and then prolif-
erate. We also examined the behavior of Treg cells or whole
FoxP3* cells when injected without other effector CD4* T cells.
Neither population proliferated, indicating that the maintenance
and proliferation of FoxP3-expressing cells requires the pres-
ence of other CD4* T cells in vivo (Figure S10).

Similar analysis of PBMCs containing CFSE-labeled rTreg
cells, prepared as shown in Figure 1A and Figure S1, showed
that they proliferated in vivo and upregulated the expression of
FoxP3 and CD45RO0 along several cell divisions (Figure 4B and
data not shown). Because most FoxP3" cells were detected in
CFSE-negative cells after transfer of CFSE-labeled CD4*
T cells or rTreg cells (Figures 4A and 4B), we attempted to deter-
mine whether rTreg cells were the major source of CFSE-nega-
tive FoxP3" cells. Injection of PBMCs containing CFSE-labeled
CD4* T cells devoid of rTreg cells revealed a much lower number
of FoxP3™ cells when compared with injection of whole CD4*
T cells, indicating that most FoxP3" aTreg cells derive from rTreg
cells (Figure 4C).

Further, to investigate whether the conversion of FoxP3™ to
FoxP3* in CD4* T cells could occur in vivo, we transferred
PBMCs containing CFSE-labeled FoxP3™ CD1 27"CD4* T cells
together with nonlabeled FoxP3* cells (as CD25"CD127" cells)
in NOG mice and examined whether FoxP3~CD4* T cells could
upregulate FoxP3 in vivo (Figure 4D). Although most CFSE-
labeled cells remained FoxP3~, a small number of cells upregu-
lated FoxP3 from low to high amounts. Injection of only CFSE-
labeled CD4*"FoxP3~ cells confirmed that a small fraction
(<1%) of CD4*FoxP3~ cells indeed divided at least 6 times to
give rise to FoxP3" cells (Figure 4E). Taken together, these
results indicate that rTreg cells convert to aTreg cells and that
only a small fraction of aTreg cells derives from FoxP3~CD4*
non-Treg cells in vivo.

In Vivo Conversion of rTreg Cells to aTreg Cells

in a Normal Human individual

To obtain further evidence for the in vivo rTreg to afreg cell
conversion in normal humans, we attempted to trace clonotypes
of each Treg cell fraction in a single individual at separate time
points. Cells in rTreg cells (Fr. I), aTreg cells (Fr. ll), and also
FoxP3~ non-Treg CD4* T cells (Fr. IV, V, VI) that expressed the
same TCRBVS family were sorted from a single healthy individual
at 18 month intervals. Single-cell RT-PCR and DNA sequencing
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of the amplicons was performed to compare TCRBV5 CDR3
regions in each sorted subset. Given the small size of the sample,
the analysis was able to monitor dominant clones only. First, we
observed that rTreg (Fr. I) and aTreg (Fr. I} cell subsets shared
few dominant clonotypes at a given time point. Second, we
found that a clonotype initially detected in the rTreg cell subset
was found dominant 18 months later in the aTreg but not in the
rTreg cell subset. The TCR repertoire being potentially so hetero-
geneous and the sample size being so limited (45 to 137 cells
analyzed in each subset), it is highly improbable that T cell clones
with identical TCR sequences could be found in the same
subsets only by chance. Indeed, when random samples of
conventional CD4* T cells were similarly compared, shared clo-
notypes were never found in this individual (Figure 5; Table S2).
The analysis also revealed that none of the clonotypes found in
FoxP3~ cells was found in aTreg cells 18 months later, indicating
that if conversion of FoxP3~CD4™ T cells ever occurs in vivo, it
may not be a frequent phenomenon compared with the conver-
sion of rTreg cells to aTreg cells (Figure 5).

Based on these observations in Figures 4 and 5, we conclude
that most FoxP3" aTreg cells are derived from recently activated
and vigorously proliferating rireg cells, and that only a minority of
aTreg cells can develop from FoxP37CD4" non-Treg cells
in vivo. The result also indicates that the TCR repertoire of Treg
cells, in particular that of aTreg cells, adaptively changes in
normal individuals.

Variations in Human rTreg and aTreg Cell Populations
under Norimal and Disease Conditions

We then attempted to determine whether the dissection of
FoxP3* T cells in adult humans into Fr. I-lll based on CD45RA
and FoxP3 expression was pertinent to the analysis of the
dynamics of Treg cell generation and differentiation in ontogeny,
aging, and disease states.

Although rTreg celis were highly prevalent in cord blood, we
could easily detect Ki-67*FoxP3"CD45RA~CD4* T cells that cor-
responded to aTreg cells in adults. We failed to confirm the previ-
ously reported finding that all CD25*CD4* T cells were FoxP3* in
cord blood {Fritzsching et al., 2006). However, CD4* T cells ex-
pressing the highest amounts of CD25 contained only FoxP3*
cells and CD127 expression efficiently separated FoxP3*CD25"
from FoxP3~CD25*CD4* T cells (Figure 6A). IFN-y production
was barely detectable in whole CD4" T cells whereas IL-2
production was observed in FoxP3'°CD45RA~CD4* T cells as
in adults (data not shown).

Analysis of the expression of CD31 (PECAM-1), which is
known to be expressed in recent thymic emigrants but lost
during their post-thymic peripheral expansion (Kimmig et al.,
2002), revealed that aimost all CD31*FoxP3*CD4* T cells in adult
PBL were confined in the CD45RA*FoxP3"° population (Fr. I).
This finding suggests that the majority of rTreg cells may be
recently derived from the thymus (Figure 6B).

The proportion of rTreg cells (Fr. [y among CD4* T cells was
decreased in aged donors (1.1% = 0.59%, n = 12 versus
2.40% + 0.89% in healthy donors, n = 29; p < 0.0001) whereas
that of aTreg cells (Fr. Il) was increased (2.48% + 1.07% versus
1.63% + 0.53%; p = 0.01; Figures 6C and 6D).

We next applied our new definition of FoxP3™ T cell subsets to
the analysis of two pathological conditions that reportedly show
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Figure 4. In Vivo Gonversion of Treg Cell
Phenotype in NOG Mice

PBMCs containing human CD4* T cells were i.v.
injected in NOG mice and collected in the spleen
5 days later. In schematic representations (left) of
flow cytometric profiles of injected cells before
transfer, CFSE-labeled CD4* T subsets are de-
picted in green and injected with nonlabeled cells
in black. Flow cytometry of human CD4™ T cells
in the spleen after transfer of PBMCs containing
CFSE-labeled human whole CD4* T cells (A) or
indicated CFSE-labeled CD4* T cell subpopula-
tions (B-E) into NOG mice. Numbers indicate
percentage in each quadrant (right). Representa-
tive data of four mice transferred with PBMCs con-
taining CFSE-labeled CD4* T cells isolated from
three different donors (A), and mice (two for each
condition) transferred with PBMCs with indicated
CFSE-labeled T cell populations obtained from
two different donors (B~E).

increase in the proportion of aTreg cells
among CD4™ T cells (4.67% + 3.35%, n =
41; p < 0.0001) combined with a high prev-
alence of Ki-67"FoxP3"CD4" T cells and
adecrease in the proportions of rTreg cells
(1.48% + 0.89%; p < 0.0001). In active
systemic lupus erythematosus (SLE), a
prototype of systemic autoimmune dis-
ease, there was a decrease in the pro-
portion of aTreg cells (1.24 + 0.72; n = 15;
p = 0.006) and an increase in the propor-
tions of rTreg cells (4.2 + 1.86; p =
0.0008). Notably, CD45RA™FoxP3" non-
Treg cell fraction (Fr. Hl} increased to
form a distinct population in active SLE
(10.37% + 9.3% versus 3.04 + 1.1 in
healthy donors; p < 0.0001; Figures 6C
and 6D).

Thus, distinction of Treg cell subsets
simply based on the combination of
CD45RA and FoxP3 expression is highly
informative in assessing the dynamics of
Treg cell differentiation under physiolog-
ical and disease conditions.

DISCUSSION

We have shown in this report that FoxP3*
cells in human PBL are heterogeneous in
function and include not only suppressive
T cells but also nonsuppressive ones that
abundantly secrete proinflammatory cyto-
kines such as IL-17. Further, Treg cells
functionally and phenotypically differen-
tiate within the FoxP3* population. This

different patterns of Treg cell involvement (Miyara et al., 2005, functional heterogeneity and differentiation dynamics can be
2006). In sarcoidosis, a granulomatous disease of unknown clearly shown by separating FoxP3" cells into three subsets based
origin, patients with active disease showed a considerable on the expression of FoxP3 and CD45RA (or CD45R0), which
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Figure 5. Longitudinal TCR Repertoire
Analysis in FoxP3" Cell Subpopulations
TCRBV5*CD4* T cells belonging to indicated Treg
or non-Treg cell fractions were FACS sorted as
a single cell at indicated time points into wells of
PCR plates. By RT-PCR and TCR sequencing,
the frequencies of individual sequences were as-
sessed. Empty slices correspond to sequences
that were found only once in only one subset.
Persistent clones are color highlighted. Slice size
is proportional to the number of occurrences of
the corresponding TCR sequences. The total
number of sequences successfully analyzed in
each subset is indicated.

in the aTreg, but not rTreg, cell popula-
tion. This indicates that the clones have
preferentially expanded after differenti-
ating to aTreg cells, as suggested by the

Fr. ll
n=73

Fr.iV, Vv,

n=133 n=137
controls signaling thresholds in lymphocytes, hence their state of
differentiation and activation (Hermiston et al., 2003). The three
subpopulations are CD45RA™FoxP3"CD4* activated Treg cells
and CD45RAFoxP3'°CD4* resting Treg cells, both of which are
potently suppressive in vitro, and cytokine-secreting nonsuppres-
sive CD45RA™FoxP3'°CD4* non-Treg cells.

The distinction of FoxP3* subpopulations revealed the differ-
entiation pathways of Treg cell subpopulations. First, most of
FoxP3" aTreg cells originate from rTreg cells as shown in vitro
and in vivo, although some FoxP3" Treg cells may arise from
FoxP3~CD4" non-Treg cells (Vukmanovic-Stejic et al., 2006).
Second, a large proportion of FoxP3" aTreg cells is highly prolif-
erative in vivo and appears to be recently activated, although
most rTreg cells are in a resting state. Once rTreg cells are stim-
ulated, they upregulate FoxP3 expression, differentiate to aTreg
cells, and proliferate. In addition to these results obtained by
direct ex vivo analysis of the subpopulations and by their transfer
to NOG mice, our longitudinal study of the repertoire of a partic-
ular TCR VB subfamily in a single individual provides further
evidence that the conversion of rTreg to aTreg cells physiologi-
cally occurs in vivo, In our current analysis, dominant clones
found in the rTreg cell population were found 18 months later
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high rate of Ki-67" cells in the aTreg cell
population. The presence of such domi-
nant T cell clones over a long period of
time is a key feature of the aTreg cell pop-
ulation (C.P. and G.G., unpublished data).
This also indicates that the TCR repertoire
of Treg cells adaptively changes with
clonal expansion especially in aTreg cells.
Considering that aTreg cells rapidly die
in vitro and that the immune system is
constantly challenged by exogenous
and endogenous antigens, it is highly
likely that the maintenance of the pool of
aTreg cells is the consequence of a tight
balance between the constant develop-
ment of aTreg cells from activated and
proliferating rTreg cells and their death
after exerting suppression. Further, aTreg
cells control rTreg cell expansion in a feedback manner, contrib-
uting to the maintenance of the balance. FoxP3" aTreg cells thus
appear to be terminally differentiated Treg cells; yet it remains to
be determined whether the aTreg cell population contains
a memory type long-living Treg cells. Given that aTreg cells die
rapidly and that rTreg cells are highly proliferative upon stimula-
tion, attempts to expand Treg cells ex vivo for cell therapy should
be focused on rTreg cells as proposed by others (Hoffmann
et al,, 2006). It needs to be determined whether rTreg cells are
constantly produced by the thymus, or whether they have
a high renewal capacity in the periphery, or both.

Our study has clearly shown that human FoxP3*CD4* T cells
contain cytokine-secreting nonsuppressive effector T cells that
display low expression of FoxP3. These nonsuppressive Fox-
P3°CD45RA-CD4* T cells (Fr. ll) may correspond to recently
described activation-induced FoxP3-expressing cells that tran-
siently express FoxP3 in vitro {Allan et al., 2007; Gavin et al.,
2006; Tran et al.,, 2007; Wang et al.,, 2007). Supporting this
notion, although the 5' flanking region of the FOXP3 gene in Fox-
P3'°CD45RA™CDA4* T cells is highly demethylated, the STAT5-
responsive region is poorly demethylated, suggesting that they
may be unstable in maintaining FoxP3 expression through
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Figure 6. Variations in FoxP3* Cell Subpopulations under Physiological and Disease Conditions
(A) Flow cytometry of PBMCs gated on CD4* T cells isolated from cord blood. A representative of four samples.
(B) Expression of CD45RA and FoxP3 by gated CD31* or CD31~ CD4* T cells. Numbers indicate percentage in each quadrant. A representative of four indepen-

dent experiments.
(C) Flow cytometry of PBMCs gated on CD4* T cells isolated from a 29-year-old healthy adult, an 88-year-old donor, and two patients with active sarcoidosis or

active SLE. Percentage of each quadrant in each staining combination is shown.
(D) Percentages of each FoxP3* subset among CD4* T cells in indicated numbers of patients with active sarcoidosis, active SLE, aged donors (between 79 and 90
years old), and healthy donors (between 18 and 40 years old). Red horizontal bars represent mean percentage. Statistical comparisons were performed by

nonparametric Mann-Whitney U test. NS, not significant.

STATS signaling. The notion is also supported by recent reports ~ as CD25MCD127'°CD4* T cells (Liu et al., 2006; Seddiki et al.,
showing that activation-induced FoxP3*CD4* T cells have 2008), it is of note that they also include FoxP3* non-Treg cells.
FOXP3 DNA significantly less demethylated than bona fide We therefore propose that the combination of CD25 and
Treg cells (Baron et al., 2007; Janson et al., 2008). In addition, CD45RA is so far the best markers for purifying human FoxP3*
although CD127 is a convenient marker for isolating FoxP3* cells  Treg cells as rTreg and aTreg cells.
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