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Sphingomyelin (SM) synthase has been assumed to be
involved in both cell death and survival by regulating
pro-apoptotic mediator ceramide and pro-survival me-
diator diacylglycerol. However, its precise functions are
ambigucus due to the lack of molecular cloning of SM
synthase gene(s), We isolated WR19L/Fas-SM(-) mouse
lymphoid cells, which show a defect of SM at the plasma
membrane due to the lack of SM synthase activity and
resistance to cell death induced by an SM-directed cyto-
lytic protein lysenin. WR19L/Fas-SM(-) cells were also
highly susceptible te methyl-g-cyclodextrin (MSCD) as
compared with the WR19L/Fas-SM(+) cells, which are
capable of SM synthesis. By expression cloning method
using WR19L/Fas-SM(-) cells and MBCD-based selec-
tion, we have succeeded in cloning of a human ¢DNA
responsible for SM synthase activity. The cDNA encodes
a peptide of 413 amino acids named SMS1 (putative mo-
lecular mass, 48.6 kDa)}, which contains a sterile a motif
domain near the N-terminal region and four predicted
transmembrane domains. WR19L/Fas-SM(-) cells ex-
pressing SMS1 ¢DNA (WR19L/Fas-SMS1) restored the
resistance against MCD, the accumulation of SM at the
plasma membrane, and SM synthesis by transferring
phosphocheline from phosphatidylcholine to ceramide.
Furthermore, WR19L/Fas-SMS1 cells, as well as WR19L/
Fas-SM{-) cells supplemented with exogenous SM, re-
stored cell growth ability in serum-free conditions,
where the growth of WR19L/Fas-SM(~) cells was se-
verely inhibited. The results suggest that SMS1 is re-
sponsible for SM synthase activity in mammalian cells
and plays a critical role in cell growth of mouse lymph-
oid cells.

Diverse kinds of phospho- and glycerolipids such as diacylg-
Iycerol (DAG),! inositel phosphatides, and phosphatidic acid
are recognized as bioactive molecules in cell growth and sur-
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vival (1, 2). Sphingolipid ceramide has recently emerged as a
signal mediator of cell functions including apoptosis, differen-
tiation, and secretion (3). Various stresses such as ultraviolet,
irradiation, heat shock, hypoxia, and biclogical factors such as
tumor necrosis factor-a, interferon-v, and Fas antibody require
ceramide generation to execute apoptosis, suggesting the im-
plications of SM as a source of ceramide generation in the
induction of cell death {4, 5}. It was reported that SM dose-de-
pendently inhibits both deoxycholate-induced apoptosis and
subsequent hyper-proliferation in eolon epithelial cells (6) and
decreases the number of aberrant crypts of colon (7), suggesting
the implications of SM in cell death and growth.

SM is produced by SM synthase, which is thought to be the
only enzyme to synthesize SM in mammalian cells (8), The
enzyme catalyzes the reaction in which phosphocholine moiety
is transferred from phosphatidylcholine (PC) to ceramide.
Thus, the activation of SM synthase subsequently increases the
levels of DAG and decreases ceramide at the same time (8).
DAG is an important signaling molecule for cell growth
through protein kinase C activation (9~12) and acts competi-
tively against ceramide-induced apoptosis (4, 13). It has been
reported that after thicacetamide-induced injury, the SM/PC
ratio significantly increased in microsomal fraction from liver,
suggesting the involvement of SM synthase in tissue recovery
(14). In cerebellar astrocytes, the level of ceramide is rapidly
down-regulated by basic fibroblast growth factor via activating
SM synthase (15). In SV40-+ransformed lung fibroblasts, SM
synthase regulates the levels of ceramide and DAG in an op-
posite direction (16). We recently reported that SM synthase
was activated to inhibit ceramide generation in IL-2-induced
proliferation of natural killer cells,> whereas the activity in
nueleus was inhibited with ceramide generation in Fas-induced
T cell apoptosis (17). We also showed its in vivo implication that
the level of ceramide was decreased via activation of SM syn-
thase in chemotherapy-resistant blast cells obtained from re-
fractory leukemia patients than in chemotherapy-sensitive leu-
kemie blasts (18). Thus, SM synthase is assumed to play an
important role in cell death and survival, in vitro as well as in
vivo.

We previously proposed the “SM cycle,” a pathway that con-
sisted of SM synthase and sphingomyelinase as a novel biolog-
ical system to regulate the cellular level of ceramide for cell
death and differentiation (19). In contrast to the studies of the
acid and neutral sphingomyelinases in cell death (20, 21), the
biological implication of SM synthase has not been elucidated
due to the lack of molecular cloning of its responsible gene(s).

2Y. Taguchi, T. Kondo, M. Watanabe, Y. Kozuturmi, and T. Okazaki,
submitted for publication.

This paper is available on line at htip://www.jbc.org
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We recently found mouse Iymophoid cell variants designated
WR18L/Fas-SM(~), which are defective of SM synthesis and
susceptible to methyl-B-cyclodextrin (MBCD)-induced cell
death (30). By an expression cloning method using WR19L/Fas-
SM(—) cells and MBCD-based cell selection, we isolated a hu-
man cDNA responsible for SM synthase activity. The cDNA
clone encodes a peptide of 413 amino acids, named SMSI,
which contains a sterile a motif (SAM) domain and four puta-
tive transmembrane domains. SMS1 was idertical to the pep-
tide that was recently identified as a human SM synthase by
Huitema ef al. (24). In serum-free condition, where the cell
growth of WR19L/Fas-SM(—) was inhibited, the cells express-
ing SMS1 cDNA (WR19L/Fas-SMS1) restored the growth abil-
ity and accumulation of SM at the surface of the plasma mem-
brane. The restoration of cell growth was also cbserved when
WR19L/Fas-SM(-} cells were maintained in the serum-free
medium supplemented with exogenous SM. Here, we show the
critical role of SM synthesized throngh SM synthase in mam-
malian cell growth, and the localization, active site and biclog-
ical function of SMS1 are also discussed.

EXPERIMENTAL FROCEDURES

Materials—Lysenin, MBCD, and ceramide from bovine brain were
purchased from Sigma; PC from egg yolk, SM from bovine brain, and a
cell viability assay kit with 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophe-
nyD-5+2,4-disulfophenyl)}-2H-tetrazoliurn (WST-8) were from Nacalai
tesque {Kyoto, Japan); GP2-293 packaging cell, pLIB retroviral expres-
sion vector, and human HeLa cDNA retroviral expression library were
from Clontech; D-erythro-C8-NBD-ceramide and C6-NBD-sphingomye-
lin were from Matreya (Pleasant Gap, PA); L-[U-*Clserine, cytidine
5'-diphospho [methyl-"*Clcholine, L-3-phosphatidyl [N-methyl-1“Clcho-
line, 1,2-dipalmitoyl, and {N-methyl-1*C}sphingomyelin were from Am-
ersham Biosciences.

Cell Culture—WR19L/Fas cells were kindly gifted from Dr. Yonehara
(Institute for Virus Research, Kyoto University). The SM-defective
WRI19L/Fas-SM(—) cells and the SM-containing WR19L/Fas-SM(+)
cells were isolated from the original WR19L/Fas cells by a dilution
cloning method. The cells were routinely maintained in RPMI 1640
medium supplemented with 10% fetal bovine serumn (FBS), 50 uM
2-mercaptoethanel, and 75 pg/ml kanamyein in 5% CO, and 100%
humidity at 37 °C. For culture in serum-free mediurn, the cells were
washed, reseeded at I % 10° cells/ml, and incubated in the RPMI 1640
medium with 5 pg/ml human insulin and bovine holo transferrin in the
presence or absence of 50 uM SM in 5% CO, at 37°C. After 4§ h
incubation, the cell numbers were counted with dye exclusion method
using 0.25% trypan blue (Nakalai tesque, Kyoto, Japan).

Cell Labeling—The cells were reseeded at 5 X 10° cells/ml in the
RPMI 1640 medium with 2% FBS and L-|*C]serine (specific activity;
155 mCi/mmel) and incobated at 37 °C in 5% CO, for 36 h. The labeled
cells were incubated at 37 °C in 5% CO, for 2 h. The cell lipids were
extracted by the method of Bligh and Dyer (19), applied on a silica Gel
60 TLC plate (Merck), and developed with solvent containing methyl
acetate/propanol/chloroform/methanol/0.25% KCl (25:25:25:10:9). The
radioactive spots were visualized and quantified by using a BAS 2000
Image Analyzer (Fuji Film).

FACS Analyses—The cells were incubated with 500 ngfml lysenin in
the presence of 20 pgfmi propidium fodide (Molecular Probes) at room
temperature for 15 min and analyzed with FACS Calibur (BD Bio-
sciences). For detection of SM localized at the plasma membrane, the
cells were stained on ice for 30 min with non-toxic lysenin fused to
maltose-binding protein (MBP-lysenin} (25), kindly provided by Dr. T.
Kobayashi (The Institute of Physical and Chemical Research (RIKEN),
Japan). The cells were washed with ice-cold phosphate-buffered saline
supplemented with 1% FCS and 0.1% NaN, and incubated with rabbit
anti-MBP antiserum (New England BicLabs, Beverly, MA) on ice for 3¢
min. After being washed again, the cells were incubated for 30 min with
phycoerythrin-conjugated anti-rabbit IgG (Sigma) and subjected to flu-
orescence-activating cell sorter (FACS) analysis using FACS Calibur.
The data analysis was performed by Cell Quest software (BD
Biosciences).

Confocal Microscopy—For visualization of SM localized at the
plasma membrane, the cells settled onto slides coated with poly-L-lysine
were fixed in 4% formaldehyde and stained with lysenine-MBP at 4 °C
for 45 min followed with anti-MBP. After being stained with a phyco-
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erythrin-conjugated anti-rabbit IgG monodonal antibody, the cella were
examined using confocal microacopy using a Zeiss LSM 310 laser scan
confocal microscope (Carl Zeiss, Oberkochen, Germany).

Expression Cloning of SMS1 ¢DNA—The expression cloning method
performed in this study was based on the study of Hanada et al. (26).
Pantropic retroviral particles containing the G glycoprotein of vesicular
stomatitis virus (VSV-GG) were prepared nsing a human HeLa ¢DNA
retroviral expression library kit and GP2-298 packaging cells (Clon-
tech). After infection for 24 h, the WR19L/Fas-SM(—) cells were cul-
tured in the RPMI 1640 medium containing 2% FBS overnight. After
being washed with serum-free RPMI 1640 medium, the cells were
incubated in 1.5 my MACI} in RPMI 1640 medium for 5 min at 37 °C,
replenished with the normal culture medium to a final eoncentration of
FBS at 5%, and then cultured at 37 °C for 80 h. The cells were reseeded,
cultured in the RPMI 1640 medium containing 2% FBS overnight, and
subjected again to the treatment with appropriate concentrations of
MpBCD. After a total of two cycles of 1.5 mm MACD treatment followed
by two cycles of 3 mM and two subsequent cycles of 5 mM, an MBCD-
resistant variant of WR19L/SM(~) was isolated by a limiting dilution.

By genomic PCR using primers specific to the pLIB expression vector
(5 and &' pLIB Primer, Clontech), the 2.0-kb ¢cDNA integrated in the
genome of the MBCD-resistant cell was amplified and cloned into
pGEM-T Easy vector (Promega, Madison, WI). After sequencing and
computer analysis, the cDNA was subeloned into the pLIB expression
vector and transfected into the WR19L/Fas-SM(—) cells via the VSV.-G
retroviral particles. A resultant cell was isolated by a limiting dilution
method, which was designated WR19L/Fas-SMS1 cells, and subjected
to varions assays. Integration of the cDNA into the genome of WR19L/
Fas-SMS31 ¢ells was confirmed with PCR.

Assay for Sphingomyelin Synthase Activity—The cells were homog-
enized in an ice-cold buffer containing 20 mM Tris-HCI, pH 7.4, 2 mM
EDTA, 10 mm EGTA, 1 mM phenylmethylsulfonyl fluoride, and 2.5
#g/ml leupeptin, The lysates containing 500 ug of cell protein were
added te a reaction sclution containing 10 mm Tris-HCI, pH 7.5, 1 mm
EDTA, 20 um CG-NBD-ceramide, 120 uM PC and incubated at 37 *C for
30 min. The lipids were extracted by the methed of Bligh and Dyer (19),
applied on the TLC plates, and developed with sclvent containing
chloroformymethanol/12 mm MgCl, in H O (65:25:4). The fluorescent
lipids were visualized by Fluorlmager SI system {(Amersham Bio-
sctences). For the assay for transferase activity, 20 uM ceramide and
120 um [N-methyl-"*CIPC (specific activity; 57 mCi/mmel) or [methyl-
HCICDP-choline (specific activity; 54 mCi/mmol) were used in the re-
action solution instead of the NBD-ceramide and PC. The radioactive
spots were visualized using the BAS 2000 system.

Assay for Viability and Growth Rate of Cells Exposed to MBCD and
Lysenin—For the assay using MSCD, 1 x 10° of the cells were washed
and resuspended in 1 ml of the serum-free RPMI 1640 medium, treated
with appropriate concentrations of M3CD, and incubated in 5% CO; at
37°C for 5 min. After the addition of 1 m! of the normal culture
medium, the cells were further incubated for 12 h. The viability of the
cells was measured using a cell viability kit with WST-8 (Nakalai
tesque). For the assay using lysenin, 7 % 10° of the cells were washed
and resuspended in 1 ml of prewarmed phusphate-buffered saline,
treated with the appropriate concentrations of lysenin and incubated in
5% CQy at 37 °C for 1 h. After the addition of FBS, the cell number was
counted with the 0.25% trypan blue dye exclusion method.

RESULTS AND DISCUSSION

Mouse Lymphoid Cells Defective of Sphingomyelin Synthase
Activity—During investigation of the sphingolipid metabolism
in mouse lymphoid cells named WR19L/Fas, which overexpress
the human Fas antigen, the variant clones altering SM syn-
thase activity (from 150 to nearly 0 pmol/mg protein/h) have
been isolated. One of the variants (clone 6) severely diminished
the SM synthase activity (Fig. 14), Conversion of CG-NBD-
ceramide to C6-NBD-SM in the cell lysate of the cione 6, named
WRI19L/Fas-SM(—), was not detected on a TLC plate, in con-
trast to the clone 2 showing the highest SM synthase activity,
named WR19L/Fas-SM(+) (Fig. 1B). This finding was sup-
ported by the fact that WR19L/Fas-SM(—) cells did not synthe-
size [11C)serine-labeled SM (Fig. 1)

Lysenin is reported as an SM-direct cytolysin purified from
the earthworm (27), for which binding to SM causes poring of
the plasma membrane and subsequent cell death (22, 23, 25).
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Fic. 1. Deficiency of SM synthesis, SM synthase activity, and SMlocalized at the plasma membrane in the WRI9L/Fas-SM(~) cells.
A, SM synthase activity in the cell lysates of the variant WR19L/Fas cells was assesased by the generation of C8-NBD-SM. The NBD-labeled
products were quantified by a fluorospectro-photometer. B, SM synthase activity of WR19L/Fas-SM(—) and —SM(+). The NBD-labeled products
developed on the TLC plate were visualized by a fluorospectro-photometer. The reaction was performed in the presence of 0.5 mm UDP-glucose.
Cer, ceramide; GC, glucosylceramide; C, the cellular lipids were labeled with [*C]serine, extracted by the Bligh and Dyer method, and asseased
by TLC. The radiolabeled products developed on the TLC plate were visualized by BAS 2000 system. PE, phosphatidylethanolamine; PS,
phosphatidylserine. D, SM localized at the plasma membrane was assessed by FACS analysis and confocal microscopy. FACS analysis was
performed for the cells treated with the MBP-conjugated modified lysenin (shaded with dark Elue)} and the control cells (unshaded). For the results
of the confocal microscopy, the fluorescence of phycoerythrin (PE) was pseudo-colored with red. E, The cells stained with 500 ngfml lysenin in the
presense of 20 ug/ml propidium iodide were assessed by FACS analysis. The data were the average and I S.D. cbtained from three independent
experiments (A) and were the representative of three independent experiments (B-E),

Hanada et al. {22) previously showed that Chinese hamster
ovary cells, which express SM in the outer surface of the
plasma membrane, were sensitive to lysenin-induced cell
death. They also showed that reduced accumulation of SM in
the variant Chinese hamster ovary cells, LY-A and LY-B,
causes the significant resistance against lysenin (22). In LY-A
cells, the reduction of SM is caused by the lack of non-vesicular
transporter for ceramide between endoplasmic reticulum (ER)
and Golgi apparatus (CERT) (26), whereas in LY-B cells, it is
due to the lack of LCB1, a component of serine palmitoyltrans-
ferase (22). CERT is involved in SM synthesis by transferring
ceramide from the endoplasmic reticulum to the ¢ytoplasmic
surface of Golgi apparatus (26, 31). Recently, Kobayashi and
co-workers (25) reported a modified lysenin, which specifically
binds to SM without the induetion of cell death. By using the
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modified lysenin conjugated with MBP, we examined the accu-
mulation of SM on the cellular surface of WR19L/Fas-SM(—)
cells. Binding of the modified lysenin was positively detected in
WR19L/Fas-SM(+) cells but not in WR19L/Fas-SM(—) cells by
FACS analysis and confocal microscopy using anti-MBP anti-
body (Fig. D), indicating that the accumulation of SM on the
outer surface of the WR19L/Fas-SM(—) cells was severely re-
duced. The results were supported by the fact that WR19L/Fas-
SM({+) cells underwent cell death by treatment with the cyto-
toxic lysenin, whereas WR19L/Fas-SM(~) cells did not, when
we examined cell viability by staining with propidium iodide
and subsequent FACS analysis (Fig. 1E). These facts suggest
that the severe reduction of SM at the cellular surface of
WR19L/Fas-SM(-) cells is due to the lack of enzymatic activity
of SM synthase.
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Fic. 2. Expression cloning of a human cDNA responsible for cellular resistance to methyl-B-cyclodextrin. A, nucleotide sequence and
predicted amine acid sequence of SMS1. Putative SAM domain sequence and transmembrane (TAf) regions are indicated with the thin and thick
underline, respectively. SAM domain and transmembrane domains were predicted by the BLAST algorithm and SOSUI program, respectively. B,
hydropathy plet of the amino acid sequence of SMS1 analyzed by the method of Kyte and Boolittle (45). Positions of the putative SAM domain and
transmembrane regions are indicated with korizontal bars, C, integration of SMS1 cDNA (2 kb) into the genome of WR19L/Fas-SM(~) and —-SMS1
cells was examined by PCR. D, the viability of WR19L/Fas-8M(~), —SM(+), and —SMS1 ¢ells exposed to various concentrations of MECD. The
viability of the cells was examined using WST-8. The data were the average and 1 S.D. obtained from three independent experiments.
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Fic. 3. Restoration of SM synthesis and SM synthase nctivity
in WR19L/Fas-SMS1. A, the cellular lipids of WR19L/Fas-SM(-) and
-5MS1 labeled with [**Clserine were assessed by TLC as described in
Fig. 1. Cer, ceramide; GC, glucosylceramide; PE, phosphatidylethano-
lamine; PS, phosphatidylserine. B, M synthase activity of WR19L/Fas-
SM(-)and —SMS1 cells was assessed in the absance of UDP-glucose as
described in the legend for Fig. 1. C, 8M synthase activity was assessed
using the radiolabeled PC and CDP-choline as the donor of phespho-
choline moiety. The radiolabeled products developed on the TLC plate
were visualized by BAS 2000 system. The data were the representative
of three independent experiments.

Expression Cloning of @ Human ¢DNA Responsible for Re-
sistance to Methyl-B-cyclodextrin-induced Cell Death--It has
been reported that SM strongly interacts with cholesterol in
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Fic. 4. The SMS1 ¢DNA is essential for normal growth in tmam-
malinn lymphoid cells. A, a viability assay of the WR19L/Fas-SM(-)
and —SMS1 cells exposed to lysenin. After treatment with the indicated
concentrations of lysenin at 37 °C for 1 L, the cell numbers were as-
sessed by the dye exclusion method. B, growth of WR191/Fas-SM(-),
—8M(+), and —SMS1 cells in serum-free medium and restoration of
WRI19L/Fas-SM(—-) cell growth by supplement of SM, The cells were
incubated in serum-free mediurm for 48 h in the presence or absence of
50 um SM, and the cell numbers were assessed by the dye exclusion
method. The data were the average and 1 S.DD. obtained from three
independent experiments.

biological and artificial membranes (28) and that SM is re-
quired to form the membrane tnicrodomains (lipid rafts) re-
lated to cell functions such as cell death and growth (29, 39).
LY-A cells were sensitive to MBCD-induced cell death due to
the decrease of the SM level in plasma membrane (30). We
similarly observed that WR19L/Fas-SM(-) cells were highly
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sensitive to MBCD-induced cell death, whereas WR19L/Fas-
SM(+) cells were not (Fig. 2D). This finding allowed us to
screen WR19L/Fas-SM(—) cells complemented with the ability
of SM synthesis using MBCD as a selective agent. Using a
pantropic retroviral transfection system, WR19L/SM(—) cells
were transfected with a ¢cDNA expression library of the human
HelLa cell, and the variant cells, which were resistant to MgCD
due to the expression of SM in the plasma membrane, were
selected. The variant cells were isolated to a single clone by a
limiting dilution method. The purified cells integrated a human
¢DNA of 1967 bp in the genome, which encodes a peptide of 413
amino acids with 48.6 kDa of a predicted molecular mass (Fig.
24). The BLAST algorithm (32} and the SOSUI program (33)
suggested that this peptide carries a SAM domain in the N-
terminal region and four transmembrane helices, respectively
(Fig. 2B}). The SAM domain is suggested to be involved in signal
transduction, development, and transcriptional regulation (34,
35). A variety of proteins such as ephrin-related receptor tyro-
sine kinase, a variant of pb3 (p73), and DAG kinase § contain
the SAM domain(s), which may play a role in protein-protein or
protein-lipid interaction (35, 36). Recently, Huitema et al. (24)
reported a family of SM synthases using a bicinformatics and
functional cloning strategy in yeast. They identified the human
¢DNAs encoding the peptides that shared a sequence motif
with the lipid phosphate phosphatases and Aurlp proteins
required for inositolphosphoryleeramide production in yeast
{24). One of the human peptides, SMS1, was identical to our
peptide. They further demonstrated that SMS1 was localized at
Golgi apparatus and predicted the six transmembrane domains
and an exoplasmic catalytic site, which is consistent with the
characteristics of SM synthase suggested previously (37-39).
Molecular structure of SMS1, including the transmembrane
domains, should be clarified by further detailed analysis.

It was recently proposed by Luberto et al. (40) that the
Pseudomonas PleH gene product, which is a secreted protein, is
a putative SM synthase. The SMS1 peptide was suggested tobe
an integral membrane protein and did not show any significant
homology with the PleH product.

The SMS1 ¢DNA I's Responsible for Sphingomyelin Synthase
in Mammalian Cells—Huitema et al. (24) demonstrated the
SM synthase activity in the yeast cells expressing SMS1 ¢DNA.
Here, we demonstrated that the loss of SM synthesis in the
SM-defective mammalian cells was complemented with SMS31
¢DNA. WR19L/Fas-SM(~) cells transfected with SMS1 cDNA,
named WR19L/[Fas-SMS1 (Fig. 2C), restore the resistance
against MBCD-induced cell death (Fig. 2D). Radiolabeling of
cellular lipids with [**C)serine revealed that [C]SM synthesis
was also restored in WR19L/Fas-SMS1 cells (Fig. 34}, and
whole cell lysate from WR19L/Fas-SMS1 cells generated C6-
NBD-SM in the presence of C6-NBD-ceramide and PC (Fig.
3B). These results strongly suggest that the SMS1 ¢DNA is
indispensable for SM synthase activity in mammalian cells.
Furthermore, SM synthase activity in WR19L/Fas-SMS1 cells
was detected in the presence of ['*CJPC but not [Y*C]CDP-
choline (Fig. 3C), suggesting that PC was a phosphocholine
donor for SM synthesis by SMS81. These results indicate that
the SMS1 protein possesses the characteristics consistent with
those of SM synthase reported elsewhere previously (8).

The SMS1 ¢DNA Is Essential for Growth in Mammalian
Cells—In contrast to the role of ceramide in cell death, the
biological implications of SM are still ambiguous. The WR19L/
Fas-SMS1 cells were sensitive to lysenin-induced cell death
(Fig. 44), suggesting that overexpression of SMS1 cDNA in-
ereases SM at the surface of plasma membrane. In the serum-
free condition, the WR19L/Fas-SM(—) cells did not grow well,
whereas the WR19L/Fas-SMS1 cells showed normal cell

SMS1 Restoring Cell Growth through Sphingomyelin Synthesis

growth as well as the WR19L/Fas-SM(+) cells. The supplement
with exogenous SM also restored cell growth of WR19L/Fas-
SM(—) cells, although the growth rate was slightly reduced
(Fig. 48). The viable cell number of WR19L/Fas-SM(-) cells
after 48 h from supplement with SM (4.4 X 10%m]) seemed to
be similar to that of WR151L/Fas-SMS1 cells after 24 h (4.3 x
10%/m}; data not shown), suggesting that stimulation for cell
growth may be delayed due to the uptake of SM by WR19L/
Fas-SM(-) cells. These observations suggest that SM synthesis
through SM synthase is essential for cell growth. Huitema ef
al. (24) suggested that SMS2 is localized at the plasma mem-
brane and may play a role in signal transduction. Here, we
demonstrated that the cell growth was closely related with the
accumulation of SM at the plasma membrane cansed by SMSE,
suggesting that SMS1 may be involved in signal transduction
for cell growth as well as SMS2._ In contrast to our observation,
it has been reported that the variant melanoma cells deficient
in glueosyleeramide synthase showed no significant difference
of cell growth as compared with the original eells (41), although
glucesyleeramide is an essential lipid for the diversity of gly-
cosphinpolipids. One possible explanation for the difference
between SM and glucosyleeramide is the significant involve-
ment of SM in the microdomaing responsible for various cell
signaling events,

SM synthase regulates the levels of pro-apoptotic ceramide
and anti-apoptotic DAG in an epposite manner and balances
the levels of phospholipid PC and sphingolipid SM (9). SM
synthase is closely regulated by the levels of ceramide and
DAG, as well as extracellular stresses (15, 18, 31, 42). SM
synthase is suggested to Jocalize not only in the plasma mem-
brane (37) and Golgi apparatus (43) but also in the endoplasmic
reticulum (38) and nucleus (17, 44). We recently reported that,
in Fas-induced Jurkat T cell apoptosis, ceramide increased
through inhibition of SM synthase in the nucleus (17). The
relationship between the intracellular localization and the reg-
ulation of SM synthase activity and the regulatory mechanism
for the levels of lipid mediators in cell growth and death
through SM synthase should be clarified by detailed analysis of
the SMS genes.
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Peyer’s Patch Dendritic Cells Capturing Oral
Antigen Interact with Antigen-Specific T Cells
and Induce Gut-Homing CD4*CD25"
Regulatory T Cells in Peyer’s Patches

KATSUYA NAGATANI, KAYO SAGAWA, YOSHINORI KOMAGATA,
AND KAZUHIKO YAMAMOTO

Department of Allergy and Rheumatology, Graduate School of Medicine,
University of Tokyo, Tokyo, Japan

ABSTRACT: Antigen-specific naive T cells accumulated in Peyer’s patches only
after the feeding of antigen. DCs that captured oral antigen interacted with
these T cells in the IFR of PP. Some of these T cells acquired a similar pheno-
type to CD4* CD25* regulatory T cells and CCR9* gut-homing T cells.

Kevyworps: Peyer’s patch; dendritic cell; chemokine receptor; regulatory T
cell

INTRODUCTION

It is thought that antigen-specific regulatory T cells are generated in the gut-
associated lymphoeid tissue (GALT), including Peyer’s patches (PPs), after antigen
is orally administered. However, the importance of dendritic cells (DCs} in the
generation of regulatory T cells, and the kind of regulatory T cells generated in PPs
are still unclear. Here, we show that PP DCs capturing oral antigen interacted with
antigen-specific T cells and induced gut-homing CD4*CD25" regulatory T cells in
PPs.

MATERIALS AND METHODS

We transferred mnaive T cells of ovalbumin (OVA)-TCR transgenic mice
(DO11.10) into BALB/c mice, which were then fed FITC-conjugated OVA (FITC-
OVA) (30 mg/mouse) 24 h later. Kinetics of oral antigen—loaded cells and interaction
between antigen-specific T cells and antigen-loaded DCs in PPs after the feeding of
OVA (or FITC-OVA) were checked by immunoflucrescence staining,
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To examine the phenotype of OVA-specific T cells accumulated in PPs after OVA
feeding, we purified KJ1.26 positive T cells from PPs by magnetic beads (MACS,
Miltenyi Biotec, Bergisch Gladbach, Germany) and checked relative gene expres-
sion by real-time RT-PCR (iCycler iQ; Bio-Rad, CA).

RESULTS

FITC-positive cells appeared in the subepithelial dome (SED) of PPs as early as
three hours after the feeding of FITC-OVA. Double staining with PE anti-CD11c
antibody showed that FITC-positive cells in SEDs were CD11c-positive DCs (data
not shown). Twenty-four hours after the feeding of FITC-OVA, DCs capturing
FITC-OVA migrated from the SED to the interfollicular region (IFR) and interacted
with OVA-specific T cells accumulated in the IFR of PPs (F1G.1B and FiG. 2). In con-
trast, OVA-specific T cells were not detected in IFRs in nonfed mice (FI1G. 1A).

We investigated the gene expression levels of chemokine receptors such as
CCR4, CCR7, CCR8, CCR9, and CXCR3 in OVA-specific T cells by quantitative
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FIGURE 3. Gene expression in OVA-specific T cells accumulating in Peyer's patches af-
ter OVA feeding. We transferred OVA-specific T cells of DO11.10 mice into naive BALB/c
mice, followed by feeding of 30 mg OVA, Twenty-four hours after the transfer, KI1.26-pos-
itive OVA-specific T cells were purified from Peyer’s patches, and total RNA was extracted,
We checked relative gene expression of OVA-specific T cells accumulated in Peyer's patch
by quantitative real time RT-PCR (open box). As controls, KJ1.26-positive T cells from
spleens of OVA-fed (black box with wkite dots), nonfed mice (striped box), and KJ1.26-
positive T cells before transfer (black box) were also checked.
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real-time PCR. Gene expression of CCR4, CCRS8, CCRY, and CXCR3 was substan-
tially higher in OVA-specific T cells accumulated in PPs after OVA feeding (FIG. 3).

It has been reported that CCR4 and CCRS are expressed on CD4+¥CD25* regula-
tory T cells.! Therefore, we next checked the gene expression of Foxp3, which is a
CD4*CD25* regulatory T cell-specific transcription factor,2 in OVA-specific T
cells. Surprisingly, the Foxp3 gene level in OVA-specific T cells accurnulated in PPs
after OVA feeding was 294-fold more abundant than in OVA-specific T cells before
the transfer. Expression of CCR7, which is regarded as 2 marker of naive T cells, in
the OVA-specific T cells before the transfer, was relatively high (FiG. 3).

DISCUSSION

Recent studies have shown that CCR4, CCRS8, and CXCR3 are expressed on
CD4*CD25" regulatory T cells and that Foxp3 is exclusively expressed in these T
cells.l-2 In addition, CCR9 has been reported to be expressed by gut-homing T
cells.3 These results suggest that DCs that capture oral antigens in the SED migrate
into the IFR and interact with antigen-specific T cells, and that some antigen-specific
T cells acquire a similar phenotype to CCR9* gut-homing T cells and CD4*CD25*
regulatory T cells.
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Cytokines play key roles in spontaneous CD4* T cell-mediated chronic autoimmune arthritis in SKG mice,
a new model of rheumatoid arthritis. Genetic deficiency in IL-6 completely suppressed the development of
arthritis in SKG mice, irrespective of the persistence of circulating rheumatoid factor. Either IL-1 or TNF-o.
deficiency retarded the onset of arthritis and substantially reduced its incidence and severity. IL-10 deficien-
cy, on the other hand, exacerbated disease, whereas IL-4 or IFN-y deficiency did not alter the disease course.
Synovial fluid of arthritic SKG mice contained high amounts of IL-6, TNF-«, and IL-1, in accord with active
transcription of these cytokine genes in the afflicted joints. Notably, immunohistochemistry revealed that dis-
tinct subsets of synovial cells produced different cytokines in the inflamed synovium: the superficial synovial
lining cells mainly produced IL-1 and TNF-c, whereas scattered subsynovial cells produced IL-6. Thus, IL-6,
IL-1, TNF-ct, and IL-10 play distinct roles in the development of SKG arthritis; arthritogenic CD4* T cells are
not required to skew to either Thi or Th2; and the appearance of rheumatoid factor is independent of joint
inflammation. The results also indicate that targeting not only each cytokine but also each cell population

secreting distinct cytokines could be an effective treatment of rheumatoid arthritis.

Introduction

Rheumaroid arthritis (RA) is a chronic systemic inflammarory dis-
ease of unknown etiology that primarily affects the synovial mem-
branes of multiple joints (1). A cardinal feature of jeint inflam-
mation in RA is proliferative inflammation of synovial cells, i.e.,
synovitis, which resulrs in the destruction of the adjacent cartilage
and bone. Although CD4"* T cells are currently assumed to be the
prime mediators of synovitis, it remains obscure how arthritogenic
CD4" T cells activate synovial cells to proliferate or, upon activa-
tion, how the autonomous proliferation of synovial cells is main-
tained, leading to the destruction of the joint (1). It has been well
documented that cytokines play indispensable roles in these pro-
cesses (2). TNF-o and IL-6, for example, contribute ro joint inflam-
mation in RA, as illustrated by the effects of neurralizing TNF-c.
or blocking IL-6 receptor to ameliorate RA (3, 4). IFN-y, IL-4, and
IL-10 formed by Th1 or Th2 CD4* T cells may also participate in
synovitis, as observed in other autoimmune diseases (1, 2). The
way in which these cytokines contribute to the development of
arthritides including RA, however, is a subject of controvetsy, as
cytokines exert different effects in different modeis of arthritis.

Nonstandard abbreviatdons used: §-associated protein of 70 kDa (ZAP-70); colla-
gen-induced arthritis (CIA); theumaroid archriris (RA); rheumatoid factor (RF);

Src homology 2 (SH2).
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For example, IL-6 deficiency variously results in exacerbation of,
amelioration of, or no effects on archriris, depending on the par-
ticular model (5-9). Neutralization of TNF-¢t has different effects
in collagen-induced arthritis {CIA) and streptococcal cell wall-
induced arthritis (10). IFN-y may not only mediate Th1 responses
in arthritis bur also suppress the destruction of cartilage and bone
by inhibiting the generation of osteoclasts (11). Furthermore, it is
unclear how relevant the available arthricis models are to human
RA. For example, CIA, one of the most widely used models of RA,
is not accompanied by the appearance of theumatoid factor (RF),
which is present in about 70% of RA patients (1). In this report,
we have analyzed the contribution of pro- and anti-inflammatory
cyrokines to the spontaneous development and chronic progres-
sion of CD4" T cell-mediated autoimmune arthritis in a newly
established mouse model of RA.

SKG mice spontaneously develop T cell-mediated chronic auto-
immune arthritis as a consequence of a mutation of the gene
encoding an Stc homology 2 (SH2) domain of -associated protein
of 70 kDa (ZAP-70), a key signal transduction molecule in T cells
(12). This mutation impairs positive and negative selection of T
cells in the thymus, Ieading to thymic production of arthritogenic
T cells. Clinically, joint swelling begins in small joints of the dig-
its, progressing in a symmetrical fashion to larger joints including
wrists and z2nkles. Histologically, the swollen joints show severe
synovitis with formarion of pannus invading and eroding adjacent
cartilage and subchondral bone. SKG mice develop extra-articular
lesions, such as interstitial pneumoniris, vasculitides, and subcura-
Number 4
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neous necrobiotic nodules not unlike rheumatoid nodules in RA.
Serologically, they develop high titers of RF and autoantibodies
specific for type II collagen. Furthermore, CD4* T cells can adop-
tively eransfer arthritis in SKG mice, which have a BALB/c genetic
background, to T cell-deficient BALB/c nude or T cell/B cell-defi-
cient SCID mice, which indicates that the disease is a T cell-medi-
ared autoimmune disease. In addirion to the causative gene, the
polymorphism of the MHC gene also contributes to the occur-
rence of SKG arthritis depending on environmental conditions.
Thus, this spontaneous autoitnmune arthritis in mice resembles
human RA in clinical and histological characteristics of articular
and extra-articular lesions, in serological characteristics, and in the
key role of CD4* T cells in initiating archriris (12).

In contrast to other organ-specific autoimmune diseases in
which self-reactive T cells destroy the target cells (e.g., insulin-
secreting P cells in type 1 diabetes mellitus), a key feature of SKG
autoimmune arthricis, and human RA for that matter, is that T
cells do not destroy but stimulate synoviocytes to proliferare and
invade the surrounding cartilage and bone. The selective develop-
ment of arthritis in SKG mice, despite their general alteration in
the T cell repertoire, could be attributed at least in part to a high
sensitivity of synoviocytes to immunological stimuli, including T
cell self-reactivity, due to their immunologically unique features.
The synoviocytes are, for example, intrinsically capable of produc-
ing proinflammatory cytokines and matrix metalloproteinases;
are composed of type A macrophage-like and type B fibroblast-like
synoviocytes, both of which are highly sensitive to various immu-
nological stimuli including cytokines; and are devoid of basement
mernbrane and tight junctions, allowing their easy invasion to the
surrounding tissue (1). We have therefore analyzed in this report
how the synoviocytes stimulated by arthritogenic CD4* T cells
mediate arthritis in SKG mice and how those cytokines produced
by the stimulated synoviocytes or arthritogenic CD4* T cells con-
tribure to the development and progression of arthritis.

Results
Clinical and histological features of SKG arthritis. In SKG mice, joint
swelling began to develop in a few digits around 2 months of
age, progressing ro other digits and to larger joints (wrists
and ankles) in a symmetrical fashion (Supplemental Figure
1; supplemental material available at hetp://www.jci.org/cgi/
content/full/114/4/582/DC1). Histology of swollen joints
showed vigorous proliferation of synovial cells, resulting
in pannus formation and infiltration of mononuclear cells
and neutrophils to the subsynovial region (Supplemen-
tal Figure 2}. Pannus-destroyed cartilage and bone showed
the appearance of multinuclear osteoclasts at the interface
between invading synovial tissue and the adjacent cartilage
and subchondral bone. Synoviocytes that formed a few layers
of superficial lining of pannus were characreristically tall and
plump and bore a large cyroplasm, as shown by H&E stain-
ing. Electron microscopy revealed that the majority of these
superficial lining cells were type B fibroblast-like synovio-
cytes with occasional type A macrophage-like synoviocytes
(Supplemental Figure 3). It also showed infiltration of lym-
phocytes and neutrophils to the sublining region and some
synoviocytes apparently in apoptosis, as has been observed
in human RA (13). In 8-month-old SKG mice, microcom-
puterized tomography revealed erosion of the cartilage and
subchondral bone in knee joints (Supplemental Figure 4).
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Thus, SKG mice develop severe proliferative synovitis accompa-
nying destruction of cattilage and subchondral bone of digits,
wrists, ankles, and knees, as do humans with RA (1).

Immunobistochemistry of SKG synovitis. Immunohistochemical
staining of synovial tissues of 4-month-old SKG mice with
various antibodies revealed the following. A number of CD4*
T cells, but few CD8* T cells, infiltrated the sublining tissue,
where B cells also formed aggregates (Figure 1, A~C). Granulo-
cytes (Figure 1D) and macrophages (Figure 1E) were abundant
in the joint cavity and also subsynovial region. The distribution
of macrophages corresponded to that of class Il MHC-express-
ing cells (Figure 1F). Many cells expressing CD49d (also known
as very late antigen 4; VLA-4) infiltrated the subsynovia (Fig-
ure 1G), and its ligand VCAM-1 was expressed in vascular
endothelial cells and interstitial cells (Figure 1H), which indi-
cates recruitment of lymphocytes to the inflamed synovial tissue
{Figure 1I) (14). Toluidine blue staining revealed few mast cells
in the inflamed tissue {data not shown).

Cytokine production in arthritic joints. Ankle joints of the majority
of 24-week-old SKG mice with severe joint swelling exhibited high-
level expression of IL-16 and IL-6 mRNA, as assessed by real-time
RT-PCR; half of the mice also actively transcribed TNF-o mRNA
(Figure 2A). In contrast, 8-week-old SKG mice without appar-
ent joint swelling showed no IL-6 transcription and only a slight
expression of IL-1f, although TNF-a mRNA was detected in some
young SKG mice. IL-2, IL-4, IL-10, and IFN-y mRNA messages were
not detected even in 24-week-old SKG mice (data not shown).

The joint fluid taken from swollen ankle joints of 32-week-old
SKG mice contained high amounts of IL-18, IL-6, and TNF-o (Fig-
ure 2B). Serum levels of these cyrokines were below detectable levels
by ELISA in the majoriry of mice, although 20% of them bore low
but significant arnounts of IL-6 in their sera {data not shown).

Immunohistochemical staining of inflamed synovial tissue of
SKG mice revealed distinct staining patrerns of TNF-atand IL-1p
versus IL-6. Cells expressing IL-1f and TNF-a were detected
almost exclusively in one or two layers of hypertrophic super-
ficial lining cells facing the joint cavity {Figure 2, C and D). In
contrast, cells expressing IL-6 were smaller than the superficial
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Figure 1 ‘

Immunochistology of synovitis. Serial sections of a finger joint of a 5-month-
old SKG mouse were stained for CD4 (A), CD8 (B}, B220 (C}, Gr-1 (D),
CD11b (E), I-AN-E (F), CD49d (G), or VCAM-1 (H) with staining control I).
Arrow indicates vasculature. Original magnification, x20.

Numberd  August 2004 583

94



research article

o LI (St (Eh Ty Nl ‘7‘;
[yt g\;&' H s B ﬂ“&!,%‘ I
.‘ k¥ i S Ly r g et
02 0! gl St assnelricrsiin. %&wﬁ; Sk
0 {:&SL D i ! s _-1-.42..;-.“:;
. r. i »f;

BALB/c SKG BALB SKG E

A IL-1B IL6
10 P<001 0.5, P<0.01 10
08 f=000 04 £<001 _os o
° 5
w06 ®03 % 0.5
= .E [+] -.;;
Soa 202 § =04
g 5
0.2 S| o4 8
0l SB. - — 0 | o o cme ——
BALE/c SKG BALB/ SKG BALBYe SKG BALB/e SKG
8wk 24 wk 8 wk 24 wk 8 wk
B . TNF-
100 IL1p 50 L8 a
c P«<0.01 P<(.01 P<OD
s 8 § wl g 6
ED e} o 30 3
So 8 %
8 & 40 20 2t 8
Ec & 8
X o
o= 20 Oo]l 10l & 1
ol 2 = i BXn gl e
SKG BALB/¢ SKG BALB/c SKG BALB/c
Figure 2

% FURETRTS g
L”*s %53;; .
Ko (D

Ty

24 wk

Expression of cytokines at mRNA and protein levels. (A} Quantitative RT-PCR for indicated genes was performed with ankle joints fram 8- or
24-week-old SKG or BALB/c mice. Bars show the means £ SD. See Methods for the definition of units. (B) Concentrations of indicated cytokines,
assessed by ELISA, in the joint fluid of 32-week-old SKG and BALB/e mice {n = 10 each). Bars show the means + SD. {C—F) immunohistochemical
staining of the synovial tissue of a finger joint of a 4-month-old SKG mouse for iL-1p (C), TNF-a (D), or IL-6 (E), with staining control (F} (original
magnification, x40). Insets show higher magnifications of a part of synovium.

lining cells and scattered in the sublining region {Figure 2E).
The localization of IL-6-expressing cells correlated with that of
MAC-1*, I-A/I-E* macrophages or CD4" cells (Figure 1).

These results collectively indicate that the inflamed synovial
rissue of SKG muice acrively produces IL-18, TNF-a and IL-6;
the cells forming TNF-ot and IL-1B are apparently the same and
constitute the superficial lining layer; and the cells mainly form-
ing IL-6 are apparently different from those forming IL-1$ and
TNF-¢ and localize differently.

Effect of deficiency in particular cytokines on the development and pro-
gression of SKG artbritis. To determine the roles of proinflammatory
cytokines IL-1ct, IL-18, TNF-at, and IL-6 in the development of SKG
arthritis, homozygously cytokine gene-deficient (-/-), heterozygously
cytokine gene-deficient (+/-), or cytokine gene-intact (+/+) female
SKG mice were prepared and maintained in our conventional animal
faciliry, where the majority of cytokine gene-intact female SKG mice
began to exhibit joint swelling at 11 to 12 weeks of age (Figure 3A).
Severity of arthriris in these mice varied from swelling of some joints
of the digits to marked swelling of large joints (the average score was
3.6 + 1.5; see Methods for clinical assessment of arthtitis) at 32 weeks
of age. Histology of swollen joints of 32-week-0ld SKG mice revealed
severe synovitis and destruction of cartilage and bone (Figure 3B).
Notably, IL-6-- SKG mice showed no joint swelling macroscopically,
no histologically evident synovitis, and no destruction of cartilage
and bone (Figure 3C). Some IL-1o/B~~ SKG mice started to develop
arthriris around 15 weeks of age with a significantly lower incidence
than IL-10/B*/* SKG mice. Although the incidence in IL-17- mice
was 60% at 32 weeks of age, severity was very low, with joint swell-
ing restricted to only 1 or 2 joints of the digits. These swollen joints
showed hiszologically evident synovitis but destruction of cartilage
and bone was generally less severe than in cyrokine-intact SKG mice
(data not shown). These results were similar in the TNF-a-/- SKG
mice: the onset was delayed, incidence lowered to 20% of controls,
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and severity substantially reduced to swelling of a single joint of a
digic (see legend to Figure 3A for statistical analyses of the data).

Interstitial pneumonitis — which was observed in SKG mice
older than 8 months (12) — among these cytokine-deficient mice
was too mild in severity and low in incidence ar 32 weeks of age for
compatrisons to be made {data not shown).

IEN-y-deficient SKG mice developed arthritis with no staristi-
cally significant differences in severity and incidence from IFN-y*/-
ot IFN-y*/* mice during 24 weeks of observation, although IFN-y /-
SKG mice displayed progressive weight loss and died earlier as com-
pared with wild-type controls maintained under the same condi-
tions {12). We did not observe significant difference in histology
between [FN-y+ and TFN-y*/- or IFN-y*/* mice, although the [FN-y--
mice, when they became debilitared, generally showed lesser degrees
of arthritis compared with the IFN-y*/- or IFN-y*/* mice (dara not
shown). IL-47/- SKG mice, on the other hand, survived well to 32
weeks of age; the time of onset, incidence and severity of atthri-
tis were not significantly different among IL-4-/-, IL-4*/-, or IL-4**
mice. Thus, IFN-y and IL-4 are apparently dispensable for the devel-
opment of SKG arthritis.

IL-10/- SKG mice showed a consistently higher incidence of dis-
ease and mean arthritis score than IL-10% or IL-10** SKG mice,
although the suscepeibility to colitis of IL-10-/- mice restricted
the period of observation to 24 weeks (15}. Histological examina-
tion of IL-10-/- mice that had survived to this age showed severe
synovitis accornpanying joint destruction (Figure 3D). Thus, IL-10
is suppressive for the development of SKG arthritis.

In these experiments, SKG mice with heterozygous deficiency
in IL-1, TNF-¢, IL-6, or IL-10 showed incidences and severities of
archritis thar were intermediate between those of homozygously
cytokine-deficient and cytokine-intact mice. This result indi-
cates that the disease-enhancing or -protective effects of the
eytokines are dose dependent.
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Development of arthritis in cytokine-deficient SKG mice. (A) Incidence and severity of arthritis In female SKG mice homozygously (—-) (filled
circles) or heterozygously (+/~) {open squares) deficient in indicated cytokines or cytokine-intact {+/+) (open triangles). Vertical bars represent
the means + 8D of the whole group of mice. Asthritis scores are significantly different (P < 0.01) between IL-6++ and IL-6+- mice at 19-32 weeks;
between IL-6+- and IL-6-- mice at 16-32 weeks; between IL-1** and IL-1+- mice at 17-32 weeks; between IL-1-- and IL-1+- mice at 19-32
weeks; between TNF-a** and TNF-a*- mice at 15-32 weeks; between TNF-a~- and TNF-a+- mice at 21-32 weeks; between IL-10+* and
IL-10+- mice at 18-24 weeks; and between IL-10--and IL-10*~mice at 12-24 weeks. (B-D) Histology of finger joints of a 32-week-old wild-type
(B) or IL-6—deficient (C) or a 24-week-old IL-10-deficient SKG mouse (D) (original magnification, x10).

RF and joint inflammation. The IL-6-, TNF-at-, or IL-1-deficient
mice developed high titers of IgM-type RF even in the absence of
joint inflamemation (Figure 4A). This indicates that the develop-
ment of IgM-RF is independent of joint inflammation. The result
contrasted with the development of IgG anti-type II collagen
autoantibody in arthritic mice bur not in nonarthritic IL-6-defi-
cient mice, which suggests the possible roles of anti-type II col-
lagen antibody as an active mediator of joint inflammation or a
product of joint destruction (Figure 4B).

Discussion

This study showed that proliferative synovitis with pannus for-
mation and resultant joint destruction in SKG mice are immu-
nopathologically similar to those observed in human RA and
thart, despite the pleiotropy, redundancy, and cross-regulation in
cytokine funerions, deficiency in either IL-6, IL-1, or TNF-d can
inhibit the development and progression of SKG arthritis, which
1s apparently independent of the development of RF.
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Itis well documented in human RA and in animal models thar IL-1,
IL-6,and TNF-a synergistically mediate synovitis and destruction of
cartilage and bone (1-3, 5,6, 16-19), thar IL-1 and TNF-o trigger the
secretion of IL-6 by synovial cells (2), and that anti-TNF-ot treatment
can lower IL-6 formation (20, 21). Itis still unclear, however, how the
formation and action of these cytokines are controlled at molecular
and cellular levels (22-24). Here we showed that IL-6 is apparently
produced by subsynovial stromal cells (macrophages and DCs; Fig-
ure 1) and presumably some CD4* T cells, whereas IL-1 and TNF-a
are mainly produced by superficial lining cells facing the joine cav-
ity and producing marrix metalloproteinases as also shown in other
arthritis models and RA (25-28). This difference in cellular sources
berween IL-6 and IL-1/TNF-o indicates that not only neutralization
of these cytokines or blockade of their actions at a molecular level,
but also reduction in the number of the stromal cells producing each
cyrokine or modifying their functions may ameliorate arthritis.

TNF-a deficiency inhibired archritis effectively bur not com-
pletely in SKG mice; i.e., the onset was delayed, incidence lowered
Number 4
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Autoantibodies in cytokine-deficient SKG mice. RF {(A) or anti-type II collagen (anti-Cll) autoantibody titers (B) in 32-week-old SKG mice
homozygously or heterozygously deficient in indicated cytokines, with wild-type SKG mice and age-matched BALB/c mice as controls. Filled
circles indicate mice with joint swelling {arthritis score 2 1.0); open circles indicate mice without joint swelling (arthritis score < 1.0). First 10 mice
that had reached 32 weeks of age in each group shown in Figure 3 were analyzed.

to 20% of controls, and severity substantially reduced to swelling of
a single joint of a digit. It can be argued that the MHC haplotype
of TNF-a-deficient SKG mice could influence the development of
arthritis, since TNF-a-deficient SKG mice bear an H-2b haplotype
in contrast with SKG mice, which bear an H-2d haplotype. This
is because the founder strain of TNF-« deficiency was of H-2b
haplotype, and the TNF-t locus, which is closely linked with the
MHC locus, was cosegregated with the MHC in establishing the
congenic TNF-a-deficient SKG mice (29). We previously showed
that the MHC haplotype of SKG mice can influence the incidence
and severity of arthritis (e.g., H-2d haplotype confers susceptibil-
ity to arthritis in SKG mice [ref. 12]). It is unlikely, however, that
the H-2b haplotype of TNF-a-deficient SKG mice alters the inci-
dence and severicy of arthritis, becatuse SKG mice on BALB.B (H-2b)
background showed an incidence and sevetity of arthritis similar to
those of SKG mice (our unpublished data). Thus, TNF-a deficiency
per se can inhibit the development of arthritis. On the other hand,
the failure of TNF-a deficiency to completely inhibit arthritis sug-
gests that proinflammatory cytokine pathways that spare TNF-o
may also be operarive in SKG arthritis. This substantial but incom-
plete inhibition of SKG atthritis by TNF-a deficiency may have a
commmon basis with the clinical result that only about 30-40% of
RA patients show dramatic responses to TNF inhibitors (30).

It is well documented in arthritis chat pro- ot anti-inflamma-
tory cytokines facilirate or inhibit activation of various types of
cells, including macrophages/monocytes, neutrophils, and T cells,
which are involved in local inflammation (16). Another function of
¢ytokines may be to alter the degree of T cell-mediated control of
autoimmune T cells, thereby allowing arthritogenic T cells to chroni-
cally mediate arthritis. For example, IL-10 not only suppresses the fot-
mation of TNF-a and IL-6 by macrophages, synoviocytes, and T cells,
as shown in other experimental models (31-33}, bur also may medi-
ate or augment CD25*CD4* T cell-mediated immunoregulation, as
shown in other autoimmune/inflammatory diseases (34, 35). IL-10
deficiency may therefore attenuate the T cell-mediated suppres-
sion on arthritogenic T cells, thus contributing to the exacerbation
of arthritis in SKG mice. Furthermore, in addition to its local and
systemic proinflammatory effects (20, 36), IL-6 may render arthri-
togenic T cells refractory to the suppressive control exerted by natu-
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rally arising CD25*CD4* regulatory T cells (37). CD25*CD4* T cells,
derived from normal BALB/c mice, indeed prevented SKG arthritis
effectively when the animals were inoculated before onset of the dis-
ease, as observed in CIA (ref. 38 and our unpublished data). We are
currently investigating whether IL-6 deficiency rectifies the suscep-
tibility of arthritogenic T cells to the CD25*CD4* T cell-mediated
suppression and thereby contributes to inhibiting the development
of SKG arthritis. Whether TNF-a or IL-1 can affect T cell-mediated
immunoreguladion by altering the functions of APCs or regulatory
T cells also remains to be determined (39).

Although CD4* T cells play pivotal roles in SKG arthritis, they
show impaired activation and proliferation upon T cell receptor
stimulation because of a structurally altered ZAP-70 and result-
ing alteration in T cell signal transduction in SKG T cells (12).
Despite this defect, SKG T cells are competent in secrering vari-
ous cytokines, including IL-2,IL-4, IL-10, TNF-at, and IFN-y, upon
PMA/ionomycin stimulation, in a pattern of cytokine production
and kinetics similar to that of BALB/c T cells (Supplemental Fig-
ure 5A). CD4* T cells from young SKG mice even produced slightly
higher amounts of IFN-y, IL-4, and IL-10 and smaller amounts
of TNF-a than BALB/c CD4* T cells (Supplemenctal Figure 5B).
Moreover, there was no significant alreration of the disease course
in SKG mice with IFN-y or IL-4 deficiency, which is in contrast
with other models (40, 41). These findings taken together indicare
that SKG CD4* T cells are not committed to Th1 or Th2 cells, or
TNF-a production, due to the altered signal transduction through
ZAP-70; skewing of CD4" arthritogenic T cells to either Th1 or Th2
is not absolurtely required for the development and/or progression
of arthritis; and cross-regulation, if any, by Th1 or Th2 cells is not
significant in inhibiting arthritis in this model. It is possible thar T
cells in SKG mice trigger the activation and proliferation of synovi-
ocytes in a cell-contact manner or via other cyrokines (42). Notably,
a large amount of mRNA for IL-17, which is secreted by activated T
cells and able to stimulate synovial cells (43), can be detected in the
joints of arthritic SKG mice (our unpublished data).

The disease in SKG mice is a chronic systemic inflammatory dis-
ease like human RA (1, 12). For example, SKG mice spontaneously
develop RF as a systemic manifestation of the disease. An intrigning
finding in cyrokine-deficient SKG mice is that they developed high
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titers of RF irrespective of whether arthritis was inhibited or not. For
example, IL-6-deficient mice with no archritis developed ticers of
RF equivalent to those of SKG mice. This cannot be attributed to
hypergammaglobulinemia in SKG mice, because SKG mice withourt
arthrids did not develop and-DNA autoantibodies or anti-type II
collagen autoantibodies, which may mediate joint inflammation or
develop as a consequence of joint destruction (Figure 4) (12). Fur-
thermore, transfer of thymocytes alone from SKG mice produced
severe arthriris in SCID mice, which suggests that B cells may not be
an absolute requirement for elicitation and progression of arthritis
in this model (12). These results taken together indicate that RF is
independent of joint inflarnmarion per se in SKG mice. It is known,
on the other hand, that RA patients with RF undergo a more aggres-
sive and destructive course of arthritis (1), Considering that RF also
develops in various other inflammatory diseases including microbial
infections, it is likely that RF may not be 2 primary mediaror of arthri-
tis but may secondarily enhance joint inflammarion, for example, by
forming immune complexes that deposit in the joint (44, 45).

In conclusion, cytokines play essential roles in SKG arthriris in a
manner similar ro that in human RA. SKG mice can be instrumen-
tal for further studying the contribution of pro- and anti-inflam-
matory cytokines to the development and progression of RA, for
elucidaring how arthritogenic T cells stimulate synoviocytes to
cause arthritis, and for devising effective treatment of the disease.

Methods

Mice IL-1c/p-, TNF-a-, or IL-6-deficient mice (IL-17/-, TNF-a#-, and IL-6 /-,
respectively) were backcrossed to BALB/c mice more than 8 times (29). BALB/
¢IL-10-deficient (IL-10") mice were kindly provided by D. Rennick (DNAX
Institute, Palo Alro, California, USA) (15). BALB/c IFN-y/- and IL-4/-
mice were purchased from The Jackson Laboratory (Bar Harbor, Maine,
USA) (46, 47). These cytokine-deficient BALB/c mice were backerossed
chree times to SKG mice, which have the BALB/c genetic background
(12). Such Skg-homozygous but cytokine gene-heterozygous mice were
intercrossed, and resulring fernale Skg/Skg littermaces with homozygously
or heterozygously eytokine-deficient or eytokine-intact female mice were
used in the present scudy. All mice were maintained in our animal faciliry
under conventional microbial conditions. All experiments were conducted
according to the institutional guidelines for animal welfare of the Institute
for Frontier Medical Sciences at Kyoto University.

Clinical assessment of SKG arthritis. Joint swelling was monitored by inspec-
tion and scored as follows: 0, no joint swelling; 0.1, swelling of one finger
joint; 0.5, mild swelling of wrist or ankle; 1.0, severe swelling of wrist or ankle.
Scores for all digits, wrists, and ankles were totaled for each mouse (12).

Antibodies. The following antibodies were used: anti-CD4 (H129.19),
anti-CD8a ($3-6.7), anti-CD11b (M1/70), anti-CD45RB/B220 (RA3-6B2),
anti-CD45d (9C10), anti-CD106 (429), and anti-I-A/I-E (M5/114.15.2),
purchased from BD Biosciences — Pharmingen (San Diego, California,
USA); anti-IL-1p (AB-401-Na) (R&D Systems Inc., Minneapolis, Min-
nesota, USA); anti-TNF-a (L-19) (Santa Cruz Biotechnology Inc., Santa
Cruz, California, USA); anti-IL-6 (D97) (Innogenetics, Gent, Belgium). For
intracellular eytokine detection, the following mAb’s were used: anti~IFN-y
(XMG1.2), anti-TNF-a (MP6-XT22), anti-IL-2 (JES6-5H4), anti-IL-4
(11B11), and and-IL-10 (JES5-16E3) (BD Biosciences — Pharmingen).

RT-PCR. Total RINA was extracted from ankle joints using Isogen reagent
(Nippon Gene Co., Tokyo, Japan) and reverse transcribed using Superseript
Il invitrogen Japan K K., Tokyo, Japan), IL-1§, IL-6, of TNF-o: mRNA Jevels
were quantified by real-time PCR using QuantiTect Assay (Qiagen KK,
Tokyo, Japan) and normalized by hypoxanthine-guanin phosphoribosyl
transferase (HPRT) as previously described (48). The quantities of these
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cytokine mRNAs were expressed as units by defining the levels of each
cytokine mRNA in J774.1, a BALB/c macrophage cell line, stimulated wich
1 ug/ml LPS for 24 hours, as one unit.

Histology and immunobistochemistry. Joints were fixed in 10% formalin,
decalcified by 10% EDTA in PBS for 3 days, embedded in paraffin, sectioned,
and stained with hematoxylin and eosin. For immunohistochemical stain-
ing, cryostat section of digits were fixed in cold acetone for 10 minutes,
washed in PBS, and depleted of endogenous peroxidase by treatment with
0.3% Hy0O; in absolure methanol for 15 minutes. After blocking nonspecific
binding with 10% normal rabbit serum in PBS for 30 minutes, the sections
were incubated with primary mAb’s av appropriate dilutions for 1 hour
at room temperature, washed, incubared wich biotinylated rabbit anti-rac
IgG pre-adsorbed with rabbit serum, washed and incubated with avidin-
biotinylated horseradish peroxidase complex (ABC) and diaminobenzidine
tetrahydrochloride (DAB} (Elite kit; Vector Laboracories Inc., Burlingame,
California, USA), and counterstained with Mayer’s hemaroxylin.

For immunohistochemical staining of cytokines, sections were fixed
for 15 minutes in ice-cold 4% phosphate-buffered paraformaldehyde
(pH 7.4). The sections were then washed in HEPES-buffered saline solu-
rion (HEPES-BSS) (pH 7.1, Gibco; Invitrogen Cortp., Carlsbad, California,
USA) supplemented with 0.1% saponin (Sigma-Aldrich, St. Louis, Mis-
souri, USA). All further incubations and washes were carried our using
BSS-saponin. Endogenous peroxidase was inactivated by treatment with
1% formalin in BSS-saponin for 2 minutes, followed by sedium azide
(0.1 M) containing 0.3% H;O; for 30 minuces, blocked with 20% normal
rabbit serum for 60 minutes, incubared overnight at 4°C with anti-cytokine
mADb’s at appropriate dilutions. The sections were then incubared with the
secondary antibodies and ABC, as described above. Color was developed
with AEC (DakoCytomation, Carpintetia, California, USA), and the sec-
tions were counterstained with Mayer’s hematoxylin.

ELISA for autoantibody. Affiniry-purified mouse IgG (5 pg/ml) and 10 pg/ml
of bovine type Il collagen (Funakoshi Co. Ltd., Tokyo, Japan) in PBS (pH 7.2)
were used for overnight coating of ELISA plates (ICN Biomedicals Inc., Auro-
ra, Ohio, USA). Test sera were diluted to 1:10 for and-type II collagen anti-
body or 1:20 for RF assay. Alkaline phosphatase conjugated anti-mouse IgG
or IgM (for RF assay) (Southern Biotechnelogy Associates Inc., Birmingham,
Alabarna, USA) was used at 1 pg/ml as the secondary reagent. Titer of RF and
anti-type IT collagen andbody was expressed as optical density (49),

ELISA for cytokines. The capsules of ankle joints were cut open, joint cavity
was washed with 5 ul PBS, and 1 pl of withdrawn joinr fluid was diluted
10-fold to assess the concentrations of IL-1B, IL-6, and TNF-a by ELISA
(Biosource International, Camarillo, California, USA} according to the
manufacturer’s instruction, with the detection limits of 7 pg/mli for IL-1,
3 pg/ml for IL-6, and 3 pg/ml for TNF-a.

Statistics, Student’s ¢ test was used for statistical analyses.
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