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as an inflammatory regulator. Other studies, however, have in-
dicated that HMGB1 may also act as a local chemo-attractant for
various hematopoietic and nonhematopoietic cells that can reg-
ulate tissue remodeling (31).

The next objective was to determine the time course for re-
lease of the proteins from excised skin graft into the buffer (Fig.
4D). Of note, both HMGBI1 and AT-III were rapidly released
within a few minutes into the SSB fraction that demonstrated
strong chemoatiractant activity for Lin"/PDGFRa* BM cells.
AT-III secretion continued at similar levels for at least 48 h,
whereas HMGBI release gradually declined after ~8 h—a time
course that paralleled the chemoattraction findings. With regard
to nucleolin, its presence in the SSB only started 2 h after in-
cubation, possibly reflecting the consequences of necrosis in the
excised skin. To evaluate the chemoattractant properties, we
expressed mouse HMGB1 in HEK293 cells and compared the in
vitro activity of the purified recombinant protein to induce Lin™/
PDGFRo* BM cell migration. Recombinant AT-IIT and nucle-
olin were also assessed, but cell migration assays demonstrated
that only HMGBI1 could induce migration of these particular BM
cells (Fig. 4E). We also explored the nature of the receptor on Lin™/
PDGFRa™ BM cells relevant to the cell migration and excluded
a role for two known receptors that can mediate the extracellular
cytokine effects of HMGBI, the receptor for advanced glycation
endproduct (RAGE) and toll-like receptor (TLR) 4 (32-34) (see
SI Resulis and Discussion and Fig. $11 for details),

Next, we explored the source of HMGBI in the grafted skin.
Immunofiuorescent microscopy analysis of HMGBI protein in
the skin graft showed abundant staining in the epidermis and
much less in the dermis, reflecting the higher cellularity in the
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conjugated Texas Red. (Scale bar: 50 ym.)
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epidermis (Fig. 812). We then analyzed Col 7-null mouse skin for
HMGBI release and noted that the detached epithelia (blister
roofs) released significant amounts of HMGBI after soaking in
PBS (Fig. S13 4 and B). These observations suggest that the
epithelial tissue in the skin graft could be a significant source of
HMGBI in vivo. Further support for damaged epithelium as a
source of HMGB1 was demonstrated by finding elevated HMGB1
in freshly generated subepidermal blister fluid of human subjects
with RDEB (n = 3) (Fig. $13C). We then investigated the sys-
temic effects of HMGBI after skin injury. We first measured
HMGB1 levels in the sera of mice that had received a skin graft of
wild-type newborn mouse skin (Fig. 4F). We observed a marked
increase in HMGB1 serum levels 3 d after grafting. Of note,
however, no increase in serum HMGBI1 was noted in mice with
full thickness wounds but no skin graft (Fig. S13D), suggesting that
the transplanted epithelial tissue is likely to be the source of the
elevated HMGB1 in the sera. We also detected ~60-fold higher
levels of HMGBI in the sera of individuals with RDEB (n = 3)
compared with similarly aged normal control subjects (n = 3)
(Fig. S13E). These observations led us to hypothesize that sys-
temic elevation of HMGBI in the blood might positively induce
recruitment of Lin”/PDGFRa™ cells from BM to raise BM-de-
rived keratinocytes (as well as fibroblasts) in the regenerating
injured skin, and that this might be one mechanism through
which the practice of skin grafting achieves its clinical goals.

To confirm this hypothesis, we systemically administered re-
combinant HMGB1 at levels similar to that seen in the sera of
skin grafted mice to wild-type mice. We observed that this action
could mobilize Lin"/PDGFRa™ BM cells into the blood circu-
lation (Fig. 4G). Lower doses of HMGB1 failed to mobilize
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these cells (Fig. S14). We noted no local or systemic inflam-
mation or other potentially adverse effects in the mice, despite
the high doses of systemic HMGB1 administered (Fig. S15).
To further investigate the mechanics of this mobilization by
HMGBI in vivo, we performed intravital two-photon imaging
of calvaria BM in living PDGFRo-H2BGFP mice. This experi-
ment showed that HMGBI1 could mobilize PDGFRa-positive
cells, allowing them to congregate around blood vessels and,
thereby, allow egress into the circulation in vivo (Fig. 4H).

To confirm that the mobilized BM-derived PDGFRa* cir-
culating cells provide the epithelial cells in vivo, we combi-
ned FACS-sorted PDGFRa " /GFP* BM cells with wild-type
PDGFRa™ BM cells and transplanted these cells to lethally ir-
radiated mice, which then received skin grafts of Co] 7-null mouse
skin (Fig. 54). Very few cells were GFP-positive in the peripheral
blood mononuclear cell populations of the PDGFRa*/GFP* BM
transplanted mice (Fig. 5B). However, those GFP-positive cir-
culating cells that originated from the transplanted PDGFRa*
BM cells had adherent and proliferative capacities in culture (Fig,
5B). Four weeks after the Col 7-null skin engraftment, multiple
foci of GFP-positive cells expressing keratin S were observed in
the epithelia of the engrafted skin (Fig. 5C), suggesting that the
BM-derived PDGFRa" circulating cells contain a population
that can differentiate into epithelial cells in the skin graft.

A Col7-null skin
!

PDGFRa*/GFP-BMT

%100

Fig. 5. Mobilized Lin"/PDGFRo* BM-derived cells in circulation contribute to
epithelial regeneration of the skin graft in vivo. (4) Schematic illustration
showing Col 7-null skin graft on a mouse transplanted with PDGFRa-positive/
GFP-BM cells (Left); bright field (Center) and dark field (Right) stereomicro-
scopic pictures of femoral BM in a PDGFRa*/GFP-BMT mouse. Green fluores-
cence indicates PDGFRa*/GFP-BM cells. (B) Bright field (Upper) and dark
field (Lower) fluorescent microscopic pictures of cultured peripheral blood
mononuclear cells that were obtained from the PDGFRa*/GFP-BMT mouse
engrafted with Col 7-nulf skin. (Left) A single PDGFRo*/GFP-BM-derived cell in
culture (Day 1). (Center) Proliferation of the single PDGFRo*/GFP-BM-derived
cell in culture (Day 5). (Right) Dividing adherent cells indicated in the white
lined box in Lower Center. (C) Confocal-laser microscopic pictures of a section
of grafted Col7-null skin onto a PDGFRa*/GFP-BMT mouse. GFP fluorescence
was merged with the red immunofluorescence of K5 to provide the yellow
color. DAPI staining (Upper Left), GFP fluorescence (Upper Right), K5 staining
(Lower Left), and a merged image (Lower Right). (Scale bar: 50 ym.)
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Discussion

This work clearly demonstrates that Lin"/PDGFRa* cells from
BM significantly contribute to the regeneration of the epidermis
after skin grafting in vivo, and that one biological repair mech-
anism involves the key cells being mobilized in response to ele-
vated HMGBI levels in serum, the source of which is the skin
graft. The observation that tissue damage can recruit BM stro-
mal cells for tissue repair is well-established (35), but here we
have defined a subpopulation of cells that have the capacity to
repair skin, including epidermis. The Lin " /PDGFRa™ BM cell
marker profile is not unique to one particular cell population,
and our data suggest that it is shared by =1 in 450 BM cells.
PDGFRa is not expressed by hematopoietic stem cells but by
MSCs in bone marrow that can give rise to mesenchymal lineage
cells as well as neuroepithelial and neural crest lineage cells (24—
26), suggesting that the Lin/PDGFRa* BM cells contain an
MSC fraction (discussed further in S7 Resulis and Discussion).
Our study has shown that in situations in which there is sig-
nificant damage to the epidermis, such as Col 7 deficiency leading
to subepidermal blistering, at least some of the Lin"/PDGFRu«
cells have the plasticity to become BM-derived epithelial pro-
genitors, to generate and sustain new keratinocytes, and to cor-
rect the intrinsic lack of Col 7. Moreover, we have identified
HMGBI as a specific factor involved in Lin"/PDGFRa* BM cell
responses. Our data indicate that HMGBI, which is rapidly re-
leased from the detached or blistered Col 7-deficient epithelia,
can mobilize Lin”/PDGFRo* BM cells into the circulation and
accelerate regeneration of the skin by recruiting these cells to
raise BM-derived epithelial cells and BM-derived mesenchymal
cells in the epidermis and dermis of Col 7-null skin, respectively.
HMGBL 1s a highly conserved, abundant, and ubiquitously
expressed 30-kDa nonhistone protein with diverse biologic func-
tions (36, 37). With regards to human and murine HMGB1, only 2
of 215 amino acids show species differences (>99% identical) and
both reside in the C-terminal region outside of the known re-
ceptor- and DNA-binding motifs (38, 39). HMGBI can act as
a mobile and dynamic nucleo-cytoplasmic protein influencing
multiple processes in chromatin such as transcription, replication,
recombination, and DNA repair (39, 40), but HMGBI can also
be secreted into the extracellular milieu as a signaling molecule
when cells are stressed (41). HMGB! can bind exogenous
and endogenous agents such as endotoxin, microbial DNA, and
nucleosomes, and induces adaptive and innate immune responses
via TLR2/4/9 followed by NF-xB activation (42, 43), contributing
to inflammation, autoimmune dysregulation, and carcinogenesis.
However, purified recombinant HMGBI1 has little, if any, proin-
flammatory activity (44). Indeed, free HMGBI, that is unbound to
endogenous/exogenous inflammatory factors, is able to suppress
inflammatory reactions in noninjured tissues by inhibiting TLR-
mediated NF-«B signaling (33). Biologically, HMGB1 can be
regarded as a critical factor for maintaining tissue homeostasis in
cleaning damaged/infected tissues (i.e., promoting intralesional
inflammation), but also in protecting surrounding noninjured tis-
sues (i.e., suppressing inflammation), and accelerating regen-
cration of damaged tissues by mobilizing and recruiting specific
BM cells, that include epithelial progenitors when there is ex-
tensive epithelial injury, such as in Col 7-deficient RDEB skin.
The concept that a particular threshold concentration of
HMGBI in serum is relevant to mobilizing Lin /PDGFRa™ BM
cells and targeting them to damaged tissue also offers unique
possibilities to augment a variety of other tissue repair mecha-
nisms. It is likely that, in several other situations, systemic ad-
ministration of HMGBI to achieve serum levels similar to those
observed in RDEB could be used as a therapeutic strategy to re-
cruit stem/progenitor cells to accelerate regeneration of damaged
tissue. Precisely which tissues mi%ht benefit from HMGBI1-induced
mobilization of Lin”/PDGFRa” BM cells remains to be de-
termined. What has also not been determined thus far are the
dynamics of both the release of the Lin/PDGFRa™* cells from the
BM and the events that promote recruitment and migration within
the target tissue and the other potential local microenvironment-

PNAS | April 19,2011 | vol. 108 | no. 16 | 6613




!
7

induced and biochemical processes that contribute to improved
wound healing (35) (discussed further in 87 Maierials and Meih-
ods). Nevertheless, we believe our data represent a significant
advance in identifying a direction for potentially bringing stem/
progenitor cell regenerative medicine to a broader clinical arena.

Materials and Methods

BMT. BM cells were isolated under sterile conditions from 8- to 10-wk-old male
C57BL/6 transgenic mice that ubiquitously expressed enhanced green fluo-
rescent protein (GFP). Recipients were 8- to 10-wk-old female C57BL/6 mice
that were lethally irradiated with 10 Gy of X-rays, and each irradiated re-
cipient received 5 x 10° BM cells from GFP transgenic mice kindly provided by
Masaru Okabe (Osaka University). Experiments were performed on the BMT
mice at least 6 wk after the BMT.

M Skin Transpl tion. Full-thickness skin from wild-type and Col 7-null
newborn mice (graft size ~2 x 2 cm) was carefully isolated by excision after
the mice had been euthanized under systemic anesthesia, and engrafted
onto the backs of the GFP-BMT mice, wild-type BMT mice, and K5-Cre-GFP-
BMT mice, with grafting just above the muscular fascia.
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Immunofluerescent Microscopy Analysis. The engrafted skins were removed,
fixed with 2% paraformaldehyde, and subjected to immunofluorescent
analysis. The excised skins were embedded in Tissue-Tec OCT Compound
(Sakura Finetek), frozen on dry ice, and stored at ~20 °C. For immunofiuo-
rescence staining, 6-um-thick sections were labeled with rabbit polyclonal
anti-mouse antibodies. Subsequently, sections were stained with goat anti-
rabbit 1gG secondary antibody.

Cell-Migration Assay. Chemokinetic migration of Lin"/PDGFRa* cells was
assayed by using a modified Boyden chamber. in brief, 1.0 pg of HMGB1 in
27 pL of DMEM was added in the lower chambers, and 10° cells/mL of Lin"/
PDGFRa™" cells suspended in 50 pl. of DMEM containing 10% FBS were added
to the upper chamber. The cells on the lower side of the membrane were
stained with Diff-Quick (Sysmex).
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Abstract Therapeutics targeting  sphingosine-1-phos-
phate (S1P), a kind of lipid mediator regulating immune
cell trafficking, has been emerging rapidly as a novel line
of regimen for autoimmune diseases, including rheumatoid
arthritis (RA). Here, we propose that S1P-targeted therapy
is beneficial not only for limiting inflammation but for
preventing bone-resorptive disorders, such as osteoporosis,
by controlling the migratory behavior of osteoclast pre-
cursors and therefore would be good for treating elderly
female RA patients who suffer from postmenopausal
osteoporosis and arthritis simultaneously.

Keywords Rheumatoid arthritis - Osteoporosis -
Sphingosine-1-phosphate

The emergence of biological agents has undoubtedly caused
a paradigm shift in the treatment of rheumatoid arthritis
(RA). We rheumatologists are now ambitiously aiming at a
‘cure’, and not just the ‘care’, of RA patients and have
succeeded in many cases [1). Despite the brilliant victory
over this intractable disease, there are still a large number of
underprivileged patients who cannot share in these advan-
ces. Elderly RA patients are the main group; many of them
cannot receive biological agents due to the high frequency
of occurrence of life-threatening infections. Instead, they
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are treated with less efficacious disease-modifying anti-
rheumatic drugs (DMARDSs) and corticosteroids. Oral cor-
ticosteroids are still commonly used in clinical practice to
relieve inflammation, but this can lead to systemic dys-
function because of the progressive joint damage, which is
complicated by severe osteoporosis that increases the vul-
nerability to fractures of the spine and femur. Recent find-
ings provide such patients with a ray of hope.

Sphingosine-1-phosphate (S1P), a lipid mediator enri-
ched in blood, is a critical regulator of the migration and
localization of various cell types, including immune cells
[2]. Extensive studies have demonstrated that lymphocytes
express S1P,/Edg-1, a cognate receptor for S1P, which is
responsible for their recirculation from lymphoid tissues to
the systemic circulation [3]. S1P attracted lot of attention
from rheumatologists when FTY720 (Fingolimod), a sub-
stance isolated from a Chinese herb and long known to
have immunomodulating activity, was shown to be an S1P
receptor agonist [4]. Although the detailed mechanism
remains elusive, FTY720 acts as an S1P receptor agonist
when metabolized and is now emerging as a promising
novel immunosuppressive drug that presumably acts by
limiting effector lymphocyte egress from lymph nodes.
FTY720 is currently being tested clinically in autoimmune
diseases such as multiple sclerosis [5], and many other
S1P-targeted drugs (S1P receptor agonists or S1P lyase
inhibitor) are beginning to be evaluated [6].

Recently, we have demonstrated that SIP was also
important for controlling the migration of osteoclasts and
their precursors [7]. Using an elaborate intravital two-
photon microscopy imaging technique, the migratory
behavior of osteoclast precursors in live bone tissues was
shown to be critically regulated by S1P, and the intrave-
nous application of an S1P receptor agonist rapidly pro-
moted their exit from bone into blood [8]. It was also
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Fig. 1 The therapeutic effects of prednisolone (PSL) and FTY720
(FTY) in mice with both arthritis and osteoporosis. First, 8-week-old
ovariectomized mice were injected with 5 mg of an arthrogenic anti-
collagen II antibodies cocktail (Chondrex, Redmond, WA) at day 0,
and then with 50 pg of lipopolysaccharide (LPS) (0111:B4, Sigma-~
Aldrich, St. Louis, MO) 3 days later (9). Prednisolone (PSL, 0.5 mg/

demonstrated that treatment with the S1P receptor agonist
FTY720 relieved ovariectomy-induced osteoporosis in
mice (a model of postmenopausal osteoporosis in women),
by facilitating osteoclast recirculation into blood and
reducing the number of mature osteoclasts attached to the
bone surface, which suggests a new line of therapy against
bone-resorptive disorders [7]. These studies suggest that
S1P-targeted therapy would be particularly beneficial for
treating RA patients with both immunological and bone-
resorptive disorders.

Inspired by this concept, we further examined the ther-
apeutic effect of the S1P receptor agonist FTY720 on
simultaneous disease involving both arthritis and osteopo-
rosis (Fig. 1). Ovariectomized mice were injected with an
arthrogenic anti-collagen II antibodies cocktail and then
with lipopolysaccharide (LPS), so that they developed
arthritis in their paws [9]. These mice exhibit both arthritis
and osteoporosis and can be regarded as a model of elderly
female RA patients. To treat the arthritis, prednisolone
(PSL, 0.5 mg/kg/day), FTY720 (1 mg/kg/day), or vehicle
only, was administered every day beginning on day 3, and
the arthritis score was calculated [10]. We also evaluated
bone mineral homeostasis by analyzing the cancellous
bone mineral density (BMD) of the femur on day 14. The
results showed that the S1P receptor agonist FTY720 was
as potent as corticosteroid for suppressing arthritis; in
addition, FTY720 recovered the ovariectomy-induced bone
density . loss, whereas prednisolone did not. As expected,
these results clearly suggest that S1P-targeted therapy, such
as with SI1P receptor agonists, would be beneficial for
treating elderly female RA patients who suffer from post-
menopausal osteoporosis and arthritis simultaneously.
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kg/day), FTY720 (1 mg/kg/day), or vehicle only was administered
every day beginning on day 3. The arthritis scores are shown in the
left panel. The error bars represent the SEM (n = 5 per group). The
cancellous bone mineral density (BMD) of the femur was analyzed by
pQCT (LCT-200, Aloka, Japan) after killing the mice at day 14. Error
bars represent the SEM (n = 5 per group)

The effect of S1P receptor agonists is very rapid [4], and
robust immunosuppressive effects (by sequestering lym-
phocytes) can be observed within a few hours after oral
administration, although they do not last long (usually dis-
appearing within 12-24 h). Therefore, the profile of an S1P
receptor agonist would be similar to that of corticosteroid,
rather than to those of methotrexate or other DMARDs. A
variety of anticipated S1P-targeted drugs might replace
corticosteroids for relieving the inflammation of RA and
become a part of the standard RA treatment in the near future.
This would be especially conducive to improving the quality
of life of elderly patients, who have been left behind so far.
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ABSTRACT: Osteoclasts are giant polykaryons responsible
for bone resorption. Because an enhancement or loss of osteo-
clast function leads to bone diseases such as osteoporosis and
osteopetrosis, real-time imaging of osteoclast activity in vivo can
be of great help for the evaluation of drugs. Herein, pH-
activatable chemical probes BAp-M and BAp-E have been
developed for the detection of bone-resorbing osteoclasts
in vivo. Their acid dissociation constants (pK,) were deter-

Bone Bone

mined as 4.5 and 6.2 by fluorometry in various pH solutions. These pK, values should be appropriate to perform selective imaging of
bone-resorbing osteoclasts, because synthesized probes cannot fluoresce intrinsically at physiological pH and the pH in the
resorption pit is lowered to about 4.5. Furthermore, BAp-M and BAp-E have a bisphosphonate moiety that enabled the probes to
localize on bone tissues. The hydroxyapatite (HA) binding assay in vitro was, therefore, performed to confirm the tight binding of
the probes to the bone tissues. Our probes showed intense fluorescence at low pH values but no fluorescence signal under
physiological pH conditions on HA. Finally, we applied the probes to in vivo imaging of osteoclasts by using intravital two-photon
microscopy. As expected, the fluorescence signals of the probes were locally observed between the osteoclasts and bone tissues, that
is, in resorption pits. These results indicate that our pH-activatable probes will prove to be a powerful tool for the selective detection
of bone-resorbing osteaclasts in vivo, because this is the first instance where in vivo imaging has been conducted in a low-pH region

created by bone-resorbing osteoclasts.

B INTRODUCTION

Osteoclasts are giant multinucleated cells derived from mono-
cytoid hematopoietic cells, which are responsible for bone
resorption within the bone-remodeling compartment.’ ¥ Because
an enhancement or loss of osteoclast function causes bone
diseases such as osteoporosis or osteopetrosis, real-time imaging
of osteoclast activity in vivo is one of the most important tools
required for investigations of osteoclast functions.* However,
current bone imaging techniques such as computed tomography
(CT) and biochemical markers of bone metabolism cannot
connect spatial information with cellular activity. To overcome
this problem, fluorescence imaging is a promising technique for
obtainin% temporal and spatial information about target cells or
proteins.” Thus, we sought to develop fluorescent chemical
probes with an OFF/ON switch, which can selectively detect
active osteoclasts and thereby instantaneously provide an image
of the location of the osteoclasts activated by particular stimuli.
Furthermore, two-photon excitation microscopy can provide
noninvasive imaging of osteoclasts in vivo.®

Active osteoclasts resorb the organic and inorganic compo-
nents of the bone tissues by cathepsin K secretion and by proton
extrusion, which causes acidification of the bone surface.* To the

W ACS PUb“(Zations © 2011 American Chemical Society

best of our knowledge, there have been no reports on the
detection of protons extruded by osteoclasts. Only a single report
has demonstrated the indirect in vivo detection of cathepsin K
activity.” However, the cathepsin K probe has not yet provided
real-time imaging data about the osteoclasts in the process of
resorbing bone tissues, and its selectivity as a probe for the
detection of osteoclast formation is inadequate.

We recognized that active osteoclasts can be selectively
detected through specific imaging8 of low-pH regions by using a
pH-activatable fluorescent probe” with specific delivery of the
probe using a bisphosphonate group® (Figure 1a). In addition,
this probe should be quite useful in the evaluation of drugs.

There are two requirements for the development of new
probes for selective detection of bone-resorbing osteoclasts.
One obvious requirement is a pH-sensitive fluorescence switch,
and the other is the capability to localize on the bone tissue.
Therefore, we designed fluorescent probes called “BAps”. These
probes are composed of boron—dipyrromethene (BODIPY)
dye and a bisphosphonate group (Figure 1b). BODIPY dyes are
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Figure 1. Strategy for selective detection of bone-resorbing osteoclasts
using pH-activatable probes and design of BAps. (a) pH-activatable
probes are immobilized on the bone tissue and provide intense
fluorescence only when osteoclasts are resorbing bone. (b) Structures
of the pH-activatable probes (BAps).

well-known fluorophores that have been used in a large number of
applications because of their environmental stability, large molar
absorption coefficients, and high fluorescence quantum yields.'®
Most recently, pH-activatable fluorescence probes including a
BODIPY dye have been developed for the detection of cancers
and real-time monitoring of therapy.'' Furthermore, bisphospho-
nate compounds are currently used as drugs for the treatment of
various bone diseases. These compounds chelate calcium and inhibit
bone resorption. We, therefore, decided to combine a BODIPY-
based pH-sensing unit with a bisphosphonate compound.

B RESULTS AND DISCUSSION

Characterlzatlon of BAps To demmerahze the bone matrix,
osteoclasts secrete protons (H*) mto the resorption pit where
the pH value is lowered to about 4. 53 We, therefore, considered
that selective imaging of osteoclasts would be achieved by the
development of pH—act]vatabIe probes with an acid dissociation
constant (pK,) in the range of 4.5—6.5, because those probes

“cannot mtmns:ca]ly fluoresce at the physmlogxcal pH. According

to this assumption, we designed : and synthesized three fluores-
cent probes with different pK, values (Figure 1b). A control
probe with “always-ON” fluorescence (BAp-A) was developed.
The other probes are fluorescence “turn-ON” type sensors that
can detect the acidic pH environment. Since the fluorescence
OFF/ON switching mechanism is based on photoinduced
electron transfer (PeT); the pK, values of these probes can be
finely tuned by the appropriate choice of an electron-donating
moiety attached to the BODIPY core.”* Thus, we chose p-
dimethylanilino (BAp-M) and p-diethylanilino groups (BAp-E)
as the electron-donating moieties to provide pK, values in the
range of 4.5—6.5.

The flucrescent probes were synthesized in one step from the
corresponding dicarboxylic acids by using straightforward syn-
thetic pathways (Scheme SI, Supporting Information). To
confirm the pH-dependent fluorescence properties of BAps, we
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Figure 2. Fluorescence spectra (0.2 4iM, excited at 492 nm) of (a) BAp-M
and (b) BAp-E in citrate-phosphate buffer, and (c) pH-dependent
profiles of changes in fluorescence quantum yield of BAps. The data
were fitted to the Henderson—Hasselbalch equation.

measured the absorption and emission spectra in citrate-phos-
phate buffer at different pH values (Figures S1 and 2). All three
probes had absorption maxima at about 520 nm. These peaks
were found to be independent of the pH of the buffer. These
results indicate that any structural changes or aggregations of
the dye induced by pH changes do not occur in aqueous
solution. In contrast, the fluorescence intensities of BAp-M
and BAp-E were highly affected by the pH (Figure 2). The
fluorescence intensities of BAp-M and BAp-E decreased along
with an increase in pH. Essentially, no fluorescence was
observed at the physiological pH. This phenomenon can be
rationalized by the observation that PeT actually occurs from
the p-anilino group to the BODIPY core.'” Thus, these two
probes showed a fluorescence “turn-ON” type increase at lower
pH. Furthermore, the pK, values were estimated by fitting pH-
dependent changes of the fluorescence quantum yield to the

17773 dx.doi.org/10.1021/ja2064582 |4, Am. Chem. Soc. 2011, 133, 17772-17776
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Flgure 3. Confocal mxcroscope unages of BAps bmdmg to hydroxyapa-
tite in Mcllvaine’s citrate-phosphate buffer. Scale bar: 40 yum. (a) BAp-A.
(b) BAp-M. (c) BAp-E.

Henderson—Hasselbalch equatlon (Flgure 2c). Consequently,
the pK, values of BAp-M and BAp-E were 4.5 and 6.2,
respectively. These results indicate that the two pH-activatable
probes could be used to selectively visualize the bone-resorbing

osteoclasts. On the other hand, BAp-A showed intense fluor-
escence regardless of pH changes as would be expected by an.

“always-ON” fluorescence probe..
Hydroxyapatite Binding Test. Bone tissues are mainly

composed of type I collagen and hydroxyapatite (HA). Confocal

microscopy was then perfmmed to ascertain the HA binding
activity and the fluorescence properties of BAps bound to HA.
Intense fluorescence was observed from every HA particle, which
was mixed with BAp-A and soaked in buffer at different pHvalues
(Figure 3). We next examined the pH-activatable probes, namely,

BAp-M and BAp-E. In the case ‘of BAp-M, the fluorescence

signals from HA particles were hardly observed under physmlo-
gical conditions, i.e., at pH 7.0 and pH 8.0. The fluorescence

intensities gradually increased with the decrease in the pH value,

and consequently, intense fluorescence was observed below pH
5.0. Similar to the behavior in solution, the HA particle including
BAp-E responded in an environment of higher pH relative to
BAp-M, and showed intense fluorescence. However, the fluor-
escence signals were very weak or not observed at pH 7.0 or 8.0.
These results indicate that BAps are pH-sensitive not only in
aqueous solution but also in the solid state; when bound to HA. It
was thus expected that synthesized probes could be immobilized
on bone ‘tissue and that they will retam their pH-sensitive
properties in vivo.

In Vivo Imaging of Osteoclasts. To" dlarify ‘the osteoclast

function and develop new therapeutic agents to treat bone diseases,
real-time monitoring of living osteoclasts in vivo will be very
important. However, it is challenging to observe living osteoclasts
that are present in the medullary cavity, deep inside the bone.

BAp-A . BAp-E (pK, 6.2 BApP-M (pk, 4.5}

BAps

Merged

Figure 4. Two-photon excitation microscopy images of in vivo osteo-
clasts using BAps. PBS solution of BAps (green) was subcutaneously
administered daily for 3 days to TRAP-tdTomato (red) transgenic mice.
Second harmonic generation from collagen in the bone matrix is
presented as a blue signal. Scale bars: 40 um.

‘We-used two-photon excitation microscopy, which can pene-
trate deeply into tissues, to capture images of osteoclasts through
the parietal bone of mice.® The parietal bone is relatively thin, and
the distance between the bone surface and the medullary cavity is
80—120 ym. This allowed us to achieve real-time imaging of the
active osteoclasts in vivo. To ensure that BAps can function in a
living mouse, we administered the probes to mice and evaluated
their pH-sensitive properties by the above-described method
(I‘lgure 4). The blue signal indicates second harmonic generation
from' collagen fibers in the bone matrix. It is obvious that
osteoclasts were present in the medullary cavity, because we
used TRAP (tartrate-resistant acid phosphatase)-tdTomato
transgenic mice, in which TRAP- 1]gosmve mature osteoclasts
predominantly express tdTomato.”> To confirm whether the
synthesized probes can be transported and immobilized on the

"bone tissues, we first used the “always-ON” probe BAp-A

(Figure 4). As expected, green fluorescence was observed all
over the bone surface. We next examined in vivo imaging of
osteoclasts by using pH-activatable probes. In contrast to the case

~of BAp-A, green signals were locally observed only between the

osteoclasts and the bone tissues (Figure 4, white arrow). Al-
though the green staining was also observed in the lower left of

“the BAp-E panels, it is mainly derived from second harmonic

generation from the bone matrix (Figure S2, Supporting

‘Information). These results indicate that our probes are func-

tioning properly, and have the potential to detect the bone-
resorbing osteoclasts in vivo. Moreover, it is expected that the pH
value in the resorption pit created by an osteoclast should be

~ within the range of 4—6, because more intense fluorescence is

found using BAp-E, which has a higher pK, value relative to BAp-
M. The brightness of BAp-E (&,5450 X ©) between pH 4 and
pH 6 is roughly 1.2—7.5 times as intense as that of BAp-M. Until
now, the pH value in the resorption pit had not been measured
in vivo. Therefore, we expect that this method will be helpful to
estimate the pH value in the resorption pits.

i CONCLUSION

We demonstrated that our custom-designed probes, in parti-
cular, BAp-E, fluoresce in the low-pH environment created by
osteoclasts in vivo, as well as in a cuvette. From medicinal and

17774 dx.doi.org/10.1021/ja2064582 ). Am. Chem. Soc. 2011, 133, 17772-17776
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therapeutic points of view, an imaging technique for visualizing
the migration and function of osteoclasts is highly desirable.
Because this method is the first example of in vivo imaging of a
low-pH region created by bone-resorbing osteoclasts, we are
confident that the pH-activatable probes BAps will provide a
powerful tool for the selective detection of bone-resorbing
osteoclasts in vivo.

B EXPERIMENTAL SECTION

Synthesis of BAp-A. To a solution of the corresponding bis-
carboxylic acid (1,3,5,7-tetramethyl-2,6-bis(2-carboxyethyl)-8-phenyl-
4,4-difluoro-4-bora-3a,4a-diaza-s-indacene)'! (9.40 mg, 20.1 ymol) in
MeCN (S mL) were added alendronic acid (5.00 mg, 20.1 pmol) in
water (4 mL), 2 N ag NaOH (60 4L, 120 zmol), and DMT-MM (27.7
mg, 100 imol) at room temperature. After being stirred for 16 h, the
reaction mixture was poured into 10% aqueous solution of AcOH
(11 mL) and lyophilized. The crude compound was then purified by
reverse-phase HPLC under the following conditions: A/B = 85/15
(0 min) to 10/90 (30 min) (solvent A: 100 mM aq TEAA; solvent B:
acetonitrile). Compound eluted with a retention time of 12 min was
collected. After lyophilization, 2 orange powder of BAp-A-3Et;N was
obtained (6.55 mg, 6.53 umol) in 329 yield. "H NMR (400 MHz, D,0)
0 0.95 (s, 3H), 0.97 (s, 3H), 1.12 (t, ] = 7.2 Hz, 27H), 1.64—1.67 (m,
2H), 1.75—1.85 (m, 2H), 2.01-2.09 (m, 4H), 2.25—2.37 (m, 10H),
3.00-3.07 (m, 20H), 6.71 (br s, 2H), 7.14 (br s, 3H). HRMS (RAB~)
Caled for [M — H*]™ 698.2021, found 698.2010.

Synthesis of BAp-M. BAp-M was synthesized from the correspond-
ing bis-carboxylic acid (1,3,5,7-tetramethyl-2,6-bis(2-carboxyethyl)-8-(p-
dimethylaminophenyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) ' by
the same method as described above and purified by reverse-phase
HPLC under the following conditions: A/B = 75/25 (0 min) to 60/40
(20 min), and then 10/90 (25 min) (solvent A: 100 mM aq TEAA;
solvent B: acetonitrile). A orange powder of BAp-M:3Et;N (g = 11
min) was obtained in 9% yield 'H NMR (400 MHz, D,O) &
110 1.14 (m, 33H), 1.63 (brs, 2H), 1.78 (br s, 2H), 2.02-2.10
(m, 4H), 228 (s, 3H), 2.32 (s, 3H), 2.41 (br s, 4H), 2.74 (s, 6H),
2.97-3.06 (m, 20H), 6.71 (br s, 4H). HRMS (FAB—) Calcd for [M —
H"]™ 741.2443, found 741.2462.

Synthesis of BAp-E. BAp-E was synthesized from the correspond-
ing bis-carboxylic acid (1,3,5,7-tetramethyl-2,6-bis(2-carboxyethyl)-8-
(p-diethylaminophenyl-4,4-difluoro-4-b ora-3a,4a-diaza-s-indacene)'!
by the same method as described above and purified by reverse-phase
HPLC under the following conditions: A/B = 80/20 (0 min) to 10/90
(30 min) (solvent A: 100 mM aq TEAA; solvent B: acetonitrile). A
orange powder of BAp-E-3Et;N (g = 13 min) was obtained in 11%
yield. "H NMR (400 MHz, D,0) 6 0.95 (t, ] = 7.2 Hz, 6H), 1.08 (s, 3H),
1.13 (4, ] = 7.2 Hz, 27H), 118 (s, 3H), 1.60—1.65 (m, 2H), 1.71—1.83
(m, 2H),2.03-2.11 (m, 4H), 2.28 (s, 3H), 2.35 (s, 3H), 2.40—2.46 (m,
4H), 2.93-2.98 (m, 2H), 3.05 (q, ] = 7.2 Hz, 18H), 3.34 (q, ] = 7.2 H,
4H), 6.93 (d, ] = 8.0 Hz, 2H), 7.07 (d, ] = 8.4 Hz, 2H). HRMS (FAB—)
Caled for [M — H']™ 769.2756, found 769.2743.

High-Performance Liquid Chromatography. We performed
HPLC on a system composed of a pump (PU-2080, JASCO) and a
detector (MD-2010, JASCO) with an Inertsil ODS-3 (4.6 mm x 250
mm for analysis; 10.0 mm x 250 mm for preparation).

Fluorometry. Fluorescence spectra were measured in Mcllvaine’s
citrate-phosphate buffer using a Hitachi F4500 spectrometer. Slit width
was 2.5 nm for both excitation and emission, and the photomultiplier
voltage was 950 V. Fluorescence quantum yields were determined using
fluorescein in 0.1 N NaOH as a standard (® = 0.85, A,, = 492 nm).

In Vitro Hydroxyapatite Binding Test. Five milligrams/mL of
hydroxyapatite was vortexed in a 1 M aqueous solution of BAps (1 mL)
for 30 min at room temperature. The mixture was centrifuged and

washed four times with water. A portion of the residual powder was
soaked in citrate-phosphate buffer (400 uL) at various pH values in a
glass-bottom dish. Fluorescence images were then collected using a
confocal laser scanning microscope (Olympus, FLUOVIEW FV10i)
equipped with 2 60 lens. The excitation wavelength was 473 nm, and
the emission was filtered with a BA490~590 filter.

Two-Photon Excitation Imaging in Mice. The generation of
TRAP promoter-tdTomato transgenic mice has been described else-
where.® Twenty-five micrograms/body of BAp-A, BAp-E, or BAp-M
dissolved in PBS was injected subcutaneously into TRAP-tdTomato
mice once a day beginning 3 days prior to the recording of images.
Intravital microscopy of mouse calvaria bone tissues was performed
using a protocol modified from a previous study.® Mice were anesthe-
tized with isoflurane (Escain; 29 vaporized in 100% oxygen), and the
hair at the neck and scalp was removed with hair removal lotion (Kracie).
The frontoparietal skull was exposed, and the mouse head was im-
mobilized in a custom-designed stereotactic holder. The imaging system
was composed of a multiphoton microscope (SPS; Leica) driven by a
laser (Mai-Tai HP Ti: Sapphire; Spectraphysics) taned to 900 nm and an
upright microscope (DMG6000B; Leica) equipped with a 20% water
immersion objective (HCX APO, N.A. 1.0; Leica). The microscope was
enclosed in an environmental chamber in which anesthetized mice were
warmed by heated air. Fluorescent probes were detected through a
bandpass emission filter at $25/50 nm. Osteoclasts were visualized by
expression of TRAP-tdTomato (detected using a 585/40 nm filter).
Snapshot images were acquired, and raw imaging data were processed
with Imaris (Bitplane) with a Gaussian filter for noise reduction. In vivo
imaging experiments were performed three times for each probe, and
representative images are shown.
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The sphingosine-1-phosphate transporter
Spns2 expressed on endothelial cells
regulates lymphocyte trafficking in mice
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The bioactive lysophosphohpld mediator sphmgosme- -phosphate (S1P) promotes the egress of newly formed
T cells from the thymus and the release of immature B cells from the bone marrow. It has remained unclear, how-
ever, where and how S1P is released. Here, we show that in mice, the S1P transporter spinster homolog 2 (Spns2)
is responsible for the egress of mature T cells and immature B cells from the thymus and bone marrow, respec-
tively. Global SpnsZ-KO mice exhibited marked accumulation of mature T cells in thymi and decreased numbers
of peripheral T cells in blood and secondeiry Iymphmd organs. Mature recirculating B cells were reduced in
frequency in the bone marrow as well as in blood and secondary lymphoid organs. Bone marrow reconstitution
studies revealed that Spns2 was not involved in S1P release from blood cells and suggested a role for Spns2 in
other cells. Consistent with these data, endotheha-speaﬁc deletion of Spns2 resulted in defects of lymphocyte
egress similar to those observed in the global Spns2-KO mice. These data suggest that Spns2 functions in ECs to
establish the S1P gradient required for T and B cells to egress from their respective primary lymphoid organs.
Furthermore, SpnsZ could bea therapeutxc target for a broad array of inflammatory and autoimmune diseases.

lntroductlon
‘Spl’nngosme- -phosphate (S 1P)isa bxoactlve lysophosphohpld medi-
ator that plays a crucial role in diverse physxologlcal functions, such
as lymphocyte trafﬁckmg, vascular development and inflammation
(1-5). S1Pexerts biological functions mostly through activating cell-
surface G protein-coupled receptors S1P1-S1P5, while intracellular
S1Pisalso known to act as a second messenger: to regulate inflamma-
* tion (6). It remains unclear how intracellular S1P is transported to the
outside of the cells to activate S1P receptors expressed on the cells.
The activation of S 1P1 sxgnahng in lymphocytes by S1P has been
shown to promote the egress of newly formed T cells from the thy-
mus and that of mature T and B cells from secondary lymphoid
organs such as spleen and lymph nodes (7-10). An immunosup-
pressive molecule, FTY720, prodiices peripheraly lymphopenia
by blocking the lymphocyte egress from the thymus and lymph
nodes. Interestingly, FTY720 was found to elicit the i immunosup-
pressive effect by functionally antagonizing the S1P/S1P1 signal-
ing pathway (8, 11-13). In fact, this compound has been recently
approved by the United States Food and Drug Administration for
treatment of autoimmune diseases (14). In addition, S1P/S1P1
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receptor signals direct the release of immature B cells from the
bone marrow to the peripheral blood (15, 16).

The concentration of S1P is abundant in circulatory fluids, such
as blood and lymph (~uM), whereas it is normally kept low in the
lymphoid tissues (~nM) by S1P-degrading enzymes that include
lipid phosphate phosphatase 3 (17, 18). However, it has been sug-
gested that this concentration difference of S1P is required but not
sufficient for lymphocyte egress from lymphoid tissues into the cir-
culation (9), implying the significance of S1P gradient made in lym-
phoid tissues. Consistently, S1P produced by neural crest-derived
perivascular cells is required for efficient T cell egress (19). More-
over, lymphatic ECs release S1P, which is necessary for lympho-
cyte egress from lymph nodes into lymph (20). However, it is still
unclear how B and T cell egress from the primary lymphoid organs
and which cells release S1P that promotes the egress of these cells.

S1P is generated inside of the cell by phosphorylation of sphingo-
sine in a reaction catalyzed by sphingosine kinase 1 and 2, 2 closely
related isozymes, and is exported toward the outside of the cell to
stimulate its cell-surface receptors (21, 22). Release of S1P is observed
in a variety of cells, such as platelets, erythrocytes, mononuclear cells,
neutrophils, mast cells, and ECs (3, 21-28). In vitro analyses have
revealed that ABC transporters mediate S1P release in several types of
cells, such as mast cells, erythrocytes, platelets, breast cancer cells, and
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Mature T and recirculating mature B lymphocytes are remarkably reduced in the peripheral blood of Spns2-~mice. (A and B) Flow cytometric anal-
yses of control (Spns2++) and global Spns2-- mice. (A) Frequencies (left) and total numbers (right) of CD4 SP (CD4) and CD8 SP (CD8) T cells
in peripheral blood are shown (n = 11). (B) Frequencies (left) and total numbers (right) of immature B celis (CD1 9+CD23-1gD-1gM+, immature B)
and mature recirculating B cells (CD19+CD23+lgD+, Mature rec. B) in peripheral blood are shown (n=11).In A and B, bars and circles indicate

averages and values for individual mice, respectively.

astrocytes (24, 29-32). We and others have idenctified the S1P trans-
porter spinster homolog 2 (Spns2) as an S1P transporter in zebra fish
(33, 34). However, the physiological functions of Spns2 in mammals
remain totally unknown. Furthermore, S1P transporters responmble
for S1P-mediated lymphocyte trafficking have not been identified.

In the present study, we investigated the importance of Spns2
in lymphocyte trafficking by analyzing the Spns2-deficient mice
and found that Spns2 is responsible for egress of mature T cells

- and immature B cells from thymus and bone marrow, respectively.
We further revealed, by performmg bone marrow reconstitution
studies and by analyzing mice with conditional deletion of Spns2

- in ECs, that ECs release S1P through Spns2, thereby promoting

lympho cyte egress from both thymus and bone marrow.

1 Results

 Spns2 is essential for trafficking of both T and B cells. To address the
physxologlcal functions of Spns2 in mammals, we generated global
Spns2-KO (Spns2/-) mice by crossing Spns2ff mice, in which exon 2
~ ofthe SpnsZ geneis flanked with loxP sites, with mice expressing Cre
- recombinase under the control of cytomegalovirus promoter (Sup-
- plemental Figure 1; supplemental material available online with
_this article; doi:10. 1172/JC160746DS1). RT-PCR analyses of the
- -RNAextracted from the lungs of WT and Spns2+- mice revealed that
- Spns2+/~'mice express a mutant mRNA transcript lacking exon 2-

~ derived sequence encoding aa 124-145 of WT Spns2 (Supplemen-

‘tal Figure 2, A and B). This Spns2 mutant protein failed to localize
“at the plasma membrane and lost the ability to export S1P (Sup-
- plemental Figure 2, C and D). Thus, we conclude that Spns2~/- mice
areindeed functionally disrupted for Spns2.

- Spns2/- mice develop normally, survive to adulthood, and are
gFertxleJ although they exhibited symblepharon to a greater or lesser
-extent (Supplemental Figure 3). In addition, blood biochemical
“examination revealed no significant differences between WT and

Spns2~/~ mice (Supplemental Figure 4). Notably, hematological
“analysis showed a significant decrease in white blood cell count
in Spns27/~ mice compared with control mice, although there were
no differences in the other hematological parameters, such as red
blood cells, platelets, hemoglobin, hematocrit, mean corpuscular
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volume, mean corpuscular hemoglobin, and mean corpuscular
hemoglobin concentration (Supplemental Figure 5), implying the
role of Spns2 in lymphocyte trafficking.

It should be noted that the number and proportion of mature
CD4 and CD8 single-positive (SP) T cells was dramatically reduced
in the blood of Spns27- mice (Figure 1A and Supplemental Figure
6A). In addition, immature B cells (CD19*CD23-IgD-IgM*) and
mature recirculating B cells (CD19*CD23*IgD*) were decreased
in the blood of Spns27- mice compared with WT mice (Figure 1B
and Supplemental Figure 6B). These findings suggest that Spns2
is involved in trafficking of both T and B lymphocytes.

- Spns2 vegulates T cell egress from the thymus into blood. To study the
cause of the decrease in mature T lymphocytes in the blood of
Spns2~/~ mice, we examined the thymus where T lymphocytes devel-
op and from which they egress into blood. Spns2~- mice exhibited
normal thymus structures (Supplemental Figure 7). The numbers
and proportions of mature CD4 and CD8 SP T cells in the thymi
of Spns27- mice were increased compared with those of WT mice,
although there was no significant change in the number of imma-
ture CD4/CD8 double-positive (DP) T cells and CD4/CD8 double-
negative (DN) progenitor thymocytes (Figure 2, A and B). These
data suggest a significant role for Spns2 in modulating the egress
of mature T cells from the thymus into the blood. '

_During final maturation of CD4 and CD8 SP T cells in the medul-
la of the thymus, they downregulate CD69, upregulate S1P1 and
CD62L, and consequently migrate out of the thymus in response to
S1P (35-38). Thus, we examined the semi-mature (CD69*CD62LI/)
and fully mature (CD69*/-CD62L") SP T cells in the thymi of Spns2-
mice. The proportion of fully mature SP T cells was increased in
comparison with that of WT mice, while the relative amount of semi-
mature SP T cells was decreased (Supplemental Figure 8, A and B). In
addition, the cell-surface expression of CD69 on the fully mature SP
T cells was slightly higher in Spns2+- mice than in WT mice (Supple-
mental Figure 8C). Since S1P is suggested to be required for full CD69
downregulation during final maturation of SP thymocytes (8,36, 39),
this may be due to a decreased release of SIP in thymus of Spns2-/-
mice. These results indicate that Spns2 is involved in the release of
S1P required for T cell egress from the thymus into the blood.
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‘Egress of mature T cells from the thymus is lmpa)red in SpnsZ"’" mice: (A—D) Flow cytometric analyses of control (Spns2++) and global
Spns2- mice. (A) A representative flow cytometnc analysis of T cells in‘the thymus. The numbers represent the percentages of CD4 SP, CD8
SP, CD4/CD8 DP T cells, and CD4/CD8’ DN thymocytes. (B) Frequencies (left) and total numbers (right) of CD4/CD8 DN (DN), CD4/CD8 DP
(DP), CD4 SP (CD4) and CD8 SP. (CDB) thymocytes and T cells are shown (n =:11). (C) Frequencies and numbers of CD4 SP (CD4) and CD8

SP (CD8) T cells in peripheral lymph nodes are shown. (n = 11).
spleens are shown (n=

(D) Frequencies and numbers of CD4 SP (CD4) and CD8 SP (CD8) T celis in
11). In.B-D, bars and circles indicate averages and values for individual mice, respectively. (E) Spleen sections from

control (Spns2++) or. SpnsZ"’“ mice, stamed to detect CD3+* T cells (blue) and B220* B cells (red). The boxed areas of upper panels are enlarged

in lower pane!s Scale bars: 200 pm (top row); 50 um (bottom row).

To assess the possxblhty that lack of mature T cells in the blood
of Spns2+- mice s related to their accumulation in other secondary
lymphcnd tissues, we further examined marture SPT lymphocytes
in peripheral lymph nodes and i in the spleen In contrast with the
‘accumulation of mature T cells in the thymus, the numbers and
proportions of mature CD4 and CD8 SP T cells were dramatically
reduced in peripheral lymph nodes and in the spleen of Spns2~/~
mice, although their structures were normal (Figure 2,C-E,and
Supplemental Figure 7). These results show thata decrease in the

, generé.ted immature B cells are exported into the peripheral blood in

an S1P/S1P1 signal-dependent manner (i3, 16). The immature B cells
subsequently undergo maturation in the secondary lymphoid tissues

‘and rmgrate back to the bone marrow through the blood (recirculat-

ing mature B cells). To explore the cause of remarkable reduction of

_recirculating mature B lymphocytes in the peripheral blood of Spns2-~

’numbei of mature T cells in the perxpheral blood of Spns27- mice

is a consequence of impaired T cell egress from the thymus, but

not due to the accumulation in the secondary lymphoxd organs.
Spns2 regulates egress of immature B cells from the bone marrow into the

" blood. In the late stage of B cell development in the bone marrow, newly

1418 The Journal of Clinical Investigation

mice, we examined the number and proportion of the lymphocytes
at different developmerital stages. The numbers and frequencies of
mature recirculating B cells (B220IgM* or CD19*IgM*IgD") were
51gmﬁcantly reduced in the bone marrow of Spns2~/- mice compared
with that of control mice (Figure 3, A and B, and Supplemental Fig-

‘ure 9). However, the number of pro-/pre-B cells (B220*IgM-) and

http://www.jci.org

immature B cells (B220IgM* or CD19*IgM*IgD-) was normal in the
bone marrow of Spns2~- mice, although their frequencies were slightly
Number 4
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Figure 3

Immature B cell egress from bone marrow is impaired in SpnsQ*’* mice. (A—D) Flow cytometnc analysis of B cells in control (Spns2++) and
Spns2-- mice. (A) A representative flow cytometric analysis of progenitor B (B220*IgM-), immature B (B220"IgM+) and mature recirculating
B cells (B220"igM*) in the bone marrow cavity. Numbers indicate the percentages of IlgM- and B220-expressing cells of total lymphocytes.
(B) Freguencies-(left) and total numbers of pro-/pre~B cells (8220+|gM -), immature B cells (8220'°lgM+) and mature recirculating B cells
(B220MgM+) defined as in A are shown (n = 11). (C) Frequencnes (left) and numbers. (right) of mature recirculating B (mature rec. B) cells
(CD19+CD23+IgD*) in peripheral lymph nodes are shown (n = 11). (D) Frequencies (left) and nurmbers (right) of T1 B cells (CD19+CD21-CD23"),
MZ (CD19+CD21+CD23b), and follicular B cells (FO) CD19+CD21 '°CD23+) in spleens are shown (n=11).In B-D, bars and circles indicate aver-

ages and values for individual mice, respectively.

higher than those in control mice, probably due to the reduction of -

mature recirculating B cell count (Figure 3, A and B, and Supplemen-
tal Figure 9). Together with the evidence for the decr eased number of
_ immature B cells in the peripheral blood of. Spns2+/- mice (Figure 1B),
: these results suggest that the egress of immature B cells from the bone:
“martow is impaired in Spns27~ mice. ~ :

To further confirm this conclusmn, we exammed the number and .

‘proportion of B lymphocytes in the secondary lymphokld’organs,‘

. In'the peripheral lymph nodes, the number of mature B cells was-

reduced in Spns27- mice, although the frequency of mature B cells

was not different from that in control mice (Figure 3C). In the :

spleen, the numbers and proportions of follicular B cells were: 51g—
nificantly decreased in Spns2~- mice compared with those of con-
trol mice, although there was nodifference in the number of mar-

ginal zone (MZ) and transitional type 1 (T1) and B1 B cells etween
control and Spns2~/- mice (Figure 3D). These results reveal that the .

decrease in mature recirculating B cells in the penpher'
Spns27/- mice is not due to their accumulation in the secendary
lymphoid organs, although it remains unclear whether Spns2 is
involved in the egress of B lymphocytes from the secondary. lym-
phoid organs. Therefore, we conclude that Spns2 is required for the
egress of immature B cells from the bone marrow into the blood.
Spns2is not involved in S1P release from blood cells. Which cells express-
ing Spns2 are responsible for releasing S1P necessaty for lymphocyte
trafficking? Blood cells, especially erythrocytes, are known to pro-
duce S1P, thereby contributing to high plasma S1P concentration

The Journal of Clinical Invesﬁgaﬁén
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(9,23-26). Thus, we first investigated whether Spns2 is involved in
S1P release from blood cells. In Spns2~- mice, plasma S1P levels were
1educed t0,.54% of those in control mice (0.39 + 0.03 uM in control
mice; 0.21 +0.01 uM in Spns27- mice), although plasma sphingosine
and glycerolysophospholipids of Spns2+- mice were comparable to
. those in control mice (Figure 4, A-H). Most of the plasma S1P is
known to be associated with HDL and albumin (40-42). Consis-
- tent with the reduced concentration of plasma $1P in Spns27~ mice,
“the amount of S1P associated with HDL and albumin was lower in
Spns2/- mice than in WT mice (Supplemental Figure 10).
~ To further clarify whether the reduction of plasma S1P concentra-
tion in Spns27/- mice is attributed to the decreased S1P release from
“blood cells, we examined the secretion of S1P from blood cells iso-
lated from either control or Spns2~ mice. S1P release from blood cells
occurred in Spns2+~ mice to an extent similar to that in control mice
- (Figure SA). This S1P release was not caused by membrane damage,
" _since no release was observed when the cells were incubated at 4°C
 (Figure 5A), as previously reported (27). These results suggest that
Spns2 is notinvolved in the release of S1P from blood cells. To further
confirm this conclusion, we performed bone marrow reconstitution
\studles (Supplemental Figure 11). Reconstitution of irradiated Spnsz /-
- mice with WT bone marrow did not restore the reduced concentra-
tion of plasma S1P (Figure SB). Furthermore, Spns27- mice reconsti-
tuted with WT bone marrow still exhibited accumulation of mature
- SPT lymphocytes in the thymus and reduction of mature recirculat-
ing B cells in the bone marrow in comparison with WT mice (Figure S,
Number 4
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Plasma S1P concentration is reduced in Spns2-- mice. (A-H) Plasma
concentrations of S1P (A), sphingosine (SPH) (B), LPA (C), LPC (D),
LPG (E), LPI (F), LPE (G), and LPS (H) in control (Spns2++) or Spns2--
mice. Data are shown as mean = SD (n = 3-5).

Cand D). These findings indicate that cells other than blood cells
expressing Spns2 secrete S1P to control lymphocyte trafficking.
Spns2 mediates S1P release from ECs. Cultured vascular ECs produce
S1Pinvitro (43,44), although S1P release from vascular ECs has not
been confirmed in vivo. Another type of EC, lymphatic ECs, secrete
S1P into lymph, thereby regulating lymphocyte egress from lymph
nodes (20). Thus, we next investigated whether Spns2 is involved in
the release of S1P from ECs. RT-PCR :malyses revealed that Spns2
is expressed not only in lymphatic ECs, but also in several types of
vascular ECs (Figure 6A). In addition, depletion of Spns2 by siRNA
resulted in the inhibition of S1P release from ECs (Figure 6, B and C).
Furthermore, we investigated whether Spns2 is expressed in ECs in

vivo by performing in situ hybridization analyses. Spns2 mRNA was

clearly expressed on the ECs in the thymus (Figure 6D). Although it
has been reported that pericytes covering thymic ECs release S1P to
promote T cell egress from thymus (19), we could not detect expres-
sion of Spns2 mRNA on the pericytes in the thymus (Figure 6D).

Besides the thymus, expression of Spns2 mRNA was also observed in
the ECs of other tissues, such as heart, lung, and hypothalamus, but
not in those of kidney and olfactory bulb (Supplemental Figure 12).

These results suggest that ECs secrete S1P through Spns2. Hence,
we hypothesized that S1P released from ECs via Spns2 is required
for lymphocyte egress from primary lymphoid organs.

ECs regulate thymic egress by releasing S1P through Spns2. To address
whether Spns2 functions in ECs to regulate lymphocyte traffick-
ing, we tried to generate mice lacking Spns2 in ECs (Spns2-ECKO:
Spns2/5Tie2Cre) by crossing the Spns2#fmice with the mice express-
ing Cre recombinase under the Tie2 promoter (Supplemental

~Figure 1). In Spns2-ECKO mice, plasma S1P concentration was
decreased to the level observed in Spns27/- mice (Supplemental Fig-

1420 The Journal of Clinical Investigation
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ure 13), indicating that ECs release S1P into plasma in an Spns2-
dependent manner. Spns2-ECKO mice develop normally without
symblepharon formation that is observed in global Spns2~- mice,
suggesting that Spns2 acts as an S1P transporter not only in ECs
but also in other types of cells.

We further investigated whether Spns2 functions in ECs to promote
T cell egress from the thymus by S1P.. Compared with control mice,
the proportion of mature CD4 and CD8 SP T cells was increased in
the thymus of Spns2-ECKO mice, but to a lesser extent than that in
Spns2+- mice (Figure 2A and Figure 7A). In addition, the number and
proportion of CD4 and CD8 SP T cells in Spns2-ECKO mice were
dramatically decreased in the peripheral blood, spleen, and peripheral
lymph nodes (Figure 7, B and C, and Supplemental Figure 14), sug-
gesting an impaired thymic egress of mature T lymphocytes in Spns2-
ECKO mice into the peripheral lymphoid organs. The Tie2 promoter
is active not only in ECs, but also in hematopoietic cells (45-47). To
further confirm that the phenotype of Spns2-ECKO mice is attrib-
uted to the impaired function of Spns2 in ECs, we performed bone
marrow reconstitution experiments. Spns2-ECKO mice reconstituted
with control bone marrow exhibited accurnulation of mature CD4
and CD8 SP T cells in the thymus, and their deficiency in the periph-
eral blood compared with control mice reconstituted with control
bone marrow (Supplemental Figure 15). These findings apparently
reveal that S1P released from ECs through Spns2 is involved in the
egress of mature T cells from the thymus into the blood.

ECs promote the egress of immature B cells from the bone marrow by
releasing S1P through Spns2. We further investigated the role of ECs
in immature B cell egress from the bone marrow. As observed in
Spns2~/~ mice, the numbers and proportions of mature recirculat-
ing B cells, but not 'pro~/pre-B cells and immature B cells, were
remarkably decreased in the bone marrow of Spns2-ECKO miice in
comparison with control mice (Figure 8A and Supplemental Figure
16). Mature recirculating B cellsin the blood and peripheral lymph
nodes of Spns2-ECKO mice were decreased (Figure 8B and Supple-
mental Figure 17). Furthermore, the numbers and frequencies of
follicular B cells were significantly reduced in the spleen of Spns2-
ECKO mice compared with control mice (Figure 8C), although the

~number of MZ B cells in the spleen was comparable between WT.

and Spns2-ECKO mice. Unexpectedly, the spleens of Spns2-ECKO
mice have increased numbers of T1 and B1 B cells compared with
those of control mice. This result may imply a more complex role
of Spns2 in B cell trafficking that has to be tested in more detail in
further experiments. Moreover, reconstitution of irradiated Spns2-
ECKO mice with control bone marrow did not restore reduction
of mature recirculating B cells in'the bone marrow and peripheral
blood (Supplemental Figure 18). These results demonstrate that
S1P released by ECs through Spns2 promotes the egress of imma-
ture B cells from the bone marrow into the blood.

Discussion
In the present study, we show for what we believe is the first time
that Spns2 expressed on ECs is essential for lymphocyte egress
from the primary lymphoid organs. By analyzing the Spns2-defi-
cient mice, we found that Spns2 is an S1P transporter required
for the egress of mature T cells and immature B cells from the
thymus and the bone marrow, respectively, into the peripheral
blood. In addition, by deleting Spns2 in ECs and performing
bone marrow reconstitution studies, we showed that Spns2 reg-
ulates S1P secretion in ECs, but not in blood cells, to promote
lymphocyte egress from primary lymphoid organs. Therefore, the
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Spns2 is not involved in S1P release from blood cells. (A) Release of S1P by the blood cells isolated
from control (Spns2++) and SpnsZ‘F mice. Cells were mcubated at either 4°C or at 37°C for 90 min-
utes as indicated at the bottom. Data are expressed as a percentage of the total amount of S1P in the
cells without incubation and shown as mean + SD (n = 4). (B-D) Spns2-- mice were lethally irradiated
and reconstituted with bone marrow from littermate control mice. (B) Plasma S1P concentrations of
either Spns2-/- mice (Pre) or of those reconstituted with WT bone marrow (Post) (n = 13). (C and D)
Flow cytometric analyses of control (Spns2+*) and Spns2-- mice reconstituted with littermate control
bone marrow (BM chimera). (C) Frequencies (left) and total numbers (right) of CD4 SP (CD4) and
CD8 SP (CD8) T cells in the thymus are shown (Spns2+#+, n = 8; BM chimera, n = 13). (D) Frequen-
cies (left) and total numbers of mature recirculating B cells (CD19+igM+gD*) in the bone marrow are

shown (Spns2++, n = 8; BM chimera, n = 13).

present study on Spns2 largely contributes to the understanding
of S1P signaling, which is used in the egress of lymphocytes from
primary lymphoid organs (1, 2, 4, 5).

Spns2.is the first S1P transporter functioning in mammals.
Intracellularly generated S1P has to be transported out of the cell
~ to stimulate its cell-surface receptors. Several lines of evidence
obtained from in vitro studies have suggested the involvemnent of
the ABC famlly of transporters in S1P release from several types of
cells (22, 24, 29-32). However, their biological significance in vivo
has remained unclear. In this study, we demonstrate Spns2 as a key
S1P transporter that regulates lymphocyte trafficking in mammals.
Although Spns2 regulates lymphocyte trafficking by inducing the
release of S1P from ECs, this transporter may also function in other
cells, since symblepharon was observed in Spns2~~ mice, but not in
Spns2-ECKO mice. On the other hand, Spns2 appears not to be the
only transporter of S1P in mammals because plasma S1P levels were
partially but not completely decreased in Spns2~~ mice compared
with control mice. Although blood cells, especially erythrocytes, are
thought to be the major cellular source of S1P in plasma (9, 23,27),
blood cells from Spns2~/~ mice still retained the ability to release
S1P (Figure 5A). Thus, S1P release from blood cells appears to be
mediated by S1P transporters other than Spns2. In addition, S1P
transporters other than Spns2 might also be involved in the release
of S1P required for vascular development, since Spns27- mice did
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not show the defects in vascular devel-
opment that can be observed in SIpI-
deficient mice (48).

This study clearly reveals that Spns2-
dependent S1P release from ECs is
important for egress of mature T cells
from the thymus into the peripheral
blood. Thymic egress is strictly con-
trolled by the S1P/S1P1 signaling
pathway (1, 2, 4, 5). In the thymus,
thymocytes differentiate into mature
T cells, and subsequently express S1P1
through upregulation of Kriippel-
like factor 2 (5, 49). S1P1-expressing
mature T cells acquire responsiveness
to S1P, thereby exiting from the thy-
mus into the peripheral blood. Until
recently, it has been assumed that the
S1P gradient between the thymus
and the blood is required for egress
of mature T cells. However, recent
evidence has suggested that plasma
S1P is insufficient to promote thymic
egress (9, 19). Importantly, egress of
mature T cells from the thymus was
impaired in Spns2-/~mice even though
the plasma contains enough concen-
tration of S1P to stimulate lympho-
cyte S1P1 in vitro (10). Similarly,
Zachariah and Cyster have recently
reported that neural crest-derived
pericytes covering the ECs release S1P
responsible for thymic egress without
influencing plasma S1P concentra-
tion (19). Therefore, mature T cells
might be recruited to the abluminal
side of blood vessels by S1P locally released from both ECs and
pericytes, and possibly exit into the peripheral blood in response
to high concentrations of plasma S1P. However, further scudies are
needed to confirm this hypothesis.

Spns2 expressed on ECs of the blood vessels is also essential for B
cell egress from the bone marrow. Alchough recent reports reveal the
role of S1P/S1P1 signaling in the egress of immature B cells from the
bone marrow (15, 16), a cellular source of S1P involved in this pro-
cess has not been identified. In Spns2~~ mice, the number of mature
recirculating B cells was significantly decreased not only in the bone
marrow but also in the blood, spleen, and peripheral lymph nodes,
indicating a block in the egress of immature B cells from the bone
marrow. Importantly, reconstitution of irradiated Spns2- mice with
WT bone marrow did not rescue the deficiency of mature recircu-
lating B cells in the bone marrow. Furthermore, Spns2-ECKO mice
also exhibited reduced numbers of mature recirculating B cells in the
bone marrow, peripheral blood, spleen, and peripheral lymph nodes,
as observed in Spns27~ mice. This phenotype was not rescued by
reconstitution with control bone marrow. Thus, these results reveal
for what we believe is the first time that ECs are the major cellular
source of S1P necessary for the egress of immature B cells from the
bone marrow. In the late stage of B cell development in the bone mar-
row, newly generated immature B cells placed in the parenchyma are
first recruited into the sinusoidal compartment and subsequently
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Figure 6

Spns2 is involved in S1P release from ECs. (A) Expression of Spns2 in ECs. RT-PCR analysis was performed to examine the expression of
Spns2 in HUVECs, HMVECs, HAECs, HDLECs, Hel.a, and HEK293 cells as indicated at the top. PCR was performed using specific primers for
either Spns2 (upper panel) or GAPDH (lower panel). To verify the absence of contaminating genomic DNA, RT-PCR was also performed in the
absence of reverse transcriptase (). (B and C) S1P release from Spns2-depleted ECs. (B) Release of S1P by ECs transfected without (-) or
with either control SIRNA (control) or 2 independent siRNAs targeting Spns2 (Spns2#1 and Spns2#2). (C) Real-time RT-PCR analysis to assess
“the efficiency of siRNA-mediated Spns2 knockdown. In B and C, data are expressed relative to those observed in the untransfected cells and
*shown as mean x SD of 3 independent experiments. (D) In situ hybridization for Spns2 mRNA in thymus. Antisense probe was hybridized to
thymus section (Sphs2: purple). Serial sections wére also stained with anti-CD31 (CD31: brown) and anti~o-SMA (brown) antibodies to identify
EGs and pericytes, respectively. The boxed areas of upper panels are enlarged in'lower panels. Arrows and white arrowheads indicate ECs and
- pericytes, respectively. Scale bars: 50 um (upper panels); 10 um (lower panels).

exported into the peripheral blood (50-52). Sinusoidal entry of
 immature B cells is thought to be a key step in bone marrow egress.
‘Recently, it has been reported that S1P/S1P1 signaling promotes the
movement of immature B cells from parenchyma to sinusoid, there-
by facilitating egress of immature B cells from bone marrow (15, 16).
Thus, bone marrow sinusoidal ECs may attract immature B cells
from the parenchyma by producing S1P through Spns2 and thereby
promoting the immature B cell egress into the peripheral blood.

The lymphocyte egress from secondary lymphoid organs such as
lymph nodes and spleen also depends on S1P/S1P1 signaling, Pham
et al. have recently reported that lymphatic ECs are an in vivo source
of SIP required for lymphocyte egress from lymph nodes and Peyer

;ykpatch‘es (20). Since Spns2 is expressed not only in vascular ECs but

also in lymphatic ECs, Spns2 may also regulate lymphocyte egress
from lymph nodes by inducing the release of S1P from lymphatic ECs.
However, to address this hypothesis, we need to analyze mice lacking
Spns2 specifically in the lymphatic ECs because lymphocyte egress
from primary lymphoid organs is severely impaired in global Spns2+/-
mice. It also remains elusive whether Spns2 is involved in lymphocyte
egress from spleen. Thus, this will be a subject for future studies.

In conclusion, we demonstrate that Spns2is akey S1P transport-
er involved in lymphocyte trafficking and further indicate that vas-
cular ECs are the major source of S1P in vivo responsible for lym-
phocyte egress from the thymus and the bone marrow. Thus, this

- study not only reveals the crucial role of Spns2 as an S1P trans-
“porter in mammals, but also contributes to our understanding of
~molecular mechanisms of S1P-mediated lymphocyte trafficking.
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Since SIP signaling is profoundly involved in the inflammatory
and autoimmune diseases, such as multiple sclerosis, psoriasis,
asthma, and rheumatoid arthritis, as well as in transplantation,
Spns2 can be a potential therapeutic target for these diseases.

Methods
Generation of Spns2¥fmice. Spns2% mice (acc. no. CDBO70SK; heep://www.cdb.

. riken jp/arg/mutant%20mice%20listheml), in which exon 2 is flanked by 2

loxP sites, were generated (Supplemental Figure 1A). TT2 ES cells derived
from an F1 hybrid of CS7BL/6 and CBA mice (53) were transfected with the
targeting vector, selected in the presence of G418, and screened for homol-
ogous recombination by PCR and Southern blotting. Two ES clones were
introduced into host embryos to generate chimeric mice. Chimeric mice with
ahigh ES cell contribution were bred with the CMV-Cre mice (C57BL/6 strain
background) expressing Cre recombinase under the control of cytomegalovi-
rus promoter to generate heterozygous Spns2*~ mice (Supplemental Figure 1).
Spns2*/~ mice were intercrossed to obtain Sprs2~~ mice (75% C57BL/6 and
25% CBA genetic background). The chimeric mice were also crossed with
the CMV-Flp mice (C57BL/6 strain background) expressing Flp recombi-
nase under the control of cytomegalovirus early enhancer/chicken f-actin
promoter to remove the PKG-Neo-pA cassette, resulting in Spns2 floxed
mice (Supplemental Figure 1). To inactivate the Spns2 gene in ECs, the Spns2
floxed mice were bred with Tie2-Cre mice (C57BL/6 strain background),
which carry the Cre recombinase driven by the Tie2 promoter (45, 46)
and were provided by T.N. Sato (Nara Institute of Science and Technology,
Nara, Japan) and M. Yanagisawa (University of Texas Southwestern Medical
Center, Dallas, Texas, USA) (Supplemental Figure 1). For confirmation of cor-
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Figure 7

Spns2 expressed in ECs is required
for mature T cell egress from thymus.
(A-C) Flow cytometric analyses of
lymphocytes of control (Spns2tf or
Spns2-ECKO (Spns2¥;Tie2Cre) mice.
(A) Frequencies (left) and numbers
(right) of CD4/CD8 DN (DN), CD4/CD8
DP (DP), CD4 SP (CD4), and CD8 SP
(CD8) thymocytes and T cells in thymus
are shown (n = 11). (B) Frequencies and

Ch4 CDB numbers of CD4 SP (CD4) and CD8 SP
B Blood c Spleen (CD8) T cells in peripheral lymph nodes
100- = 2.0, 100 *’E“*"? 5 are shown (n = 11). (C) Frequencies and
£% { spnse” N numbers of CD4 SP (CD4) and CD8
804 2 o gpd EiSosz ot . SP (CD8) T cells in spleens are shown
S 2o X 15'““‘”2 00003“5 & 801 Fozore , ;10 Bt (n = 11). In A=C, bars and circles indi-
29 604 8 . . 28 80 £™ cate averages and values for individual
%,‘5,4 210 g 5%‘, 8 mice, respectively.
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rect tafgéting; Southern blot émalysis was perfmméci with the probe locaized,

-~ outside of the regions used in ‘the targetmg vector (Supplemental Figure 1).
For the genotypmg of mice, PCR was performed using'a Eorward primer,

5'-AGGCTCATI ICATGGCTGAT 3, and a reverse primer, 5 '-AGCCCT—
GTGCTCT CTGTTGT-3), producmg products of 552-bp fragment for WT -
allele, 842—bp fragment for floxed allele, and 316-bp fragment for deleted-

allele. All mice were housed under specific pathogen—free conditions.

RT-PCR and real-time RT-PCR. To check the expressmn of Spns2- mRNA
in Spns2~- mice, total RNA was extracted from the lungs usmg TRIzov
reagent (Invitrogen) and reverse transcribed by random hexamer pnmers
using Superscript I (Inwtrogen) accordmg to the manufacturer’ s instruc-
tions. PCR amplification was carried out with the following: pnmer sets:
PCR1, 5’ AAGAGGTGCAGACGTTGTCC -3" and 5-CCACAGCTGAG-
GATCACCTT-3/, for exons 1-3 of the mouse Spns2;and PCR2, 5'-ATGAT-
GTGCCTGGAATGC-3" and 5’ -TCAGACTTTCACGGATGCAG 3 for
complete coding sequence of mouse Spns2.

To determine the expression of Spns2 in ECS, RT-PCR was petformed
using the gene-specific primers for humarkkaPNSZ (5'-ACTTTGGGGT-

CAAGGACCGA-3" and 5'-AATCACCTTCCTGTTGAAGCG-3"). Ampli-

fication of GAPDH was also performed uéing the gene-speciﬁc primers
for human GAPDH (§’-ATGGGGAAGGTGAAGGTCG:3' and 5’ -GGGGT-
CATTGATGGCAACAATA-3') in parallel as a control.

To assess the efficiency of siRNA-mediared knockdown of Spns2, total
RNA was extracted from HUVECs transfected withiout or with either control
siRNA or 2 independent siRNAs targeting Spns2 and subjected to quantita-
tive real-time RT-PCR analysis using the QuantiFast SYBR Green RT-PCR
Kit (QIAGEN) as described (54). For each reaction; 100 ng of total RNA was
transcribed for 10 minutes at 50°C, followed by a denaturation step at 95°C
for S minutes, 40 cycles of 10 seconds at 95°C, and 30 seconds at 60°C. Flu-
orescence dara were collected and analyzed using Mastercycler ep realplex
(Eppendorf). For normalization, expression of human GAPDH was deter-
mined in parallel as an endogenous control. The gene-specific primers used
to amplify human SPNS2 and GAPDH were the same as described above.

Cell culture, transfection, and siRNA-mediated gene silencing. HUVECs, human
microvascular ECs (HMVECs), and human aortic ECs (HAECs) were pur-
chased from Kurabo and maintained as described previously (55). Human
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Ldern’ial ‘Iy'mp‘hatic ECs (HDLECs) were obtained from Lonza and main-

tained in EC growth medium EGM-2 (Lonza). Hel.a and HEK293 cells were
culrured in DMEM (lesux) supplemented with 10% feral bovine serum
and antibiotics ( 100 pg of strepromycin/ml and 100 U of penicillin/ml).

. ‘Stealth siRNAs targeted to human Spns2 (HS$151335 and HSS151336)
were purchased from Invitrogen. As a control, siRNA duplexes with irrel-
evant sequences were used. HUVECs were transfected with 20 nM siRNA
duplexes using Lipofectamine RNAi MAX reagent (Invitrogen). After incu-

bation for 48 hours, the cells were used for the experiments.

- Detection of subcellular localization of GFP-tagged Spns2. cDNAs encoding
WT and mutant Spns2 were amplified using cDNAs derived from the

" lungs of WT and Spn&Z‘/‘ mice by RT-PCR, and cloned into pEGFP-N1 vec-

tor to construct the expression plasmids encoding WT and mutant Spns2
with a C-terminal GFP tag, respectively. HUVECs were transfected with the
plasmid encoding either WT or murant Spns2-GFP or with myristoylated
GFP-encoding plasmid. GFP and phase contrast images were obtained
using an IX81 inverted microscope (Olympus) equipped with a pE-1 LED
excitation system (CoolLED).

S1P release from cultured cells. HEK293 cells were plated in 24-well plates
(5 %10 cells/well), culrured for 24 hours, and transfected with the expression
plasmids indicated in the legend of Supplemental Figure 2D using Lipo-
fectamine 2000 reagent (Invitrogen). After incubation for 24 hours, cells were
incubated in 250 pl of serum-free DMEM containing 0.5 % fatty acid-free
bovine serum albumin, 10 mM sodium glycerophosphate, S mM sodium flu-
oride, and 1 mM semicarbazide for 24 hours. To determine the role of Spns2
in S1P release from ECs, HUVECs transfected without or with either con-
trol siRNA or 2 independent Spns2 siRNAs were detached, replated in col-
lagen-coated 24-well plates (2.5 x 105 cells/well), and cultured for 12 hours.
The cells were then washed twice with Medium 199 (Invitrogen) and incu-
bated in 200 ul of Medium 199 containing 20 mM Hepes, pH 7.4, 10 mM
sodium glycerophosphate, 5 mM sodium fluoride, 1 mM semicarbazide,
0.5% fatty acid free bovine serum albumin, 40 ng/ml vascular endothelial
growth factor, 40 ng/ml fibroblast growth factor-2, and 400 ng/ml angio-
poietin-1 for 12 hours. After incubation, conditioned medium was collected
and centrifuged at 15,000 g for 5 minutes at 4°C to remove cell debris. S1P
levels in the conditioned medium were determined as described below.
Volume 122 Number 4
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4°C. Fractions were collected every 2

minutes (0.5 ml). S1P concentration

w in each fraction was determined by
LC-MS/MS as described above.

Biochemical and bematological test of

blood. Blood was collected from WT

(Spns2*7*, n = 4) and Spns2~/~ (Spns2-/-,

n = 4) mice via the abdominal aorta

under inhalation anesthesia (isoflu-

rane) using EDTA as an anticoagu-

lant. Blood biochemistry parameters

gt gt Ight lght gt g 3 ; A1 bilingbi
B Biood c Spleen (tot: ptjotem, total biliru 1r.1, a.spa{—
100 g 400 "0 tate aminotransferase, alanine ami-
CiSpnsz E O8pnsz” P = 00001 5 notransferase, triglycerol, glucose,
- CiSons?’. S ol SR o ] E1Spnsz -~ P, i i
B 801~ rome - 2.0 5o = & 801 e . 245 P 00008 blood urea gxtrogen,.and albumlln)
g b = =4.0076 i = i @ were determined by using a blood bio-
g g 60 g‘ 1.5 g § 60 ¥ g« chemical analyzer, Fuji DRI-CHEM
g3 3 e 3 210 3500V (Fuji Film). Hematology and
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Figure 8

Spns2 expressed in ECs is required for immature B cell egress from bone marrow. (A—C) Flow cytometric
analyses of lymphocytes of control (Spns2™) or Spns2-ECKO (Spns2/;Tie2Cre) mice. (A) Frequencies
(teft) and numbers (right) of pro—/pre-B cells (B220+IgM-), immature B cells (B220*IgM+), and mature
recirculating B cells (B220"IgM*) in bone marrow are shown (n = 11). (B) Frequencies (left) and numbers
(right) of mature recirculating B (Mature rec. B) cells (CD19+CD23+IgD*) in peripheral blood are shown
(n = 11). (C) Frequencies (left) and numbers (right) of T1 and B1 B cells (T1+B1), MZ, and follicular B cells
in spleens are shown (n = 11). T1 and B1 B cells, MZ B cells, and follicular B cells were phenotypically
defined as described in the legend of Figure 3D. In A-C, bars and circles indicate averages and values for

individual mice, respectively.

Quantification of S1P using LC-MS/MS. Quantification of S1P was performed
according to previously described methods (56) with minor modifications.
Briefly, plasma and conditioned mediam were mixed and sonicated with
10-fold volume of methanol and an internal standard (C17-S1P). Similarly,
S1P extraction from cells was performed by homogenizing and sonicating
cells in methanol. After centrifugation at 21,500 g, the resulting supernatant
was recovered and used for the LC-MS/MS analysxs Then 20 ul of methanol
extract was injected and separated by Nanospace LC (Shiseido) equipped
with a C18 CAPCELL PAK ACR column (1.5 x 250 mm; Shiseido), using
a gradient of solvent A (5 mM ammonium formate in water) and solvent B
(5 mM ammonium formate in 95% [v/v] aceronitrile). Elution was sequential-
ly ionized with an ESI probe, and the parent ion (/2 380.2) and the fragment
ion (m/z 264.2) were monitored in the positive mode by a Quantum Ultra

Triple Quadrupole Mass Spectrometer (Thérmo Fisher Scientific). Similarly,.

other Iysophospholipids, including lysophosphandm acid (LPA), lysophos-
phatidylcholine (LPC), Iysophosphandylethanolamme (LPE), lysophospha-
tidylglycerol (LPG), lysophosphamdyhnosnol (LPD), and lysophosphatidyl-
serine (LPS), were extracted with methanol and analyzed by the LC-MS/MS
system. For each lysophospholipid class, 12 acyl chains (14:0, 16:0,16:1, 18:0,
18:1,18:2, 18:3, 20:3, 20:4, 20:5, 22:5, and 22:6) were monitored.

For quantification of HDL- and albumin-bound S1P, mouse plasma
was subjected to size-exclusion chromatography accordmg to previously
described methods (57) with some modificatioris. Briefly, 100 ul of plasma

~was loaded onto a Superose 12 column (GE Healthcare) using an AKTA
Explorer System (GE Healthcare) and eluted with PBS at 0.25 ml/min at
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puscular volume, mean corpuscular
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hemoglobin, and mean corpuscular
hemoglobin concentration) were
determined by using an XT-1800iv
hemarology analyzer (Sysmex).

Antibodies and flow cytometric analysis.
Unless otherwise stated, all anri-
mouse monoclonal antibodies were
obtained from eBiosciences Inc. Anti-
bodies used for cell-surface stain-
ing were PE-conjugared anti-CD19
(ebio1D3), anti-CD8 (53-6.7), and
anti-CD23 (B3B4); FITC-conjugated
anti-B220 (RA3-6B2), anti-CD19
(1D3) (BD Biosciences), anti-CD8 (53-6.7) and anti-CD69 (H1.2F3) (BD
Biosciences); APC-conjugated anti-CD62L (MEL-14) (BioLegend); Pacific
Blue-conjugated anti-IgD (11-26) and anti-CD4 (RM4-5) (BD Bioscienc-
es); PeCy7-conjugared anti-IgM (11I/41); and PerCP-CyS5.5 conjugated anti-
CD21/CD35 (7E9) (BioLegend). Single-cell suspensions of freshly isolated
thymus, spleen, peripheral lymph nodes (inguinal, axillary, and brachial),
and rotal bone marrow cells of femur and tibia were subsequently incubat-
ed with anti-CD16/CD32 for 10 minutes, followed by staining with a com-
bination of conjugated antibodies in FACS buffer (PBS + 4% heat-inacti-
vated FCS + 2 mM EDTA) for 30 minutes. Before antibody staining, 250 ul
of freshly isolated blood was treated with heparin solution, and red blood
cells were lysed with BD Pharm Lyse solution (BD Biosciences) according
to the manufacturer’s protocol. Stained cells were analyzed on a FACS-
Canto II Flow Cytometer (BD Biosciences) equipped with blue (488 nm),
violet (405 nm), and red (633 nm) lasers. FACS data were statistically ana-
lyzed with FlowJo software (TreeStar Inc.).

Histopathology and immunobistochemistry. Tissue samples from the spleen,
thymus, axillary lymph nodes, mesenteric lymph nodes, and intestine
(including Peyer patches) were collected from WT (Spns2**, n = 3) and
Spns27/~ (Spns2/~, n = 3) mice and fixed in 20% neutral phosphate-buffered
formalin. Each paraffin-embedded tissue was cut into 4-um thickness and
stained with H&E for light microscopy.

For immunohistochemistry, paraffin was then removed from the sec-
tions and antigen retrieval was performed in 10 mM citrate buffer (pH 6.0)
by placing the sections in a pressure cooker for 3 minutes. Endogenous
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