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Fig. 2 X-rays at 4 years of age. a Bilateral hip joints had acetabular
dysplasia. Femoral heads were slightly flat and femoral necks were
broad. As a result, coxa vara was displayed. b Carpal bone
ossification was advanced; seven carpal bones were visible in this
4-year-old hand. ¢ Total spine showed mild scoliosis and mild
flattening of vencbrae

Detection of mutations

Peripheral blood samples of the patient, her parents, and
96 unrelated normal Japanese controls were obtained with
wrilten informed consent. Genomic deoxyribonucleic acid
(DNA) samples were extracted by standard procedures.
The entire coding region and flanking intronic regions
were examined by polymerase chain reaction (PCR) and
direct sequence analysis (Ikeda et al. 2001). Direct
sequencing was performed using an ABI prism 3700
automated sequencer (Applied Biosystems, Foster City,
CA, USA). To obtain allelic information, PCR products
containing mutations were cloned using a TOPO TA
cloning kit (Inviwrogen, Carlsbad, CA, USA) and
sequenced. The paternity was confirmed by ten unlinked
microsatellite markers. They were genotyped using an
ABI prism linkage mapping set v2.5 and an ABI prism
3700 automated sequencer (Applied Biosystems) by
standard procedures.

Evaluation of mutations
To investigate the conservation of mutated amino acids

pT266 and p.V340, reference sequences of human
(NP_000103), horse (NP_001075403), mouse (NP_031911),

&) Springer

Table 1 A summary of mutations in this case

Nucleotide Amino acid dbSNP No AF Mutation DB
e797C> T p.T2661 - S
c.1018-1020del  p.AV340 (=) =) ACGI1B, DTD
c2065A>T  p.T689S 3776070 0.167 Polymorphism

p-AV340: a common mutation reported as null mutation (Kamiski
2004)

ACGIB achondrogenesis 1B, DTD diastrophic dysplasia, AF allele
frequency, (=) no data in database

chicken (XP_425183), and zebra fish (XP_685114) were
obtained from the National Center for Biotechnology Infor-
mation (http://www.ncbi.nim.nih.gov/). PSORT, a computer
program for the prediction of protein localization sites in cells
(http://psort.nibb.ac.jp/), was used to predict the structure
before and after introduction of p.T266l.

Results
Detection of mutations

The entire coding region and flanking intronic regions of
DTDST were directly sequenced. Two heterozygous
mutations, ¢.797C >T (p.T266I) and c.1018-1020del
(p.AV340), were detected (Table 1). The former was not
found in the public database for single nucleotide poly-
morphism (SNP) and mutation or in 96 unrelated Japanese
controls, whereas the latter was recurrent (Superti-Furga
et al. 1996b). Polymerase chain reaction (PCR) products
containing two mutations were cloned to obtain allelic
information, and the patient was recognized as a compound
heterozygote of the two mutations (Fig. 3a). The two
mutations were searched in the parents by direct sequence,
A heterozygous mutation of ¢.1018-1020del (p.AV340)
was recognized in the mother, but neither of the mutations
was found in the father (Fig. 3b). Paternity was confirmed
by genotyping unlinked ten microsatellite markers for the
patient and parents.

Evaluation of mutations

Amino acid sequences of DTDST were compared between
five diverse species; p.T266 and p.V340 were conserved in
all five species (Fig. 4a). Using PSORT, the structural
change of DTDST protein was predicted. T266 was omside
of the cell, but 1266 was in the plasma membrane. The
introduction of p.T266] caused ten-amino-acids shortening
of the third cytoplasmic domain and ten-amino-acids
elongation of the third extracellular domain of the DTDST
protein (Fig. 4b)
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a e.797C>T  ¢.1018-1020del
(p- 12661) p.A.vsm

2=l b

“%mm

c.797 ¢.1018-1020
: Fy
- A )
e T €Y
Fig. 3 a Seg of the Top direct sequence; middle and

Fig. 4 Characterization of mutated amino acids. a Conservation of
p-T266 and p.V340 in the diastrophic dysplasia sulfate transporter
(DTDST) protein among different species. b Structural change of a
DTDST protein predicted by PSORT. Ellipses represent the trans-
membrane domains, and curved lines represent either extracellular or
cymp!wmc domains. The plain numbers are neighboring amino acid

of b domains shown at those positions. The

bottom sequences after TA c]cru.ns The red, blue, green, and black

circled numbers are transmembrane domain numbers from the

waves represent nucleotides, thymine, cytosine, and adenine and
guanine, respectively. The patient had heterozygous DTDST muta-
tions, c.797C > T (p.T2661) and c.1018-1020de] (p-AV340). b Direct

quences of the | . The mother was a heterozygote of c.1018-
1020del (p. AVMOJ. but the father had neither of these two mutations

Discussion

r-MED and DTD are milder diseases in the DTD group.
r-MED patients are not short, and they are healthy in
childhood other than occasional associations with clubfeet
and cleft palate. The radiological hallmarks include, as in
the child in this study, broad proximal femora with prox-
imal femoral epiphyseal dysplasia and undertubulated short
tubular bones. By contrast, DTD presents with pre- and
postnatal short stature, distinctive hitchhiker thumbs,
inflammatory ear swelling, and intractable clubfeet, as well
as joint dislocations and spinal malalignment. The skeletal
changes are variable among affected individuals. Broad
proximal femora and undertubulated short tubular bones
are occasional, but not exclusive, findings. The presence of
short stature and the radiological constellation of the child
reported here fit an intermediate between r-MED and DTD.

Of note is that in this case, skeletal changes in infancy
were reminiscent of Desbuquois dysplasia. r-MED and
DTD also show broad proximal femora with prominence of
the lesser trochanters, but those are not so prominent that
are comparable to Swedish-key appearance. Mildly
advanced carpal and tarsal ossifications are known in DTD
but are not so prominent as those in this case or Desbuquois
dysplasia.

N- i If a 266th amino acid (squared) changed from threonine
(T} to isoleucine (1), it would migrate from outside of the cell into the
plasma membrane. The length of the fifth transmembrane domain
would not change, but that of the neighboring third extracellular and
third cytoplasmic domain would be shortened and elongated by ten
amino acids, respectively

¢.1018-1020del (p.AV340) is a relatively common muta-
tion in DTD and ACG-1B. Immunofluorescence analysis
showed that p.AV340 was not on the plasma membrane,
although DTDST was a plasma membrane protein. Therefore,
it was classified as a null mutation and associated with severe
phenotypes of the DTD group (Kamiski 2004). c.797C > T
(p.T266]) is a novel mutation, which is supported by its de
novo occurrence during paternal gametogenesis. Conserva-
tion between diverse species suggests that p.T266 plays an
important role in DTDST protein. T266 was predicted to be
outside of the plasma membrane because of its OH base,
which had no affinity to lipid but to H,O. On the other hand,
1266 was predicted to migrate in the plasma membrane
because it had nonpolarity and high affinity to lipid. As a
consequence, the structure of DTDST protein would change
drastically, most likely affecting its sulfate transport function.

According to a previous report (Karniski 2004), nonle-
thal disorders caused by DTDST mutations would be either
a heterozygote of partial-function mutation and null
mutation or a homozygote of partial-function mutations.
The phenotypes of the child in this stady fell into the
milder range of the DTD group, and she had p.AV340, a
null mutation. Therefore, it seems that ¢.797C >T
(p.T2661) is classifiable as partial-function mutation, the
sulfate transport activity of which is only mildly affected

‘?__! Springer
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and in which localization is predicted to be on the plasma
membrane. The result of the PSORT analysis supports this
presumption. Further functional evidence is needed to
validate the mutation function.

Thus, we first report a novel DTDST mutation, p.T266I,
that results in a novel phenotype in combination with a
recurrent null mutation, further extending the phenotypic
spectrum of DTDST mutations. We hope that these findings
will support clinical and genetic diagnosis of similar
chondrodysplasias.
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SUMMARY

Although recent reports have described multipotent,
self-renewing, neural crest-derived stem cells
(NCSCs), the NCSCs in various adult rodent tissues
have not been well characterized or compared.
Here we identified NCSCs in the bone marrow (BM),
dorsal root ganglia, and whisker pad and prospec-
tively isolated them from adult transgenic mice
encoding neural crest-specific P0-Cre/Floxed-EGFP
and Wnt1-Cre/Floxed-EGFP. Cultured EGFP-posi-
tive cells formed neurosphere-like structures that
expressed NCSC genes and could differentiate into
neurons, glial cells, and myofibroblasts, but the
frequency of the cell types was tissue source depen-
dent. Interestingly, we observed NCSCs in the aorta-
gonad-mesonephros region, circulating blood, and
liver at the embryonic stage, suggesting that NCSCs
migrate through the bloodstream to the BM and
providing an explanation for how neural cells are
generated from the BM. The identification of NCSCs
in accessible adult tissue provides a new potential
source for autologous cell therapy after nerve injury
or disease.

INTRODUCTION

The neural crest is a transient embryonic tissue that originates at
the neural folds during vertebrate development. Neural crest
cells delaminate from the dorsal neural tube and migrate to var-
ious locations, where they differentiate into a vast range of cells,
including neurons and glial cells of the autonomic and enteric
nervous systems, smooth muscle cells of the heart and great
vessels, and bone and cartilage cells of the face (Le Douarin
and Kalcheim, 1969).

From the embryonic period through adulthood, neural crest cells
are generated by neural crest-derived stem cells (NCSCs), which

392 Cell Stem Cell 2, 392-403, April 2008 ©2008 Flsevier Inc

are self-renewing and multipotent, with the potential to differentiate
into neurons, glial cells, and myofibroblasts (Morrison et al., 1999;
Shah et al., 1996). NCSCs have been isolated from the embryonic
sciatic nerve (Morrison et al., 1998) and boundary cap (BC) (Hjerl-
ing-Leffler et al., 2005) and the gut (Kruger et al., 2002), skin (Fer-
nandes et al., 2004; Sieber-Blum et al., 2004; Wong et al., 2008),
heart (Tomita et al., 2005), and comea (Yoshida et al., 20086) of adult
rodents. These reports demonstrata the presence of NCSCs in
these tissues and suggest their existence in other adult tissues.

Several types of stem cells have been identified in adult
tissues. For example, several groups have described multipotent
stem cells in the bone marrow (BM), but the developmental origin
and differentiation potential of these cells are unknown (D'lppo-
lito et al., 2004, Jiang et al., 2002; Ross et al,, 2006), These stem
cells are reported to generate neural cells and smooth muscle
cells, which are known to originate from neural crest cells.
Such observations led us to Investigate whether some newly
identified stem cells might be NCSCs. We examined this hypoth-
esis by investigating various tissues of double-transgenic mice
encoding Protein-0 (P0) and Wnt1 promoter-Cre/Floxed-EGFP,
in which neural crest-derived cells express EGFP (Danielian
et al., 1998; Kawamoto et al,, 2000; Yamauchi et al., 1999).

Here, we prospectively isolated and compared neural crest-
derived stem and progenitor cells from the BM of the lower
extremities, dorsal root ganglia (DRG), and whisker pad (WP) of
adult PO and Wnt1 promoter-Cre/Floxed-EGFP mice. This is
the first report identifying NCSCs in the BM of adult rodents.
The existence of NCSCs was confirmed in all three tissues,
and distinct differences among the NCSCs were revealed by
comparing their proliferation capacity, differentiation potential,
and gene expression profiles.

RESULTS

Distribution of EGFP-Positive Neural Crest-Lineage
Cells in Embryonic and Adult PO and
Wnt1-Cre/Floxed-EGFP Mice

To examine the distribution of neural crest-derived cells
in various tissues, we performed histological analyses of
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PO-Cre/Floxed-EGFP mouse ambryos and adults. PO was origi-
nally identified as a Schwann cell-specific myelin protein (Lemke
at al., 1988), but it is also expressed by migrating neural crest
cells during the early embryonic period in chicks (Bhattacharyya
et al., 1991). In this transgenic mouse, the transient activation of
the PO promoter induces Cre-mediated recombination, indelibly
tagging neural crest-derived cells with EGFP expression
(Kawamoto et al., 2000; Yamauchi et al, 1999). At E10.5,
EGFP was observed in the pharyngeal arches, periocular region,
and front nasal region, which contain neural crest-derived cells
(Figure 1A) (Yamauchi et al., 1999). Anti-GFP immunostaining of
E10.5 embryos revealed EGFP-positive (EGFPY) cells In the
DRG, outflow tract of the aorta, optic mesenchyme, gut, and tri-
geminal ganglia (Figures 1B-1F), In adult mice, EGFP* cells were
observed in the DRG, dermal papilla of whisker follicles, and BM
of the tibia (Figures 1G~1l). As a negative control, we examined
anti-GFP staining in single transgenic PO-Cre mice without the
Floxed-EGFP reporter and detected no EGFP* cells (data not
shown), confirming the validity of the anti-GFP staining. Immuno-
histochemistry was also performed on various tissues from adult
Wnit1-Cre/Floxed-EGFP mice, confirming the presence of EGFP*
cells in the DRG, dermal papilla, and BM (see Figure S1 available
online). These observations suggest that EGFP* neural crest-
derived cells migrate to and survive in various adult tissues.
Since neural crest-derived cells have not been previously
reported in the BM, we analyzed the distribution of EGFP* cells
in the BM of P0-Cre/Floxed-EGFP mice by immunohistochemis-
try. It Is unlikely that EGFP expression was induced by the
ectopic expression of PO, since we did not detect PO protein in
the BM (Figure S2). In the BM of P0-Cre/Floxed-EGFP mice,
EGFP* cells were datected along blood ves especially the
vasculature located near the inner surface of the bone cortex
2A~2C). In whole-mount specimens, these EGFP* cells
hositive for both PECAM-1 and SMA, markers for endothe-
lial cells and smooth muscle cells (Figure :

live analysis ravealed that 3.85%

(Figur

waear

2L), and quanti

and 6.2 the EGFP™ cells

Figure 1. Expression Pattern of EGFP in
PO-Cre/Floxed-EGFP Mice at E10.5 and the
Aduit Stage

(A) Whole-body observation of direct EGFP fluo-
rescence in E10.5 mice,

(B-F) Anti-GFP immunostaining of E10.5 mice re-
vealed EGFP* cells in the DRG (B), outflow tract
of the heart (C), optic mesenchyme (D), gut (E),
and trigeminal ganglion (F).

(G) In B-week-old adult mice, EGFP* cells were
detected in the DRG (G), dermal papiila in the
whisker follicls (arrow in [H]), and BM of the tibia
(). Scale bars, 1 mm In (A) and 50 um in (B}

In the BM were positive for PECAM-1 and
SMA, respectively. The contribution of
EGFP" cells to the vascular endothelial
structure was also confirmed by flow-
cytometric analysis (Figure 2D) and
whole-mount immunohistochemistry with
other vascular markers (Figures 2M=2X).
Although a portion of vascular smooth
muscle cells are known to be derived from the neural crest, neu-
ral crest-derived cells have not been reported in the vascular
endaothelium in previous studies (Etchevers et al., 2001; Joseph
et al., 2004). To corroborate our observations, we examined
the BM in adult Wnt1-Cre/Floxed-EGFP mice. Although a similar
number of EGFP™ cells was observed, the EGFP* cells did not
exprass endothelial cell or smooth muscle cell markers (Figures
S$1C and 51D). Thus, our detalled analyses using two lines of
transgenic mice demonstrated the presence of neural crest-
derived cells in the BM, but their contribution to blood vessel
formation remains unclear.

NCSCs Migrate from the Trunk Dorsal Neural Tube

to the Aorta-Gonad-Mesonephros Region and Circulate
in the Blood during Embryonic Development

To elucidate the migration route of EGFP* cells from the trunk
dorsal neural tube to the BM, we focused on the aorta-gonad-
mesonephros (AGM) region in PO and Wnt1-Cre/Floxed-EGFP
mice. During development, the first adult-type hematopoietic
stem cells (HSCs) are generated at E10.5 in the AGM region
and migrate via the blood stream to the BM in the late embryonic
period (Medvinsky and Dzierzak, 1996; Muller et al., 1994), Mes-
enchymal stem cells (MSCs) are also generated in the AGM
region at E11.0, migrate in the blood stream, and are found in
the neonatal BM (Mendes et al,, 2005). We therefore hypothe
sized that neural crest-derived cells take a similar route to the
BM, migrating from the dorsal neural tube to the AGM region,
from which they then travel through the blood stream to the
BM. Anti-GFP immunostaining revealed EGFP* cells migrating
from the trunk dorsal neural tube to the AGM region in E11.0
PO-Cre/Floxed-EGFP mice (Figura 3A). Thesa EGFP" cells
were 100% positive for p75 and 50.6% positive for Sox10,
2001; Stemple
ting that a por-
re NCSCe
vrosing !|‘_|.fl

both known as NGSC markers (Paratore &t al.,
and Anderson, 1992) (Figures 3B ant
tion of the EGFP* calls in the AGM re

most of the EGFP* cells were pos

AtE12.5,
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(TH), a marker of catecholaminergic neurons that make up the
para-aortic plexus (Figure 3D), raising the possibility that
EGFP* Sox10" cells at E11.0 were neuroblasts that differenti-
ated into TH" neurons at E12.5. However, the small number of
WEGFP*calsﬂmimadedmaanmmpoaﬂhefup?S
and Sox10 (Figures 3E-3H), suggesting that the cells entering
the blood vessel were NCSCs. None of the EGFP* cells at the
p&ipheryufanﬂampnslﬂvelorGFAP(Figuraalj.nﬁngom
the possibility that the EGFP* cells are newly amived Schwann
cells that are migrating along the vasculature. EGFP* p75° cells
were also observed in peripheral blood at E12.5 by immunohis-
tochemistry (Figures 3J and 3K), and analysis of
the blood taken from E13.5 to E15.5 mice detected EGFP* cells
(Figure 3L). In E14.5 mice, revealed
EGFP* Sox10°* cells in the fetal liver (Figures 3M and 3N). After
E18.5, no EGFP" cells were detected in the circulating blood
(Figure 3L). Similar results were observed inthe AGM region, pe-
ripheral blood, and fetal liver in Wnt1-Cre/Floxed-EGFP mice
(FigureSS}.ThmubaavaﬂonawggeatthutNCSCsmmmm
the blood to the BM via the AGM region, specifically during
E12.5-E15.5, similar to HSCs.

Sphere-Forming Capability of Neural Crest-Derived
Cells from Adult Mice

To compare neural crest-derived cells from the DRG, WP, and BM,
cells from these tissues were collected from postnatal 2-, 4-, 8-,
and 13-week-old P0-Cre/Floxed-EGFP mice, and their EGFP
expression was analyzed by flow cytometry. The frequency of
EGFP‘odlsﬁwu%mwaszawmmaga
and decreased over time (Figures 4A and 4B). The same result
was observed in Wnt1-Cre/Floxed-EGFP mice (Figure S4A). Inter-
estingly, the number of EGFP* calls collected from the BM
incmanadwtunﬂ\ebonmmmmmmmlagm.lw
collagenase releases BM cells that adhere tightly to the bone
{Funk et al., 1984), this suggests that the neural crest-derived cells
observed histologically were tightly associated with the BM
surface.

Thae formation of neurosphere-like spheres from neural crest-
derived tissue has been reported (Fernandes et al,, 2004; To-
mita et al., 2005; Yoshida et al., 2006) using culture procedures
similar to neurosphere-culture protocols for cells of the central
nervous system (CNS) (Reynolds and Weiss, 1992). To confirm
the capability of neural crest-derived cells to proliferate and
form spheres, EGFP* and EGFP~ cells from the DRG, WP,
and BM of 8-week-old PO-Cre/Floxed-EGFP mice were col-
lected by flow cytometry and cultured at a density of 5 x 10°
cells/ml (Hulspas et al., 1997) in serum-free sphere-forming

medium containing human epidermal growth factor (EGF), hu-
man fibroblast growth factor 2 (FGF2), and B27. The EGFP*
cells proliferated to form spheres that were morphologically
similar to CNS neurospheres after 14 days (Figure 4C). When
cultured at the same density, the highest number of spheres
was formad from cells dérived from the DRG and the lowest
from the BM (Figure 4D). Cultured EGFP~ cells derived from
the DRG and BM did not form spheres, but those from the
WP did, albeit at a much lower frequency than the EGFP* cells
(Figure 4D). Sphere-forming capacity and tissue-specific
sphere-forming efficacy in cells from adult Wnt1-Cre/Floxed-
EGFP mice were similar to those from PO-Cre/Floxed-EGFP
mice (Figures S4B and S4C). These results indicate that neural
crest-derived cells capable of proliferating Into spheres exist in
the adult DRG and BM in addition to the WP, which has been

previously reported.

Spheres Derived from Each Adult Tissue Contain
Multipotent NCSCs .

Previous reports have ‘characterized NCSCs by their ability to
self-renew and thelr capacity for multilineage differentiation
(multipotency) into neurons, glial cells, and myofibroblasts
(Morrison et al., 1999; Shah et al., 1996). To evaluate the differ-
entiation potential of EGFP* spheres generated from sorted
EGFP"* cells, we cultured EGFP* spheres from the three tissue
sources of adult PO-Cre/Floxed-EGFP mice for 10 days in 10%
serum-containing differentiation medium. The differentiated
cells were identified by triple immunostaining: neurons by (-1l
tubulin, glial cells by glial fibrillary acidic protein (GFAP), and
myofibroblasts by SMA. EGFP* spheres from all three sources
demonstrated trilineage differentiation potential (Figure 5A), but
the differentiation preference differed depending on the tissue
source (Table 1). Most of the DRG-derived spheres showed trili-
neage differentiation potential (NGM, 74.69), but the frequency
was significantly lower in the WP- and BM-derived spheres
(NGM, 7.3% and 3.3%, respectively). The WP-derived spheres
displayed a bilineage differentiation tendency into neurons and
myofibroblasts (NM, 91.6%), while most BM-derived spheres
differentiated into myofibroblasts (M, 64.6%), suggesting that
EGFP”* cells derived from the WP and BM are mostly lineage-
restricted progenitors, with only a small possessing
multilineage differentiation potential. In addition, when EGFP*
DRG-derived spheres were cultured in differentiation medium
containing 5-bromo-2'-deoxyuridine (BrdU) (Figure 5B), all three
resulting cell types (N, M, and G) were positive for BrdU.
Therefors, these three cell types from DRG-derived spheres
probably originated from mitotic precursor cells within the

Figure 2. EGFP* Cells C ik to Vi lar Endothelial and S th Muscle Cells in the BM of P0-Cre/Floxed-EGFP Mice
(A=C) EGFP" cells wers detected along vasculature in the tibla,
cmwmmw-mm1wmmmmmrumtm iration of phages, CD45* calls were removed before

analysis.

lE-uTri-plernmmmaunmiorGFF,PEO\M-Lwmmmtmm-mmmwmmwmasmmdmnhcm
cortex (outer surface indicated by dotted lines), (- High-magnification views of the boxed areas In (E)-{H), respectivaly. Note the EGFP* endothelial cells

(arrowheads) and smooth muscls cells {arrows).

(M-F) Triple immunohistochemistry for GFP, PEGAM-1, and PDGFRR,
endothaiial cells.

Th head indicates EGFP* PECAM-1*

and smoott

pency

(Q-T) EGFP” cells were also positiva for VE-cadherin, a marker for endothelial cells (arrowheads).

(U=X) In triple-transganic mice encoding PO-Cra/Floxed-EGFP/FIt1**2, EGFP* cells wara positive for PEGAM-1 and fi-gal (; h
oletic cells. Scale bars, 50 wm In (AM(C), 200 ym in (E)-{H), and 20 ym In M=)

en and

da). Fit1 is axpressed in
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Figure 4. Isolation and Sphere-Forming Capacity of Neural Crest-Lineage Cells Derived from the DRG, WP, and BM in Adult PO-Cre/

Floxed-EGFP Mice

(A) Representative EGFP-gated flow-cytometric analysis charts of cells from the DRG, WP, and BM of postnatal 2-, 4-, 8-, and 13-week-cld mice. In the BM, the

number of collected EGFP* cells increased with collagenase treatment.

(B) The number of collected EGFP* cells from all three sources decreased with sge (mean = SEM, n = 3 par group).

(C) Phase-contrast and direct EGFP-fluorescent images showing spheres formed from EGFP* cells after 14 days I culture, Scals bar, 50 um.

(D) The percentage of sphere-forming cells found in each tissue source was assessed by culturing EGFP* and EGFP™ cells from sach source at a cell dansity of
5 % 10° celis/ml and counting the number of spheres formed (mean = SEM; n = 3 per group: ™p < 0.01: {, no sphere obsarvad). The highest percantage of sphera-
forming cells was observed in the DRG, and the WP was the only source with EGFP~ cells capables of forming spheres.

spheres and did not represent contamination of postmitotic cells
from the original tissue,

Recent reports have questioned the validity of “clonal density”
cultures (Jessberger et al., 2007; Singec et al., 2006), demon-
strating that CNS neurospheres are motile structures that can
fuse even at cellular concentrations previously regarded as
“clonal” (Hulspas et al., 1997). To assess the possible effects
of sphere fusion in our culture protocol, we examined the
differentiation of spheres cultured in medium containing 0.8%
methylcellulose (Figures S5A-S5C), This method, which we pre-
viously reported (Yoshida et al., 20086), effectively prevents
sphere fusion, resulting in spheres that are more than 90%
clonal. Differentiation studies of these clonal spheres yielded
results similar to those shown in Table 1 (Figure S50), indicating

that the influence of sphere fusion was quite limited. Results from
adult Wnt1-Cre/Floxed-EGFF mice corroborated data from adult
PO-Cre/Floxed-EGFP mice, revealing the formation of clonal
spheres from the DRG, WP, and BM that possessed a similar
differentiation preference (Figures S4B-S4E),

To assess the self-renewal capacity of the EGFP* spheres,
secondary sphere-forming assays were conducted, EGFP*
spheres derived from each tissue source of PO-Cre/Floxed-
EGFP mice were independently placed intoc one well of
a 96-well plate, dissociated Into single cells, and cultured in
sphere-forming medium. The frequency of secondary sphere
formation was highest in cells derived from the DRG
(Figure 5C), confirming that, of these three sources, the DRG
contains the highest fraquency of NCSCs,

(G~)) At E12.5, most EGFP* cells at the periphery of the aorta wers positive for p75 and Sox10 but negative for GFAP,
{J and K) EGFP* p75" calls ware cbassrved in the peripheral biood of E12.5 mice (boxed area in [} magnifiad in [K]).
(L) EGFP-gated flow-cytometric analysis charta of embryonic and postnatal blood cells. EGFP® cells were detected from E13.5 and E15.5, but not at E18.5 or after

birth, Transvarse axis indicates forward scatter (FSC),

(M and N) AtE14.5, EGFP* cells were observed in the liver, Some wete positive for Sax10, indicating that NCSCs exist in the fiver. Scals bars, 100 um in A)={F), (),

and (M); 50 um in (G-, and (N); and 20 pm in {K).

Cell Stemn Cell 2, 362-403, April 2008 ©2008 Elsevier Inc, 397
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A Bm-lLIbLlliﬂ GFAP SMA Figure 5. Differentiation and Secondary

Sphere-Forming Capacity of EGFP*
Spheres Derived from the DRG, WP, and
BM in Adult PO-Cre/Floxed-EGFP Mice

(A) EGFP* spheres formed from esach tissue
source differentiated into neurons, giial cells, and
myofibroblasts. Scale bars, 50 um

(B) DAG-derived spheres ware cultured in medium
containing BrdU. Cells double positive for BrdlU
and each cel-type-specific marker were ob-
served. Scale bar, 25 pm.

(C) When thesa spheres weara dissoclaled, the
DRG-derived cells formed the greatest number
of secondary spheres, indicating their high capac-
ity for self-ranewal (mean + SEM; n = 3 per group;
*p < 0.05),

EGFP mice were analyzed by semiquan-
titative AT-PCR for various markers, es-
pecially neural crest-associated genes
(Figure 6A), The following were prepared
from each adult tissue source: noncul-
tured EGFP~ and EGFP* cells, cultured
spheres, and cells differentiated from
spheres. The noncultured cells showed
varying tissue-source-dependent gene
expression patterns. EGFP® cells from
the DRG strongly expressed the known
NCSC markers Sox10 and p75. Although
their expression of the neural crest
markers Snail, Slug, Twist, Sox9, and
Pax3 was lower or undetectable com-
pared to EGFP™ cells, most of these
markers were expressed after culture,
The expression of neural crest-associ-
ated genes was quite similar in EGFP*
and EGFP™ cells from the WP, whereas
in the BM, their expression was
c significantly higher in EGFP" cells com-
pared to EGFP™ cells.

For the EGFP™ spheres, although the
expression frequencies of neural crest-
assoclated genes differed, the spheres
from all three tissues generally expressad
most of the neural crest-associated
genes. By comparison, CNS neuro-
spheres derived from the E14.5 striatum
did not exprass the neural crest-associ-
ated genes Snail, Slug, Twist, p75, or
Pax3, They expressed sox9 and sox10

= =< NN WW
QU‘IDU‘IDU‘IDU‘I

Secondary sphere

formation (%)

ase
DRG WP BM deeaply in development of the
CNS (Stolt et al,, 2003, 2004). Nkx6.1
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Table 1. Differentiation Potential of Spheres Derived from DRG, WP, and BM of Adult P0-Cre/Floxed-EGFP Mice

Frequancy of Sphere Types (Percent + SD)

NGM GM

NM NG

Eww-wmmmumumhMmummmmmmmm

ation potential of 100 spheres from each tissue source was individually examined, and each sphere’s ability to differsntiate into sach cell type was
determined: N, neurons; G, glial cells; M, myofibroblasts (mean + SD, n = 3 per group). Spherss derived from the DRG showed a significantly higher
frequency of trilineage differantiation potential (N + G + M) than the spheres from other sources p < 0.05 by Kruskal-Willis test). Of the spheres derived

from the BM, 7.3% were negative for all three lineage markers.

(Y.0. and H.0., unpublished data). These results indirectly sug-
gest that the examined cells did not have ventral identities and
do not conflict with the fact that they are developmentally de-
rived from the dorsal neural tube, where neural crest cells origi-
nate,

EGFP* Cells of the DRG Strongly Express NCSC Markers
in Adult PO-Cre/Floxed-EGFP Mice

To quantify the expression of the NCSC markers Sox10 and p75
in fresh noncultured EGFP" cells and in spheres cultured for 2
weeks, we performed real-time PCR (Figure 6B). Sox70 and
p75 expression was higher in both the noncultured cells and cul-
tured spheres from the DRG compared with those from the WP
and BM, suggesting that there is a higher proportion of NCSCs
in the DRG. However, since these genes are also expressed in
specific neurons and glial cells (Kaplan and Miller, 2000; Paratore
et al., 2001), we examined the expression levels of Nestin and
Musashi1. Although they are used as markers for undifferentiated
cells in the CNS (Lendahl et al., 1890; Sakakibara et al., 1996),
they are also expressed in neural crest-derived sphere initiating
cells from the heart (Tomita et al., 2005), cornea (Yoshida et al.,
2006) and gut (A. Hotta, §.S., and H.0., unpublished data). Since
It has been suggested that Nestin and Musashil expression may
reflect an undifferentiated state (Tomita et al., 2005), their high
expression in spheres generated from the DRG also suggests
that the DRG contains the highest proportion of NCSCs, and their
increased expression after culture suggests that these NCSCs
proliferate in culture when spheres are formed,

DISCUSSION

In the present study, by using the double-transgenic mouse
strains PO and Wnt1-Cre/Floxed-EGFP, we examined multiple
tissues and organs to map the presence of neural crest-derived
cells. We discovered the existence of multipotent NCSCs in the
BM and DRG of adult rodents along with the praviously reparted
facial WP. However, analysis of these cells revealed interesting
differences that were specific to the tissue source. Careful con-
sideration of these differences will be necessary if these cells are
to be recruited for cell transplantation treatments,

Our histological analysis of adult PO and Wnt1-Cre/Floxed-
EGFP mice revealed EGFP* cells in the BM (Figure 1 and
Figure §1). Using flow cytometry, we collected EGFP* BM calls
that proliferated to form spheres (Figure 4). Although the
frequency was low, compared with the other lissue sources,

multipotent NCSCs were present in the BM. Clonal spheres
with a trilineage differentiation potential into neurons, glial cells,
and myofibroblasts were observed, and dissociated cells from
these spheres formed secondary spheres (Figure 5, Figures S4
and 85), The presence of NCSCs in the BM is also supported
by a recent report using the same PO-Cre reporter mice to dem-
onstrate that a portion of MSCs in the BM of the lower extremities
are of neural crest lineage (Takashima et al., 2007). Furthermore,
we have unpublished data showing that NCSCs contribute to
produce a subpopulation of MSCs in tha BM. At the embryonic
stage, NCSCs differentiate into many types of neural crest
lineage cells, most of which are marked with EGFP in PO and
Wnt1-Cre/Floxed-EGFP mice. We prospectively isolated
EGFP* MSCs from the BM of PO and Wnt1-Cre mice using
flow cytometry and identified that EGFP* MSCs could generate
osteocytes, chondrocytes, and adipocytes (S.M. and Y.M.,
unpublished data). Together with Nishikawa's report, these find-
ings show that a certain population of MSCs in the BM originates
from multipotent NCSCas.

Since a previous report indicated that Wnt1 is expressed in the
BM of adult rodants (Almelda et al.,, 2005), we cannot rule out the
possibility that the EGFP* labeling in the BM of adult Wnt1-Cre/
Floxed-EGFP mice was due to the ongoing expression of Wnt1 in
the adult BM rather than reflecting a history of Wnt1 expression
In the embryonic neural crest lineage. However, we found that
the sphere-forming potential and differentiation tendency of
EGFP* cells from the BM of Wnt1-Cre/Floxed-EGFP mice were
similar to those from P0-Cre/Floxed-EGFP mice (Figure S54), sug-
gesting the presence of NGCSCs among the EGFP* cells in the
BM of adult Wnt1-Cre/Floxed-EGFP mice. The BM stem cells
reported in other studies differentiated into neurons and glial
cells In vitro and In vivo and also In transplantation experiments
(Fernandez et al., 2004; Jiang et al.; 2002). Although transdiffer-
entiation or dedifferentiation has been suggested to explain this
phenomenon, our results demonstrating the presence of NCSCs
in the BM indicate that this differentlation potential may reflect
that of NCSCs of the BM. It will be interesting to clarify the rela-
tionship between the NCSCs described in the present study and
the BM-derived stem cells that are reported to generate neural
cells in vitro (Kohyama et al., 2001).

Hematopoiesis is Initiated in the yolk sac at the embryonic
stage and is successively transferred to the AGM region, fetal
liver, and BM with time (Dzlerzak and Speck, 2008). Using two in-
dependant Cra lines, we detected NCSCs in the AGM region, fe-
tal liver, and BM during a time frame that coincided with the
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period of hematopoiesis of each site, suggesting that NCSCs
join the migration pathway of hematopoietic cells on the way to
the BM from the embryonic period through adulthood. Our pres-
ent findings conceming the migration stream of NCSCs imply an
undiscovered relationship between NCSCs and hematopoiesis,
The DRG is derived from the neural crest. Although several
groups have demonstrated the existence of NCSCs in the em-
bryonic DRG (Leimeroth et al., 2002; Paratore et al., 2001), we
confirmed their axistence in the DRG of adult roadents. Recantly,
DRG-derived sphere-initiating cells were reported in aduit
rodents, but their origin and potential were not elucidated (LI
et al., 2007). In our present study, using PO and Wnt1-Cre re-
porter mice, we demonstrated that the observed cells were of
naural crest lineage. Furthermore, examination of the spheres
formed through a valid clonal culture mathod confirned the
presance of cells with stem cell-like properties in the DRG of
Call Stem Call 2, 2008 Elsavier Inc.
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Figure 6. Expression Patterns of Embryonic
Neural Crest-Specific Markers In Adult
PO-Cre/Floxed-EGFP Mice
(A) Semiquantitative RT-PCR was conducted to
evaluate the mRNA expression of various NCSC
markers. Four types of cells were examined for
sach tissue source: EGFP- and EGFP* cells
freshly fractionated by flow cytometry, EGFF*
spheres after 14 days In culture, and differentiated
cells. Total ANA from a whole E11.5 embryo was
collected as a positive control. The exprassion fre-
quencies of neural crest-lineage markers from the
thres tissus sources were variable and quite differ-
ent from the CNS-type neurcspheres cultured
from the striatum of an E14.5 mousa (CNS sphera),
The ventral marker NixE. 1, observed In ES-cell-
pheres i by Shh induc-
tion, was not observed in any of the EGFP™ neural
crest-darivad sphares.
B) G PCR y signifi-
cantly higher expression of the NCSC markers
Sox10 and p75 in tha calls derived from the adult
DRG. Immature stem/progenitor specific markers
Nestin and Musashi1 were also highly expressed
in the DRG-derived spheres. “p < 0.05, *p < 0.01.

CNS sphere

ES de

t

At ot b ™

adult mice. Compared with the cells de-
rived from the WP and BM, the neural
crest-derived cells of the DRG contained
a higher proportion of tripotent cells and
displayed a greater ability to foom sec-
ondary spheres (Figure 5 and Table 1).
The expression levels of the NCSC
markers Sox10 and p75, and markers
for undifferentiated stem/progenitor
cells, Nestin and Musashil, were also
higher in the DRG-derived EGFP* cells
from adult PO-Cre/Floxed-EGFP mice
(Figure 6B), suggesting that the DRG
contained the highest proportion of
NCSCs of the tissues studied. The origin
of the NCSCs in the DRG is presently un-
known. The DRG develops from two
sources: neural crest cells that follow the ventromedial pathway
and BC cells that originate from the dorsal root entry zone (Maro
et al., 2004). BC cells are also neural crest-derived populations
that transiently occupy the dorsal entry and ventral exit points
of trunk spinal nerve roots during peripheral nervous system de-
velopment (Altman and Bayer, 1984; Niederlander and Lums-
den, 1996). Since embryonic BC cells include multipotent
NCSCs (Hjerling-Leffler et al., 2005), It is possible that NCSCs
originating from the BC migrate to and remain in the DRG until
adulthood.

The presence of NCSCs In the facial skin and whisker follicle
was raported previously (Fernandes et al., 2004; Sieber-Blum
at al., 2004}, and our results confirm their existence. An interest-
ing finding was the formation of spheres from EGFP~ cells of the
WP of PO and Wnt1-Cre/Floxed-EGFP mice, although at a signif-
icantly lower percentage than the EGFP” cells (Figure 4D and
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Figure S4C). These EGFP~ spheres may develop from stem/pro-
genitor cells with an origin other than the neural crest, such as the
keratinocyte stem cells of the epithelium (Kobayashi et al., 1993).
However, since the gene expression profile of EGFP™ cells was
similar to that of EGFP* cells, this seems unlikely (Figure 6A), An-
other possible explanation for their presenca is transgene silenc-
ing through epigenetic modifications such as DNA methylation,
which can weaken EGFP expression (Turker, 2002). When
EGFP~ spheres were cultured in medium containing the deme-
thylating agent 5-azacytidine, we observed EGFP expression
in some of them (data not shown), suggesting that DNA methyl-
ation-mediated transgene silencing partially accounts for the
prasance of EGFP~ spheres.

Qur results from culturing and characterizing NCSCs from the
adult BM, DRG, and WP revealed significant tissue-source-de-
pendent differences. Similarly, NCSCs from the embryonic gut
and sciatic nerve exhibit heritable, cell-intrinsic differances in
their responses to lineage-determination factors in vitro and
in vivo (Bixby et al., 2002). Factors that come into play during
the segregation, migration, and maintenance of neural crest cells
have been proposed to explain these differences in NCSC char-
acteristics. In the premigratory neural tube, a gradient of multiple
signals is present along the rostrocaudal neuraxis, affecting the
premigratory neural crest calls (Abzhanov et al., 2003; Lwigale
et al., 2004). Once the neural crest cells separate from the neural
tube, they are exposed to a multitude of factors through their path
of migration, and NCSCs that survive in each respective tissus
are affected by factors within that tissue (Couly et al., 2002;
Trainor et al., 2002). There are also differences between embry-
onic and postnatal stages, as revealed In a study showing differ-
ences between fetal and adult gut NCSCs (Kruger et al., 2002).
Therefore, it may be unrealistic to attempt to characterize NCSCs
as a single population, since those from different sources display
different traits. Instead, it will be important to understand these
differences and to elucidate the molecular mechanisms for the
maintenance and lineage determination of NCSCs in each tissue.

NCSCs are attracting Increasing interest as potential candi-
dates for cell fransplantation therapy of nerve trauma and dis-
ease, because they are present in tissue that can be harvested
from the patient. This allows for autologous transplantation,
avoiding immunological complications as well as the sthical
concerns associated with embryonic stem cells. We isolated
and examined NCSCs from adult tissues with this in mind and
discovered that NCSCs from different tissues had distinct char-
acteristics. Further study of these NCSGs will hopefully lead to
the culture and transplantation of NCSCs most appropriate for
the lesion recaiving treatment.

EXPERIMENTAL PROCEDURES
Animals
Transgenic mice Cre r i under contral of the PO

promaoter (PO-Cre) {Yamnudn et al, 1988) and Wnt1 promoter/enhancer
(Wnt1-Cre) (Danielian et al, 1998) were mated with EGFP reporter mice
(CAG-CAT -EGFF) (K st al,, 2000) to obtain PO-Cra/Floxed-
EGFP and Wnt1-Cre/Floxed-EGFP dauble-transgenic mice. Mice heterczy-
gous for a null allele of FNY (FIt1°%5%) Fong et al,, 1995) were crossed to
PO-Cra/Floxed-EGFP  double-transgenic mice to obtain PO-Cra/Flaxed-
EGFP/FIN1'™Z triple transgenic mice. Adult wild-type mice wers purchased
for mating from CLEA Japan. All experimental procedures wers approved by

the ethics committes of Kelo Uni y and wars in i with the Guide
for the Care and Use of L Y is (U.S. | Institutes of Health).
Immunohistochemistry

For histological i ples were fixed in 4% paraformaldehyde (PFA)

mmmwwmmmummtmm
were used as primary antibodies: anti-green fluorescent protein (GFP) (rabbit
IgG, 1:500, MBL, and goat IgG, 1:200, Santa Cruz Biotechnalogy), Sox10
(goat IgG, 1:200, RAD Systems), p75 (rabbit IgG, 1:500, Ghemicon), TH (sheep
bs.mon chmmn.mmwm 1:200, Aves). Immunoreactivity was

y antibodies conjugated with Alexa 488 or Alaxa 568
Mw Nudw g was p with Hoschst
MHOWMWMLMWMM”M:M
laser scanning microscope (LSM510, Carl Zelss), Whole-mount preparation of
tibias and immunostaining were performed as described (Kubota et al., 2008).

Preparation of DRG, WP, and BM Cells

Juvenile (14-28 days) and adult (2-12 manths) PO-Cra/Floxed-EGFP mice
were deeply anesthetized and sacrificed by cervical dislocation.

DRG

The vertebral body was dissected out, and the DRGs from C5 to L5 were
resected into HBSS® (GIBCO 14025-0082) supplamentad with 10% fetal bovine
serum (FBS; Equitech-Bio SFB30-1478) and 1% penicillin/streptomycin (P/S;
GIBCO-BAL). The peripheral nerve tissue was removed, and the DRGs were
incubated with 0.25% collagenase (Sigma C5884) in HBSS® for 30 min at
37*C. After being rinsed in PBS, the DRGs were incubated in 0.25% trypsin-
EDTA for 30 min at 37°C and hanically dissociated into DRG medi
{neurobasal medium |GIBCO 21103-048] supplemented with 20 ng/mi B27
|GIBCO}, 1% L-glucose [GIBCO), and 1% P/S). The cells wers collected by
centrifugation at 800 x g for 3 min at 4°C,

wep

Tha facial WP 1) in HBSS, and incubated in 0.3%
GMHM1MJMDMEM—F12¢GIBOOHMMM1K
PBIUSN“S?&H&WMMMWW:MIMM

Tha skin tissue was minced int il d dli d with 0.04% collage-
nue (Wako 038-10531) In DMEM-F12 for 1 hr 31 a7°C. Cell clusters ware
ically di iated in , and the was poured th g

u?cumadmmtrwmj mmtmﬂmeyMu-
gation at 480 x g for 3 min at 4°C.

am

The farmurs and tibias were dissected out and crushed with a pestie. Tha
crushed bones were washed in HBSS® (GIBCO 14175-005) supplemented
with 2% FBS, 10 mM HEPES (GIBCO 15630-080), and 1% P/S toremove hema-
topoletic cells. The bone fragr were coll d and incubated for 1 hr at
37'C in 0.2% caollagenase (Wako 032-10534) in DMEM (GIBCO 11885-084)
containing 10 mM HEPES and 1% P/S. The suspension was filtered with
a cell strainer (Falcon 2350) and collected by centrifugation at 280 x g for 7
min &t 4°C. The pellet was resuspended for 5~10 5 In 1 ml water (Sigma
W3500) to burst red blood cells, after which 1 miof 2 x PES (diluted trom Sigma
D1408) containing 4% FBS was added. The cells wera resuspended in HBSS ™,

and the was poured through a cell
Wmﬂ.ﬂcllulrdl
Flow-cy i was perf d as described previously (Matsuzaki

ot al., 2004). For detalled analysis of tha BM In PO-Cra/Floxed-EGFP mice,
BM calls were stained for 30 min on lce with PE-anti-PECAM-1 and APC-
anth-CD45 (eBioscience, CA). After collecting 1 x 10° gvents, tha fluorescencs
Intensity of PECAM-1 and EGFP in the CD45-negative call population was
plotted as a two-dimensianal dot plot.

Blood cells from embryos wers obtained by cutting the umbilical arteries and
allowing the blood to flow freely into PBS. After collacting the PBS, EGFP* calls
were |dentified by EGFP fluorescence.

Primary and Secondary Sphere-Forming Cultures

Cells from the DRG, WP, and BM were seeded at 5 x 10? cells/ml (Hulspas
et al, 1887) in a serum-free sphore-forming medium consisting of DMEM/
F-12 (1:1) (GIBCO 12100-046/21700-075) supplementsd with Insulin
(25 pg/mi), transferrin (100 pg/mi), progesterons (20 nM), sodium salanate
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(30 nM), putrescine (60 nM) (all from Sigma-Aldrich), recombinant human EGF
(100 ng/ml) (Pepro Tech #100-15), human FGF-basic (100 ng/mi) (Pepro Tech
#100-18b), and B27 {20 ng/mi) jmodified from Reynolds and Weiss [1962]).
Cells were cultured in an incubator at 37°C, 5% CO,, and half of the medium
was changed every 6-7 days. For BrdU labeling, 1 uM BrdU was added to tha
culture medium every 3 days. For clonal sphere expansion, the cells ware
cultured in the above medium with 0.8% methylcellulose (nacalal tesque
zzzza-snwuu.nd..m
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signaling cascades involving Src/ERK and phosphatidyfinositol 3-knase/
AKT. J. Biol. Chem. 280, 4134241351,

Altman, J., and Bayer, S.A. (1984). The development of the rat spinal cord. Adv.
Anat. Embryol. Call Biol. 85, 1~164,

Bhattacharyya, A,, Frank, E., Ratner, N., and Brackenbury, R. (1891). PO is an
early marker of the Schwann cell insage In chickens, Neuron 7, B31-844,
Blxby, s,muw B.M,, Mosher, J.T,, Joseph, N.M., and Morrison, S.J. (2002).

For ; : e Cel-i b stem cells from different regions of the
mnmswsunvmmummmm.m mmw gulale the g of noural diversty. }
gle- o was The cells were spun a1 860 X g for 3minat 35 843-656,
4°C and resusp 1 in the sphere culture medium. mmmawammmumuum
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Ditfersntiation Analysis

Spheres were plated on poly-D-lysinflaminin (Sigma P7405/nvitrogen 23017-
015)-coated B-well chamber slides (hwaki 5732-008) and cultured for 10 days in
the following differsntiation madium: DMEM/F12 (1:1) supplemented with 10%
FBS, without any growth factors. For immunocytochemistry, tha cells were
fixed in 4% PFA and stained with the g primary antibodies: anti-
GFAP (rabbit IgG, 1:500, Dako Z0334), -l tubulin (mouse IgG2b, 1:500,
Sigma T8660), =SMA (mouse IgG2a, 1:1000, Sigma A2547), and BrdU (shesp

mant 129, 1061-1073.

Dy P.S., Muccino, D, F D.H., Michasl, S.K., and AP,
(1988). Modification of g b inutero by at ife
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a unique population of postnatal young and old human celfls with axtensive
expansion and differentiation potential. J. Cell Sci. 117, 2071-2881.
Diierzak, E., and Speck, N.A. (2008). Of lineage and legacy: the development

Ig@, 1:500, Fitzg 20-B517). Secondary antiboties wers the folk
anti-mouse 1gG2b (Alexa 488 A-21141), ant-mouse IgGiZa {Alexa 350
A-21130), anti-rabbit IgG (Alexa 568 A11036), and antl-shesp IgG (Alexa 568
a—mmnmm mmmmmmma
p 2 Plus; Carl Zeiss).
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Introduction

Dendritic cells (DCs) have the ability to prime T cells to
produce immune responses against viruses, bacteria and
tumours. When immature, DCs can capture and process
exogenous antigens; following maturation, they enhance
the expression of both major histocompatibility complex
(MHC) class I1 and costimulatory molecules, and migrate
to lymphoid organs, where they stimulate potent antigen-
specific T cells."” Because of their high ability to activate
cytotoxic T lymphocytes, DCs are regarded as a useful
tool in cancer immunotherapy and are currently being
used in human clinical studies.>*
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Furthermore, we

Summary

Dendritic cells (DCs) have important functions as modulators of immune
responses, and their ability to activate T cells is of great value in cancer
immunotherapy. The isolation of DCs from the peripheral blood of rhe-
sus and African green monkeys has been reported, but the immune sys-
tem in the common marmoset remains poorly characterized, although it
offers many potential advantages for preclinical studies. In the present
study, we devised methods, based on techniques developed for mouse and
human DC preparation, for isolating DCs from three major tissue sources
in the common marmoset: bone marrow (BM), spleen and peripheral
blood. Each set of separated cells was analysed using the cell surface DC-
associated markers CD11c, CD80, CD83, CD86 and human leucocyte
antigen (HLA)-DR, all of which are antibodies against human antigens,
and the cells were further characterized both functionally and morpholog-
ically as antigen-presenting cells, BM proved to be an excellent cell source
for the isolation of DCs intended for preclinical studies on cell therapy,
for which large quantities of cells are required. In the BM-derived
CD11c" cell population, cells exhibiting the characteristic features of DCs
were enriched, with the typical DC morphology and the abilities to
undergo endocytosis, to secrete interleukin (IL)-12, and to stimulate
Xenogenic T cells. Moreover, BM-derived DCs produced the neurotrophic
factor NT-3, which is also found in murine splenic DCs. These results
suggest that BM-derived DCs from the common marmoset may be useful
for biological analysis and for preclinical studies on cell therapy for cen-
tral nervous system diseases and cancer.

Keywords: antigen-presenting cells; primate; dendritic cells; NT-3

reported a new use of DCs for the treatment of central
nervous system (CNS) diseases such as spinal cord injury
(SCI), involving the activation of endogenous neural
stem/progenitor cells (NSPCs).”

DCs have been extensively characterized in humans and
rodents. The use of primates, instead of rodents, to exam-
ine the therapeutic effects of DC therapy is an important
step towards future clinical studies on the treatment of
SCI and cancer. Although DCs have been isolated from
rhesus and African green monkeys,*'" the characteristics
of DCs and other components of the immune system of
the common marmoset (CM) remain unclear. Therefore,
methods for the isolation of DCs from the CM and the

© 2007 Blackwell Publishing Ltd, immunology, 123, 566-574



subsequent characterization of these cells are needed for
preclinical studies.

Compared with other monkeys, the CM offers many
advantages for preclinical studies."*'* The average weight
of an adult CM is between 200 and 300 g, making it possi-
ble to handle and breed them easily on a large scale and
reducing the cost of experiments.'* Sequence analysis of
the entire CM genome is progressing at Washington Uni-
versity and the National Institutes of Health (NIH) Intra-
mural Sequencing Center, and the results of these efforts
will clarify the genetic similarity between the CM and
humans. Because of these advantages, CMs have been
widely used in many studies involving gene therapy,'™'®
bacterial infection,'” toxicology'® and immunology.'®2”
The usefulness of a CM model for studies on CNS diseases
has also been shown for Parkinson's disease,”' stroke,”
Huntington disease,” multiple sclerosis,’*** anxiety®® and
SCL¥?" In addition, human antibodies have been
reported to be cross-reactive to CM peripheral blood
cells,”* and a CM anti-CD34 antibody has been pro-
duced for studying haematopoietic cells.”'*? In this study,
we established methods for isolating DCs from the bone
marrow (BM), spleen and peripheral blood mononuclear
cells (PBMC) of the CM; all of these tissues contain DC
progenitor cells. Furthermore, in view of the excellent
yield of DCs from BM, we focused on the characterization
of these cells for use in preclinical studies on cell therapy.

Materials and methods

Animals

Healthy CMs (body weight 200-350 g; age 1-8 years)
were selected from experimental stock at the Central
Institute for Experimental Animals (Kawasaki, Japan) and
were killed for isolation of DCs from tissues, as described
below. All animal experiments were performed according
to the guidelines of the Animal Care and Use Committee
of the Keio University School of Medicine.

Antibodies

The cross-reactivities of the following fluorescein isothio-
cyanate (FITC)-, phycoerythrin (PE)- or allophycocyamin
(APC)-conjugated anti-human monoclonal antibodies
(mAbs) to CM were determined by flow cytometry and
were found to agree with previous results:'**® CDIa
(clone HI149; eBioscience, San Diego, CA), CDIc (clone
Ap5-8E7; MiltenyiBiotec, Bergisch Gladbach, Germany;
clone 11-86; Becton Dickinson, San Jose, CA), CD3 (clone
§P34; BD Pharmingen, San Diego, CA), CD4 (clone
MT310; DAKO Cytomation, Glostrup, Denmark), CD8
(clone T8 Beckman Coulter, Miami, FL), CDl1lc (clone
5-HCL-3; Becton Dickinson), CD14 (clone TUK4; DAKO
Cytomation; clone MSE2; BD Pharmingen), CD34 (clone

© 2007 Blackwell Publishing Ltd, Immunology, 123, 566-574
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BIRMA-K3; DAKO Cytomation), CD80 (clone MAB104;
Beckman Coulter), CD83 (clone HB15a; Beckman Coul-
ter), CD86 (clone B-T7; Diaclone, Besangon, France), and
HLA-DR (clone G46-6; BD Pharmingen).

Isolation of DCs from BM cells

Femurs and tibias were removed and left in 70% ethanol for
a few minutes before washing in phosphate-buffered saline
(PBS). Both ends were cut with scissors, and the marrow
was flushed with RPMI-1640 (Sigma, St Louis, MO) using a
plastic pipette. Cluster cells were dissociated by vigorous
pipetting and were filtered through a cell strainer (100 pm;
BD Falcon, Billerica, MA). Red blood cells were removed
using an ACK lysis buffer (BioWhittaker, Walkersville,
MD). BM cells were suspended in RPMI-1640 supple-
mented with 10% heat-inactivated fetal calf serum (FCS) at
a cell density of 2 x 107 cells/ml and were cultured at 37° in
5% CO,. After overnight incubation, suspension cells were
collected, adjusted to a cell density of 4 x 10° cells/ml, and
plated on six-well plates (Costar Corp., Cambridge, MA) in
a complete medium (cRPMI), which consisted of RPMI-
1640 supplemented with 10% FCS, penicillin and strepto-
mycin (50 U/ml; Invitrogen, Carlsbad, CA), recombinant
human granulocyte-macrophage colony-stimulating factor
(rhGM-CSF) (100 ng/ml; PeproTech, Rocky Hill, NJ), and
recombinant human interleukin-4 (rhil-4) (100 ng/ml;
PeproTech), based on the method for generating mouse
BM-derived DCs.**** The reactivity of human GM-CSF and
IL-4 on CM cells has been previously demonstrated >**
Half the supernatant was replenished with fresh cRPMI on
culture day 4, and the floating cells were collected as a DC-
enriched cell fraction on culture day 7 or 8. In this study,
DCs were also generated from CD34" BM progenitor cells
based on methods previously reported.™'' Sorted CD34*
BM cells were plated RPMI-1640 medium supplemented
with 109 FCS, 1% non-essential amino acids (Invitrogen),
| mm  sodium  pyruvate, 10 mM HEPES, rhGM-CSF
(100 ng/ml), penicillin and streptomycin (50 U/ml;
Invitrogen), recombinant human Flt-3 ligand (rhFit-3
ligand) (100 ng/ml; PeproTech), recombinant human stem
cell factor (rhSCF) (100 ng/ml; PeproTech), and tumour
necrosis factor-a¢ (rhTNF-a) (5 ng/ml; PeproTech). On cul-
ture day 2, the same amounts of cytokines were added again
to the medium. On day 5, cells were recultured in ¢RPMI
supplemented with hrTNF-a (5 ng/ml), and further cul-
tured for 1 week. For maturation, the BM cell culture was
stimulated with 1 pg/ml Esherichia coli (055:B5)-derived
lipopolysaccharide (LPS; Sigma) for 24 hr. To enrich the
CD1Ic" cell population, the floating cultured cells were
labelled with PE-conjugated anti-human CD11c mAb and
directly purified by cell sorting on Moflo (DAKO Cytoma-
tion) or further labelled with anti-PE immunomagnetic
beads (Milteny Biotec, Bergisch Gladbach, Germany) for cell
sorting on AutoMACS (Milteny Biotec).
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Isolation of DCs from spleen

Splenocytes were dissociated with Type IV collagenase
(1 mg/ml; Sigma) in Hanks' balanced salt solution
(HBSS) for 20 min at 37° and filtered out with a cell
strainer (100-pm pores; BD Falcon) after cell homogeni-
zation. These cells were suspended in a dense bovine
serum albumin (BSA) solution (p = 1.080), overlaid with
an equal volume of RPMI-1640 medium, and centrifuged
in a swing bucket rotor at 9500 g for 15 min at 4°. The
interface cell fraction was collected and analysed for cell
surface antigens by flow cytometry. Splenic CD11c* cells
were further sorted using either AutoMACS or Moflo as
described above. For maturation, the CD11c" sorted cells
were further incubated with LPS (1 pg/ml) in RPMI-1640
containing 10% FCS at 37° for 24 hr. These experiments
were repeated at least five times,

Isolation of monocyte-derived DCs

PBMC were isolated from heparinized venous blood from
CMs by gradient centrifugation using Lymphoprep (p =
1-077; Nycomed, Oslo, Norway). Using anti-human CD14
mAb, the monocytes were purified by Moflo and cultured
in cRMPI at a cell density of 5 x 10° cells/ml in a 48-well
plate (Costar Corp) for 7 days. For maturation, the 7-day
culture was stimulated with LPS (1 pg/ml) and interferon
(IFN)-y (100 ng/ml) for another 24 hr. These experi-
ments were repeated at least five times.

Flow cytometric analysis

Cells (1-5 % 10°) were stained with the above-mentioned
mAbs in PBS supplemented with 0-5% BSA for 30 min at
room temperature and washed with PBS. A flow cytomet-
ric analysis was performed using an EPICS XL (Beckman
Coulter, Miami, FL) or a FACS Calibur (BD Biosciences,
San Jose, CA). Results are given as the percentage positive
minus the background from appropriate isotype controls.
Representative findings from several independent experi-
ments were used.

Analysis of the xenogeneic mixed leucocyte reaction
(MLR)

Adult human T cells were purified from PBMC using a
magnetic microbeads separation kit [MACS human Pan
T-cell isolation Kit; Miltenyi Biotec] as responder cells.
In this study, xenogeneic human T cells were used
because of difficulties in obtaining enough allogeneic
CM T cells, referring to O'Doherty’s work.® These
responder cells (6 % 10*) were seeded into a 96-well
plate (Costar Corp.) together with titrated numbers of
irradiated DCs as stimulators in 200 pl of RPMI-1640
supplemented with 10% human AB serum. After 5 days
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of coculturing, the cells were pulsed with 10 mm
5-bromo-2 deoxyuridine (BrdU) for 24 hr and subjected
to a BrdU incorporation assay using a cell proliferation
enzyme-linked immunosorbent assay (ELISA) BrdU kit
(Roche, Nutley, N]) to measure newly synthesized DNA.
Briefly, the cells were dried (2 hr at 60°), fixed in 70%
ethanol in HCl (0-5 N) for 30 min at —20° and incu-
bated with peroxidase-conjugated mouse anti-BrdU mAb
(30 min at room temperature). The reaction of the
luminal substrate was measured using a luminometer
(ARVO mw/Light Luminescence counter; PerkinElmer
Life Sciences, Wellesley, MA). These experiments were
repeated three times.

ELISA analysis

In the MLR experiments, the supernatants (day 2) were
analysed for human [FN-y (Endogene, Rockford, IL)
and IL-4 (eBioscience, San Diego, CA) using the ELISA
kits. The culture supernatants of the CM DCs stimulated
with either LPS (1 pg/ml) or LPS (1 pg/ml) and IFN-y
(100 ng/ml, PeproTech) for 24 hr were analysed for IL-
12 (p70) using an ELISA kit (R & D Systems, Minnea-
polis, MN). Lysates of BM-derived DCs and spleen
tissue were assayed for neurotrophic factor NT-3 and
brain-derived neurotrophic factor (BDNF) using an
ELISA kit (Emax Immuno Assay System; Promega, Mad-
ison, WI). These experiments were repeated three times.

Analysis of endocytotic activity

The endocytotic activity of the DCs was measured as
described previously.”® BM-derived CD11c* cells were
incubated with dextran-FITC (1 mg/ml; Sigma) at either
4° or 37° for 30 min in cRPMI. After washing in PBS, the
cells were analysed using a FACS Calibur. For the immu-
nocytochemical analysis, PE-labelled CD11c* cells were
incubated with dextran-FITC (1 mg/ml; Sigma) at either
37° or 4° for 2 hr.

Immunocytochemical analysis

Cells were fixed in 4% paraformaldehyde in PBS
for 20 min at room temperature and incubated with
PE-comjugated anti-CDllc mAb and FITC-conjugated
anti-HLA-DR mAb in antigen dilution solution (DAKO
Cytomation) for 2 hr at 37° followed by counterstaining
with 4'-6-diamidino-2-phenylindole (DAPI). Images were
obtained using a confocal scanning laser microscope
(LMS510; Carl Zeiss, Tokyo, Japan).

Statistical analysis
All statistical analyses were performed using the Student

r-test.

© 2007 Blackwell Publishing Ltd, Immunology, 123, 566-574



Results

Generation of BM-derived DCs

BM cells were cultured in the presence of rhGM-CSF
and rhiL-4. On day 7, 2-5% of the non-adherent cul-
tured BM cells (non-adherent BM) were CD11c* HLA-
DR®, indicating that more than 1x 107 of the
CD11c” HLA-DR" cells were isolated from the CM spec-
imen (Fig. 1a). More CD11c* HLA-DR” cells were gen-
erated in the presence of rhGM-CSF and rhiL-4 than in
the presence of rhGM-CSF alone (data not shown).
Although we also generated DCs from CD34" BM cells,
the number of CD11c* HLA-DR™ cells generated from
CD34" BM cells was less than one-eighth of that from
non-adherent BM cells. We then examined the change
in phenotype of the CDI1c" cells generated from non-
adherent BM and CD34" BM cells following maturation
with LPS stimulation. As shown in Fig. 1(a), with both
methods, the LPS-stimulated CD1lc* cells showed a
higher expression of CD80, CD83, CD86 and HLA-DR
than the non-stimulated CD11c" cells and these CD11c*
cells from non-adherent BM cells and CD34* BM cells
showed a similar expression pattern. Although approxi-
mately 20% of the non-stimulated CDI11c¢' HLA-DR*
gated cell population from non-adherent BM cells
expressed CD14, these cells expressed CDla (78%) and
CDlc (93%), which are known as human DC mark-
ers,’** but did not contain a CD3' population
(Fig. 1b). Therefore, we generated DCs from non-adher-
ent BM cells for further analyses.

Confocal imaging showed the colocalization of CD11c
and HLA-DR on the surface of cells with numerous den-
drites, a morphological characteristic of DCs (Fig. 1c). To
examine the functional characteristics of BM-derived CM
DCs, cytokine production, the ability to stimulate Xeno-
genic human T cells, and endocytotic activity were analy-
sed. As shown in Figs 1(d) and 2, the LPS-stimulated
CD11c" cells secreted IL-12 and caused a proliferation of
Xenogenic human T cells in a dose-dependent fashion,
indicating their potency as antigen-presenting cells. The
BM-derived CD11c" cells incubated at 37° incorporated
more dextran-FITC than the cells incubated at 4°, and
the LPS-stimulated CD11c* cells (mature type) showed a
lower endocytotic capacity than the non-stimulated
CD11c" cells (immature type), consistent with the func-
tional features of DCs (Fig. 3). Furthermore, an ELISA
analysis revealed that human T cells cocultured with the
LPS-stimulated CD11c” cells secreted IFN-y but not IL-4,
suggesting that BM-derived CD11c* cells in CMs could
induce T helper type 1 (Thl) immune responses similar
to those induced by human DCI (Fig. 4). Taken together,
the results from the phenotypic and functional analyses
suggest that BM-derived CD11c" HLA-DR" cells have the
characteristic features of DCs.
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Figure 1. Charac of bane (BM)-d d dendriti

cells (DCs) from commeon marmosets (CMs). (2) Expression of
CD80, CD83, CD86 and human leucocyte antigen (HLA)-DR in
CD11c" cells g 1 from non d BM cells (non-
adherent BM) and CD34" BM cells on day 7 in culture. For matura-
tion, cultured BM cells were treated with lipopolysaccharide (LPS;
| pg/ml) for another 24 hr. The numbers within the dot blots repre-
sent the percentages within the quadrant. (b) Expression of CD3*,
CDla, CD1c and CDHM in non-stimulated, non-adherent BM-derived
CDLIc” HLA-DR® cells (red line). Isotype controls are shown by a
blue line. (c) T ytochemical analysis of BM-derived DCs.
After stimulation with LPS for 24 hr, CD1lc (red) and HLA-DR
(green) were expressed on the cell surface of the dendrites. Scale bar,
10 pm. (d) Culture supernatants of BM-derived DCs treated with
LPS for 24 hr were analysed for interleukin (IL)-12 using an
enzyme-linked immunosorbent assay (ELISA).
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Isolation of splenic DCs

After the splenocytes had been dissociated, a low density
cell fraction was collected by centrifugation with dense
BSA, based on a method used to isolate mouse splenic
DCs.*** For the CM specimens, 2-4 x 10° CD11c* cells
were isolated from 1 x 107 of the BSA fractioned cells. As
shown in Fig. 5(a), the CDI1lc" CD8* population was
present in the CM spleen; this cell population is found
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Figure 2. Mature bone marrow (BM)-derived dendritic cells (DCs)
from « (CMs) stimulated the proliferation of
xenogeneic human p-n T cells, BM-derived CD11c" cells with or

hout li lysaccharide (LPS) (1 pg/ml) were cocul-
tured at r.he mdlr.u:d ratio with xenogeneic human pan-T cells
(6 % 10%) for 5 days. A 5-bromo-2' deoxyuridine (BrdU) incorpora-
tion assay showed that the BM-derived CDIlc" cells treated with
LPS induced higher proliferation of Xenogenic T cells than the
untreated BM-derived CDI1lc" cells. The CDl1lc* HLA-DR® cells
constituted approximately 2% of the untreated CDIIc™ cell fraction
and 4% of the LPS-treated CDI11c* cell fraction, respectively.
The mean + standard deviation for duplicate wells is shown.
**P < 0-01. CPS, counts per second.
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Figure 3, Immature bone marrow (BM)-derived dendritic cells
(DCs) exhibit endocytotic activity. (a) BM-derived CD11c* cells
stimulated with lipopolysaccharide (LPS; 1 pg/ml) or left untreated
were incubated with dextran-fluorescein isothiocyanate (FITC) for
30 min at either 37° (shaded blue histograms) or 4° (green line) as
a control for background passive uptake. The red line shows an
isotype control. (b) Immature BM-derived DCs labelled with a
phycoerythrin (PE)-conjugated anti-CD1lc monocolonal antibody
(mAb) were incubated with dextran-FITC at 37° or 4* for 2 hr
Confocal microscopy imaging showed fluorescent microspheres
(green) in the cytoplasm of immature BM-derived CDI1lc" cells
(red) incubated at 37°, but not in cells incubated at 4°. Scale bar,
10 pm.
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Figure 4. Interfs (INF)-y ion from | T cells in a

xenogeneic mixed leucocyte reaction (MLR). The supernatants
(2 days) of humm pln T cells (6 x 10* cells/well) cocultured with

di lipopoly ride (LPS)-treated bone marrow (BM)-
dmv:d CD11c™ cells (3 % 10 cells/well) were assayed for INF-y and
interleukin (IL)}-4 using an enzyme-linked immunosorbent assay

(ELISA). Data are shown as the mean + standard deviation.

in mouse DCs. In mouse splenic DCs, the number of
CD11c" CD4" DCs is approximately 2-3 times that of
CD1ic* CD8* DCs*™ In  contrast, the number
of CDIlc" CD8" cells was similar to the number of
CD11c" CD4" cells in the CM spleen (Fig 5a). The
CD11c” CD4" cell population has been identified in
human splenic DCs,** whereas the cells of the monocyte/
macrophage lineage also express CD1lc and CD4. There-
fore, CD11c" CD4" cells in the CM spleen may contain
some monocytes/macrophages. In the splenic CD11c’
cells, the expression of HLA-DR and CD86 was increased
by LPS stimulation (Fig. 5b). Upon LPS stimulation, the
splenic CD11c" cells secreted higher amounts of IL-12
than the untreated CD11c" cells (Fig. 5¢). The MLR anal-
ysis revealed that these CD11c" cells treated with LPS
induced a stronger effect on the proliferation of xenoge-
neic human T cells (Fig. 6). Thus, the splenic CD11c"
cells exhibited the functional features of DCs.

Generation of monocyte-derived DCs

Approximately 5 x 10° of the CD14" monocyte cells, less
than 5% of the PBMC, were isolated from 10 to 15 ml
of CM peripheral blood and were cultured in cRPMI
including rhGM-CSF and rhiL-4 for 7 days. Although
the yield depended on the individual CM specimens and
approximately 209 of the cultured cells still expressed
CD14", 1-2 x 10° CD11lc" HLA-DR" cells showing the
morphological characteristics of DCs were generated
from one CM (data not shown). In monocyte-derived
CDI11c" cells, the expression of both HLA-DR and
CD86 was increased by LPS and IFN-y costimulation
(Fig. 7a). IL-12 was also secreted from these cultured
cells after stimulation with LPS and IFN-y (Fig. 7b).
Moreover, these monocyte-derived cells stimulated the
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