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Osteoclast Lineage

Toshiyuki Yamane, Hiromi Okuyama, Motokazu Tsuneto, Hiroaki Hemmi, Hidetoshi Yamazaki, and Shin-Ichi Hayashi

Introduction

Osteoclasts are hematopoietic cells that have bone resorbing
activity and participate in bone remodeling and bone marrow
formation, Mature functional osteoclasts are large multinu-
clear cells consisting of multiple osteoclasts fused with each
other. Studies of spontanecusly arising and gene-targeted
osteopetrotic mice have identified molecules essential for
osteoclastogenesis. The localization and phylogenetics of
osteoclasts are thought to be strictly regulated because these
cells are only detected in association with bone.

Since embryonic stem (ES) cells have the potential to dif-
ferentiate into all cell lineages, it should be possible to derive
any cell lineage by appropriate induction of ES cells in cul-
ture. In vitro studies allow us to manipulate the process of
embryonic development and to determine exactly what is hap-
pening throughout the entire process of cell differentiation.
Moreover, if embryo-like structures could be derived from
single ES cells, not only the temporal appearance but also the
spatial location of osteoclasts could be studied. Here, we
review the biological features of osteoclast development and
show our results obtained using ES cell cultures.

Osteoclast Biology

OSTEOCLAST UNEAGE

Osteoclasts, derived from hematopoietic stem cells, partici-
pate in bone remodeling and form bone marrow cavities
through their bone resorbing activity,'* The precursors share
their characteristics with the precursors of menocytic lineage
cells, such as macrophages and dendritic cells. Osteoclasts
specifically express tartrate-resistant acid phosphatase (TRAP),
calcitonin receptor, cathepsin K, and carbonic anhydrase I1.2
They undergo cell fusion with each other, producing large
multinucleated cells containing more than 100 nuclei in some
cases, and tightly attach to and resorb bone matrices.!
Osteoclasts are located on endosteal bone surfaces and
the periosteal surface beneath the periosteum, and few are
cbserved in locations without bone.!? A lack of functional
osteoclasts results in osteopetrosis, also called “marble bone
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disease,” in which bone marrow cavities are reduced and tooth
eruption does not occur.

MOLECULES ESSENTIAL FOR OSTEQCLAST
DEVELOPMENT

Analyses of osteopetrotic mice have allowed the identification
of molecules essential for generation of the osteoclast lineage
(Table 27-1). Especially, two hematopoietic cytokines,
macrophage colony-stimulating factor (M-CSF) and receptor
activator of NF-xB ligand (RANKL, also named OPGL,
ODF, and TRANCE),* play critical roles in osteoclast
development. Mice with mutations in the gene encoding
M-CSF, namely Csf1°P/Csf1° mice,’” or in the gene encoding
its receptor, Fms, namely CsfIr-KO (gene-disrupted) mice,?
carry severe osteopetresis. The M-CSF signaling may func-
tion in cell survival, because CsfI?/Csfl°P mice carrying a
Bel2? transgene (Tg) are cured of osteopetrosis.’

Mice with gene disruption of RANKL. (Tnfsfl1), classified
in the tumor necrosis factor (TNF) superfamily, and its receptor,
RANK (Tnfrsfl 1a), show identical osteopetrotic phenotypes.'®!!
Tg mice overexpressing a decoy receptor for RANKL, osteo-
protegerin (OPG, also named OCIF; Trnfrsfl156) also harbor
osteopetrosis.12-14

Molecules acting downstream of RANKL/RANK signaling
are known to include TRAF6, NF-xB, mitogen-activated pro-
tein kinase (MAPK), and Fos, Fra-1, and Fra-2 (Table 27-1).
In vitro analysis showed that the addition of inhibitors for p38
and Erk in the MAPK pathway suppresses osteoclastogenesis.
Moreover, PU.1-null and dominant-negative MITF mutant
{Mitf™} mice carry osteopetrosis. Anti-E-cadherin antibody
inhibits cell fusion of osteoclasts. After cell fusion, bone
resorption requires Src function,'® Recently it was reported
that lack of atypical protein kinase C (PKC) scaffold protein
(Sqstm1/p62) and nuclear factor of activated T-cells, cyto-
plasmic, calcineurin-dependent 1 (NF-Atc1/NFAT?2) resulted
in osteoporosis.!&!7

ENVIRONMENT FOR OSTEOCLAST DEVELOPMENT

Fms and RANK are expressed simultaneously on osteoclast
precursor cells at particular differentiation stages. Arai et al.'®
showed that osteoclast precursors in bone marrow develop
according to the following sequence: Kit* Fms~ Mac-1%!
multipotent cells express Fms, and subsequently they lose
Kit expression and become Fms* RANK* Mac-1* precursors.
M-CSF, RANKL, and QPG are produced by osteoblasts
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TABLE 27-1
Osteopetrolic Mice

Mutated Genes Products Mice Affected Cells
Csfl MCSF: mocrophage colony-stimulating factor op Stromal cells
Csflr MCSF receptor—Fms KO Osteoclasts
Tnfsf1 1 RANKL: receptor activator of NF«B ligand KO Stromal cells
Tnfrsf1 1o RANK: receptor activator of NFxB KO Osteoclasts
Tnfrsf1 16 OPG: osteoprotegerin G Stromal cells
Trofé TRAFS: TNF receptorassociated factor & KO Osteoclasts
Fos Fos KO Osteoclosts
Fosll Fra-1: Foslike antigen 1 KO Osteoclosts
fosl2 Fra-2: Fesdike anfigen 2 KO Csteoclasts
Sic Sre KO Osteoclasts
Shoil PU.1: SFFV proviral integration 1 KO Osteoclasts
Miff MITF; microphthalmicassociated transcription factor mi Osteoelosts
Nikb1, Nikb2 NF«B p50, p52 KO Osteoclasts
Atpbi H* transporting [vocuolar proton pump) member | oc Stromal cells®
Ostm] osteopetrosis associated fransmembrane pretein 1 o Osleoclasts
Acps TRAP: tartrateresistant acid phosphatase KO Osteoclasts
Lifr LIFR: leukemia inhibitary factor receptor KO Ostecclasts
Sqstm sequestosome 1, atypical PKC scaffold protein (p62] KO Osteoclasts
Niare 1 INF-ATc1: nuclear factor of activated Tcells,

cytoplasmic, calcineurindependent 1 KO Osteoclasts

KO, genedistupted; TG, overexpressed.

and cloned stromal cells.>5 M-CSF is constitutively
expressed, but RANKI and OPG expression is regulated by
ligands for nuclear factors, parathyroid hormones (PTH and
PTHrP), prostaglandins, interleukins, and cytokines®?
Ostecblasts or stromal cells regulate osteoclastogenesis
positively and negatively.

The phenotypes of two types of boneless KO mice,
namely, runt-related transcription factor 2 (Runx2, also named
Chbfal) and osterix {Osx)-gene KO mice, have yielded a key
insight into osteoclast development. The transcription factor
Runx2 regulates Osx expression. Therefore, Runx2(~~! mice
lack Osx-expressing cells, but Osx~ mice contain Runx2-
expressing cells, Runx2~~ but not Osx~ mice lack osteo-
clasts in vivo, 120 whereas osteoclast precursors are present in
Runx2'~~) embryos. In vivo osteoclast development requires
bone tissues, suggesting that the “bone™ for osteoclasts is the
cells expressing the Runx2 gene,

Recently, it was reported that T-cells also produce
RANKL; for instance, the deterioration of rheumatoid arthritis
caused by viral and bacterial infection is related to the pro-
duction of RANKL by activated T-cells in the joint.?
Myeloma cells induce RANKL expression in bone marrow
stromal cells, and direct RANKL expression by myeloma
cells may contribute to enhanced osteoclastogenesis in
the bone microenvironment in myeloma bone disease.

Furthermore, myeloma cells inhibit the production and induce
the degradation of OPG.2

BONE MARROW FORMATION

Phylogenetically, the osteoclast lincage first appears in
Osteichthyes {bony fishes) among the vertebrates. Zebra fish
in which the Fms homologue is deleted lack osteoclasts,
indicating that the mechanisms of osteoclastogenesis in bomy
fishes may be equivalent to those in mammals, Although it is
not clear whether RANKI/RANK homologues are present in
bony fishes, similar signaling pathways must be present
because RANK shares a signaling pathway with Toll-like
receptors (TLRs), which are conserved not only in vertebrates
but also in invertebrates.

Bone marrow cavities are rudimentary in aquatic animals,
such as Xemopus (an amphibian) and Trichechiformes (a
mammal). This suggests that the presence of osteoclasts is not
always linked with bone marrow formation. Intramarrow
hematopoiesis first appears in amphibians. The marrow in
the land amphibian Rana is an active site for lympho-
hematopoiesis, whereas that in aquatic amphibians such as
Xenopus 1s inefficient. The hematopoiesis for the myeloid and
erythroid lineages is initiated in rudimentary marrow cavities,
and extending the cavities generates B-lymphopoiesis. Bone
marrow B-lymphopoiesis is absent in osteopetrotic mice.?*
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To construct the microenvirenment for B-lymphopoiesis,
sufficient hematopoietic space in the bone marrow may be
needed. Therefore, only the bone marrow in land vertebrates
produces the B-cell lineage (Table 27-2).

Many menopausal women develop osteoporosis, which
occurs because of excessive bone resorption, compared with
osteogenesis. Hormonal regulation of B-lymphopoiesis and
osteoclastogenesis has been reported. Since estrogen and its
derivatives inhibit B-lymphopoiesis, menopausal women
have increased B-lymphopoiesis in the bone marrow.2 Early
B-lineage cells are one of the sources of RANKL, and the
production of RANKL by B-lincage cells may accelerate
bone resorption. Intramarrow B-lymphopoiesis is regulated
by the volume of hematopoietic bone marrow cavity, as
described previously,?* and osteoclast differentiation is regu-
lated by B-lincage cell products. Although a most RANKL
and M-CSF may be supplied from osteoblasts or stromal cells,
the possible relationship between the B- and osteoclast
lineages is noteworthy.

TISSUES IN WHICH OSTEOCL AST PRECURSCORS
ARE PRESENT

Mature osteoclasts, multinucleated TRAP+ cells that resorb
bone matrices, are only observed in bone tissues in vivo.
However, cells that have the potential to differentiate into
mature osteoclasts are widely distributed throughout the
body, including in the bone marrow, spleen, liver, lung, peri-
toneal cavity, and peripheral blood >? During embryonic devel-
opment, yolk sacs, the aorta—gonad-mesonephros region, and
fetal livers contain these precursor cells,?® and mature TRAP+
osteoclasts are already observed on embryonic day (E) 14.
As there are M-CSF and RANKL-producing cells other than
osteoblasts, inhibitory molecules such as OPG may regulate
osteoclastogenesis in vivo. Disruption of the OPG (Tnfrsfi1b)
gene results in severe osteoporosis and atherosclerosis caused
by a significant increase of osteoclasts; however, osteoclasts
are only present in the bone tissues,” suggesting that other

regulatory mechanisms must function in vivo. We have
observed that the development of ostecclast precursors in the
bone marrow and spleen, but not in the peritcneal cavity, is
induced by TNF-a and M-CSF in the absence of RANKL.
The responsiveness to TLR-ligands such as lipopolysaccha-
ride is also different.?® Thus, the osteoclast precursors main-
tained in each tissue may not be identical.

Osteoclastogenesis from ES Cells

STEP CULTURES FOR OSTEQCLAST INDUCTION

We established a culture system for the induction of the
osteoclast lineage from undifferentiated mouse ES cells, Our
step culture system is based on Nakano’s coculture system?
with cloned stroma] cells (QOP9 cells), as shown in Fig. 27-1.
ES cells differentiate efficiently into mesodermal cells and
eventually into hematopoietic cells on OP9 stromal cells.
The culture medium consists of only a basic medium and
fetal bovine serum (FBS). No additional growth factors or
cytokines are needed. In this culture system, small ¢lusters of
immature hematopoietic cells are observable after 1 week of
culture. Mature hematopoietic cells are generated after 10 days
of differentiation. Small numbers of colony-forming cells in
semisolid media are observed as early as day 5, but at that
point, most colenies are of the erythroid and macrophage
lineage. In contrast, greater numbers and more types of
colonies, including granulocyte, granulocyte and macrophage,
and mixed colonies, can be seen on day 10.

By replating the cultured ES cells onto ST2 stromal cells
and culturing them in the presence of 1, 25-dihydroxyvitamin
D, [10,25(0OH),D,] and dexamethasone (Dex) for 6 days,
osteoclasts can be generated.3%3? Interestingly, osteoclast
progenitors are present on day 5. This means that the appear-
ance of osteoclast progenitors, like primitive erythrocytes,
may precede that of multipotent progenitors, On day 10, more
osteoclast progenitors are present. A limiting dilution assay
demonstrated that one out of six cells on day 10 are osteoctast

TABLE 27-2
Phylogenetic Comparison of the Presence of Osteoclasts and Bdymphopoiesis in Bone Marrow
Inframarrow
Animals Mo ocC BM Hematopoiesis ~ Blymphopoiesis
Cartilaginous fishes Present Absent None Absent Absent
Bony fishes Present Present None Absent Absent
Aquatie amphibians Present Present . Rudimentary  Present Absent
Land amphibians Present Present Prasent Present Present
Land mammals Present Present Prasent Present Present
Osteopetrofic mice Present Absent Rudimentary  Present Absent
Runx2i-"-1 mice ND Absent None Absent Absent
Osx~ mice ND Present None Absent Absent
Aquatic mammals Present Present Rudimentary Present Absent

Mé, macrophoges; OC, ostecclasts; BM, bone morrow; and IND, not determined.

297



Toshiyuki Yamane, Hiromi Ckuyama, Motokazu Tsuneto, Hiroaki Hemmi, Hidetoshi Yamazaki, and Shin-ichi Hayashi

Z 10-11 days TRAP staining
= :
—— On ST2 stromal cells Al <

ES cells; 10,25(0H)>D5 and DEX
| =~ 6days TRAP staining

===}
~a

ﬁ
=

-> -

.4 On ST2 stromal cells
5 days 10,25(0H);D5 and DEX
-»@ .
On OP9 stromal cells \ - 5 days

> ams

On OP$§ stromal cells *

Figure 27-1. ES cell culture system for osteoclastogenesis.

progenitors.3? It has been reported that during embryogenesis,
osteoclast progenitors appear earlier in the yolk sac than in the
embryo proper.?® Qur system might reflect the emergence
of these osteoclast progenitors at these different stages and
different locations.

ONE-STEP CULTURE FOR OSTEQCL AST DEVELOPMENT

The simplest way to induce ES cells to differentiate into
osteoclasts 15 just by putting them in a culture containing
1et,25(0H),D; and Dex with ST2 stromal cells. We refer to
this culture as a one-step culture (Fig. 27-1). Starting from
single ES cells, the cells multiply and form a colony. In the
colony, TRAP+ cells are observed on day 8, and on the
10th-11th day of culture, mature functional multinucleated
osteoclasts that resorb bone are generated.* M-CSF and
RANKL may be supplied by ST2 stromal cells. The osteo-
clastogenesis from ES cells is completely inhibited by contin-
uous addition of OPG, or a monroclonal anti-Fms antagonistic
antibody.*® The requirement for M-CSF precedes that of
RANKL, and this order of requirements is identical to that
observed for early hematopoietic cells in the bone marrow.2!3

Interestingly, the location of mature osteoclasts in colonies
is highly specific® (Fig. 27-2). Osteoclasts form a circle at
the periphery of colonies in the one-step culture. The addition
of recombinant soluble M-CSF and RANKL change the site
from the periphery to the center of colonies.3* After mature
osteoclasts have been generated in cultures, if the addition of
these factors is terminated, osteoclasts become located at the
periphery of colonies again. These results appear to indicate
that M-CSF and RANKL control the proliferation and differ-
entiation of osteoclast precursors and that the concentrations
of M-CSF and RANKL regulate the Jocation of osteoclasts.
The influence of the addition of M-CSF and RANKL on the
time of the appearance of the osteoclast lineage was also
observed; however, we did not find any effect.

- 6 days TRAP staining

=N

On ST2 stromal cells
1c,25(0OH),D4 and DEX

OSTEOCLASTOGENESIS FROM ES CELLS THAT LACK
HEMATOPOIETIC TRANSCRIPTION FACTORS

Results obtained with an bloodless Tull/Scl-KO ES cell line
showed that the Tall transcription factor is essential for osteo-
clastogenesis. However, Gatal™ and Fog!~-ES cells, which
show abnormalities of erythroid, megakaryocyte, and mast cell
development, produce normal numbers of mature osteoclasts.?

Interestingly, Gata2~= ES cells give rise to reduced osteo-
clast development. The affected stage is a relatively early
phase of hematopoiesis. ES cells are induced to differentiate
into hematopoietic cells on OP9 stromal cells. On the fifth
day, early hematopoietic cells are generated in cultures. These
hematopoietic cells contain osteoclast precursors at a frequency
of approximately 1/200 in wild-type and 1/3,000 in Gata2~
ES cells, respectively. The frequency of osteoclast precursors
from Gara2(~7 ES cells is thus significantly reduced. Single
precursors from normal and Gata2~~ ES cells grow and
differentiate into comparable numbers of osteoclasts on
ST2 stromal cells. These cells are harvested on day 5 and
further cultured on QP9 cells for five days. The frequency of

Osteoclasts

Osteoblasts Endothelial cells

1mm

Figure 27-2, Ostsociasts, ostecblasts, and endothelial cells in ES celf
colonies. Staining of TRAP for osteoclasts (left), alkoline phosphatase [ALP) for
osteoblasts {center], and staining with anti-CD31 antibody for endothelict
cells |right] were performed on days 10-11 in the onestep culture. {See color
plate 4.

298
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osteoclast precursors the 10th day is a 20-fold increased from
that on the Sth day, but the frequency of Gata2i~" osteoclast
precursors is still one-seventh of that of wild-type precur-
sors,’? These results suggest that the generation of osteoclast
precursors from Gata2(™~ ES cells is mainly affected at an
early hematogenetic stage within 5 days of the initiation of
cultures, and after that, a lack of the Gata2 gene does not
influence osteoclastogenesis. During the first five days after
the initiation of cultures, the addition of anti-Fms antibody or
OPG does not affect the generation of osteoclast precursors.
Surprisingly, the numbers of colony-forming cells elicited by
M-CSF (CFU-M) are comparable in cultures of Gara2(~*? and
wild-type ES cells, suggesting that osteoclast precursors and
CFU-M may not be identical,®® although CFU-M has the
potential to differentiate into osteoclasts in culture.®®

KO mutations of all of these genes (Tall/Scl, Gatal, Fog,
and Gata?) are early embryonic lethal, and there have been no
reports on osteoclast development in these mutants in vivo,
The ES cell culture system enables us to assess the function of
such genes in osteoclast development (Fig. 27-3).

LOCATIONS OF OSTEOCLAST, OSTEOBLAST, AND
ENDOTHELIAL CELL INEAGES IN ES CELL COLONIES

In the one-step culture, we can observe a wider range of cell
lineages in a dish compared with OP? cultures. In addition to
hematopoietic lineages, at least endothelial cells, osteoblasts,
myocardial cells, melanocytes, and pigmented epithelial cells
are observed. Hematopoietic cells and endothelial cells share
progenitor cells, called hemangioblasts, or endothelial cells
are progenitor cells for hematopoietic cells. During embryo-
genesis, hematopoiesis and vasculogenesis are first observed
in extracmbryonic yolk sacs on E7.0-7.5. In the one-step
culture, Kitts*, [2-integrin-expressing hematopoietic cells,
and CD31- and Flkl-expressing endothelial cells are first
observed on day 4, Mature osteoclasts are observed on E14 in
embryos and on days 10-11 in culture.* The time required for
the derivation of ES cells from blastocysts (E3.5-4.0) may

~n i T -

Figure 27-3. Tiple staining of TRAP, ALP, and ontiCD31 of an ES cell
colony on day 11 in the enestep culture on ST2 stomat cells {OC, asteaclasts;
OB, putative osteoblasts; and EC, endothelial cells). [See coler plate 5.}

account for this difference of timing. Therefore, the program
of cell differentiation in this culture system is likely to occur
with precisely the same timing as embryogenesis in vive.

Endothelial cells have a striking localization pattern in
colonies* (Fig. 27-2). Vasculogenesis in 7all-KO ES colonies,
which lack osteoclasts, occurs normally and forms a similar pat-
tern to that in wild-type colonies. The addition of M-CSF and
RANKL changes the site of osteoclasts in the colonies but not
that of endothelial cells.*® This may mean that the pattern of
endothelial cell generation is determined by the cells alone.

Bone matrow formation involves the participation of three
lineages of cells. Osteoblasts build the bone, endothelial cells
invade the bone, and osteoclasts resorb the bone and make the
bone marrow cavity. Alkaline phosphatase-positive (ALP+)
osteoblast-like cells appear on day 8 and are present at relatively
inner sites of the colonies compared to osteoclasts. These
two lineages of cells are closely associated and located as
concentric circles.’%37 ALP+ cells are derived from ES cells,
not from the underlying ST2 stromal cells. Triple staining for
putative osteoblast, osteoclast, and endothelial cell lineages is
shown in Fig. 27-3.37 Endothelial cells, osteoblasts, osteoclasts,
and ST2 bone marrow stromal cells are located in an orderly
pattern from the center to the outside of colonies. The locations
seem to correspond to those of the bone marrow turned inside
out. Even in vitro, there are still some rules regulating the
localization of the cell lineages in colonies in the dish. These
observations suggest that each cell lineage generated in the .
colonies has a preferred position, interacts with other line-
ages, and is subject to regulation of its growth and differenti-
ation, temporally and spatially.

OSTEOCLASTOGENESIS FROM ES CELLS WITHOUT
SUPPORTING STROMAL CELLS

As described in the previous section, coculture systems of
single ES cells with ST2, OP9, or both stromal cells work well
for the production of mature osteoclasts. However, if we want
to know how undifferentiated ES cells regulate themselves
and construct a tissue-like structure in vitro, the influence of
precommitted cells in cultures has to be excluded. To induce
osteoclasts under stromal cell-free conditions, at least some
cells derived from the ES cells must differentiate into osteo-
clast precursors, and some must differentiate into supportive
cells, We found that ascorbic acid is the critical reagent for
osteoclastogenesis from ES cells without cloned stromal cells.
The effects of ascorbic acid not only on ostecblast develop-
ment (as reported) but also directed to osteoclasts may be
important,*® Although we have not generated osteoclasts
from single ES cells yet, the development of a single ES cell
culture system without stromal cells will allow us to study
how organogenesis proceeds in vitro.

Culture Methods

ONE-STEP CULTURE ON ST2 STROMAL LAYER30:3!

1. Prepare confluent ST2 feeder layer in 24-well plates
(Note al).
2. Grow ES cells to a subconfluent state and harvest them.
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3. Seed ES cells at the appropriate cell density (Note a2).
Supplement with 10~ M 1,25(0H),D, and 10-7 M Dex
(final concentration},

4. Change the culture medium every two or three days.

Medium used: o-minimum essential medium (o-MEM:
Gibco-BRL) supplemented with 10% FBS (see Note a3),
50 U/ml streptomycin, and 50 pug/ml penicillin.

Notes:

al. ST2 cells are maintained in RPMI-1640 supplemented
with 5% FBS, 50 pM 2-ME, 50 U/ml streptomycin,
and 50 pg/ml penicillin,

a2, Seed ES cells so that about 20 colonies are generated
per well. Plating efficiency varies according 1o the lot
of serum.

a3. The appropriate lot of FBS must be selected.

MULTISTEP CULTURE ON OP9 STROMAL LAYER

1. Prepare confluent OP9 feeder layer in 6-well plates
{Note bl).

2. Grow ES cells to a subconfluent state and harvest

them.

. Seed 10* ES cells per well.

. On day 2 or 3 of differentiation, replace half of the

medium with fresh medium.

5. On day 5 of differentiation, colonies that have a differ-
entiated appearance will be observed. After washing
the cultures with PBS, trypsinize them with 0,25%
trypsin/0.5 mM EDTA for five minutes at 37°C,
Dissociate the cell clump by pipetting up and down
vigorously. After centrifugation, count ES-derived cells.
Do not count OP9 cells. They are large and easily dis-
tinguished from ES cell-derived cells. About 1-2 x 106
cells are obtained per well. For two-step cultures, refer
to the “Induction of Differentiation to Osteoclasts in
Multistep Cultures” section. For three-step cultures,
follow the steps here.

6. Seed 10° ES cells per well of 6-well plates containing
freshly prepared OP9 layers.

7. On day 7 or 8 of differentiation, change half of the
medium gently.

8. On day 10 of differentiation, hematopoietic clusters or
colonies will have formed on the OP9 layers. Harvest
the cultured cells by pipetting up and down. Let them
stand for 4-5 minutes to precipitate the debris of OP%
stromal cells. Transfer the supernatant into a fresh tube,
After centrifugation, count ES-derived cells. About 10°
hematopoietic cells will be obtained per well. For three-
step cultures, refer to the “Induction of Differentiation
to Osteoclasts in Multistep Cultures” section. If you
want to simultaneously analyze the other hematopoietic
lineages, plate the cell suspension again onto fresh OP9
at 10° cells per well in 6-well plates.

oW

Medium uvsed: «-MEM (Gibco BRL) supplemented with
20% FCS (Note b2}, 50 U/ml streptomycin, and 50 pg/ml
penicillin.

Notes:

bl. OP9 are maintained in o-MEM supplemented with
20% FBS, 50 U/ml streptomycin, and 50 pg/mi
penicillin.

b2, The appropriate lot of FBS must be selected.

INDUCTION OF DIFFERENTIATION TO OSTEOCLASTS
IN MULTISTEP CULTURES

1. Prepare confluent ST2 feeder layers in 24-well plates
(Note al).

2. For two-step cultures {from step 5 in the “Multistep
Culture on OP9 Stromal Layer” section), seed 0.5-1x
10# cells per well. For three-step cultures (from step 12
in the “Multistep Culture on OP9 Stromal Layer” sec-
tion), seed 10° cells per well.

3. Cuiture cells for six days in o-MEM supplemented
with 10% FBS, 50 U/ml streptomycin, and 50 pig/ml
penicillin, 10* M 1,25(0H),D; and 107 M Dex.

4. Change the culture medium every two or three days.

TRAP STAINING

1. Aspirate the culture medivm.

2. Add 1 ml of 10% formalin (3.7% formaldehyde) in
PBS (v/v) to each well of the plates, and fix them for
10 minutes at room temperature.

3. After washing with PBS, cover with 0.5 ml of
ethanol/acetone (50:50 v/v) for exactly 1 minute at
room temperature. After the treatment, immediately fill
each well with PBS, aspirate the solution, and wash
once more with PBS.

4. After the aspiration of PBS, cover the fixed cells with
0.25 ml of TRAP staining solution, and incubate for
10 minutes at room temperature. After red color
develops, wash the plates well with water. Insufficient
washing will generate high background staining.

TRAP staining solution: Acetate buffer (pH 5.0) containing
50 mM sodium acetate, 25 mg/ml naphthol AS-MX phosphate
(Sigma) in a dark glass bottle at 4°C. Just before use, dissolve
fast red violet LB salt (Sigma) in the volume you need at the
final concentration of 0.5 mg/m!.

Summary

Osteoclasts are important cells for bone cell biclogy, as osteo-
cytes and chondrocytes. It is clear phylogenetically at which
point this cell lineage arises. Moreover, for assessing the
hematopoietic potential of ES cells or very early embryos, the
osteoclast lineage is convenient. Osteoclasts are specialized,
large multinuclear cells. TRAP is a very stable enzyme, and
staining for it is easy and specific. Since a majority of blood
cells are nonadherent cells, it is hard to define the hematopoi-
etic sites in culture. Ostecclasts are known to be among the
most tightly adherent cells to dishes, making it possible to
examine the spatial location of the pells in cultures.
Macrophages are also adherent cells; however, macrophages
keep the potential to differentiate into osteoclasts and dendritic
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cells, meaning that some “macrophages” may be precursor
cells and change their characteristics.

Molecules essential for embryonic development, including
molecules involved in Notch and Wnt signaling, regulate
osteoclastogenesis directly in precursors and through support-
ing microenvironments in virro. ¥ A recent report showed
that TNF-ct, and even LPS in some conditions, can substitute
for the function of RANKL in culture*!#? However, the
authors that produced Tnfsf11-KO mice emphasized that
RANKL/RANK is essential for osteoclastogenesis in vivo,!s
Open questions about the differences between in vivo and
in vitro osteoclast biology remain (Fig. 27-4).
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Abstract

Dendritic cells (DCs) are the most potent
regulator of the immune system. DCs are hetero-
geneous with respect to their origin, distribution and
Sfunctions. They arise from hematopoietic precursor
cells and differentiate into several DC subsets. They
are distributed in both the parenchyma and epithelia
of many organs, and keep watch for harmful invading
antigens (Ags). They direct distinct functions in the
immune system: they activate Ag-specific adaptive
immunity, link Ag-nonspecific innate immunity and
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Ag-specific adaptive immunity, and induce "immune tolerance". Although how
DCs direct such distinct functions is still not clear, differences in their subsets,
distribution or migration process to secondary lymphoid organs, where DCs
present captured Ags to naive T cells, might be related to specifying their
SJunctions.

DCs act as immune stimulators when they capture invaded Ags and migrate
to secondary lymphoid organs in the active state. On the other hand, it has been
suggested that when DCs migrate to secondary lymphoid organs in "the steady
state", they seem to act as tolerance-inducing cells. Using hyperpigmented
transgenic mice, we have observed steady-state trafficking of skin Ags
transported by Langerhans cells (LCs) (skin- resident DCs), and further found
the distinct migration of LCs in the steady and active state. QOur findings
indicated that abrogation of steady-state trafficking seemed to cause
autoimmunity.

- In this review we discuss the relation between DC migration and selection
of the immune response - immunogenic or tolerogeric.

Introduction .

Dendritic cells (DCs) are known as hematopoictic-lineage, potent antigen
presenting cells (APCs) that capture foreign antigens (Ags) such as bacteria and
viruses. DCs process and present Ags to naive T cells, then activate immune
responses against Ags (1).

Although DCs were long considered to activate immune responses only
against harmful foreign Ags, recent studies have suggested that DCs also
regulate "immune tolerance", the suppression system for harmful immune
responses against self Ags/ tissues (2-4). Ag-presentation by DCs is the first step
in the activation of immune responses, and Ag-captured DCs have to migrate to
secondary lymphoid organs, i.e., regional lymph nodes (LNs) or the spleen.
Such migration may occur when foreign Ags enter tissues and act as stimuli;
this is referred to as the "active-state" migration of DCs. On the other hand, the
migration of DCs also occurs constitutively without stimuli, a phenomenon
called the "steady-state" migration of DCs (2-8). Although it is still not clear
how DCs regulate both immune responses to foreign Ags and immune tolerance
to self-Ags, it has been suggested that the steady-state migration of DCs is
deeply related to the regulation of immune tolerance. Thus the patterns of DC
migration - active- versus steady-state migration - seem to hold the key to
whether an immune response or immune tolerance occurs.

Recently, we clearly showed the presence of steady-state migration of skin
DCs using hyperpigmented transgenic mice (Tg) (6,9), and demonstrated that
the steady- and active-state migration of Langerhans cells (LCs: DCs in the
epidermis) from the skin is regulated distinctly (10). Based on our findings we



DC migration and immune responses 31

developed ideas about the relation between the steady-state migration of DCs
and the regulation of immune tolerance.

In the first half of this review we describe the general features of DCs, and
in the second half we discuss the migration of DCs from the skin to regional
LNs and the possible functions of DCs that migrate under active- and steady-
state conditions.

Features of DCs

DCs are heterogeneous cell populations with respect to their function, origin
and distribution. In this section we introduce the features of DCs.

Functions of DCs as immune stimulators

DCs are professional APCs expressing major histocompatibility complex
(MHC) class 1I molecules, like macrophages and B cells (11-13). DCs are the
major APCs, which prime immune responses (1). They are widely distributed in
many organs (14), especially in the mucosae and epithelia of the intestine,
airway and skin (15-17). Because mucosae and epithelia are the first barrier
against foreign antigens (Ags), DCs are considered to be "sentinels" of the
immune surveillance system.

DCs regulate at least three distinct functions of immune responses. First,
they prime and activate Ag-specific adaptive immunity, which is mediated by T
lymphocytes (1). DCs capture foreign Ags that have invaded the epithelia or
mucosae, migrate to regional LNs via the lymphatic system, process and present
the Ags, and then activate Ag-specific naive T cells. Blood-borne Ags in the
circulation are captured by DCs residing in the white pulp of the spleen, where
DCs present processed Ags to naive T-cells, as in regional LNs. Second, DCs
bridge innate and adaptive immunity. Innate immunity is a non-T cell-mediated,
non-Ag-specific immune response against pathogens. It is activated by
recognition of microbial and viral patterns by APCs {e.g., cell wall components
of bacteria, vital DNA and RNA) (18-20). DCs express pattern-recognition
receptors of the Toll-like receptors (TLRs) family (21), and when DCs
recognize pathogens via TLRs they activate and further skew suitable adaptive
immune responses such as Thl or Th2 responses (22). Third, DCs are
considered to regulate immune tolerance. Although this mechanism has still not
been completely elucidated, a variety of DC subsets, distinct distributions of DC
subsets and differences of migration status might be related to directing whether
DC function is immunogenic or tolerogenic (described later).

Naive T cell activation requires two types of signaling from DCs: a
signaling via T cell receptor (TCR)-provided Ag-bound MHC, and signaling(s)
via "co-stimulatory molecules" such as CD80 (B7-1) or CD86 (B7-2) (23-24).
Without stimulation, DCs are considered to be "immature" and still have
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Ag-capturing capacity. When DCs have captured Ags that act as stimuli they are
induced to "mature” and upregulate co-stimulatory molecules. These mature
DCs begin to migrate to regional LNs, and have lost their Ag-capturing capacity
(25). In the absence of signal(s) via co-stimulatory molecules, T cells lose
responsiveness against Ags, a condition called "anergy" (26). Thus, DC
migration, maturation and activation of immune responses are deeply linked.

The origin and differentiation factors of murine DCs

There are two major subpopulations of DCs: myeloid DCs and lymphoid
DCs (Figure 1). Myeloid DCs are differentiated from myeloid-lineage
precursors from which granulocytes and monocyte-macrophage-lineage cells
also arise (27-28), whereas lymphoid DCs arise from lymphoid-lincage
precursors in the thymus (29). The most critical factor for myeloid DC
differentiation from bone marrow-derived hematopoietic precursor cells (HPCs)
is granulocyte-macrophage colony stimulating factor (GM-CSF) (27).
Supplementation with interleukin-4 (IL-4) plus GM-CSF is often used to

@ Erythrocyte

Megakaryocyte
’
/ @ Granulocyte
— — @ Macrophage

@ — GMP  Mono
@ Langerhans cell
CMP
(® Cpsorcp1Ib*DC
@ CD8a*CD11b'DC

» @ Langerhans cell

\': @ Plasmacytoid DC

...... > (® cpsacp1ibne
(® cpsarcp11yDC

_4 NK cell
ORC

T tymphocyte

@ B lymphocyte

Figure 1. Proposed murine DC subpopulations. Both common myeloid precursor
(CMP) and common lymphoid precursor (CLP) cells can give rise to CD8o" and CD8o*
DCs with similar efficiency; however, peripheral DCs are mainly derived from CMPs in
vivo (Ref. 33). HPC: Hematopoietic precursor cell, GMP: granulocyte-macrophage
precursor, Mono: monocyte, T/NK: T cell/ NK cell precursor, proB: pro B cell. Dashed
arrows indicate possibly rare pathways (Ref, 65 (LCs), 118 (CD8a'DC)).
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efficiently induce the production of myeloid DCs (30). Lymphoid DCs can be
induced without GM-CSF or IL-4 (29). Although FIt3 ligand (FIt3L) affects
the expansion of both lineages of DCs in vitro and in vive (31-32), Fit3L
seems to be more critical for the development of lymphoid DCs (33). Other
cytokines such as Kit ligand (KitL), IL-3 or IL-7 also affect the induction of
DCs (32,34-36).

Recently, another subtype of murine DCs referred to as plasmacytoid DCs
(pDCs) was described (37-38). Their generation is accelerated by the addition of
FIt3L in culture (32) and injection of Fit3L plus GM-CSF in mice (38). It has
been speculated that pDCs are of lymphoid origin (39,40), and that their
function is tolerogenic (41,42).

Markers and distribution of murine DCs

It is difficult to detect DCs using a single specific surface marker, because
DCs consist of several populations and change their expression of surface
markers during Ag-processing.

Although MHC class II molecules are useful markers for detecting DCs,
they are also expressed on macrophages and B cells. Nowadays, the most widely
accepted surface marker of murine DCs is CD11¢c, an aX integrin that binds
fibrinogen. All myeloid, lymphoid and pDCs (Gr1'B220"CD11b) express
CD11c in mice (29,37,38).

To distinguish between myeloid and lymphoid DCs, CD8c, which is
broadly accepted as a cytotoxic T cell marker, has been used as a lymphoid DC
marker in mice. However, recent studies have revealed that CD8a" and CD8o
DCs arise from both myeloid and lymphoid precursors (33,43,44). Recently,
CD8a'DCs (CD8c'CD11b) and CD8a’DCs (CD8a’CD11b%) have often been
used to specify murine DC subsets.

DCs also express markers according to their functions: TLRs for
recognizing bacteria and viruses (20,21) and C-type lectin receptors CD205
(DEC205) and CD209 (DC-SIGN) as receptors for carbohydrate Ags (45) and
so on. To prime/ activate immune responses, co-stimulatory.molecules are
upregulated on DCs upon their activation (described above).

The distributions of different subsets of DCs also differ. CD80" DCs are
mainly localized in the thymus, T-cell-rich zone of the spleen, Peyer's patches
and LNs, whereas CD8c” DCs are mainly localized in the marginal zone of the
spleen, the subepithelial dome of Peyer's patches, LNs and the skin (e.g.,
Langerhans cells and dermal DCs; described later) (46,47). Each subset is
considered to play distinct roles in immune regulation. For example, murine
CD80£+DCS and CD8a’DCs skew Thl and Th2 responses respectively (48),
while CD80." but not CD80. splenic DCs may induce immune tolerance via the
uptake of apoptotic cells (49) (Table 1).



