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The bioactive lysophospholipid mediator sphingosine-1-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 Spns2-KO mice exhibited marked accumulation of mature T cells in thymi and decreased numbers
of peripheral T cells in blood and secondary lymphoid 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, endothelia-specific 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, Spns2 could be a therapeutic target for a broad array of inflammatory and autoimmune diseases.

Introduction
Sphingosine-1-phosphate (S1P) is a bioactive lysophospholipid medi-
ator that plays a crucial role in diverse physiological functions, such
as lymphocyte trafficking, vascular development, and inflammation
(1-5). S1P exerts biological functions mostly through activating cell-
surface G protein-coupled receptors SIP1-S1PS, while intracellular
S1Pis also 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 S1P1 signaling 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, produces peripheral lymphopenia
by blocking the lymphocyte egress from the thymus and lymph
nodes. Interestingly, FTY720 was found to elicit the 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 cells (CD19+CD23-IgD-IgM+, immature B)
and mature recirculating B cells (CD19+CD23+*IgD+*, 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 identified 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 responsible
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 performing bone marrow reconstitution
studies and by analyzing mice with conditional deletion of Spns2
in ECs, that ECs release S1P through Spns2, thereby promoting
lymphocyte egress from both thymus and bone marrow.

Results

Spns2 is essential for trafficking of both T and B cells. To address the
physiological functions of Spns2 in mammals, we generated global
Spns2-KO (Spns2~/~) mice by crossing Spns2/f mice, in which exon 2
of the Spns2 gene is 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; d0i:10.1172/JCI160746DS1). RT-PCR analyses of the
RNA extracted from the lungs of WT and Spns27~ mice revealed that
Spns27/~ 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 Spns27~ mice
are indeed functionally disrupted for Spns2.

Spns27/~ mice develop normally, survive to adulthood, and are
fertile, 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
Spns27/~ 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 CDS8 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-IgDIgM*) and
mature recirculating B cells (CD19*CD23*IgD") were decreased
in the blood of Spns2~/~ 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 regulates T cell egress from the thymus into blood. To study the
cause of the decrease in mature T lymphocytes in the blood of
Spns27~ 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
darta 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*CD62L%")
and fully mature (CD69/-CD62L") SP T cells in the thymi of Spns27/~
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 Spns27~ 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 S1P in thymus of Spns27/~
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 impaired in Spns2-- mice. (A-D) Flow cytometric analyses of control (Spns2++) and global
Spns2-- mice. (A) A representative flow cytometric 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 (CD8) 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). (D) Frequencies and numbers of CD4 SP (CD4) and CD8 SP (CD8) T cells in
spleens are shown (n = 11). In B-D, bars and circles indicate averages and values for individual mice, respectively. (E) Spleen sections from
control (Spns2++) or Spns2-- mice, stained to detect CD3* T cells (blue) and B220* B cells (red). The boxed areas of upper panels are enlarged

in lower panels. Scale bars: 200 um (top row); 50 um (bottom row).

To assess the possibility that lack of mature T cells in the blood
of Spns2~/~ mice is related to their accumulation in other secondary
lymphoid tissues, we further examined mature SP T lymphocytes
in peripheral lymph nodes and 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 Spns27/-
mice, although their structures were normal (Figure 2, C-E, and
Supplemental Figure 7). These results show that a decrease in the
number of mature T cells in the peripheral blood of Spns2~~ mice
is a consequence of impaired T cell egress from the thymus, but
not due to the accumulation in the secondary lymphoid organs.

Spns2 regulates egress of immature B cells from the bone marvow into the
blood. In the late stage of B cell development in the bone marrow, newly
1418

The Journal of Clinical Investigation

http://www.jci.org

generated immature B cells are exported into the peripheral blood in
an S1P/S1P1 signal-dependent manner (15, 16). The immature B cells
subsequently undergo maturation in the secondary lymphoid tissues
and migrate 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/~
mice, we examined the number and proportion of the lymphocytes
at different developmental stages. The numbers and frequencies of
mature recirculating B cells (B220bIgM* or CD19'IgM*IgD*) were
significantly 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
immature B cells (B220°IgM* or CD19*IgM*IgD-) was normal in the
bone marrow of Spns2~/~ mice, although their frequencies were slightly
Volume 122
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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 decreased 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
marrow is impaired in Spns27~ mice.

To further confirm this conclusion, we examined the number and
proportion of B lymphocytes in the secondary lymphoid 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 sig-
nificantly decreased in Spns27~ mice compared with those of con-
trol mice, although there was no difference in the number of mar-
ginal zone (MZ) and transitional type 1 (T1) and B1 B cells between
control and Spns2~~ mice (Figure 3D). These results reveal that the
decrease in mature recirculating B cells in the peripheral blood of
Spns27~ mice is not due to their accumulation in the secondary
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.

Spns2 is not involved in S1P release from blood cells. Which cells express-
ing Spns2 are responsible for releasing S1P necessary for lymphocyte
trafficking? Blood cells, especially erythrocytes, are known to pro-
duce S1P, thereby contributing to high plasma S1P concentration
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(9,23-26). Thus, we first investigated whether Spns2 is involved in
S1P release from blood cells. In Spns27~ mice, plasma S1P levels were
reduced to 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 Spns27~ 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 S1P in Spns2~~ mice,
the amount of S1P associated with HDL and albumin was lower in
Spns27/~ 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 Spns27~ mice. S1P release from blood cells
occurred in Spns27/~ 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 not involved in the release of S1P from blood cells. To further
confirm this conclusion, we performed bone marrow reconstitution
studies (Supplemental Figure 11). Reconstitution of irradiated Spns2
mice with WT bone marrow did not restore the reduced concentra-
tion of plasma S1P (Figure 5B). Furthermore, Spns2~~ mice reconsti-
tuted with WT bone marrow still exhibited accumulation of mature
SP T lymphocytes in the thymus and reduction of mature recirculat-
ing B cells in the bone marrow in comparison with WT mice (Figure 5,
Number 4 1419
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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).

C and 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 SIP from ECs. RT-PCR analyses 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 siRINA
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:
Spns27f;Tie2Cre) by crossing the Spns2/f mice 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

http://www.jci.org

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 Spns27~ 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
Spns27/~ 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 accumulation 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
Spns27/~ 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 mice in
comparison with control mice (Figure 8A and Supplemental Figure
16). Mature recirculating B cells in 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 Spns2-- mice. Cells were incubated 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 litermate 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+IlgM*IgD*) 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 involvement of
the ABC family 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 Spns27~ 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 Spns27~ 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 SA). 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 Spns2~/~ mice did

The Journal of Clinical Investigation

o © © o o
Lo oW R,

0.
BM reconstitution Pre Post

BBM chimera

0.
Mature rec. B

http://www.jci.org

research article

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 Krippel-
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
S1Pis 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 studies 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. Although recent reports reveal the
role of SIP/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 Spns27~ 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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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, Hela, 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 + SD of 3 independent experiments. (D) In situ hybridization for Spns2 mRNA in thymus. Antisense probe was hybridized to
thymus section (Spns2: purple). Serial sections were also stained with anti-CD31 (CD31: brown) and anti—a-SMA (brown) antibodies to identify
ECs 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 SIP/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 S1P required for lymphocyte egress from lymph nodes and Peyer
patches (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 Spns27~
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 Spns2 is a key 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 S1P 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/f mice. Spns2/f mice (acc. no. CDB0705K; http://www.cdb.
riken.jp/arg/mutant%20mice%20list.html), in which exon 2 is flanked by 2
loxP sites, were generated (Supplemental Figure 1A). TT2 ES cells derived
from an F1 hybrid of C57BL/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 Spns27/~ 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 p-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 (CS7BL/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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rect targeting, Southern blot analysis was performed with the probe located
outside of the regions used in the targeting vector (Supplemental Figure 1).
For the genotyping of mice, PCR was performed using a forward primer,
5'-AGGCTCATTTCATGGCTGAT-3', and a reverse primer, 5'-AGCCCT-
GTGCTCTCTGTTGT-3', producing 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 expression of Spns2 mRNA
in Spns27/~ mice, total RNA was extracted from the lungs using TRIzoL
reagent (Invitrogen) and reverse transcribed by random hexamer primers
using Superscript II (Invitrogen) according to the manufacturer’s instruc-
tions. PCR amplification was carried out with the following primer 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 Sps2.

To determine the expression of Spns2 in ECs, RT-PCR was performed
using the gene-specific primers for human SPNS2 (5'-ACTTTGGGGT-
CAAGGACCGA-3' and 5'-AATCACCTTCCTGTTGAAGCG-3"). Ampli-
fication of GAPDH was also performed using the gene-specific primers
for human GAPDH (5'-ATGGGGAAGGTGAAGGTCG-3' and 5'-GGGGT-
CATTGATGGCAACAATA-3') in parallel as a control.

To assess the efficiency of siRNA-mediated knockdown of Spns2, total
RNA was extracted from HUVECs transfected without 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 5 minutes, 40 cycles of 10 seconds at 95°C, and 30 seconds at 60°C. Flu-
orescence data 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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dermal lymphatic ECs (HDLECs) were obtained from Lonza and main-
tained in EC growth medium EGM-2 (Lonza). HeLa and HEK293 cells were
cultured in DMEM (Nissui) supplemented with 10% fetal bovine serum
and antibiotics (100 ug of streptomycin/ml and 100 U of penicillin/ml).

Stealth siRNAs targeted to human Spns2 (HSS151335 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 Spns2~/~ 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 mutant 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 x 10% cells/well), cultured 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 ul of serum-free DMEM containing 0.5 % fatty acid-free
bovine serum albumin, 10 mM sodium glycerophosphate, 5 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 10° 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.
Number 4 1423
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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 (Spns2f;Tie2Cre) mice. (A) Frequencies
(left) and numbers (right) of pro—/pre—B cells (B220*IgM-), immature B cells (B220IgM*), 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 medium 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 analysis. 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] acetonitrile). Elution was sequential-
ly ionized with an ESI probe, and the parention (mm,/z 380.2) and the fragment
ion (m/z 264.2) were monitored in the positive mode by a Quantum Ultra
Triple Quadrupole Mass Spectrometer (Thermo Fisher Scientific). Similarly,
other lysophospholipids, including lysophosphatidic acid (LPA), lysophos-
phatidylcholine (LPC), lysophosphatidylethanolamine (LPE), lysophospha-
tidylglycerol (LPG), lysophosphatidylinositol (LPI), 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 according to previously
described methods (57) with some modifications. 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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determined by using an XT-1800iv
hematology analyzer (Sysmex).

Antibodies and flow cytometric analysis.
Unless otherwise stated, all anti-
mouse monoclonal antibodies were
obtained from eBiosciences Inc. Anti-
bodies used for cell-surface stain-
ing were PE-conjugated 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-conjugated anti-IgM (II/41); and PerCP-Cy5.5 conjugated anti-
CD21/CD35 (7E9) (BioLegend). Single-cell suspensions of freshly isolated
thymus, spleen, peripheral lymph nodes (inguinal, axillary, and brachial),
and total 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 Flow]Jo software (TreeStar Inc.).

Histopathology and immunohistochemistry. 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/~ (Spns27/~, 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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peroxidase activity was blocked with 0.3% H,O, in methanol. The sections
were exposed to 1% BSA in PBS and were then incubated overnightat 4°C
with goat anti-CD3e (M-20; Santa Cruz Biotechnology Inc.). Immune
complexes were labeled with biotinylated anti-goat IgG and streptavidin
alkaline phosphatase (Nichirei). The signals were visualized with a Vec-
tor Blue Alkaline Phosphatase Substrate Kit (Vector Laboratories). For
double immunostaining, sections were sequentially incubated with rat
anti-CD45R (BD Biosciences — Pharmingen). Immune complexes were
detected with HRP-conjugated anti-rat IgG (simple stain Max-Po; Nich-
irei) and 3-amino-9-ethyl carbazole (AEC) substrate system (Lab Vision)
for color development.

S1P release from blood cells. Blood was collected from anesthetized WT
(Spns2+/*, n = 4) and Spns27/~ (Spns27/~, n = 4) mice via the inferior vena cava
using heparinized syringes and transferred to tubes containing EDTA as an
anticoagulant. Blood cells were separated from plasma by centrifugation at
1,200 g for 5 minutes at 4°C and washed twice with ice-cold PBS to remove
plasma residues. The cells were resuspended in the ice-cold incubation buf-
fer containing 20 mM Hepes, pH 7.4, 138 mM NaCl, 3.3 mM NaH,PO,,
2.9 mM KCl, 1.0 mM MgCl,, 1 mg/ml glucose, and 1% fatty acid-free
bovine serum albumin at a cell density of 5 x 108 cells/ml. Then 500 ul of
blood cell suspensions (2.5 x 108 cells) was incubated at 4°C or at 37°C for
90 minutes. After incubation, the cells were pelleted by centrifugation at
1,200 g for 5 minutes at 4°C. The S1P levels in the supernatants were deter-
mined as described above. To quantify the total amount of S1P in the blood
cells, cells were collected from 500 ul of cell suspensions by centrifugation
at 1,200 g for 5 minutes at 4°C and homogenized in 100 wl of methanol.

Generation of bone marrow chimeras. Bone marrow chimeras were generated
with 5 x 10° freshly isolated total bone marrow cells from femur and tibia
of WT and Spns2 floxed mice (donor). Isolated cells were injected i.v. into
lethally irradiated (900 cGY) Spns2~/~ and Spns2-ECKO mice (host). Hema-
topoietic reconstitution of lymphoid organs of hosts by donor-derived
cells was controlled 6 weeks after bone marrow transfer by genotyping of
total bone marrow cells. Furthermore, lymphoid organs of reconstituted
mice were FACS analyzed as described above.

In situ hybridization and immunobistochemistry on serial tissue sections. In situ
hybridization and immunohistochemistry on serial tissue sections was
performed by Genostaff. Briefly, the thymus, heart, lung, brain, and kid-
ney of 8-week-old mice were dissected after perfusion, fixed with Tissue
Fixative (Genostaff), and then embedded in paraffin by proprietary pro-
cedures and sectioned at 6 wm.

For in situ hybridization, tissue sections were de-waxed with xylene
and rehydrated through an ethanol series and PBS. The sections were
fixed with 4% paraformaldehyde in PBS for 15 minutes and then washed
with PBS. The sections were treated with 8 ug/ml Proteinase K in PBS for
30 minutes at 37°C, washed with PBS, refixed with 4% paraformaldehyde
in PBS, again washed with PBS, and placed in 0.2 N HCI for 10 minutes.
After washing with PBS, the sections were acetylated by incubation in
0.1 M tri-ethanolamine-HCI, pH 8.0, 0.25% acetic anhydride for 10 min-
utes. After washing with PBS, the sections were dehydrated through a
series of ethanol. The cDNA templates for Spns2 were 535-bp and 634-bp
fragments corresponding to bases 1629-2163 and 2291-2924 of mouse
Spns2 cDNA (GenBank NM_153060.2). Sense and antisense riboprobes
for Spns2 mRNA were synthesized using a digoxigenin RNA labeling kit
(Roche) according to the manufacturer’s protocol. Hybridization was
performed with probes at concentrations of 300 ng/ml in the Probe
Diluent-1 (Genostaff) at 60°C for 16 hours. After hybridization, the sec-
tions were washed in 5x HybriWash (Genostaff), equal to 5x SSC, at 50°C
for 20 minutes and then in 50% formamide, 2x HybriWash at 50°C for
20 minutes, followed by RNase treatment in 50 ug/ml RNase A in 10 mM
Tris-HCI, pH 8.0, 1 M NaCl, and 1 mM EDTA for 30 minutes at 37°C.
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Then the sections were washed twice with 2x HybriWash at 50°C for
20 minutes, twice with 2x HybriWash at 50°C for 20 minutes, and once
with TBST (0.1% Tween 20 in TBS). After treatment with 0.5% blocking
reagent (Roche) in TBST for 30 minutes, the sections were incubated with
anti-DIG AP conjugate (Roche) diluted 1:1,000 with TBST for 2 hours at
RT. The sections were washed twice with TBST and then incubated in
100 mM NacCl, 50 mM MgCl,, 0.1% Tween 20, and 100 mM Tris-HCI,
pH 9.5. Coloring reactions were performed with NBT/BCIP solution
(Sigma-Aldrich) overnight and then washed with PBS. The sections were
counterstained with Kernechtrot Stain Solution (Mutoh), dehydrated,
and mounted with Malinol (DBS).

For immunohistochemistry, serial tissue sections were deparaffinized
with xylene and rehydrated through an ethanol series and TBS. Endog-
enous peroxidase activity was blocked with 0.3% H,O, in methanol for
30 minutes. For CD31 staining, the sections were treated with Protein
Block (Dako) and avidin/biotin blocking kit (Vector), and incubated with
0.1 ug/ml of anti-CD31 rabbit polyclonal antibody (Spring Bioscience)
at 4°C overnight. Immune complexes were labeled with biotin-conju-
gated goat anti-rabbit Ig (Dako) and peroxidase-conjugated streptavidin
(Nichirei). For a-SMA staining, sections were treated with Blocking
Reagent A (Nichirei) and incubated with anti-o-SMA mouse monoclonal
antibody (Dako) at 4°C overnight. The sections were then blocked with
Blocking Reagent B (Nichirei) and incubated with Simple Stain Mouse
MAX-PO (M) (Nichirei). Peroxidase activity was visualized by diaminoben-
zidine. The sections were counterstained with Mayer’s hematoxylin, dehy-
drated, and mounted with Malinol (Muto).

Statistics. Data were analyzed using GraphPad Prism software (GraphPad
Software Inc.). Statistical significance was determined using a 2-tailed Mann-
Whitney U test for paired samples or 1-way ANOVA and nonparametric tests
for multiple groups. P < 0.05 was considered statistically significant.

Study approval. All animal experiments were approved by the animal
committee of the National Cerebral and Cardiovascular Center and per-
formed according to the regulations of the National Cerebral and Car-
diovascular Center.
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