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Figure 3. Confocal microscope images of BAps binding to hydroxyapa-
tite in Mcllvaine’s citrate-phosphate buffer. Scale bar: 40 um. (a) BAp-A.
(b) BAp-M. (c) BAp-E. )

Henderson—Hasselbalch equation (Figure 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 performed 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 pH values
(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 physiolo-
gical conditions, ie., 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 retain their pH-sensitive
properties in vivo.

In Vivo Imaging of Osteoclasts. To clarify 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.
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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 em. 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
(Figure 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»})Qsitive 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
(Pigure 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 (£,45,450 ¥ @) 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.

& 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
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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 2
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)-§-phenyl-
4,4-difluoro-4-bora-3a,4a-diaza-s-indacene }'’ (9.40 mg, 20.1 #mol) in
MeCN (S mL) were added alendronic acid (5.00 mg, 20.1 umol) in
water (4mL), 2 N aq NaOH (60 yL, 120 gimol), and DMT-MM (27.7
mg, 100 umol) 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, a orange powder of BAp-A«3Et;N was
obtained (6.55 mg, 6.53 umol) in 32% yield. "H NMR (400 MHz, D,0)
60.95 (s, 3H), 097 (s, 3H), 1.12 (1, ] = 7.2 Hz, 27H), 1.64—1.67 (m,
2H), 1.75-1.85 (m, 2H), 2.01~2.09 (m, 4H), 225-2.37 (m, 10H),
3.00-3.07 (m, 20H), 6.71 (br's, 2H), 7.14 (br s, 3H). HRMS (FAB—)
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-3Et3N (g = 11
min) was obtained in 9% yield, "H NMR (400 MHz, i3.G) &
LI0~1.14 (m, 33H), 163 (br s, 2H), 1.78 (br s, 2H), 2.02—2.10
(m, 4H), 2.28 (s, 3H), 2.32 (s, 3H), 2.41 (br 5, 4H), 2.74 (s, 6H),
2.97-3.06 (m, 20H), 6.71 (brs, 4H). HRMS (FAB—) Caled for M —
H']™ 741.2443, found 741.2462.

Synthesis of BAp-E. BAp-E was synthesized from the correspond-
ing bis-carboxylic acid (1 13,5, 7-tetramethyl-2,6-bis(2-carboxyethyl )-8-
{p-diethylaminophenyl-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 = 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 (i = 13 min) was obtained in 11%
yield. "H NMR (400 MHz, D,0) 6 095 (t, ] = 7.2 Hz, 6H), 1.08 (s, 3H),
113 (t, ) = 7.2 Hz, 27H), 1.18 (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 (5, 3H), 2.40—2.46 (m,
4H), 2.93~2.98 (m, 2H), 3.05 (q, ] = 7.2 Hz, 18H), 3.34 (q,] =72 He,
4H), 6.93 (d, ] = 8.0 He, 2H), 7.07 (d, ] = 8.4 Hz, 2H). HRMS (FAB—)
Caled for [M — H™]™ 769.2756, found 769.2743.

High-Performance Liguid Chromatography. We performed
HPLC on a system composed of a pump (PU-2080, JASCO) and a
detector (MD-2010, JASCQ) with an Inertsil ODS-3 (4.6 mm % 250
mm for analysis; 10.0 mm > 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 4M 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 a 603 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 elge-
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; 2% 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) tuned to 900 nm and an
upright microscope (DM6000B; 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 525/50 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 flter for noise reduction. In vivo
imaging experiments were performed three times for each probe, and
representative images are shown.
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® Supporting Information. Synthetic scheme, photophy-
sical properties, and high-performance liquid chromatograms
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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 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 lymphocyrte trafficking, vascular development, and inflammation
(1-5). S1P exerts biological functions mostly through activating cell-
surface G protein-coupled receprors SIP1-S1P5, while intracellular
S1Pisalso known to act as a second messenger to regulare inflamma-
tion (6). It remains unclear how intracellular S1P is cransported 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 Unired 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 (~1M), whereas ir 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
sufticient 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 cresc-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 ro
stimnulate its cell-surface receptors (21, 22). Release of S1P is observed
in a variety of cells, such as plarelets, 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 (CDS8) T cells
in peripheral blood are shown (n = 11). (B) Frequencies (left) and total numbers (right) of immature B cells (CD1 9+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 (Spns27~) mice by crossing Spns2ff mice, in which exon 2
of the Spns2 gene is flanked with loxP sites, with mice expressing Cre
recombinase under the control of cycomegalovirus promoter (Sup-
plemental Figure 1; supplemental material available online with
this article; doi:10.1172/JC160746DS1). RT-PCR analyses of the
RNA extracted from the lungs of WT and Spns2~~ 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 muctant protein failed to localize
at the plasma membrane and lost the ability to export S1P (Sup-
plemental Figure 2, Cand D). Thus, we conclude that Spns2~- 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 Spns2~ mice compared with control mice, although there were
no differences in the other hematological parameters, such as red
blood cells, platelets, hemoglobin, hemarocrit, mean corpuscular
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volume, mean corpuscular hemoglobin, and mean corpuscular
hemoglobin concentration (Supplemental Figure 5), implying che
role of Spns2 in lymphocyte trafficking. ‘

It should be noted that the number and proportion of mature
CD4and CDS8 single-positive (SP) T cells was dramatically reduced
in the blood of Spns27~ mice (Figure 1A and Supplemental Figure
6A). In addition, immarure B cells (CD19°CD23TgD-IgM") 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
Spis27/~ 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 Spns2~~ mice were increased compared with those of WT mice,
although there was no significant change in the number of imma-
tare CD4/CD8 double-positive (DP) T cells and CD4/CD8 double-
negartive (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 SIP1 and
CD62L, and consequently migrate out of the thymus in response to
S1P (35-38). Thus, we examined the semi-mature (CD69*CD62Liox)
and fully mature (CD69-CD62L") SP T cellsin 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 S1P 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 inro the blood.
Number 4 1417
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Figure 2

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/CDs8 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
8P (CD8) T cells in peripheral lymph nodes are shown (1 = 11). (D) Frequencies and numbers of CD4 SP (CD4) and CD8 SP (CD8) T celis 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 pm (top row); 50 pm (bottom row).

To assess the possibility that lack of mature T cells in the biood
of Spns27/~ mice is related ro 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 marure 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 that a decrease in the
number of mature T cells in the peripheral blood of SpnsZ~~ 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 marrow into the
blood. In the late stage of B cell development in the bone marrow, newly
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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 lymphocyres in the peripheral blood of Sprs2--
mice, we examined the number and proportion of the lymphocytes
at different developmental stages. The numbers and frequencies of
mature recirculating B cells (B220MIgh* or CD19*IgM*IgD*) were
signiticantly 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*1gM-) and
immature B cells (B220°IgM* or CD19*IgM*IgD-) was normal in the
bone marrow of Spns2/~ mice, although their frequencies were slightly
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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 decreased number of
immature B cells in the peripheral blood of Spns27~ mice (Figure 1B),
these results suggest that the egress of immature B cells from the bone
marrow is impaired in Spns2~/~ mice.

To further confirm this conclusion, we examined the number and
proportion of B lymphocytes in the secondary lymphoid organs.
In che peripheral lymph nodes, the number of mature B cells was
reduced in Spns2/~ 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 Spns27~ 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

The Journal of Clinical Investigation
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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 Spns2+~ mice were comparable to
those in control mice (Figure 4, A-H). Most of the plasma S1P is
known ro be associated with HDL and albumin (40-42). Consis-
tent with the reduced concentration of plasma S1P in Spas27~ mice,
the amount of $1P 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 Spns2~/- 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 Spas2~ 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 incubared 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,
Volume 122 Number 4
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Figure 4

Piasma S1P concentration is reduoed in Spns.Z"“ mice. (A=H) Plasma
concentrations of $1P.(A); sphingosine (SPH) (B), LPA (C), LPC (D),

LPG (E), LPI(F), LPE (G), and LPS (H) in control (Spns2++) or Spns?*"
mice. Data are shown as mean + SD (n=3-5). -

C and D). These findings indicare that cells dther than blood cells
expressing Spns2 secrete S1P to control lymphocyte trafficking,

Spns2 mediates S1P release from ECs. Cultured vascular ECs produce

SIPinvitro (43, 44), although S1P release from vascular ECs has not
been confirmed in vivo. Another type of EC, lymphatxc ECs, secrete
S1Pinto lymph, thereby regulatmg lymphocyte egress from lymph
nodes (20). Thus, we next investigated whether Spns2 is involved in
the release of S1P from ECs. RT-PCR analyses revealed that Spns2
is expressed not only in lymphatic ECs, but also in several types of
vascular BCs (Figure 6A). In addition, depletion of Spns2 by siRNA
resulted in the inhibition of S1P release from BCs (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 mRINA 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/f;Tie2Cre) by crossing the Spns2/fmice with the mice express-
ing Cre recombinase under the Tie2 promoter (Supplemental
Figure 1). In Spns2-BECKO mice, plasma S1P concentration was
decreased to the level observed in Spns2- mice (Supplemental Fig-

1420 The Journal of Clinical Investigation

hiep://www.jcl.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 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
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 reconstitured
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

' jeleaszng SIP 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 mice in
compatison with control mice (Figure 84 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
thar 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 S1 Pinthe
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 (CD1 9+|gM*lgD‘) 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 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 SIP in plasma (9, 23, 27),
blood cells from Spns27~ 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
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?v'?ature rec. B 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 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 marture
recircularing 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 inro the sinusoidal compartment and subsequently
Volume 122 Number 4
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Figure 6

Spnsz2 is involved in S1P release from ECs. (A) Expression of Spns2 in ECs. RT-PCR analysis was performed o 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 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 immarure 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 lympharic 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. Italso 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 inflammarory
and autoimmune diseases, such as multiple sclerosis, psoriasis,
asthma, and rheumaroid arthritis, as well as in transplantation,
Spns2 can be a potential therapeutic target for these diseases.

Methods
Generation of Spns2f mice. Spns2f mice (acc. no. CDBO705K; heep://www.cdb.
riken.jp/arg/mutant%20mice%20lisc.heml), in which exon 2 is flanked by 2
loxP sites, were generated (Supplemental Figure 1A). TT2 BS 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 (CS7BL/6 strain
background) expressing Cre recombinase under the control of cyromegalovi-
rus promoter to generate heterozygous Spns2*/~ mice (Supplemental Figure 1),
Spns2*" mice were intercrossed to obtain Spns27~ mice (75% CS7BL/6 and
25% CBA genetic background). The chimeric mice were also crossed with
the CMV-Flp mice (CS7BL/6 strain background) expressing Flp recombi-
nase under the control of cytomegalovirus early enhancer/chicken f-actin
promoter to remove the PKG-Neo-pA cassetee, 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
ourside 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 $52-bp fragment for WT
allele, 842-bp fragment for floxed allele, and 31 6-bp fragment for deleted
allele. All mice were housed under specific pathogen-free conditions.

RI-PCR and real-time RT-PCR. To check the expression of Spns2 mRINA
in Spns2~/- 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, $"-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 performed
using the gene-specific primers for human SPNS2 (5'-ACTTTGGGGT-
CAAGGACCGA-3' and 5"-AATCACCTTCCTGTTGAAGCG-3"). Ampli-
tication 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, rotal
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 RINA was
transcribed for 10 minutes at 50°C, followed by a denaruration step ar 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 g of strepromycin/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 RINAi 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 mucant 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 pB-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 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, S mM sodium fluoride, I 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/m! angio-
poietin-1 for 12 hours. After incubation, conditioned medium was collected
and centrifuged ar 15,000 g for 5 minutes at 4°C to remove cell debris. S1P
levels in the condirioned medium were determined as described below.
Number 4 1423
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Quantification of SIP using LC-MS/MS. Quantification of SIP 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 (§ mM ammonium formarte 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 parent ion (m/z 380.2) and the fragment
ion (m/z 264.2) were monitored in the positive mode by a Quantum Ulera
Triple Quadrupole Mass Spectrometer (Thermo Fisher Scientific). Similarly,
other lysophospholipids, including lysophospharidic acid (LPA}, lysophos-
phatidylcholine (LPC), lysophosphatidylethanolamine (LPE), lysophospha-
tidylglycerol (LPG), lysophosphatidylinositol (LPI), and lysophospharidyl-
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 (§7) 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
hemarology analyzer (Sysmex).
Antibodies and flow cytometric analysis.
all anti-
mouse monoclonal antibodies were

Unless otherwise stated,

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 (I1/41); 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 toral 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 pl
of freshly isolated blood was treared with heparin solution, and red blood
cells were lysed with BD Pharm Lyse solurion (BD Biosciences) according
to the manufacturer’s protocol. Stained cells were analyzed on a FACS-
Canto II Flow Cytomerer (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 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= (Spns27-, n = 3) mice and fixed in 20% neutral phosphate-buffered
formalin. Bach paraffin-embedded tissue was cut into 4-um rhickness and
stained with H&E for light microscopy.

For immunohistochemistry, paraffin was then removed from the sec-
tions and antigen recrieval 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,0O, in methanol. The sections
were exposed to 1% BSA in PBS and were then incubated overnight at 4°C
with goat anti-CD3¢ (M-20; Santa Cruz Biotechnology Inc.). Immune
complexes were labeled with biotinylated anti-goat IgG and strepravidin
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 éystem (Lab Vision)
for color development. "

SIP release from blood cells. Blood was collected from anesthetized WT
(Spns2*, n = 4) and Spns2~/~ (Spns2+, n = 4) mice via the inferior vena cava
using heparinized syringeé and transferred to tubes containing EDTA as an
anticoagulant. Blood cells were separated from plasma by centrifugation at
1,200 g for S 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 NaHgPO4,
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 pl of
blood cell suspensions (2.5 x 108 cells) was incubated at 4°C orat 37°C for
90 minutes. After incubation, the cells were pelleted by centrifugation at
1,200 g for S minutes ar 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 wl of cell suspensions by centrifugation
at 1,200 g for 5 minutes at 4°C and homogenized in 100 pl of methanol.

Generation of bone marrow chimeras. Bone marrow chimeras wére generated

- with § x 106 freshly isolated total bone mairow cells from femur and tibia
of WT and Spns2 floxed mice (donor). Isolated cells were injected i.v. into
lethally irradiated (900 cGY) Spns27- and Spns2-ECKO imice (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 um.

For in situ hybridization, tissue sections were de-waxed with xylene
and rehydrated through an ethanol series and PBS. The secrions were
fixed wich 4% paraformaldehyde in PBS for 15 minutes and then washed
with PBS. The sections were treated with 8 pg/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 HCl 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 ro 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 Sx HybriWash (Genostaff), equal to Sx 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 pg/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 incubarted 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 NaCl, 50 mM MgClz, 0.1% Tween 20, and 100 mM Tris-HCl,
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 rehydrared 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 pg/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-conjugared streptavidin
(Nichirei). For a-SMA staining, sections were treated with Blocking
Reagent A (Nichirei) and incubated with anti-c-SMA mouse monoclonal
antibody (Dako) ar 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 hemaroxylin, dehy-
drated, 2nd 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.

'S:f'trf»dy approval. Al animal experiments were approved by the animal
committee of the National Cerebral and Cardiovascular Center and per-
formed according to the regulations of the Narional Cerebral and Car-
diovascular Center.
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Adequate activation of CD4" T lymphocytes is essential for host
defense against invading pathogens; however, exaggerated activ-
ity of effector CD4 T cells induces tissue darmage, leading to inflam-
matory disorders such as inflammatory bowel diseases. Several
unique subsets of intestinal innate immune cells have been identi-
fied. However, the direct involvement of innate immune cell subsets
in the suppression of T-cell-dependent intestinal inflammation is

poorly understood. Here, we report that intestinal CX3C chemokine
receptor 179" (CX;CR1"'9") CD11b* CD11c* cells are responsible for

prevention of intestinal inflammation through inhibition of T-cell
responses. These cells inhibit CD4" T-cell proliferation in a cell con-
tact-dependent manner and prevent T-cell-dependent colitis. The
suppressive activity is abrogated in the absence of the IL-10/Stat3
pathway. These cells inhibit T-cell-proliferation by two steps. Ini-
tially, CX;CR179" CD11b* CD11c* cells preferentially interact with
T cells through highly expressed intercellular adhesion molecule-
1/vascular cell adhesion molecule-1; then, they fail to activate T cells
because of defective expression of CD80/CD86. The IL-10/5tat3
pathway mediates the reduction of CD80/CD86 expression. Transfer
of wild-type CX;CR1"9" CD11b* CD11¢* cells prevents development
of colitis in myeloid-specific Stat3:deficient mice. Thus, these cells
are regulatory myeloid cells that are responsible for maintaining
intestinal homeostasis.

mucosal immunology | innate immunity

Inﬂammatory bowel- diseases (IBDs), represented by Crohn
disease and ulcerative colitis in humans, result from genetic
abnormalities, as well as uncontrolled intestinal immune respon-
ses toward commensal microflora and - dietary antigens (1-3).
Activation of appropriate mucosal immune responses is re-
sponsible for protection against :pathogenic microorganisms,
whereas excessive immune responses, especially unbalanced
T-cell-mediated adaptive immune responses, to commensal mi-
croflora and dietary antigens lead to development of intestinal
inflammation. Therefore, T-cell-mediated responses are tightly
regulated o suppress aberrant inflammatory responses in the in-
testinal mucosa. Over the last few decades, CD4™ regulatory T
(Treq) cells have been demonstrated to prevent T-cell-mediated
chronic inflammatory diseases including IBDs (4, 5). Several
possible mechanisms for this suppressive effect of Ty, cells have
been proposed. Regulatory dendritic cells have also been impli-
cated in the immune tolerance by inducing Treg cells (6, 7). In
tumor models, myeloid-derived suppressor cells (MDSCs) have
been reported to suppress T-cell-mediated responses through
several mechanisms (8, 9).

Several subsets of intestinal innate phagocytic cells have re-
cenily been identified that modulate intestinal homeostasis
(10-12). In particular, CD103% CX5CR1™ CD11b~ dendritic
cells (DCs) and CX;CR1* CD11b* DCs have been well charac-

5010-5015 | PNAS | March 27,2012 | vol. 109 | no. 13

terized (13-15). CD103* CX3CR1™ CD11b~ DCs have been
shown to generate and activate gut-tropic CD8™ T cells (16, 17).
These DCs have further been shown to induce development of

" Foxp3™ Ty cells (18-20). CX;CR1* CD11b* DCs have been

shown to mediate inflammatory responses through the induction
of Thl and Thi17 cell development (15, 21-24). In addition to
these cell populations, CD103% CX3CR1™ CD11b* cells and
CD11b*CD11c™ macrophages have been identified in the in-

‘testinal lamina propria (13, 14, 22, 25). Other intestinal myeloid

cell populations inducing Ty, cells have also been characterized
(26-28). However, it remains unclear whether cell populations
other than T, cells directly contribute to the suppression of
inflammatory responses.

In this study, we characterized intestinal CX5C chemokine
receptor 1" (CX;CR1"E™ CD11b* CD11c™ cells, which show a
cell contact-dependent suppression of T-cell proliferation, leading
to prevention of intestinal inflammation.

Results

Intestinal OGCRIMM CD11b* CD11¢* Cells Suppress T-Cell Growth.
Several unique subsets of innate immune cells in the intestinal lam-

'ina propria have been identified (1214, 16-26, 28-30). Among these

subsets, CD103" CX3CR1~ CD11b™ CD11c¢™ cells and CX,CR1*
CD11b* CD11c™ cells have been reported to be major subsets in the
intestine (13, 14). The functions of CX;CR1* CD11b* CD11c*
cells have been characterized in several aspects (13, 14, 17).
However, the CD11b* CD11c* cell population could be divided
into three subsets based on the expression level of CX;CR1:
CXgCthigh, CX3CR1mtcrmed1ate (m()’ and CX3CR1negatwe () cells
(Fig. $14) (13, 17). Although previous studies have indicated the
presence of CX;CR1"" and CX,CR1™ cells, differential func-
tions of these cell subsets in T-cell differentiation have not been
characterized (13, 17). Therefore, we examined the effects of
three subsets on induction of Th1, Th17, and Treg cells (Fig. 1L4).
CX;CR1Me" CX,CR1™ and CX3CRI1™ cells were isolated from
the colonic lamina propria and cultured with splenic naive CD4*
T cells for 4 d. CD4* T cells cocultured with CX;CR1™
or CX3CR1™ cells predominantly produced IL-17 or IFN-y,
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Fig. 1. CXsCR1MS" CD11b* CD11c* cells in the intestinal lamina propria
suppress T-cell proliferation. (4) Flow cytometric. plots of IL-17-, IFN-y-, or
Foxp3-expressing CD4* T cells cocultured with the indicated cells for 72 h. (B)
[PHlthymidine uptake of CD4™ T cells cultured with the indicated cells. #P <
0.022. (C) The fluorescence intensity of CFSE-labeled CD4* T cells cultured
with the indicated cells at a ratio 1:1:1 for. 72.h.(D) [3H]‘chymidine uptake by
CD4* T cells cocultured with CX3CR1- DCs in the presence of increasing ratios
of splenic CD4™ CD25" Ty, cells (closed rectangle) or colonic CXsCR1M9" cells
(open circle).. All data are representative of two independent experiments
(means = SD of duplicate well measurements).

respectively. In contrast, expression of IFN-y, IL-17, or Foxp3
was not induced in CD4 ™ T cells cocultured with the CX;CR 18"
cells. Next, we examined the effects on T-cell %)roliferatic;n.
CD4™ T cells were cocultured with the CX3CR1"2", CX,CR1™,
or CXACR1™ cells for 72 h; and their proliferation was analyzed
by assessing incorporation of [*H]thymidine (Fig.514).CD4* T
- cells cocultured with CX3CR1™ and CX3CR1™ cells showed
-robust proliferative responses, indicating that the CXsCR1™ and
CX3CR1™ cells had similar properties as DCs in enhancing
T-cell responses. In contrast, CD4™ T cells cocultured with
CX;CR1™MeM cells did not show any enhanced proliferation.
These findings indicate that CX;CR1™" cells are not typical
DCs. Indeed, CX;CR1Me" cells express several macrophage-
related molecules (CD14, CD68, and F4/80), as well as DC-re-
lated molecules (CD11c and DEC205) (Vig. $1¢). In addition,
CX5CR1ME cells contain cytoplasmic vacuolar structures char-
acteristic of macrophages (Fig. 5177) (14). We further found
that the addition of CX3CR1™M8 cells into a coculture of CD4*
T cells and CX;CR1™ DCs profoundly reduced T-cell pro-
liferation (Fig. 1B). The suppression of T-cell proliferation by
the CX3CR1™&" cells was further confirmed by reduced dilution
of the fluorescence intensity of CD4* T cells labeled with car-
boxyfluorescein succinimidyl ester (CFSE) (Fig. 1C). We then
compared the suppressive ability of CX;CR1"#" cells on T-cell
proliferation with that of Treg cells. CD4™" T cells were cultured
with DCs and anti-CD3 mAb in the presence of various numbers
of Tyeq cells or CX5CR1™E" cells (Fig. 1D). The CX;CR1Meh
cells showed a dose-dependent suppression of T-cell pro-
liferation in a very similar manner to that induced by Theg cells.
CX3CR1™" cells isolated from CX3CR1*/** mice, in which
CX;CR1 Ab staining was well correlated with GFP expression
(Fig. SIE), also inhibited T-cell proliferation (Fig. Si7).
CX3CR1™E" cells were not present in the CD11b* CD1lc*
population in the spleen, mesenteric lymph nodes (MLNs), or
thymus (Fig. 31¢). Collectively, our in vitro analyses suggested

Kayama et al.

that a CX;CR1™" CD11b* CD11c™ subset of intestinal mye- -

loid cells inhibited T-cell proliferation independently of T,
induction.

reg

CX;CR1M9" fyeloid Cells Prevent Intestinal flammation. We next
assessed the in vivo function of the CX;CR1™" subset of in-
testinal myeloid cells using a T-cell-dependent colitis model. Se-
vere combined immunodeficiency (SCID) mice given CD45RBY2"
CD4™ T cells showed severe weight loss with severe intestinal
pathology (Fig. 2 4 and B). Cotransfer of CX;CRIME cells
dramatically reduced their weight loss and the severity of in-
testinal inflammation. The cotransfer of CX;CR1M" cells did
not induce any change in the frequency of IL-17-, IFN-y-, IL-4-,
or IL-10-producing CD4* T cells or in the frequency of Foxp3-
expressing CD4™ T cells in the colonic lamina propria (Fig. =2y
However, the total number of CD4™ T cells in the lamina propria
was markedly reduced by CX3CR1%€" cell coadministration (Fig.
2C).  Assessment of CFSE dilution in transferred CD45RBMe"
CD4* T cells demonstrated robust T-cell proliferation in the
colonic lamina propria of Rag2™'~ mice. However, cotransfer of
CX3CR1"#" cells substantially inhibited CFSE dilution in trans-
ferred T cells (Fig. 2D). Transferred CX;CR1™E" cells were ob-
served just beneath the epithelial cell layers of the intestine but
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not in MLNSs or spleen (Fig. 2F and Fiy. &0 4 =no 7). Transferred
CX3CRIME" cells were in close proximity to T cells in the lamina
propria (Fig. 53C). In addition, the number of CD4™ T cells was
reduced where CX;CR1"%" cells were present (Fix. 55 ¢ 20d ).
Total number of CX5CR1"#" cells increased in the colonic lamina
propria of the transferred mice (Fig, 54). Thus, the CX5CR1Me!
subset of intestinal myeloid cells suppresses T-cell proliferation in
the intestinal lamina propria, thereby preventing intestinal in-
flammation; hereafter, we call this subset CX;CR1"E" regulatory
myeloid (M) cells. .

IL-10/Stat3-Dependent Suppressive Ability of CX;CR1™9" M., Cells.
To determine how CX;CR1™® M., cells exert their immuno-
suppressive function, we performed a comprehensive analysis of
gene expression profiles in CX3CR1™&" M., cells. CX5CR1ME
M, cells expressed several IL-10-inducible genes such as Hpgd,
Cd163, Hmoxl, Cd209f, and Cd209g (Fiz 7.4). Hence, we an-
alyzed CX5CR1™E" M, cells in /707" mice. Because normal
numbers of CXzCR]Meh M, celis were observed in the colon of
11107~ mice (Fig. 337), we isolated these cells and analyzed the
expression of the genes that were selectively-expressed in wild-
type CX,CR1Meh M, cells. Expression of Hpgd, Cd163, HmoxI,

- Cd209f, and Cd209g was severely decreased in 11107 cells de-
spite normal expression of the myeloid cell-related gene Cebpb -

(Fig. 34). CX3CR1"" M., cells from LysM-cre; Stai3™® mice

(Star3™"~ CX3CR1™E" M., cells) also showed profoundly de-

creased levels of expression of these genes (Fig. 3B). To evaluate

whether Star3™~ CX3CR1"8" M., cells suppress the T-cell

proliferative response, wild-type or Stat3~~ CX;CR1Me Mg
cells were added to coculture of CD4™ T cells with wild-type
DCs (Fig. 3C). Star3™"~ CX;CR1ME" M, cells were not able to
suppress T-cell proliferation. 10~~ CX;CR1Me! M, cells were
also defective in their suPpression of T-cell proliferation (Fig.

4E). Furthermore, Stai3™"~ CX;CR1M" M, cells showed im-

paired prevention of intestinal inflammation in Rag2™~ mice
given CD45RB™E" CD4™* T cells (Fig. 3D). Thus, the suppressive
function of CX;CR1™#" M,., cells in vitro and in vivo was im-
paired in the absence of IL-10/Stat3 signaling.

CX5CR1M9" M, Cells Inhibit T-Cell Growth by Two Steps. We then
assessed the mechanism underlying the suppression of T-cell
proliferation by CX;CR1%en M, cells. Because MDSCs have
been reported to suppress T-cell response through arginase-1,
inducible NOS, and reactive oxygen species (ROS) (8, 9), we
analyzed the effects of inhibitors of these mediators. However, the
inhibitors did not cancel the suppressive activity of CX;CR1%eP
M, cells (Fig. S& -£). Expression of indoleamine 2, 3-dioxy-
genase (IDO) in several regulatory DCs inhibits T-cell responses
(6, 20). However, T-cell proliferation was not increased by addi-
tion of an IDO inhibitor (Fig. $67). Moreover, CXsCR1™" M,,,
cells did not express T, -related genes such as Foxp3, Crla4, and
Folr4 (Fig. 560). Thus, CX3CRI"" M, cells possess distinct
mechanisms from those used by those cells previously shown to
inhibit T-cell proliferation. Coculture of CX;CR1M&" Mg cells
with CD4% T cells in transwell plates did not suppress T-cell
proliferation, indicating that cell-cell contact is required for
suppression (Fig. 56/). Addition of CX3CR1™®" M, cells to
cocultures of CD4™ T cells and DCs substantially decreased T-
cell aggregation around DCs; instead, T cells preferentially as-
sociated with CX;CR1ME" M, cells (Fi/g. 4A4). Inhibition of T-cell
aggregation was not observed in Staz3™~ and /110~ CX;CR1e
M, cells. Thus, CX;CR1"8 M, cells had a higher affinity to
interact with T cells than DCs and, thereby, suppressed T-cell
responses. These findings prompted us to investigate the ex-
pression of adhesion molecules that are involved in DC-T-cell
interactions. Surface expression of intercellular adhesion mole-
cule (ICAM)-1, ICAM-2, lymphocyte function-associated antigen
(LFA)-1, and vascular cell adhesion molecule (VCAM)-1 was

5012 | www.pnas.org/cgi/doif10.1073/pnas. 1114931109
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Fig. 3. Defective activity of Stat3™~ M., cells. (4 and B) Expression of
Hpgd, Cd163, Hmox?, CD209f, CD209g, and Cebpb mRNA in CX;CR1Mh Mreg
cells from wild-type, //107", and LysM-cre; Stat3"" mice. Data are pre-

" sentative of two independent experiments (means = SD of at least triplicate

PCRs on the identical sample). *, not detected; #P < 0.025. (C) [*H]thymidine
uptake by CDA* T cells cultured with CX3CR1™ DCs in the presence of wild-
type of Stat3™" CX3CR1M" M, cells. Data are representative of four in-
dependent experiments (means + SD of triplicate well measurements). *P <
0.047.-(D) Hematoxylin and eosin staining of colon sections of Rag2™~ mice
given 3 x 10° CD45RBMS" CDA* T cells with 3 x 10° M, cells from wild-type
or LysM-cre; Stat3"" mice (Left) and colitis score (Right). (Original magnifi-
cation, 200x.) *P < 0.025 (n = 5 per group).

considerably higher in CX5CR1"E" M., cells than in CX;CR1~
DCs (Fig. 4B). Therefore, we analyzed whether these adhesion
molecules are involved in the CX;CR1%e Mg Suppressive ac-
tivity. Treatment of CX3CRI™E" M, cells with blocking mAbs
to ICAM-1, ICAM-2, LFA-1, and VCAM-1 canceled the
CX5;CR1"8" M., suppressive activity on T-cell proliferation
(Fig. 4C). Treatment of CX5CR1™" M,,, cells with each mAb
did not abrogate the suppressive activity (Fig. 574), but the
combination of ICAM-1 and VCAM-1 mAbs substantially in-
duced T-cell proliferation. In addition, treatment of CX;CR1""
M;, cells with mAbs to ICAM-1 and VCAM-1 resulted in in-
creased aggregation of CD4™ T cells around DCs (Fig. 4D).
These results indicate that an ICAM-1/VCAM-1-mediated in-
teraction is required for suppression. Expression of ICAM-1 and
VCAM-1 was high in Staz3™"~ and II10™"~ CX3CR1™" M, cells,
which showed impaired suppressive activity (Fig. 4B and Fig.
375). In addition, T cells aggregated around Star3™" and 11107~
CX5CRIME® M., cells (Fig. 44). Therefore, we analyzed how
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VCAM-1 then added to the mixture of green dye-labeled
CD4™ T cells and nonstained CX3CR1™ DCs. (Original magni-

170
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Hig--

i o e

fication, 100x.) (£) IL-10 (100 ng/mL) was added to the co-
culture of CD4* T cells, wild-type DCs, and /70~ Meq cells.
Then, T-cell proliferation was measured. *P < 0.02. (F) Wild-

CXCRMeR CXCRibR
(Control 1gG) {(a-VCAM-ICAM-1)

CPM (x 10%)
O SN W o m N

CX3CR1™" My cells with high affinity for T cells show IL-10-
dependent suppression of T-cell proliferation. CX;CR1"e" Mo
cells produced IL-10 constitutively (Fig. 55 .4 and B). However,
supplementation of exogenous IL-10 into cocultures of CD4* T
cells and 1107~ CX;CR1Meh M;eg cells did not induce the re-
duction of T-cell proliferative responses (Fig. 4E). In addition,
the suppressive activity of wild-type CX,CR1™Me" Mg cells was
not blocked in the presence of neutralizing Abs to IL-10 and the
1L-10 receptor (Fig. 58C). Thus, IL-10 is not directly involved in
the suppression of T-cell proliferation. However, IL-10 pre-
treatment of /1707, but not Star3~"~, CX,CR1™e" M, cells
before coculture led to a substantial reduction of T-cell pro-
liferative res}gonses, indicating that IL-10 provides a key signal
for CX;CR1™8" M,.., cells to acquire suppressive activity (Fig, 4F
and Fig, S877). Expression of molecules that transduce coinhi-
bitory signals toward T cells, including B7-H4, herpesvirus entry
mediator (HVEM), programmed death ligand (PD-L)1, and PD-
L2 was increased in CX;CRI™® M, cells compared with
CX3CR1™ DGs (Fig. 53F). However, expression of these coin-
hibitory molecules remained high in Star3™~ CX;CR1™E" M,.,
cells. Furthermore, the possible involvement of these inhibitory
molecules in the suppressive activity of CX;CR1Meb M, cells
was ruled out in experiments using neutralizing Abs and
knockout mice (Fig. 3¢ F-H). In contrast, expression of CD80

and CD86 was‘severely decreased in CX;CR1Ms? M, cells
compared with that in CX3CR1™ DCs, although MHC class 11
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type and 110"~ Myeg cells were preincubated with or without
100 ng/mL IL-10 for 72 h. Then, the cells were analyzed for
the suppressive activity of T-cell proliferation. *P < 0.016;
**P < 0.034. (G) Surface expression of CD80, CD86, CD40, and
MHC class Il on CX3CR179" Mg cells and CX3CR1™ DCs. (H)
Expression of CD80, CD86, and CD40 on Mg cells from wild-
type and /70~ mice cultured for 48 h with or without 100
ng/mL IL-10. () Stat3™" and /110~ Mieg cells were pretreated
with the indicated blocking Abs. Then, M,eq cells were cul-
tured with CD4™* T cells and wild-type CX:CR1™ DCs, and T-cell

\\@/60\ \,\g@@ proliferation was measured. *P < 0.025; #P < 0.045. All data
& \:,Q are representative of at least two independent experiments
&

(mean values + SD of triplicate well measurements).

was equally and highly expressed in both populations (Fig. 4G
and Fig. S1C). Notably, expression of CD80 and CD86 was
considerably higher in 7110”7 and Sat37'~ CX;CR1"" My, cells
than in wild-type CX3CR1™#" M., cells (Fig. 4H and Fig. 50.4),
Furthermore, IL-10 treatment of /1107~ CX;CR1"&" M,,, cells
decreased the expression of CD80 and CD86 (Fig. 4H). There-
fore, we suspected that CX;CR1Me M, cells with decreased
expression of costimulatory molecules compete with DCs (o
suppress T-cell proliferation. To test this, Sta3™" and 10~
CX5CRIME" M., cells were pretreated with blocking mAbs to
CD80 and CD86, and then cocultured with CD4™ T cells (Fig.
4D). Stat3™"~ and 11107~ CX;CR1™" M., cells pretreated with
mAbs to CD80 and CD86 suppressed T-cell proliferation. These
findings clearly indicate that CX3CR1Me M., cells suppress T-
cell responses via a two-step mechanism: CX,CR1Meb M., cells
interact with T cells with high affinity through high expression of
adhesion molecules and then show IL-10-dependent suppression
of CDB0/CD86-mediated costimulatory signals, leading to in-
hibition of T-cell proliferation.

Defective CX;CR1"9" M,y Function Results in Development of Colitis.
The aberrant Th1/Th17-mediated responses attributable to en-
hanced DC activity have been considered to induce intestinal
inflammation in /70~ mice and innate immune cell-specific
Stat3 mutant mice (31-34). Because the function of CX;CR1heb
M, cells was impaired in the absence of IL-10/Stat3, we assessed
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Fig. 5. Defective Mg cell function leads to development of colitis. (4, C, and
D) LysM-cre; Stat3™ mice were transferred i.p. with 7 x 10* wild-type
CXsCR1M9M M, cells at 4 and 6 wk of age. At 2 wk after the last transfer,
splenic (A) or colonic lamina propria (C) CD4* T-cells were analyzed for pro-
duction of IFN-y and IL-17A. *, not detected; ¥P < 0.008. Total number of CD4*
T cells in the colonic lamina propria was analyzed (D). *P < 0.0679. Data are
from two independent experiments with four mice per group. (B) Hema-
toxylin and eosin staining of colon sections at 2 wk after the last transfer
(Left) and the colitis score (Right). (Original magnification, 200x.) *P < 0.0002.

the involvement of CX3CR1"" M, cells in the pathogenesis of
intestinal inflammation in LysM-cre; Stat3"® mice. LysM-cre;
Stat3" mice were transferred with wild-type CX;CR1%€" M,
cells and were analyzed for Thl and Th17 activities. In LysM-cre;
Star39/M mice, Thl and Th17 activities, as determined by IFN-y
and IL-17A production from splenic CD4™ T cells, respectively,
were increased (Fig. 54). Even in LysM-cre; Siai3™™ mice
transferred with wild-type CX5CR1"E" M, cells, Th1 and Thi7
activity remained considerably enhanced. However, the severity
of intestinal inflammation was greatly improved in LysM-cre;
Star3"" mice transferred with wild-type CX;CR1™&" M., cells
(Fig. 5B). CD4™ T cells in the colonic lamina propria produced
increased amounts of IFN-y and IL-17A even in LysM-cre;
Star3"" mice transferred with wild-type CX;CR1"E" M., cells;
however, the total number of CD4% T cells was markedly de-
creased in the lamina propria (Fig. 5 C and D). These findings
demonstrate that the defective activity of CXzCR1"e" Mg cells
is critically involved in the development of spontaneous colitis
when T cells are overactivated and that transfer of normal
CX,CR1"er M., cells is able to ameliorate the colitis.

Discussion

In the present study, we characterized the intestinal CX;CR1%?
CD11b* CD11c™ M, cell subset, which directly inhibits T-cell
proliferation and, thereby, prevents T-cell-dependent intestinal

5014 | www.pnas.org/cgi/doi/10.1073/pnas. 1114931109

inflammation. The IL-10/Stat3 pathway is critically involved in- =

the suppressive activity of CX3CR1™" M., cells.

To date, CD103" CX3CR1™ DCs and CX3CR1™ CD1ib™*
CD11c™ cells have been identified as major DC subsets in the
intestine. Previous studies indicated that intestinal CX;CR17
CD11b* CD11c* cells are further divided into two subsets based
on the expression level of CX3CR1, but these studies did not
analyze differential functions of CX3CR1™®" and CX;CR1™
cells (13, 17). This study clearly demonstrates that CX;CR1"g"
CD11b™ CD11c™ cells are a regulatory myeloid cell subset
possessing unique functions that directly suppress T-cell pro-
liferation. Previous studies indicated that CX;CR1% CD11b™*
CD11c* cells mediate inflammatory responses such as Th17 cell
induction (21-23). In this regard, when splenic naive CD4% T
cells were cocultured with unsorted CX;CR1™ CD11b™ CDi1c*
cells, including CX;CR1%€" and CX3CR1™ cells, T cells did not
vigorously proliferate, although they produced IL-17. In contrast,
splenic naive CD4" T cells cocultured with CX5CR1™ subset
robustly proliferated and produced higher amounts of IL-17
compared with T cells cocuitured with unsorted CX3CR1*
CD11b™ CD11c” cells (1 1= 59#). These observations would be
attributable to suppression of T-cell proliferation by CXsCR1™e"
M;., cells present within the CX;CR1* CD11b* CD11c™ cell
population. Thus, CX5CR1#" and CX3CR1™ cells are shown to
possess distinct functions suppressing and activating T cells, re-
spectively. At present, these functionally distinct populations
can only be separated by expression level of CX3CR1, indicating
that both populations are related. It is possible that CX;CR1™
cells are precursors of CX;CR1™&" cells, and both cell pop-
ulations show plasticity. Several previous reports have shown that
CX5CR17 cells have macrophage-like properties (14, 15, 35, 36).
Indeed, CX3CR1™#" M,,, cells show macrophage-like morphol-
ogy and express macrophage-related surface markers. On the
other hand, we found that Sta3~"~ and /1107~ CX;CR1"eh M.,
cells induced T-cell proliferation, indicating that CX;CR1™€
M, cells show DC-like properties in the absence of the IL-10/
Stat3 signaling in vitro (7ig. 5%C). Therefore, it is possible that
CXGERI™ cells are precursors of CXaCRIME cells and termi-
nally differentiate into CX;CRI™® M, cells sharing some

“macrophage-like properties in response to IL-10.

Several regulatory subsets of myeloid cells, which might be re-
lated to M., cells, have been reported. Colonic IL-10-producing
F4/80* CD11b* myeloid cells have been reported to mediate the
maintenance of Foxp3 expression in Ty, cells (26). This subset is
observed in MLNs, where M., cells are not present. Intestinal
macrophages suppress T-cell responses via IL-10-dependent in-
duction of T, cells (22). Unlike M., cells, these macrophages do
not express CD11c, CD14, or DEC205. Most recently, the activity
of intestinal macrophages has been shown to be regulated by
CX5CR1 (37). Indeed, mice deficient in CX3CR1 were highly
sensitive to intestinal inflammation induced by dextran sodium
sulfate. These intestinal cells might include CX;CR1™€" M, cells.
It is interesting to analyze the suppressive activity of CX;CR1M&"
Mg cells in CX;CR1-deficient mice. MDSCs are also the cell
population similar to CXzCR1MeP M, cells. However, MDSCs
do not express CD11c or MHC class II and are hardly detected in
healthy mice (9, 38), whereas CX5CRI™" M., cells express
CD1lc and MHC class II and are abundant in the intestinal
lamina propria of healthy mice. Expression of CX;CR1"&" Mreq
cell-related genes (Hpgd, Cdl163, Hmoxl, Cd209f, and Cd209g)
was severely reduced in MDSCs, whereas MDSC-related genes
(Argl, Nos2, Cybb, 510028, and S100a9) were not expressed in
CX3CRIMM M, cells (Fig, $9 U and £).

CD103™ CX3CR1™ DCs have been shown to promote intestinal
immune tolerance through the generation of Foxp3™ T, cells (15,
16, 18, 19). Intestinal macrophages are also reported to induce
Foxp3™ Ty, cells (22). Intestinal epithelial cells have been impli-
cated in promoting differentiation of CD103¥ DCs possessing
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a property to induce Trey cells (39, 40). CXaCR1ME" M, cells
localize very close to intestinal epithelial cells. Therefore, in-
testinal epithelial cells might be involved in the final maturation
(or differentiation) of CX3CR1"&" M, cells in the intestinal
lamina propria through modulation of IL-10 production. )
In the present study, we characterize intestinal CX;CR1™e"
CD11b™ CD11c" cells (CX5CR1ME" M, cells) that suppress
intestinal inflammation through direct inhibition of T-cell pro-
liferation in the intestinal lamina propria. Treg cells with a normal
suppressive activity are abundantly present in LysM-cre/Stat3""
mice (33), indicating that defective activity of CX3CR1"#" M.,
cells can cause intestinal inflammation even in the presence of
Tycg cells. Therefore, CX5CR1Meb M., cells maintain the intes-
tinal homeostasis together with T, cells, as well as several innate
cell subsets that have regulatory functions. Identification ‘of an
CX3CR1ME" M., population in the human intestines and char-
acterization of human CX;CR1Me M., function in patients with
IBD will be a critical future issue in establishing their role in the
pathogenesis of intestinal inflammation in humans.
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Materials and Methods

RMice. C57BU6J mice and BALB/c mice at 6-8 wk of age were purchased from
CLEA Japan or Japan SLC. Male 6-wk-old CB17-SCID mice were purchased
from CLEA Japan. LysM-cre; Stat3™" mice and CX3CR1-EGFP knock-in (het-
erozygous) mice were generated as described (32, 41, 42). /707" mice were
purchased from The Jackson Laboratory. Each mutant mouse strain was
backcrossed onto a C57BL/6) background for at least five generations. All
animal experiments were conducted in accordance with the guidelines of
the Animal Care and Use Committee of Osaka University.

The details of reagents, isolation of lamina propria cells, histopathological
score, and proliferation assay are described in 5/ 74, /:
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