peroxidase activity was blocked with 0.3% H,0; in methanol. The sections
were exposed to 1% BSA in PBS and were then incubated overnighr at 4°C
with goat anti-CD3e (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, secrions were sequentially incubated with rat
anti-CD4SR (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.

SIP release from blood cells. Blood was collected from anestherized WT
(Spns2**, n = 4) and Spns2+/~ (Spns2~/-, 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 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 NaH,POy,
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 or at 37°C for
90 minutes. After incubation, the cells were pelleted by centrifugation at
1,200 g for S minutes ac 4°C. The S1P levels in the supernatants were deter-
mined as described above. To quantify the rotal amount of $1P in the blood
cells, cells were collected from 500 pl 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 were generated
with 5 x 108 freshly isolated total bone marrow cells from femur and tibia
of WT and Spns2 floxed mice (donor). Isolated cells were injected i.v. into
lechally irradiated (900 ¢GY) 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 reconstitured
mice were FACS analyzed as described above.

In situ hybridization and immunohistochemistry 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 secrions were
fixed with 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 ar 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-HCl, 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 $35-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 mRINA 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 5x SSC, at 50°C
for 20 minutes and then in 50% formamide, 2x HybriWash at 50°C for
20 minutes, followed by RNase trearment in 50 pg/ml RNase A in 10 mM

Tris-HCl, pH 8.0, 1 M NaCl, and 1 mM EDTA for 30 minutes at 37°C.

TheJournal of Clinical Investigation

hetp:/fwww.jci.org

Then the sections were washed twice with 2x HybriWash at 50°C for
20 minutes, twice with 2x HybriWash at S0°C for 20 minutes, and once
with TBST (0.1% Tween 20 in TBS). After treatment wich 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 NaCl, 50 mM MgCly, 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,0; 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 goar anti-rabbit Ig (Dako) and peroxidase-conjugated strepravidin
(Nichirei). For a-SMA staining, sections were treated with Blocking
Reagent A (Nichirei) and incubated with anti-a-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 hemaroxylin, 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 o the regulations of the National 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 damage, 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 CX5C chemokine
receptor 1"9" (CX3CR1"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, CX3CR1"9" 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/Stat3
pathway mediates the reduction of CD80/CD86 expression. Transfer
of wild-type CX3CR1"9" CD11b* CD11c¢* 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 Tespon-
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 to suppress aberrant inflammatory responses in the in-
testinal mucosa. Over the last few decades, CD4™ regulatory T
(Trey) cells have been demonstrated to prevent T-cell-mediated
chronic inflammatory diseases including IBDs (4, 5). Several
possible mechanisms for this suppressive effect of T,., 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-
cently 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" CX3;CR1™ 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™ T, cells (18-20). CX;CR1* CD11b* DCs have been
shown to mediate inflammatory responses through the induction
of Thl and Th17 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 T\, 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 18 (CX;CR1"8Y) CD11b* CD11c* cells, which show a
cell contact-dependent suppression of T-cell proliferation, leading
to prevention of intestinal inflammation.

Results

Intestinal CX;CR1M" CD11b* CD11c* Cells Suppress T-Cell Growth.
Several unique subsets of innate immune cells in the intestinal lam-
ina propria have been identified (12-14, 16-26, 28-30). Among these
subsets, CD103" CX3;CR1™ CD11b~ CD11c* cells and CX5CR1*
CD11b* CD11c* cells have been reported to be major subsets in the
intestine (13, 14). The functions of CX3;CRI* CD11b* CD11¢*
cells have been characterized in several aspects (13, 14, 17).
However, the CD11b™ CD1lc” cell population could be divided
into three subsets based on the expression level of CX;CRI1:
CX_:,Cthigh, CX3CR1m(ermediatc (mt)’ and CXSCRlneganve (~) cells
(Fig. 51.4) (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 T, cells (Fig. 14).
CX;3CR1™E" CX3;CR1™, and CX;CR1™ 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 CX5CR1™ cells predominantly produced IL-17 or IFN-y,
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Fig. 1. CX3CR1M" CD11b* CD11c* cells in the intestinal lamina propria
suppress T-cell proliferation. (A) Flow cytometric plots of IL-17-, IFN-y-, or
Foxp3-expressing CD4* T cells cocultured with the indicated cells for 72 h. (B)
[PHithymidine 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]thymidine uptake by
CD4* T cells cocultured with CX;CR1™ DCs in the presence of increasing ratios
of splenic CD4* CD25" T, cells (closed rectangle) or colonic CX3CR1M9" 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
wasnot induced in CD4* T cells cocultured with the CX;CR1™&"
cells. Next, we examined the effects on T-cell g)roliferatiqn,
CD4™ T cells were cocultured with the CX5CR1"M" CX;CR1™,
or CX3CR1™ cells for 72 h, and their proliferation was analyzed
by assessing incorporation of [*H]thymidine (Fig S1R).CD4* T
cells cocultured with CX3CR1™ and CX3CR1™ cells showed
robust proliferative responses, indicating that the CX3CR1™ and
CX3CR1™ cells had similar properties as DCs in enhancing
T-cell responses. In contrast, CD4™ T cells cocultured with
CX5CR1™E" cells did not show any enhanced proliferation.
These findings indicate that CX3CR1"8" cells are not typical
DCs. Indeed, CX;CR1™E" cells express several macrophage-
related molecules (CD14, CD68, and F4/80), as well as DC-re-
lated molecules (CD11c and DEC205) (Fig. 51¢). In addition,
CX3CR1"8" cells contain cytoplasmic vacuolar structures char-
acteristic of macrophages (Fig. 51/5) (14). We further found
that the addition of CX3CR1™ME" cells into a coculture of CD4*
T cells and CX3CR1™ DCs profoundly reduced T-cell pro-
liferation (Fig. 1B). The suppression of T-cell proliferation by
the CX3CR1"8" cells was further confirmed by reduced dilution
of the fluorescence intensity of CD4™* T cells labeled with car-
boxyfluorescein succinimidyl ester (CFSE) (Fj%. 1C). We then
compared the suppressive ability of CX3CR1™M¢" cells on T-cell
proliferation with that of T, cells. CD4* T cells were cultured
with DCs and anti-CD3 mAb in the presence of various numbers
of Tyeq cells or CX3CR1ME" cells (Fig. 1D). The CX;CR1Mieh
cells showed a dose-dependent suppression of T-cell pro-
liferation in a very similar manner to that induced by T, cells.
CX;CR1"8" cells isolated from CX3CR1*/SFP mice, in which
CX3CR1 AD staining was well correlated with GFP expression
(Fig. SiE), also inhibited T-cell proliferation (Fig. S1F).
CX3CR1M8" cells were not present in the CD11b* CD11c*
population in the spleen, mesenteric lymph nodes (MLNs), or
thymus (Fig. $1G). Collectively, our in vitro analyses suggested
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that a CX;CR1™ME" CD11b* CD11c* subset of intestinal mye-
loid cells inhibited T-cell proliferation independently of T,
induction.

CX;CR1"9" Myeloid Cells Prevent Intestinal Inflammation. We next
assessed the in vivo function of the CX5;CR1™" subset of in-
testinal myeloid cells using a T-cell-dependent colitis model. Se-
vere combined immunodeficiency (SCID) mice given CD45RBg"
CD4* T cells showed severe weight loss with severe intestinal
pathology (Fig. 2 4 and B). Cotransfer of CXsCR1%Me" cells
dramatically reduced their weight loss and the severity of in-
testinal inflammation. The cotransfer of CX;CR1™&" 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. s3).
However, the total number of CD4+_ T cells in the lamina propria
was markedly reduced by CX;CR1"€" cell coadministration (Fig.
2C). Assessment of CFSE dilution in transferred CD45RBM2"
CD4* T cells demonstrated robust T-cell proliferation in the
colonic lamina propria of Rag2™'~ mice. However, cotransfer of
CX;CR1ME" cells substantially inhibited CFSE dilution in trans-
ferred T cells (Fig. 2D). Transferred CX3CR1"8" cells were ob-
served just beneath the epithelial cell layers of the intestine but
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Fig. 2. CX3CR1"MM myeloid cells alleviate T-cell-dependent intestinal in-
flammation. (A) SCID mice were injected i.p. with 3 x 10° CD45RBM9" CD4* T
cells or PBS (closed circles). After 2 h, 3 x 10° CX3CR1"9" cells were trans-
ferred (open triangles) or not (closed rectangles). Body weight change was
monitored and is presented relative to initial body weight. *P < 0.005 (n =8
per group). (B) Hematoxylin and eosin staining of colon sections at 4 wk
after the transfer described in A {Left) and the colitis score (Right). *P <
0.0012. (Original magnification, 200x.) (C) Numbers of large intestinal lam-
ina propria CD4™ T cells at 2 wk (n = 4 per group) (Left) and 4 wk (n =5 per
group) (Right) after transfer. *P < 0.02; **P < 0.015. (D) CD45RB"9" T cells
(3 x 10%) were labeled with CFSE and transferred into Rag2~" mice with or
without 3 x 10° CX3CR1M9" cells. After 12 d, CFSE dilution in colonic CD4* T
cells was analyzed. (E) Cryosection of the colon from a SCID mouse at 3 d
after i.v. injection of CFSE-labeled CX5CR1M9" cells. (Original magnification,
200x.) Data are representative of three independent experiments (D and £).

PNAS | March 27,2012 | vol. 109 | no.13 | 5011

IMMUNOLOGY



!
v
)

not in MLNs or spleen (Fig. 2E and Fiz. =° « = . %), Transferred
CX5CR1MEN cells were in close proximity to T cells in the lamina
propria (Fig ). In addition, the number of CD4™ T cells was
reduced where CXsCR1™" cells were present (Fiu. 55 ¢ o 7).
Total number of CX;CR1™2" cells increased in the colonic lamina
propria of the transferred mice (Fiz. 54). Thus, the CX;CR1Me"
subset of intestinal myeloid cells suppresses T-cell proliferation in
the intestinal lamina propria, thereby preventing intestinal in-
flammation; hereafter, we call this subset CX3CR1"" regulatory
myeloid (M) cells.

IL-10/Stat3-Dependent Suppressive Ability of CXCR1™9" M., Cells.
To determine how CX;CR1%e! M, cells exert their immuno-
suppressive function, we performed a comprehensive analysis of
gene expression profiles in CX;CR1ME" M., cells. CX;CR1™8"
M, cells expressed several IL-10-inducible genes such as Hpgd,
Cd163, Hmoxl, Cd209f, and Cd209g (Fiz. %7.4). Hence, we an-
alyzed CX;CR1™E" M, cells in /170~ mice. Because normal
numbers of CX;CR1"8" M, cells were observed in the colon of
N107 mice (Fie. 555), we isolated these cells and analyzed the
expression of the genes that were selectively expressed in wild-
type CX5CR1"E" M, cells. Expression of Hpgd, Cd163, Hmox1,
Cd209f, and Cd209g was severely decreased in J110™" cells de-
spite normal expression of the myeloid cell-related gene Cebpb
(Fig. 34). CX5CR1™" M,,, cells from LysM-cre; Star3"" mice
(Stat3™"= CX3CRIME" M,,, cells) also showed profoundly de-
creased levels of expression of these genes (Fig. 3B). To evaluate
whether Stat3™~ CX3CR1Me" M, cells suppress the T-cell
proliferative response, wild-type or Stat3™~ CX;CRI"E" M,,,
cells were added to coculture of CD4™ T cells with wild-type
DCs (Fig. 3C). Stat3™~ CX3CR1™E" M, cells were not able to
suppress T-cell proliferation. 11107~ CX;CRI™8" M, cells were
also defective in their suppression of T-cell proliferation (Fig.
4E). Furthermore, Stat3™~ CX3CR1™E" M,,, cells showed im-
paired prevention of intestinal inflammation in Rag2™™ mice
given CD4SRB™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.

CX3CR1M9" M,4 Cells Inhibit T-Cell Growth by Two Steps. We then
assessed the mechanism underlying the suppression of T-cell
proliferation by CX3CR1™" 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 CXsCR1M&"
M., cells (Fig. &6 --£). 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 IDQ inhibitor (Fig. 56/). Moreover, CX3CR1™ M,
cells did not express Ty,-related genes such as Foxp3, Cila4, and
Folrd (Fig. %0¢7). Thus, CX5CR1™™ M, cells possess distinct
mechanisms from those used by those cells previously shown to
inhibit T-cell proliferation. Coculture of CX;CR1M&" M, cells
with CD4™ T cells in transwell plates did not suppress T-cell
proliferation, indicating that cell-cell contact is required for
suppression (Fig. S0/4). Addition of CXsCR1"E" 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,CR1"eb M, cells (Fig. 44). Inhibition of T-cell
aggregation was not observed in Stat3~ and 1110~ CX5CR1M&"
M, cells. Thus, CX;CR1"E" 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
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Fig. 3. Defective activity of Stat3™ M4 cells. (A and B) Expression of
Hpgd, Cd163, Hmox1, CD209f, CD209g, and Cebpb mRNA in CX3CR1"9" M.
cells from wild-type, #1107, 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) [*Hithymidine
uptake by CD4™ T cells cultured with CX3CR1™ DCs in the presence of wild-
type or Stat3™" CX3CR1"" 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° CD45RBM9" CD4* T cells with 3 X 10° Mg 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 CX;CR1™E" M., cells than in CX3CR1™
DGCs (Fig. 4B). Therefore, we analyzed whether these adhesion
molecules are involved in the <CX3CR11“gh M., suppressive ac-
tivity. Treatment of CX;CR1"%" M., cells with blocking mAbs
to ICAM-1, ICAM-2, LFA-1, and VCAM-1 canceled the
CX3CR1Meh M., suppressive activity on T-cell proliferation
(Fig. 4C). Treatment of CX;CR1"e M, cells with each mAb
did not abrogate the suppressive activity (Fiz. $74), but the
combination of ICAM-1 and VCAM-1 mAbs substantially in-
duced T-cell proliferation. In addition, treatment of CX5CR1"eh
M,g 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 Stat3~"~ and I1107"~ CX;CR1™E" M., cells,
which showed impaired suppressive activity (Fig. 4B and {ig.
$75). In addition, T cells aggregated around Star3™'~ and /110~
CX,CR1"ieb M., cells (Fig. 44). Therefore, we analyzed how
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Mreg cells from wild-type, LysM-cre; Stat3™ or 1170~ mice

(Left). The number of T-cell aggregation in twenty fields
(Right). (Original magnification, 100x.) (B) Expression of ad-
hesion molecules on the' indicated cells from wild-type
and LysM-cre; Stat3"" mice. (C) CD4* T cells and wild-type
CX3CR1™ DCs were cocultured with Mg cells pretreated with
the indicated blocking Abs or control Ig for evaluation of T-
cell proliferation. *P < 0.012. (D) Red dye-labeled CX3CR1M9h
M,eg cells were treated with blocking Abs to ICAM-1 and

g VCAM-1 then added to the mixture of green dye-labeled
:;; CD4™ T cells and nonstained CX3CR1™ DCs. (Original magni-
z : fication, 100x.) (£) IL-10 (100 ng/mL) was added to the co-
© || yid-type culture of CD4* T cells, wild-type DCs, and /107" Mg cells.
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CX5CR1™®" My, cells with high affinity for T cells show IL-10-
dependent suppression of T-cell proliferation. CX5CR1%" M,
cells produced IL-10 constitutively (ig. S8 4 s B). However,
supplementation of exogenous IL-10 into cocultures of CD4™ T
cells and 71107~ CX5CR1™" M,, cells did not induce the re-
duction of T-cell proliferative responses (Fig. 4E). In addition,
the suppressive activity of wild-type CX3CR1™€" M,., cells was
not blocked in the presence of neutralizing Abs to IL-10 and the
IL-10 receptor (Fig. S8C). Thus, IL-10 is not directly involved in
the suppression of T-cell proliferation. However, IL-10 pre-
treatment of 707, but not Star3™~, CX,CR1"e" M., cells
before coculture led to a substantial reduction of T-cell pro-
liferative responses, indicating that IL-10 provides a key signal
for CX5CR1bieh M, cells to acquire suppressive activity (Fig. 4F
and Fig. 580)). 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 CXzCR1Men M, cells compared with
CX3CR1™ DCs (Fig. S8E). However, expression of these coin-
hibitory molecules remained high in Stat3™~ CX;CR1¥¢* M,,
cells. Furthermore, the possible involvement of these inhibitory
molecules in the suppressive activity of CX;CR1™E" M, cells
was ruled out in experiments using neutralizing Abs and
knockout mice (Fig. 88 /). In contrast, expression of CD80
and CD86 was severely decreased in CX3CR1™M" M, cells
compared with that in CX;CR1™ DCs, although MHC class 11
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type and /1107 Myeq 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 CX3CR1M9" M, g cells and CX3CR1™ DCs. (H)
Expression of CD80, CD86, and CD40 on Mg cells from wild-
type and /107" mice cultured for 48 h with or without 100
ng/mL IL-10. (/) Stat3~'~ and 1110~ Mg cells were pretreated
with the indicated blocking Abs. Then, Mieq cells were cul-

& F tured with CD4* T cells and wild-type CX3CR1~ DCs, and T-cell
L& \,\g’@é’ proliferation was measured. *P < 0.025; #P < 0.045. All data
0°° \99 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 Sic¢). Notably, expression of CD80 and CD86 was
considerably higher in 1170~ and Stat37~ CX;CR1"#" M, cells
than in wild-type CX;CR1"#" M., cells (Fig. 4H and Fig. $9.1).
Furthermore, IL-10 treatment of 1707~ CX;CR1"E" M, cells
decreased the expression of CD80 and CD86 (Fig. 4H). There-
fore, we suspected that CXsCRI™" M,,, cells with decreased
expression of costimulatory molecules compete with DCs to
suppress T-cell proliferation. To test this, Star3™~ and 110~
CX5CR1™® M, cells were pretreated with blocking mAbs to
CD80 and CD86, and then cocultured with CD4* T cells (Fig.
Al). Stai3™'" and 1107~ CX5CR1™E" M., cells pretreated with
mAbs to CD80 and CD86 suppressed T-cell proliferation. These
findings clearly indicate that CX;CR1MeP M,., cells suppress T-
cell responses via a two-step mechanism: CX;CR1Mgh M., cells
interact with T cells with high affinity through high expression of
adhesion molecules and then show IL-10-dependent suppression
of CD80/CD86-mediated costimulatory signals, leading to in-
hibition of T-cell proliferation.

Defective CX;CR1"'9" M,.4 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 /707"~ mice and innate immune cell-specific
Stat3 mutant mice (31-34). Because the function of CXsCR1"&b
M, cells was impaired in the absence of TL-10/Stat3, we assessed
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Fig. 5. Defective Mieq cell function leads to development of colitis. (4, C, and
D) LysM-cre; Stat3"™ mice were transferred ip. with 7 x 10° wild-type
CX3CR1MOM Mg cells at 4 and 6 wk of age. At 2 wk after the last transfer,
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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 < 0.0079. 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-cFe; Stat3™ mice. LysM-cre;
Stat3" mice were transferred with wild-type CX;CR1Meh Y
cells and were analyzed for Thl and Th17 activities. In LysM-cre;
Star3™™ 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; Stat3™ mice
transferred with wild-type CX;CR1™&" M, cells, Thl and Th17
activity remained considerably enhanced. However, the severity
of intestinal inflammation was greatly improved n LysM-cre;
Star3™ mice transferred with wild-type CX;CR1Meb 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 CXsCR1"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 CX3CR1M¢" M, cells
Is critically involved in the development of spontaneous colitis
when T cells are overactivated and that transfer of normal
CX5CR1MEn 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
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inflammation. The IL-10/Stat3 pathway is critically involved in
the suppressive activity of CX;CR1ME" M, cells.

To date, CD103" CX3CR1™ DCs and CX;CR1* CD1ib*
CD11c™ cells have been identified as major DC subsets in the
intestine. Previous studies indicated that intestinal CX;CR1*
CD11b* CD11c™ cells are further divided into two subsets based
on the expression level of CX3CRI1, but these studies did not
analyze differential functions of CXsCR1M&" and CX;CR1™
cells (13, 17). This study clearly demonstrates that CX;CR1%eh
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 CX3;CR1* CD11b* CD11c*
cells, including CX5CR1"" and CX5CR1™ cells, T cells did not
vigorously proliferate, although they produced IL-17. In contrast,
splenic naive CD4™ T cells cocultured with CX3CR1™ subset
robustly proliferated and produced higher amounts of 1L-17
compared with T cells cocultured with unsorted CX;CR1*
CD11b* CD11c* cells (5 i =42). These observations would be
attributable to suppression of T-cell proliferation by CX;CR1"e!
Mg cells present within the CX5CR1™ CD11b* CD11c* cell
population. Thus, CX;CR1"" and CX;CR1™ 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 CX3CR1"8" cells, and both cell pop-
ulations show plasticity. Several previous reports have shown that
CX3CR17 cells have macrophage-like properties (14, 15, 35, 36).
Indeed, CX;CR1Meb M, cells show macrophage-like morphol-
ogy and express macrophage-related surface markers. On the
other hand, we found that Staz3™'~ and 1110~ CX;CR1"igh M.,
cells induced T-cell proliferation, indicating that CX;CR1"2
M, cells show DC-like properties in the absence of the 11-10/
Stat3 signaling in vitro (Fig. $9C). Therefore, it is possible that
CX53CR1™ cells are precursors of CX;CR1"" cells and termi-
nally differentiate into CX,CR1"#" M, cells sharing some
macrophage-like properties in response to IL-10.

Several regulatory subsets of myeloid cells, which might be re-
lated to0 M, cells, have been reported. Colonic TL-1 0-producing
F4/80™ CD11b™ myeloid cells have been reported to mediate the
maintenance of Foxp3 expression in T, 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"eP M, cells.
It is interesting to analyze the suppressive activity of CX3CR1Mgh
M, cells in CX;CRI1-deficient mice. MDSCs are also the cell
population similar to CX3CR1™® M,., cells. However, MDSCs
do not express CD11c or MHC class IT and are hardly detected in
healthy mice (9, 38), whereas CX;CR1™E® M, cells express
CD1lc and MHC class II and are abundant in the intestinal
lamina propria of healthy mice. Expression of CXzCR1"e" \Y .
cell-related genes (Hpgd, Cdl163, Hmoxl, Cd209f, and Cd209g)
was severely reduced in MDSCs, whereas MDSC-related genes
(Argl, Nos2, Cybb, S100a8, and S100a9) were not expressed in
CX5CRIME" M., cells (Fig. 9 0 and L),

CD103" CX3CR1™ DCs have been shown to promote intestinal
immune tolerance through the generation of Foxp3™* Treg cells (15,
16, 18, 19). Intestinal macrophages are also reported fo induce
Foxp3™ T, cells (22). Intestinal epithelial cells have been impli-
cated in promoting differentiation of CD103"™ DCs possessing
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a property to induce Ty, cells (39, 40). CX5CR1Ms 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%eh
CD11b* CD1lc* cells (CX3CRI™E" M, cells) that suppress
intestinal inflammation through direct inhibition of T-cell pro-
liferation in the intestinal lamina propria. T, cells with a normal
suppressive activity are abundantly present in LysM-cre/Stat3”f
mice (33), indicating that defective activity of CX;CR1"s" Mg
cells can cause intestinal inflammation even in the presence of
Tyeq cells. Therefore, CX5CR1™E" M, cells maintain the intes-
tinal homeostasis together with Treq cells, as well as several innate
cell subsets that have regulatory functions. Identification of an
CX;CR1Meb M., population in the human intestines and char-
acterization of human CX;CR1Meh 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

Mice. C57BL/6) 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). //70™"~ 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 3/ Adaverjafs &6 / ;

ACKNOWLEDGMENTS. We thank S. Sakaguchi and T. Hirano for fruitful
discussions; C. Hidaka for secretarial assistance; E. Morii for histological
analysis; J. Kikuta and E. Ohata for microscopy analysis; and K. Atarashi,
D. Dodd, and Y. Magota for technical assistance. This work was supported by
a grant-in-aid from the Ministry of Education, Culture, Sports, Science and
Technology; the Ministry of Health, Labour and Welfare; The Kato Memoriaf
Trust for Nambyo Research; the Osaka Foundation for the Promotion of
Clinical Immunology; and the Takeda Science Foundation.

22. Denning TL, Wang YC, Patel SR, Williams IR, Pulendran B (2007) Lamina propria
macrophages and dendritic cells differentially induce regulatory and interleukin
17-producing T cell responses. Nat Immunol 8:1086-1094.

23. Atarashi K, et al. (2008) ATP drives lamina propria T(H)17 cell differentiation. Nature
455:808-812.

24. Manocha M, et al. (2009) Blocking €D27-CD70 costimulatory pathway suppresses

experimental colitis. J Immunol 183:270-276.
- Ueda Y, et al. (2010) Commensal microbiota induce LPS hyporesponsiveness in colonic
macrophages via the production of IL-10. Int Immunol 22:953-962.

26. Murai M, et al. (2009) Interleukin 10 acts on regulatory T cells to maintain expression
of the transcription factor Foxp3 and suppressive function in mice with colitis. Nat
Immunol 10:1178-1184.

27. Manicassamy S, et al. (2010) Activation of beta-catenin in dendritic cells regulates
immunity versus tolerance in the intestine. Science 329:849-853.

28. Siddiqui KR, Laffont S, Powrie F (2010) E-cadherin marks a subset of inflammatory
dendritic cells that promote T cell-mediated colitis. Immunity 32:557-567.

29, Takada Y, et al. (2010) Monocyte chemoattractant protein-1 contributes to gut ho-
meostasis and intestinal inflammation by composition of IL-10-producing regulatory
macrophage subset. J Immunol 184:2671-2676.

30. Jung S (2010) Dendritic cells: A question of upbringing. Immunity 32:502-504.

31. Kiihn R, Lohler J, Rennick D, Rajewsky K, Muller W (1993) Interleukin-10-deficient
mice develop chronic enterocolitis. Cell 75:263-274.

32. Takeda K, et al. (1999) Enhanced Th1 activity and development of chronic entero-

colitis in mice devoid of Stat3 in macrophages and neutrophils. Immunity 10:39-49.

Kobayashi M, et al. (2003) Toll-like receptor-dependent production of IL-12p40 causes

chronic enterocolitis in myeloid cell-specific Stat3-deficient mice. J Clin Invest 111:

1297-1308.

34. Melillo JA, et al. (2010) Dendritic cell (DQ)-specific targeting reveals Stat3 as a nega-
tive regulator of DC function. J Immunol 184:2638-2645.

35. Niess JH (2010) What are CX3CR1+ mononuclear cells in the intestinal mucosa? Gut
Microbes 1:396-400.

36. Scott CL, Aumeunier AM, Mowat AM (2011) Intestinal CD103+ dendritic cells: Master
regulators of tolerance? Trends Immunol 32:412-419.

37. Medina-Contreras O, et al. (2011) CX3CR1 regulates intestinal macrophage homeo-
stasis, bacterial transiocation, and colitogenic Th17 responses in mice. J Clin Invest
121:4787-4795.

38. Youn Ji, Nagaraj S, Collazo M, Gabrilovich DI (2008) Subsets of myeloid-derived
suppressor cells in tumor-bearing mice. J Immunol 181:5791-5802.

39. lliev ID, Mileti E, Matteoli G, Chieppa M, Rescigno M (2009) Intestinal epithelial cells
promote colitis-protective regulatory T-cell differentiation through dendritic cell
conditioning. Mucosal Immunol 2:340-350.

40. iliev ID, et al. (2009) Human intestinal epithelial cells promote the differentiation of
tolerogenic dendritic cells. Gut 58:1481-1489.

2

wl

3

w

41. 1shii M, et al. (2009) Sphingosine-1-phosphate mobilizes osteoclast precursors and
regulates bone homeostasis. Nature 458:524-528.
42. Jung s, et al. (2000) Analysis of fractalkine receptor CX(3)CR1 function by targeted

deletion and green fluorescent protein reporter gene insertion. Mol Cell Biol 20:
4106-4114.

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

IMMUNOLOGY



DOI/10.1007/510059-011-1010-x

©2011 KSMCB

The Role of Sphingosine 1-Phosphate in Migration
of Osteoclast Precursors; an Application of
Intravital Two-Photon Microscopy

Taeko Ishii, Yutaka Shimazu, Issei Nishiyama, Junichi Kikuta, and Masaru Ishii*

Sphingosine-1-phosphate (S1P), a biologically active lyso-
phospholipid that is enriched in blood, controls the traf-
ficking of osteoclast precursors between the circulation
and bone marrow cavities via G protein-coupled receptors,
S1PRs. While S1PR1 mediates chemoattraction toward
S1P in bone marrow, where S1P concentration is low,
S1PR2 mediates chemorepulsion in blood, where the S1P
concentration is high. The regulation of precursor recruit-
ment may represent a novel therapeutic strategy for con-
trolling osteoclast-dependent bone remodeling. Through
intravital multiphoton imaging of bone tissues, we reveal
that the bidirectional function of S1P temporospatially
regulates the migration of osteoclast precursors within
intact bone tissues. Imaging technologies have enabled in
situ visualization of the behaviors of several players in
intact tissues. In addition, intravital microscopy has the
potential to be more widely applied to functional analysis
and intervention.

Bone is a highly dynamic organ that is continuously tumed over
during growth, even in adults. During bone remodeling, homeo-
stasis is regulated by the balance between bone formation by
osteoblasts and bone resorption by osteoclasts (Harada et al.,
2003; Teitelbaum et al., 2003). However, in pathological condi-
tions such as osteoporosis, osteopetrosis, arthritic joint destruc-
tion, and bene metastasis, this equilibrium is disrupted. Since
osteoclasts are excessively activated in osteolytic diseases, the
inhibition of osteoclast function has been a major therapeutic
strategy. Bisphosphonates, the most widely used group of anti-
osteoporosis drugs, bind to hydroxyapatite, enter osteoclasts
via endocytosis, and induce osteoclast apoptosis (Russell et al.,
2007). Recently, the inactivation of osteoclasts, as opposed to
their elimination, has generated interest as an alternative treat-
ment strategy (Deal, 2009; Yasuda et al., 2005). One promising
regulation point is the recruitment of osteoclast precursors. In
addition to several chemokines that are known regulators of
migration, including CXCL12 (Yu et al., 2003) and CXsCL1

(Koizumi et al., 2009), we have shown that sphingosine 1-
phosphate (S1P), a lysophospholipid abundant in the plasma,
plays an important role as both a chemoatiractant and a
chemorepellent (Ishii et al., 2009; 2010). In this review, we
summarize the bidirectional regulation of osteoclast precursor
migration by S1P and briefly describe intravital bone imaging in
living animals.

S1P and its receptors

81P is a bioactive sphingolipid metabolite that regulates diverse
biological functions including cell proliferation, motility, and sur-
vival (Cyster, 2005; Rivera et al., 2008; Rosen et al., 2005;
2007). Sphingolipids are essential plasma membrane constitu-
ents composed of a serine head group and one or two fatty
acid tails. They are easily metabolized and converted to sphin-
gosines, which are ATP-dependently phosphorylated by sphin-
gosine kinases 1 and 2 (SPHK1 and SPHK2) in most cells,
yielding S1P (Hannun et al., 2008). SPHKs, which are regu-
lated by a variety of growth factors, hormones, and cytokines,
control S1P’s acute reactive generation and homeostasis in the
circulation (Hannun et al., 2008). Immediately after its synthesis,
free S1P is irreversibly degraded by intracellular S1P lyase or
dephosphorylated by S1P phosphatases. As a result, the levels
of S1P in most tissues, including bone marrow, are relatively
low. In contrast, large amounts of S1P are continuously pro-
duced in the plasma, especially by erythrocytes, and the serum
concentration of S1P is extremely high (several hundred
nanomolar to low-micromolar range). Most S1P in the circula-
tion is bound to high-density lipoprotein (HDL) and albumin,
which serve as stable reservoirs and efficiently deliver S1P to
epithelial cell-surface receptors (Argraves et al., 2008). In addi-
tion, because S1P is an amphiphilic molecule that cannot easily
cross membranes, an S1P gradient between the blood and
tissues is maintained.

S1P signals via five 7-transmembrane receptors or G protein-
coupled receptors (GPCRs), S1PR1 to S1PR5, previously re-
ferred to as endothelial differentiation gene (Edg) receptors
(Rivera et al., 2008; Rosen et al., 2007). Because of the differ-
ent distribution of these receptors and their different coupling to
signal-transducing G proteins, S1P shows a broad range of
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Table 1. S1P receptors and phenotypes of their genetic deletion

S1P Receptors S1PR1 S1PR2 S1PR3 S1PR4 S1PR5
Coupling G proteins Gio Gi Gi Gi Giro
Gq Gq Gions Gianra
Gs Gs
G12’13 GIZJ%S
Distribution Ubiquitous Ubiquitous Spleen, heart, lung, Thymus, spleen, Brain, spleen,
Highest expressed thymus, kidney, lung, peripheral petripheral
in embryonic brain testis, brain, leukocytes leukocytes
Expressed high in skeletal muscle
adult heart and lung
Phenotypes of gene  Embryonic lethal Vestibular defects Disruption of alveolar  Ddisorder of mega-
h ) e Reduced number
deletion (mouse) (e12.5-e14.5) Hearing loss epithelial junctions karyocyte of NK cells
Seizures (C57BL/6 only) differentiation

Perinatal lethal (reduce litter size)
Survivours show no phonotype

Biological function Rho activation
Vasoconstriction
angiogenesis
Wound healing
Kono et al. (2007)

Matloubian et al. Serriere-Lanneau
(2004) et al. (2007)

Rac activation

References Liu et al. (2000)

Cardioprotection by
HDL

Nofer et al. (2004)
Gon et al. (2005)

Golfier et al. (2010) Walzer et al.
(2007)

Cyster et al. (2005), Rivera et al. (2008), Rosen et al. (2005; 2007).

bioactivities (Table 1). S1PR1 is ubiquitously expressed and
primarily coupled to PTX-sensitive Gy, proteins, whereas
S1PR2 and S1PR3, whose distributions are more limited, are
coupled to Gizns as well as G, Gs, and Gi. The expression of
S1PR4 and S1PRS5 is much lower than that of S1PR1, S1PR2,
and S1PR3, and their functions remain to be elucidated. How-
ever, it has been reported that they are coupled to Gy, and
612!13-

S1P receptors have key roles in the regulation of cellular mo-
tility. S1PR1 activates Rac through Gi and promotes cell migra-
tion and intercellular connection, whereas S1PR2 activates Rho
signaling via Gizns, thereby counteracting the effects of S1PR1
and inhibiting Rac activity (Takuwa, 2002). These differences
account for the different biological functions of S1PR1 and
S1PR2, which produce opposite effects on migration to-
ward/against S1P gradients in vitro (Okamoto et al., 2000).

Osteoclast precursors and S1P

Osteoclasts are derived from macrophage/monocyte-lineage
cells that express both S1PR1 and S1PR2 (Ishii et al., 2009).
As described above, S1PR1 and S1PR2 have opposite effects
on the migration of osteoclast precursors. Osteoclast precur-
sors are chemoattracted to S1P in vitro, a response that is
blocked by PTX. In addition, treatment with S1P increases os-
teoclast precursor levels of the active form of Rac (GTP-Rac),
suggesting that Rac and Gi are involved in S1PR1 chemotactic
signaling in osteoclast precursors. On the other hand, S1PR2
requires a higher concentration of S1P for activation and in-
duces negative chemotactic responses, “chemorepulsion,” to
S1P gradients. S1PR2 activation causes cells to move from the
bloodstream into bone marrow cavities (Ishii et al., 2010). As in
leukocytes, the migration of osteoclast precursors is regulated
by chemokines. Like the S1PRs, chemokine receptors are
GPCRs and signal via Gi components. One of the best-known

chemoattractants for osteoclast precursors is CXCL12 (also
known as stromal derived factor-1), a CXCR4 ligand (Yu et al.,
2003). CXCL12 is constitutively expressed at high levels by
osteoblastic stromal cells and vascular endothelial cells in bone,
whereas CXCR4 is expressed on a wide variety of cells types,
including circulating monocytes and osteoclast precursors.
CXCL12 has chemotactic effects on osteoclast precursors,
which express large amounts of CXCR4,

Recently, another chemokine, CXsCL1 (also known as frac-
talkine), which functions as a membrane-bound adhesion mole-
cule, was shown to act as a chemoattractant after its cleavage
by ADAM10 and ADM7. Expressed by osteoblastic stromal
cells, it was reported to be involved in both the recruitment and
attachment of osteoclast precursors (Koizumi et al., 2009).
Expression of both chemokine receptors and S1PRs is reduced
by RANKL stimulation, dependent on NF-xB, but not on NF-AT.
Presumably, after cells mature and arrive at their ultimate desti-
nations these chemoattractants are no longer needed.

Application of intravital imaging to the analysis of cell
behavior in bone

To study the behavior of osteoclasts and their precursors in vivo
we developed a new intravital two-photon imaging system for
use in the analysis of bone tissues (Fig. 1) (Ishii et al., 2009;
2010). Recent advances in microscope, laser, and fluorophore
technology have made it possible to visualize living cells in
intact organs and to analyze their mobility and interactions in a
quantitative manner.

As calcium phosphate, the main structural component of the
bone matrix, can scatter laser beams, it was difficult to access
the deep interior of bone tissues, even using a near-infrared
laser. We decided to use parietal bone in which the distance
from the bone surface to the bone marrow cavity is 80-120 um
(within the appropriate range for two-photon microscopy). We

d
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Fig. 1. Bone marrow structure visualized by intravital two-photon
imaging. Murine skull bone tissues of heterozygous CxsCR1-EGFP
knock-in mice. Collagen fibers in bone are detected by second-
harmonic generation (in blue), and the microvasculature are visual-
ized by intravenous injection of 70 kDa dextran-conjugated Texas
Red. CX3CR1-EGFP positive cells appear green in bone marrow
cavity.

modified the method used in a pilot study, which revealed that
central memory CD8" T cells were preferentially recruited to,
and accumulated in, the bone marrow cavity and interacted
with mature circulating dendritic cells (Cavanagh et al., 2005;
Mazo et al., 2005).

Using this new infravital two-photon imaging method, we

showed that S1P controls the migratory behavior of osteoclast
precursors, dynamically regulating bone mineral homeostasis,
and we identified a critical control point in osteoclastogenesis.
While monocytoid cells containing osteoclast precursors (CSF1R-
EGFP-positive or CX3CR1-EGFP-positive cells) were station-
ary at the steady state, osteoclast precursors were stimulated
and moved into vessels when a potent S1PR1-specific agonist,
SEW2871 (Wei et al., 2005), was injected intravenously.

To clarify the physiological significance of S1P-directed che-
motaxis of osteoclast precursors in bone homeostasis, we ex-
amined osteoclastmonocyte-specific S1PR1-deficient (STPR17)
mice. [Global S1PR1 deficiency causes embryonic lethally at
e12.5 to e14.5 due to defective blood vessel development (Liu
et al., 2000)]. The attachment of osteoclast precursors to bone
surfaces was significantly enhanced in S1PR1™ animals com-
pared with controls. STPR1” osteoclasts precursors on bone
surfaces subsequently develop into mature osteoclasts and
absorb bone tissues. S1P-mediated chemotaxis of osteoclast
precursors would thus be expected to contribute to their redis-
tribution from bone tissues to blood vessels.

We also performed intravital two-photon imaging of bone tis-
sues to define the role of S1PR2 in vivo (Ishii et al., 2010). We
showed that certain osteoclast precursors (CXsCR1-EGFP-
positive cells) moved into the bloodstream when a potent
S1PR2 antagonist, JTEO13 (Osada et al., 2002), was injected
intravenously. The effect of JTE013 was less pronounced than
that of the STPR1 agonist SEW2871. Furthermore, to clarify the
physiological significance of S1P” chemotaxis of osteoclast
precursors in bone homeostasis, we examined S1PR2-deficient
(S1PR2%) mice. Although S1PR2”™ mice suffer auditory impair-
ment due to vessel defects in the inner ear, they survive and
reproduce (Kono et al., 2007). Although bone resorption of
osteoclasts was significantly lower in STPR2” animals than in
controls, in vitro osteoclast formation was not significantly af-
fected. In a high-S1P environment such as the bloodstream,
S1PR1 is activated and rapidly internalized, allowing S1PR2 to
predominate. Osteoclast precursors enter the bone marrow as a
result of chemorepulsion mediated by S1PR2, and other chemo-

Fig. 2. A schematic model for
S1P-mediated osteoclast precur-
sors localization. The entry of oste-
oclast precursors from blood ves-
sels where S1P is at high concen-
iration, is initiated by chemorepul-
sion through S1PR2 (1). Once
enter in bone marrow, osteoclast
precursors migrate toward chemo-
kines enriched in bone marrow
cavity (2). On the other hand, their
recirculation toward blood vessels
is regulated by chemoattraction
through S1PR1 (3).
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kines attract them to bone surfaces. After they enter a low-S1P
environment such as bone marrow, S1PR1 is transported back
to the cell surface, and osteoclast precursors return from bone
tissues to blood vessels as a result of chemotaxis to an S1P
gradient.

The number of osteoclast precursors on bone surfaces is de-
termined by the balance between the trafficking of osteoclast
precursors to and from the circulation. These data provide evi-
dence that S1P controls the migratory behavior of osteoclast
precursors, dynamically regulating bone mineral homeostasis,
and identify a critical control point in osteoclastogenesis. Based
on our findings, we propose that regulation of the migratory
behavior of osteoclast precursors controls osteoclast differentia-
tion. This control mechanism is summarized in Fig. 2. This criti-
cal control point in osteoclastogenesis may represent an attrac-
tive target for new treatments for osteoporosis. We previously
showed that treatment with FTY720, which is metabolized by
SPHK2 to a compound that acts as an agonist for four of the
five S1P receptors (not STPR2) (Cyster, 2005; Matloubian et al.,
2004), relieved ovariectomy-induced osteoporosis in mice by
reducing the number of mature osteoclasts attached to bone
surfaces (Ishii et al., 2009). The mechanism of action of S1P is
completely different from that of conventional treatments such
as bisphosphonates, which suppress mature osteoclasts. We
anticipate that the regulation of osteoclast precursor migration
may be a useful clinical strategy in the near future.

FTY720 is a reversible immunosuppressive agent approved
as a treatment for multiple sclerosis in the United States. It in-
duces lymphopenia by confining lymphocytes to lymphoid or-
gans (Mandala et al., 2002). The precise mechanisms behind
this phenomenon remain controversial, and it is necessary to
determine how FTY720 produces the opposite effect on mono-
cyte-macrophage cells in bone marrow (which are expelled into
the circulation by FTY720).

Future directions for two-photon microscopy

Two-photon intravital imaging has revealed, and continues to
reveal, dynamic features of physiological and pathological
process. lts greatest strength is its ability to provide spatiotem-
poral information in living organisms, which cannot be achieved
using other methods. However, current two-photon microscopy
imaging techniques have several limitations. First, we cannot
see everything in the visual fields in two-photon microscopy.
Although fluorescence labeling and second-harmonic genera-
tion enable us to observe target cells and organs, the lack of a
signal does never reflect an open field, as diverse structures
and cellular components should be present. To avoid misinter-
pretation, we must interpret our observations with caution. Sec-
ond, although two-photon microscopy has greater penetration
depth than conventional confocal microscopy, its penetration
depth is only 800-1000 um in soft tissues (e.g., brain cortex)
and 200 pum in hard tissues (e.g., bone). Because of these
resolution limitations, it may only be applied to small animals,
such as mice and rats. Moreover, due to the wide scattering of
light by the skin, it is necessary that target organs should be
exteriorized. It is possible that the necessary operative invasion
and changes in oxygen concentration and humidity may influ-
ence cellular behavior. To resolve these problems, technical
innovations in fluorochrome and optical systems, including
improvements in light emission and amelioration of resolution
problems (Ntziachristos, 2010), are needed.

Intravital microscopy has begun to be applied not only to ob-
servational studies, but also to functional analysis and interven-
tions. Recently, several new fluorescence tools have been de-
veloped. These include cell-cycle indicators (Sakaue-Sawano

et al., 2008) and light-sensing devices such as photoactivatable
fluorescent proteins (Victora et al., 2010) and light-induced
activators of G protein-coupled receptors (Airan et al., 2009).

As the recruitment of osteoclast precursors during osteoclasto-
genesis is dynamic and dependent on the microenvironment of
the bone marrow cavity, temporospatial information is very
important. Intravital imaging has made a huge contribution to
improving our understanding of these processes. It enables us
to visualize, temporospatially, complicated systems in living
organisms. This new technique has revealed that S1P acts in
concert with several chemoatiractants to shepherd osteoclast
precursors to appropriate sites. Controlling the recruitment and
migration of osteoclast precursors represents a promising new
therapeutic strategy for combating bone diseases. Although
their limitations remain to be resolved, the range of applications
for in vivo imaging techniques continues to expand.
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SUPPLEMENT

How do contemporary imaging techniques contribute
to basic and clinical rheumatology?

Masaru Ishii'?

ABSTRACT

Recent major advances in biomedical imaging techniques
have allowed us to visualise a variety of previously unseen
biological phenomena. In particular, advanced fluorescent
microscopy and radioimaging have enabled us to visualise
cellular and molecular dynamics in living animals and
humans. These new technologies have identified novel
therapeutic targets against a wide array of diseases and
have provided novel diagnostic tools for the evaluation of
several disease conditions. In this brief review, the author
outlines the contemporary imaging techniques used in
the fields of immunology and rheumatology, with special
focus on intravital fluorescent microscopy, and discusses
how these cutting-edge methodologies contribute to
clinical practice for patients with rheumatism.

Immune systems are highly dynamic, and the
proper migration and localisation of relevant cell
types are critically important for the maintenance
of immune reactions. Classical analyses such as
histological sectioning provide merely a snapshot
of cellular localisation and molecular distribution
but cannot provide temporal information. Recent
advances in biological imaging techniques have rev-
olutionised the biomedical sciences, and research-
ers can now obtain spatiotemporal information
about the immune and inflammatory systems.

Here, the recently developed cutting-edge tech-
nology in optical microscopic imaging systems
for the detection of cellular dynamics in intact tis-
sues and organs, such as intravital multiphoton
microscopy, is briefly introduced, and the find-
ings closely related to the fields of rheumatology
and immunology that could be discovered by this
novel methodology are discussed. The possible use
of radioimaging techniques for the evaluation of
human immune systems is also described. Based
on these technical advancements, the ways in
which this new trend in biomedical sciences could
contribute to the development of a new era in clini-
cal theumatology is discussed.

Intravital multiphoton imaging: a revolutionary tool
for immunological studies

Recent advances in fluorescent microscopic tech-
niques have revolutionised biological sciences;
among them, the development and improved
usability of two-photon excitation microscopy have
enabled us to visualise biological phenomena that
cannot be seen with conventional methods, such
as the dynamic behaviour of cells deep inside liv-
ing organs. In conventional fluorescent microscopy,
a fluorophore absorbs energy from a single photon
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and then releases the energy as an emission photon.
In multiphoton (normally two-photon) excitation
mode, a fluorophore absorbs multiple photons simul-
taneously. This non-linear optical process can occur
only in areas with extremely high photon density,
such as the focal plane of optical paths. The limited
excitation enables us to acquire bright and high-
resolution images in regions deep inside tissues and
organs. Nearinfrared lasers used for multiphoton
excitation can penetrate deeper, with less absorption
or scattering, than the visible light used with con-
focal microscopy. Thus, objects can be visualised at
depths of 100-1000 pm with two-photon excitation
(table 1), whereas conventional imaging modalities
such as confocal microscopy can only access areas
at depths of less than 100 pm.! This property is ben-
eficial for the analysis of live biological systems. The
cells observed in a fixed and thin-sectioned sample
are dead and no longer moving. The intravital visu-
alisation of live dynamic systems often requires the
observation of areas deep below the surface, which
can only be achieved by two-photon excitation
microscopy. Moreover, multiphoton excitation with
near-infrared light can minimise photo bleaching
and phototoxicity, thereby reducing damage to the
imaged tissues and organs.? ®

Intravital multiphoton imaging has revolutionised
biological research, especially in the field of immu-
nology, where the cells comprising various immune
tissues and organs are dynamic. For example,
dynamic observations in lymph nodes have revealed
the migratory changes in T cells in close contact
with antigen-presenting dendritic cells.*5 When
T cells encounter antigen-bearing dendritic cells,
they form stable contacts lasting for at least several
hours for priming and thereafter regain motility for
recirculation. In thymic organ cultures, intravital
imaging has shown interactions between thymo-
cytes and stromal cells during positive and negative
selection” Live imaging has been tested for the visu-
alisation of immune cell inflammatory reactions in
many other tissues, such as those in the skin,? the
lungs,? the liver'® and the small intestine,!! and has
revealed various critical biclogical phenomena in
each system.

The bone is a mineralised hard tissue that limits
the passage of visible or infrared lasers, and it has long
been considered to be extremely difficult to observe
intact bone tissues in living animals.”? We have
developed a novel imaging system for visualisation
inside bone cavities with high spatiotemporal resolu-
tion (figure 1). By using this technique, we can dem-
onstrate that osteoclasts and their precursors migrate
and localise under the control of several chemokines
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Table 1

Comparison of optical imaging and radioimaging for studying medical sciences

Optical imaging (multiphoton microscopy)

Radioimaging (positron emission tomography)

Spatial resolution High (~1-10 um)
Temporal resolution High {0.1-10's)

Visual field Narrow {100-1000 m)
Depth of imaged areas Shallow (100-1000 pm)
Multi-colour labelling Possible

Possible application for clinical rheumatology

- Can only visualise the areas adjacent to the surface

{eg, skin inflammation)

- But can detect deeper areas with endoscope approaches

- Revealing rapid cellular dynamics at local sites of inflammation
{migratory behaviour, cell-cell interaction, etc)

Low (~1-10 mm)
Low (10--30 min)
Wide (100-2000 mm)
Deep {—1000 mm)
Impossible

- Revealing subacute/chronic changes of inflammation
in total body (accumulation of immune cells and
inflammatory molecules, etc)

- Can visualise the events occurring deep inside the body

- Spatiotemporal resolution is limited

(eg, gastrointestinal tracts, abdomen and joints)

parenchyma

blood v

Figure 1  Stereoscopic view of bone marrow cavity visualised

by intravital multiphoton imaging. Intravital imaging of the bone
surface using multiphoton microscopy using CX,CR1 promoter-driven
EGFP-expressing mice. Blood vessels (red) and bone tissues (blue)
were visualised by Texas Red-conjugated high-molecular dextrans
(70 kDa) and second harmonic generation, respectively. Scale bars
represent 30 um.

and lipid mediators, such as sphingosine-1-phosphate and CXC
chemokine ligand 12.%1% Recently, we also successfully visualised
the bone-resorbing activity of mature osteoclasts lining bone sur-
faces and identified their real mode of action in situ (manuscript
submitted). Despite its hardness, the bone is a dynamic and elastic
tissue that undergoes continuous remodelling by bone-resorbing
osteoclasts and bone-replenishing osteoblasts. Inflammation and
hormonal perturbation lead to the aberrant activation of osteo-
clasts, resulting in several bone-resorptive disorders, chiefly osteo-
porosis and rheumatoid arthritis (RA). Thus, osteoclasts have
emerged as a good therapeutic target against these diseases, and
the intravital imaging of bone tissues would be a good tool for the
identification of novel target molecules and the development and
evaluation of novel therapeutics.

USABILITY OF INTRAVITAL FLUGRESCENT IMAGING TO
REVEAL RA PATHOGENESIS

Intravital imaging is considered to be difficult because joints
are surrounded by hard bone tissues and their structure is

joint cavity
bone

blood vessel

bone marrow

Figure 2 Intravital multiphoton imaging of a murine finger joint.
Intravital imaging of a murine finger joint using multiphoton microscopy
using LysM promoter-driven EGFP-expressing mice. Blood vessels
(red) and bone tissues (blue) were visualised by Texas Red-conjugated
high-molecular dextrans (70 kDa) and second harmonic generation,
respectively. Scale bars represent 50 um,

anatomically complex. To date, in vivo whole-body imaging
with near-infrared optics has been used to detect inflammation
in murine arthritic models,'® ¥ although this modality is not
capable of tracking cellular and molecular dynamics in arthritic
joints in situ. Recently, we and other groups have sought to
establish methods for the intravital multiphoton imaging of
joints in physiological and pathological conditions, and we
have recently succeeded in visualising the dynamic behaviour
of inflammatory cells in live murine joints (figure 2).

The most remarkable advantage of intravital fluorescent
microscopy is its high spatiotemporal resolution with the obser-
vation of differently coloured respective cells. By using this
intravital fluorescent joint imaging system, we could detect com-
plex cellular interactions in arthritic joints in situ in the future,
which could lead to the discovery of autoimmune inflammation
exacerbation, bone-erosive mechanisms and pathogenic events
in a murine arthritis model. For example, by using time-lapse
fluorescent imaging, we will be able to analyse the very initial
events regarding the onset of arthritis, such as immune/stromal
intercellular crosstalk and inflammatory cell activation, which
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would be critically useful for understanding pathogenic mecha-
nisms of arthritis.

Different molecular-targeted biologics against RA could be
tested using this new assay system to identify the critical point
of control for therapeutics. Intravital imaging can also examine
the time course of arthritis onset, which may be useful for iden-
tifying the pathogenic event of RA. Although the methodology
has not yet been fully established, intravital fluorescent imaging
of arthritic joints in the near future is sure to bring us a wealth of
knowledge in the field of basic and clinical theumatology. Due
to the limited penetrance of visible light signals, it is hard to use
fluorescent microscopy directly for elucidating human immunol-
ogy (table 1). Nevertheless, recent developments on fluorescent
endoscopy have enabled us to visualise local events in gastroin-
testinal tracts,'® and such approach would be applicable also for
arthroendoscopy in the future. '

CLINICAL APPLICATION: NUCLEAR IMAGING FOR RA
Radioimaging modalities such as positron emission tomogra-
phy (PET) could be beneficial for the evaluation of arthritis in
humans. The system detects pairs of y-rays emitted indirectly
by a positron-emitting radionuclide tracer, which is introduced
into the body on a biologically active molecule. Although the
spatiotemporal resolution of PET is limited, the high signal-
to-noise ratio enables us to detect phenomena deep inside the
human body (table 1). Several previous PET studies have dem-
onstrated localised joint inflammation in patients with RA with
the use of *®F-labelled fluorodeoxyglucose, an analogue of glu-
cose analogue which is one of the most commonly used radio-
imaging probes for the detection of high-metabolising areas,
such as inflammation and cancer.’ 2 The combined use of PET
with other imaging modalities, such as MRI and CT, enables
the visualisation of local synovial inflammation in RA. Recently,
the dynamic behaviour of CD20* B cells in patients with RA
has beer detected using '?[-labelled rituximab, a therapeutic
anti-CD20 monoclonal antibody.?! This kind of ‘molecule-’
or ‘cell-targeted’ radioimaging could become especially useful
for analysing the pathophysiology of inflammation and bone
erosion in RA.

The development and clinical application of biological agents
have undoubtedly caused a paradigm shift in the therapeutics
of RA, and several targets have been identified to date, such
as tumour necrosis factor, interleukin (IL)-6 receptor, cytotoxic
Tlymphocyte antigen 4, IL-17 and Janus kinase 3. Several drugs
have also been developed against tumour necrosis factor (eg, inf-
liximab, etanercept, adalimumab, golimumab), and the next
major consideration is the rational selection of appropriate ther-
apeutics among these various drugs. Radiolabelled biological
agents could be used to evaluate the involvement of the target
molecule of interest in patients with RA and, thus, provide the
clinician with information for making rational decisions in the
selection of therapeutic agents. In addition, monitoring the sta-
tus of targeted cytokines in patients may enable us to decide on
the end point of the regimen. These developments will facilitate
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the creation of patient-specific regimens for patients with RA
with the use of a wide array of therapeutic tools.

CONCLUSION

Major progress has been made recently in imaging techniques,
and several tools for the visualisation of live biological systems
in situ have become available. These tools must bring a para-
digm shift in the field of basic and clinical theumatology and
lead to changes in the treatment of RA in the future.
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Chapter 10

Use of Intravital Microscopy and In Vitro Chemotaxis Assays
to Study the Roles of Sphingosine-1-Phosphate in Bone
Homeostasis

Taeko Ishii, Shunsuke Kawamura, Issei Nishiyama, Junichi Kikuta,
and Masaru Ishii

Abstract

We describe a method to visualize the migration of osteoclast precursors within intact murine bone
marrow in real time using intravital multiphoton microscopy. Conventionally, cell migration has been

evaluated using in vitro systems, such as transmigration assays. Although these methods are convenient -

for quantification and are highly reproducible, these in vitro assay systems may not accurately reflect
in vivo cellular behavior. In addition to in vitro analyses, recent technological progress in two-photon
excitation-based laser microscopy has enabled the visualization of dynamic cell behavior deep inside intact
living organs. Combining this imaging method with in vitro chemoattraction analyses, we have revealed
that sphingosine-1-phosphate (S1P), a lipid mediator enriched in blood, bidirectionally controls the traf-

ficking of osteoclast precursors between the circulation and bone marrow cavities via G protein-coupled
receptors (GPCRs).

Key words: Intravital imaging, Multiphoton microscopy, Migration, Osteoclast precursor, S1P,
S1PRI1, S1PR2 '

1. Introduction

Bone is a dynamically regulated organ that continuously under-
goes remodeling to maintain mineral homeostasis and structural
robustness during growth and even in adulthood (1. 2). The bal-
ance between bone resorption by osteoclasts and bone formation
by osteoblasts is finely regulated. During differentiation, osteo-
clasts and osteoblasts interact with and regulate each other (3).
Recently, recruitment of osteoclast precursors was identified to

Alice Pébay and Kursad Turksen (eds.), Sphingosine-1-Phosphate: Methods and Protocols, Methods in Molecular Biology, vol. 874,
DOI'10.1007/978-1-61779-800-9_10, © Springer Science+Business Media, LLC 2012

10
"
12
13
14
15
16
17

18
19

20

21
22
23
24
25
28
27



(Author’s Proof

28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

T. Ishii et al.

be a critical control mechanism that maintains bone homeostasis
(+-12). Osteoclasts are bone-resorbing, multinucleated giant
cells that stem from mononuclear macrophage / monocyte-lineage
hematopoietic precursors (2). These precursors are recruited at
the correct time to appropriate sites for differentiation. We have
developed a novel intravital multiphoton imaging system for visu-
alizing the highly organized migration of osteoclast precursors
between the bone marrow and blood vessels with high spatiotem-
poral resolution (13, 14). This new intravital imaging method
showed that the bioactive lipid sphingosine-1-phosphate (S§1P)
controls the migratory behavior of osteoclast precursors in con-
cert with various chemokines.

Multiphoton (usually two-photon) excitation-based laser
microscopy has enabled visualization of living cells in intact living
organs and analysis of their mobility and interactions quantitatively
(15-18). The penetration depths of two-photon microscopy
depend on the composition of the tissues. In contrast to soft tis-
sues, such as the brain cortex, in which the penetration depth is
800-1,000 pm, accessing deep inside bone tissues is difficult.
However, in the mouse parietal bone, the distance from the bone
surface to the bone marrow cavity is only ~80-120 pwm and within
the range of two-photon microscopy. At this region, we can access
the living bone marrow with minimal invasion. To observe cells
with two-photon microscopy, they must be fluorescently labeled.
We have used transgenic mice in which enhanced green fluorescent
protein (EGFP) is expressed under the control of the promoter of
CX,CR1 (a CX,CL1/fractalkine receptor) (19) or CSFIR (24,
which are activated in monocytoid cells, including osteoclast pre-
cursors. Subsequently, we set up the platform to visualize the
behavior of osteoclast precursors in a living body.

S1P transmits its signal through five 7-transmembrane recep-
tors or G-protein-coupled receptors (GPCRs), named S1PR1 to
S1PR5 (21). Among them, osteoclast precursors express SIPR1
and SIPR2 (13). SIPRI activates Rac through G, and promotes
cell migration and intercellular connections, while S1PR2 conju-
gates G|,  ; and activates Rho pathways, which counteract S1PR1,
thus inhibiting Rac activity (21). To clarify S1P function through
cach receptor, we intravenously injected FTY720 (22), an agonist
for four of the five SIP receptors (all except S1PR2), a potent
S1PRI specific agonist SEW2871 (23), or a potent SIPR2 antago-
nist JTEO13 (24) and then observed the mobility of osteoclast
precursors.

In addition to this new imaging technique, to clarify the bidi-
rectional chemotactic function of S1P concerning osteoclast pre-
cursors, we performed in vitro chemotaxis analysis with high and
low concentrations of S1P using EZ-TAXIScan (14). This device
enables visualization of the mobility of cells in real time in vitro.
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In a high S1P environment, such as the blood circulation,

SIPRI is first activated and rapidly internalized, while SIPR2 is
predominant. Osteoclast precursors enter bone marrow by
chemorepulsion through SI1PR2 and other chemokines attract
them to the bone surface. In a low SI1P environment, such as the
bone marrow, as S1PR1 is restored on the cell surface, osteoclast
precursors can recirculate from bone tissues to blood vessels
through chemotaxis by the S1P gradient.

2. Materials

2.1. Multiphoton
Microscopy

2.2, Anesthesia

2.3. Preparation
of Mice

. Upright microscope  (DM6000B; Leica Microsystems)

equipped with a 20x water immersion objective (HCX APO:
numerical aperture (NA), 1.0; working distance WD),
2.0 mm; Leica Microsystems) (see Note 1).

. Femtosecond-pulsed infrared laser (MaiTai HP Ti:Sapphire

laser; Spectra-Physics; see Note 2).

. A non-descanned detector (NDD) that has 2—4 channels

(see Note 3).

4. Customized microscope stage (see Note 4).

(@8]
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. An environmental chamber in which anesthetized mice are

warmed at 37°C by an air heater (see Note 5).

. Male or female CX,CR1-EGFP knock-in mice (%), CSF1R(M-

CSF receptor)-EGFP transgenic mice (2()), osteoclast/mono-
cyte-specific SIPR1-deficient mice, generated by crossing mice
bearing conditional S1PRI knockout alleles (SIPR1"®) (25) to
transgenic mice expressing Cre under the Cd11b promoter (26)
(see Note 6), and SIPR2-deficient mice (ref. 27; see Note 7).

. Knockout mice are used with their wild-type (WT) littermates

as the control.

. Isoflurane (Escain).

. Inhalation anesthesia apparatus (Baxter; 2.5% vaporized in an

80:20 mixture of O, and air).

. Anesthesia box and mask.

. Custom-made stereotactic holder that can immobilize a

mouse’s head with fixing at three points—both ears and the
foreteeth (Fig. 1).

2. Shaver and hair-removal lotion (Epilat).

. Iris scissors and tweezers for mouse operation.

. O-ring: a 1.5-mL microtube is cut into a 2-mm thick slice (see

Note 8).
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Fig. 1. Schematic illustration of how to fix a mouse on the stage. The mouse’s head is
immobilized with fixing at three points: foreteeth (1) and both ears (2 and 3). The O-ring is
inserted into the incision of the skin and is filled with PBS (4).

T. Ishii et al.

5.

6.
2.4. Staining of Blood 1.
Vessels

2
2.5. Treatment 1.
with Reagents

Instant adhesive and petrolatum or Difloil grease.

Phosphate-buffered saline (PBS) immersion buffer, pH 7.4.

Angiographic agent: 2 mg/mL of 70-kDa Texas Red-
conjugated dextran in PBS (see Note 9).

. 29 or 30-G insulin syringes (Becton Dickinson) for intrave-

nous injection.

FTY720 (3 mg/kg; Cayman Chemical) dissolved in a vehicle
[PBS containing 5% acidified dimethylsulfoxide (DMSO) and 3%
fatty acid-free bovine serum albumin (BSA)] or vehicle (22).



