Results

Activation of NKT cells by ES-DC pulsed with a-GalCer
Mouse splenic DC and BM-DC loaded with o-GalCer have
been reported to efficiently stimulate NKT cells, resulting in
the rapid induction of NK cell-like cytolytic activity and the
production of cytokines such as IL-4 and IFN-y.*® We exam-
ined whether ES-DC loaded with a-GalCer had the capacity
to activate NKT cells, as naturally occurring DC do.

TT2 ES cell-derived non-transfectant ES-DC (ES-DC-
TT2) or BM-DC were preincubated with a-GalCer, and then
cocultured with splenic T cells isolated from syngeneic
CBF1 mice. After 24 h, the cultured cells were recovered and
their cytolytic activity against YAC-1 target cells was ana-
lyzed by a *'Cr-release assay. The results shown in Fig. 1a
indicate that a significant cytotoxity against YAC-1 cells was
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Fig. 1. Activation of NKT cells by the a-GalCer-loaded ES-DC. (a) ES-
DC-TT2 or BM-DC were loaded with either o-GalCer (100 ng/mL) or
vehicle (Polysorbate-20) alone for 22 h, washed extensively, and
cocultured with splenic T cells of syngeneic CBF1 mice
(S5x10°DC+25x10°T cellsiwell in 24-well culture plates). After
24 h of culture, the cells were recovered and the cytotoxic activity
of the harvested cells against YAC-1 cells (1 x 10* cells) was analyzed
using a 4-h Cr-release assay at the effector:target (E:T) ratios
indicated. (b) Amounts of IL-4 and IFN-y in the supernatant collected
at the end of the 24-h coculture were quantified by ELISA. The
results are expressed as the mean cytokine production of triplicate
assays + SD. (c) The coculture was extended to 5 days and the killing
activity of resultant cells was analyzed as in (a). (d) ES-DC or BM-DC
were cultured in the presence of either o-GalCer (100 ng/mL) or
vehicle alone for 18 h, washed, and injected i.p. into syngeneic CBF1
mice (1x 10° cellss/mouse). After 24 h, spleen cells were isolated
from the mice and their cytotoxic activity against YAC-1 cells was
analyzed as in (a). The results are expressed as the mean specific
lysis of triplicate assays. The SD of triplicates were less than 2%.
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induced in the splenic T cell preparations by coculture with
ES-DC loaded with a-GalCer, in comparison to the coculture
with ES-DC loaded with vehicle alone. The cytotoxic activity
induced by a-GalCer-loaded ES-DC-TT2 was comparable to
that induced by o-GalCer-loaded BM-DC (Fig. l1a). As
shown in Fig. 1b, IL-4 and IFN-y were produced by splenic
T cells cocultured with o-GalCer-loaded BM-DC or ES-DC,
and a similar amount of the cytokines was produced in the
culture with BM-DC and ES-DC preloaded with a-GalCer. If
the coculture of T cells with a-GalCer-loaded ES-DC was
extended to 5 days, the induced killing activity (Fig. 1c) and
the amount of IL-4 and IFN-y produced was increased in par-
allel (data not shown).

We next analyzed the capacity of a-GalCer-loaded ES-DC
to activate NKT cells in vivo. ES-DC-TT2 or BM-DC were
preloaded with o-GalCer or vehicle alone in the same way as
described above and i.p. injected into the syngeneic CBFI1
mice. After 24 h, the mice were killed and the cytotoxic
activity of whole spleen cells against YAC-1 cells was ana-
lyzed. As shown in Fig. 1d, a significant degree of cytotoxic
activity was induced in the spleen cells by transfer of ES-DC
loaded with o-GalCer, but it was not induced by the transfer
of those loaded with vehicle alone. The capacity to evoke
YAC-1 cell-killing activity of ES-DC and that of BM-DC
was similar also in vivo. The activated NKT cells are known
to activate the cytotoxic activity of NK cells.® It is therefore
possible that the cytotoxic activity observed in these assays
were mostly mediated by NK cells secondarily stimulated by
NKT cells. Even so, these data collectively demonstrate that
ES-DC had the capacity to present o-GalCer to activate NKT
cells, and the capacity was similar to that of BM-DC both
in vitro and in vivo.

Anti-tumor effect of a-GalCer-loaded ES-DC

We assessed whether the activation of NKT cells in vivo by
o-GalCer-loaded ES-DC had any therapeutic effect against
the tumor cells growing in vivo. MOA4, originating from NK-
sensitive B16 melanoma cells, were injected s.c. into the left
flank region of mice and, 3 days later, the mice were treated
with an i.p. injection of ES-DC-TT2 loaded with o-GalCer or
vehicle alone. As shown in Fig. 2a, ES-DC loaded with o-
GalCer did not show any therapeutic effect in this s.c. tumor
model.

We next investigated the effect of oi-GalCer-loaded ES-DC
in the peritoneally disseminated tumor model. MO4 cells
were injected i.p. into mice and, 3 days later, the mice were
treated with an i.p. injection of ES-DC loaded with either o-
GalCer or vehicle alone. As shown in Fig. 2b, which indi-
cated the survival rate of the treated mice, the injection of
ES-DC-TT2 loaded with o-GalCer elicited a significant
(P < 0.05) but limited protective effect against the i.p. dis-
seminated tumor cells.

Synergic therapeutic effect of a-GalCer-activated NKT
cells and antigen-specific T cells against peritoneally
disseminated tumor cells

In a previous study, we demonstrated that the in vivo transfer
of ES-DC-OVA effectively primed OVA-specific CTL and
induced protection against a subsequent challenge with s.c.
injected MO4 cells expressing OVA.'® We investigated
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Fig. 2. Anti-tumor effect of in vivo-transferred a-GalCer-loaded ES-
DC. The mice were (a) inoculated s.c. with MO4 cells (3 x 105 cells/
mouse) to the left flank region or (b) inoculated i.p. with MO4 cells
(1 x 10° cells/mouse). After 3 days, the mice were treated with i.p.
injection of ES-DC-TT2 (1 x 10° cells/mouse) loaded with o-GalCer,
vehicle alone or medium alone, and the mouse survival rate was
monitored (n =10 per group). In (b), the survival rate of the a-
GalCer-loaded ES-DC-TT2-treated group was higher than that of the
other two groups and the difference was statistically significant.
Data are representative of four independent and reproducible
experiments.

whether the loading of o-GalCer to ES-DC-OVA before
in vivo transfer would enhance the therapeutic effect against
pre-established MO4 tumor. The mice were challenged s.c.
with MO4 cells, and then 3 days later they were treated by
i.p. injection of ES-DC-OVA preloaded with o-GalCer or
vehicle alone. As shown in Fig. 3a,b, compared to the
transfer of ES-DC-TT2, the transfer of ES-DC-OVA, loaded
with either o-GalCer or vehicle alone, elicited a significant
antitumor effect in this therapeutic model, as observed in the
previously reported prevention (prophylactic) model.!'®
However, the loading of o-GalCer to ES-DC-OVA did not
improve the effect, based on either the tumor growth or the
mouse survival time (Fig. 3a,b). These results suggest that
the activation of NKT cells by a-GalCer loaded to ES-DC
does not enhance the therapeutic effect of antigen-specific T
cells against s.c. growing tumor cells.

We next investigated the effect of -transfer of o-GalCer-
loaded ES-DC-OVA against peritoneally disseminated tumor
cells. Mice were i.p. inoculated with MO4 cells and 3 days
later they were treated by an i.p. injection of ES-DC-OVA
loaded with o-GalCer or vehicle alone, or ES-DC-TT2
loaded with vehicle alone. As shown in Fig. 3c, the therapeu-
tic effect of the transfer of ES-DC-OVA loaded with vehicle
alone was significant (P < 0.05) in comparison to the treat-
ment with ES-DC-TT?2 loaded with vehicle alone, but the
effect was less marked than the effect observed in the s.c.
growing tumor model (Fig. 3b). In contrast, the treatment
with ES-DC-OVA loaded with a-GalCer elicited a potent
effect to prolong the survival time of the mice. Given that the
antitumor effect elicited by a-GalCer-loaded non-transfectant
ES-DC was also limited (Figs 2b,3c), these results indicate
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Fig. 3. Synergic effect of a-GalCer loading and the expression of
tumor antigen on the protection against tumors induced by ES-DC.
MO4 cells (3 x 10° cells/mouse) were injected s.c. into the left flank
region of the mice and, 3 days later, the mice were treated with an
i.p. injection of ES-DC-TT2 (1 x 10° cells/mouse) loaded with vehicle
alone, ES-DC-TT2 loaded with a-GalCer, or ES-DC-OVA loaded with
a-GalCer. After that, the tumor sizes were determined (a) and
survival rate was monitored (b). Both the differences in tumor index
(a) and in mouse survival rate (b) between the vehicle-loaded ES-DC-
TT2-treated group and other two groups were statistically
significant. (c) MO4 cells (1 x 10° cells/smouse) were injected i.p. into
the mice and, 3 days later, the mice were treated with an i.p.
injection of ES-DC-OVA or ES-DC-TT2 (1 x 10° cells/mouse) loaded
with a-GalCer or vehicle alone. Thereafter, the mouse survival rate
was monitored. The survival rate of the o-GalCer-loaded ES-DC-
OVA-treated group was higher than that of the other groups and
the difference was statistically significant. The survival rates of the
vehicle-loaded ES-DC-OVA-treated group and «-GalCer-loaded ES-
DC-TT2-treated group were higher than that of vehicle-loaded ES-
DC-TT2-treated group and the difference was statistically
significant. Each group included 10 mice. Data are representative of
three independent and reproducible experiments.

that the NKT cells activated by o-GalCer presented by ES-
DC and OVA-specific CTL primed by OVA antigen presented
by the same ES-DC acted synergistically to protect the mice.

Subsets of effector cells contributing to the antitumor
effect induced by o-GalCer-loaded ES-DC that expressed a
model tumor antigen

To determine the effector cells exhibiting the observed
antitumor effect induced by adoptive transfer of o-GalCer-
loaded ES-DC expressing OVA, we carried out depletion
experiments by injecting the mice with Abs specific to
several subsets of effector cells during the tumor cell
challenge and treatment with ES-DC. Figure 4a shows the
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Fig. 4. Effector cells involved in the antitumor effect exerted by
adoptive transfer of o-GalCer-loaded, antigen-expressing ES-DC.
The mice were challenged i.p. with 1 x 10° MO4 cells on day 0 and
injected i.p. with 1x 10° ES-DC-OVA preloaded with o-GalCer on
day 3. To deplete the specific types of cells, the mice were given i.p.
injections of mAb or polyclonal rabbit anti-asialo GM1 Ab. The
effect of the injection of anti-CD4, anti-CD8, or a combination of
these two Abs is shown in (a). The effect of anti-NK1.1 or rabbit
anti-asialo GM1 Ab is shown in (b). As a control, the survival of the
mice treated with normal rat IgG is shown in both (a) and (b). Each
group included 10 mice. in (a), the survival rates of a-GalCer-loaded
ES-DC-OVA plus control IgG-treated group and a-GalCer-loaded ES-
DC-OVA plus anti-CD4-treated group were higher than those of the
other three groups and the difference was statistically significant. in
(b), the survival rates of o-GalCer-loaded ES-DC-OVA plus anti-NK1.1
or anti-asialo GM1-treated groups and those of the other two groups
were statistically different. The experiment was carried out once.

effect of the injection of anti-CD4 or anti-CD8 mAbs or a
combination of these two mAbs. The injection of anti-CD8
mADb almost totally abrogated the effect of the treatment with
the ES-DC, thus suggesting that CD8* OVA-specific CTL
played an important role in protecting the mice from the
tumor. Compared to the effect of anti-CD8 mAb, the injec-
tion of anti-CD4 mAb had far less influence on the protective
effect against the tumor, thus indicating the function of CD4*
helper T cells to be not essential.

Figure 4b shows the effect of the injection of rabbit anti-asialo
GM1 Ab, depleting NK cells, and also that of anti-NK1.1
mAb, depleting both NK and NKT cells. Treatment with
either of these two kinds of Ab decreased the effect of o-GalCer-
loaded ES-DC-OVA to a level similar to that elicited by
vehicle-loaded ES-DC-OVA. These results indicate that NK
cells played an essential role in the enhanced antitumor effect
caused by the activation of NKT cells by a-GalCer.

Enhanced antitumor effect elicited by o-GalCer-loaded
ES-DC expressing SLC along with OVA

We previously found that the coexpression of SLC or Mig, T
cell-attracting chemokines that natural DC do not produce,
along with OVA by ES-DC significantly enhanced their
capacity to prime OVA-specific CTL and also to induce a
protective immunity against s.c. injected MO4 cells.!'® A
recent study revealed that these two chemokines induced
chemotaxis not only of conventional T cells but also of some
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Fig. 5. Enhanced antitumor effect elicited by o-GalCer-loaded ES-

DC expressing SLC along with OVA. (a) MO4 cells (1 x 10° cells/
mouse) were injected i.p. into the mice and, 3 days later, the mice
were treated with i.p. inje¢tion of ES-DC-TT2, ES-DC-OVA, ES-DC-
OVA/Mig, or ES-DC-OVA/SLC (1 x 10° cellssmouse), all loaded with
vehicle only. Thereafter, the survival rate of the mice was
monitored. The differences in the survival rate between ES-DC-OVA/
Mig-treated or ES-DC-OVA-treated group and the other two groups
were statistically significant. (b) The mice were challenged with
MO4 cells as in (a) and treated with either ES-DC-OVA, ES-DC-OVA/
SLC or ES-DC-OVA/Mig, all loaded with o-GalCer. The frequency of
mice from the ES-DC-OVA/SLC-treated group surviving for more
than 100 days (four out of 10 mice) was significantly higher than
that of the other two groups (0 out of 10 mice in each group),
according to the y2test. The experiment was carried out once.

subpopulations of the NK cells and NKT cells."'0-122% ‘We
therefore examined whether the coexpression of such chemo-
kine by ES-DC expressing OVA would also have an enhanc-
ing effect in protection against the i.p. growing MO4 cells.
We first assessed the effect of the expression of such
chemokines by ES-DC without preloading with o-GalCer.
We analyzed the capacity of ES-DC-OVA/SLC or ES-DC-
OVA/Mig, ES-DC expressing OVA simultaneously with SLC
or Mig, to induce protection against i.p. disseminated MO4
cells, comparing the capacity with that of ES-DC-OVA. The
effect elicited by ES-DC-OVA/Mig was not higher than that
elicited by ES-DC-OVA. Thus, the expression of Mig did not
enhance the antitumor effect (Fig. 5a). However, expression
of SLC by ES-DC did enhance the protective effect, although
the effect of SLC in this i.p. tumor model was less evident than
that observed in the s.c. tumor model reported previously.!!®
We next evaluated the effect of the expression of either SLC
or Mig on the antitumor effect elicited by o-GalCer-loaded
ES-DC-OVA. a-GalCer ES-DC-OVA/Mig and a-GalCer ES-
DC-OVA exhibited a similar degree of protection, thus indi-
cating that the coexpression of Mig by o-GalCer-loaded
ES-DC-expressing OVA did. not have any additive effect
(Fig. 5b). In contrast, o-GalCer-loaded ES-DC-OVA/SLC
exhibited a far more potent protective effect than a-GalCer
ES-DC-OVA/Mig or a-GalCer ES-DC-OVA did. We
observed that 40% of the mice treated with o-GalCer-loaded
ES-DC-OVA/SLC completely rejected the tumor cells
(Fig. 5b). These results suggest that the SLC produced by
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ES-DC augmented the synergic effect of antigen-reactive
CTL, a-GalCer-activated NKT cells, and probably NK cells.

As we reported previously,"'s coexpression of SLC along
with OVA in ES-DC enhanced the capacity of ES-DC to
prime OVA-specific CTL upon in vivo transfer. The data
shown in the Fig. 5a also indicate that coexpression of SLC
enhanced the capacity of ES-DC to induce antitumor
immunity mediated by OVA-specific CTL in the absence of
a-GalCer. To assess the effect of SLC produced by ES-DC
on the activation of NKT or NK cells, we compared the capacity
of o-GalCer-loaded ES-DC-OVA and o-GalCer-loaded
ES-DC-OVA/SLC to stimulate NKT cells by an experiment
similar to that shown in Fig. 1d. As a result, we observed that
the capacity of o-GalCer-loaded ES-DC to induce YAC-1
cell-killing activity was not enhanced by expression of SLC
(data not shown). Thus, effect of SLC produced by ES-DC to
enhance the activation of NKT and NK cells was not detected
at least by this short-term (24 h) assay. Based on these obser-
vations, it may be considered that the expression of SLC by
ES-DC dominantly enhanced the activation of antigen-specific
CTL rather than NKT or NK cells.

Discussion

In the present study, we evaluated the effect of loading o-
GalCer to ES-DC expressing a model tumor antigen on their
capacity to induce antitumor immunity. Upon loading with
a-GalCer, ES-DC had a capacity comparable to that of BM-
DC to stimulate NKT cells (Fig. 1). The in vivo admin-
istration o-GalCer-loaded non-transfectant ES-DC had some
antitumor effect in an i.p. disseminated tumor model but not
in an s.c. growing tumor model (Fig. 2). The difference in the
effect of loading of a-GalCer to ES-DC in between the two
models may be accounted for by the tissue distribution of
NKT cells. NKT cells localize mainly in the liver, lung,
spleen, bone marrow and peritoneal cavity.®'1**25 In parallel
with these observations, the loading of a-GalCer to ES-DC-
OVA enhanced their antitumor effect against i.p. dissemin-
ated but not s.c. growing MO4 tumor cells (Fig. 3).

In a previous study, we observed that the protective effect
against s.c. growing MO4 cells by transfer of ES-DC-OVA
was almost totally abrogated by the depletion of either of
CD4 or CD8 T cells."® In contrast, in the present study, the
depletion of CD8* T cells but not CD4* T cells diminished the
antitumor effect against i.p. MO4 cells elicited by o-GalCer-
loaded ES-DC-OVA (Fig. 4a). These results indicate that
CTL play a pivotal role in both conditions, and that CD4* T
helper cells were not essential in the protective immunity
against i.p. tumor cells on the occasion of simultaneous acti-
vation of NKT cells. The reason for the dispensability of
CD4* T helper cells may be that NKT cells and NK cells,
secondarily activated by NKT cells, provide help to OVA-
specific CTL.® The data shown in Fig. 4b revealed that the
depletion of NK cells decreased the effect of a-GalCer-
loaded ES-DC-OVA to a degree similar to that elicited by
vehicle-loaded ES-DC-OVA, indicating that NK cells played
an essential role in the enhancement of the antitumor effect
obtained by loading a-GalCer to ES-DC-OVA. Collectively,
CD8* CTL, NKT cells and NK cells played essential roles in
the antitumor effect obtained by o-GalCer to ES-DC expressing
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Fig. 6. A schematic depiction of the enhanced cross-talk of
different subsets of effector cells induced by o-GalCer-loaded ES-DC
expressing OVA plus SLC. SLC secreted by ES-DC induces the
comigration of different subsets of effector cells, including NKT
cells, NK cells and antigen-specific T cells, to the sites where the
injected ES-DC are located. The effector cells of both innate and
acquired immunity gathered around ES-DC, which present both o-
GalCer and tumor antigen, thus dosely interacting to develop a
potent antitumor immunity.

the antigen (Fig. 6). Presumably, the sequential stimulation
of NKT cells and NK cells augmented the antitumor effect of
OVA-specific CTL"® and probably the interactions of effector
cells were mediated by IFN-y and IL-2,2227-3D

The data shown in Fig. 5b indicate that the expression of
SLC by ES-DC enhanced the antitumor effect induced by the
transfer of o-GalCer-loaded ES-DC expressing OVA. SLC
has been reported to attract not only conventional T cells and
DC but also NKT cells./"%*» SLC also induces chemotaxis of
CD56e" CD16~ NK cells and has a costimulatory effect on
the proliferation of NK cells.®? Thus, SLC probably induced
the comigration of conventional T cells, NKT cells and NK
cells to the sites where ES-DC were located, and, as a result,
the close interaction of such multiple subsets of effector cells
may have occurred (Fig. 6).

In the past decade, o-GalCer has been attracting attention
as a novel immunostimulatory reagent for antitumor therapy.
Based on the promising results of preclinical studies demon-
strating antitumor effects of a-GalCer,"***" several phase I
clinical studies on anticancer immunotherapy by the direct
intravenous administration of o-GalCer or the administration
of o-GalCer-loaded DC have been carried out.®-*"" Although
the activation and expansion of NKT cells by the administra-
tion of o-GalCer has been observed, the results seemed to be
unsatisfactory from the viewpoint of the clinical effect. The
present study demonstrated that a-GalCer is useful for induction
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of immunity against peritoneally disseminated tumor cells,
especially when it is loaded to DC genetically engineered to

express tumor antigen. Although metastasis of melanoma to .

visceral organ sites is observed frequently in patients with
advanced (stage IV) malignant melanoma, peritoneal dissem-
ination of melanoma is very rare. Thus, we are planning
another study with more clinical relevance, using models of
cancer with a high tendency to peritoneal dissemination.

In recent years, a number of tumor-associated antigens
have been identified. These antigens are potentially good tar-
gets for immunotherapy. To establish truly effective antican-
cer immunotherapy, a method for potently polarizing the
immune system toward these antigens is essential. Anti-
tumor immunotherapy with DC loaded with HLA-binding
peptides derived from tumor antigens has been tested clini-
cally in many institutions. In most cases, the DC are gener-
ated by culture of monocytes obtained from peripheral blood
of the patients. To generate a sufficient number of DC for
treatment, apheresis, a procedure that is sometimes invasive
for patients with advanced stages of cancer, is necessary to
obtain a sufficient number of monocytes as a source for DC.
In addition, the culture to generate DC should be done sepa-
rately for each patient and for each treatment, and thus the
procedure used at present may be too labor-intensive and
expensive to be applied broadly in a practical setting. Alter-
nately, the source of ES-DC, ES cells, have the capacity to
propagate infinitely. We would thus be able to use human ES
cells as an infinite source of DC. In addition, we will be able
to generate genetically engineered DC without the need to
use virus vectors, as mentioned above. We may thus be able
to generate multiple gene-transfectant ES-DC expressing
tumor antigen plus immunostimulating molecules, which
could be more potent in stimulating antitumor immunity than
monocyte-derived DC are.
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Regarding the future clinical application of ES-DC, we
recently established a method for generating ES-DC from ES
cells of a non-human primate, namely the cynomolgus monkey,
and also for their genetic modification (unpublished data). .
We believe that this method would be applicable to human
ES cells, although some modifications may be necessary. Con-
sidering the future clinical application of ES-DC technology,
allogenicity (i.e. differences in the genetic background)
between patients to be treated and ES cells as a source for
DC may cause problems. However, it is expected that human
ES cells sharing some HLA alleles with patients will be
available for most cases. We recently found that antigen-
expressing ES-DC potently primed antigen-specific CTL after
the transfer to semiallogeneic mice sharing some MHC alleles
with the ES-DC, and protected the recipient mice from sub-
sequent challenge with tumor cells bearing the antigen.®®
CD1d is monomorphic and thus a CD1d-o-GalCer-complex
on ES-DC can stimulate the NKT cells of any recipients. o-
GalCer would thus be an ideal adjuvant to enhance the immune
response toward the tumor antigens presented by ES-DC.
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Activation of Invariant Natural Killer T Cells by Synthetic |
Glycolipid Ligands Suppresses Autoantibody-Induced Arthritis

Shinjiro Ka.ieda,1 Chiharu Tomi,? Shinji Oki,2 Takashi Yamamura,? and Sachiko Miyake?

Objective. Stimulation of invariant natoral killer
T (INKT) cells with SGL-S23, a novel synthetic glyco-
lipid analog of a-galactosylceramide with an elongated
sphingosine chain, has been shown to strongly suppress
K/BxN serum transfer arthritis. This study was de-
signed to evaluate the protective effects of SGL-SZS in
an effector phase of arthritis.

Methods. To induce arthritis, C57BL/6 mice were
injected with 150 ul of serum from K/BxN mice (KRN
TCR—fransgemc mice crossed with nonobese diabetic
mice). Snbsequenﬂy, synthetic -glycolipid ligands were
administered intraperitoneally twice, either 3 times
starting on day 0 (the day of K/BxN serum injection) or
twice starting on day 3. Neutralizing antibody against
interferon-y (IFNvy) interlenkin-4 (IL4), IL-10, or
transforming growth factor 8 was administered 4 hours
before injection of SGL-S23. Recombinant IFNy was
administered subcntaneously every day. The severity of
arthritis was monitored using a macroscopic scoring
system. Cytokine production and plasma histamine
levels were measured by enzyme-linked immunosorbent
assay. : ' ,

Results. SGL-S23 strongly suppressed K/BxN se-
rum transfer arthritis by inhibiting inflammatory cell

Supported by the National Institute of Biomedical Innova-

infiltration and subsequent destruction of cartilage and
bone. The inhibitory effect mediated by SGL-S23 was
abolished by neutralization of IFNvy. Systemic adminis-
tration of IFN+y prevented the development of inflam-
matory arthritis. Histamine release was suppressed by
administration of SGL-S23 or IFNY. Degranulated mast
cells in the synovimm were significantly reduced in
SGL-S23-treated mice, suggesting that suppression of
mast cell activation contributed to the inhibition of
arthritis.

Conclusion. These ﬁndmgs suggest that activa-
tion of iNKT cells with glycolipid ligands holds promise
with regard to the treatment of autoimmune diseases
such as rhemmatoid arthritis. SGL-S23 has clinical
benefit over a-galactosylceramide since it induces a
weaker cytokine production respomse in iNKT cells,
therefore redncmg potential side effects caused by ex-

. cessive cytokine release.’
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Rheumatoid arthritis is a common autoimmune

disease characterized by chronic inflammation and pfo-

gressive destruction of joints. Although antigen-specific
T cells in the joints have been thought to be important in
inciting an inflammatory cascade, triggering activation
of macrophages and syfdoviocytes, recent advances in
antiinflammatory drugs such as anti-tumor necrosis
factor (anti-TNF) agents serve as a reminder of the
importance of the later inflammatory phase in the
pathogenesis and control of arthritis (1,2).

K/BxN mice (KRN TCR-transgenic mice crossed
with nonobese diabetic [NOD] mice) spontaneously
develop a polyarthritis with many of the hallmarks of
human rheumatoid arthritis, including cellular infiltra-
tion, synovial hyperplasia, and bone and cartilage de-
struction (3). The disease depends on recognition of
glucose-6-phosphate isomerase (GPI) presented by
1-A% in the periphery (4). Furthermore, arthritis can be
induced in most strains of mice by transfer of K/BxN
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mouse serum or affinity-purified anti-GPI antibodies
(4,5). Recent studiés with the K/BxN serum transfer
model have led to new understanding of the importance
of autoantibodies and mediators of innate immunity in

the pathogenesis of arthritis. This adoptive transfer

process requires the presence of proinflammatory cyto-
kines such as interleukin-1 (IL-1) and TNFe and activa-

tion of alternative-pathway complement including C5a

(6,7). It has also been shown that mast cells, neutrophils,
macrophages, and Fey receptor I (FcyRII) are critical
for disease development (7-10).

CD1d-restricted invariant natural killer T (INKT)
cells are a unique subset of T cells that express an
invariant T cell receptor (TCR) a-chain and recognize
glycolipid antigens presented by CD1d (11,12). Invariant
NKT cells are an attractive target for the development of
immunotherapies, not only because they contribute to
various types of immunoregulation, but also because
several synthetic glycolipid ligands specifically activate
these cells (13-17). The lack of polymorphism in the
antigen-presenting molecule indicates that the ligand
" has potential for widespread use among individuals,
unlike major histocompatibility complex-restricted anti-
gens.

The glycolipid a-galactosylceramide (az'-GalCer) .

is a synthetic glycolipid originally isolated from marine
sponge Agelas mauritanius and used as a component of
anticancer agents, and subsequently a synthetic analog
of this compound, -KRN7000 (referted to herein as
a-GalCer), has been used in experimental studies and in
several cancer clinical trials- (15-20). Glycolipid
a-GalCer and its analogs such as OCH, a sphingosine
truncated form, have been shown to suppress auto-
immune disease in animal models by inducing a Th2
response t0 autoantigen (13-17,21-25). In autoantibody-

mediated arthritis such as the K/BxN serum transfer

model, in which innate immune cells rather than lym-

" phocytes are critical in the pathogenesis (6), INKT cells

have been shown to exaggerate the disease, probably by

a mechanism other than modulation of the Thl/Th2

balance (26,27). These findings led us to test'a panel of
analogs of «-GalCer for their ability to suppress
" antibody-mediated arthritis. '

In the present study, we found that activation of
iNKT cells with a novel synthetic glycolipid ligand
strongly suppressed K/BxN serum transfer arthritis. Fur-
thermore, we demonstrated the critical role” of
interferon-y (IFNy) in iINKT cell-mediated mhlbmon of
antibody-mediated inflammation.

MATERIALS AND METHODS

Mice. C57BL/6 (B6) mice were purchased from Clea
(Tokyo, Japan). I 18-knockout mice (28) were kindly provided
by Dr. Masaru Taniguchi (Riken Research Center for Allergy
and Immunology, Yokobama, Japan). These mice were gener- -
ated on the 129 strain and backcrossed 10 times to the B6
background. KRN TCR-transgenic mice (3) were kindly pro-

* vided by Drs. Christophe Benoist and Diane Mathis (Joslin

Diabetes Center, Boston,r MA). Animals were kept under
specific pathogen—free conditions. Animal care and use were in
accordance with institutional guidelines. -

Glycolipids. Glycolipids SGIL-S23, S25, S27, and
a-GalCer (RRN7000) were synthesized by reacting 4,5-
anhydro-1,3-0-benzylidene-D-arabitol with alkyl metal re-
agents that correspond to the length of sphingosine side chain,

* and performing subsequent transformations as prevmusly de-
scribed (29).

Induction of arthritis by K/BxN serum’ transfer. As
previously described, KRN TCR-transgenic mice maintained
on the B6 backg:round were crossed with NOD mice to
generate K/BxN. mice, which spontaneously develop arthritis

(3). K/BzN serum pools were prepared from 8-week-old ar-

thritic mice, and arthritis was induced in B6 mice by intraperi-
toneal injection of 150 pl serum.. Serum from nontransgenic
littermate price crossed with NOD mice (BxN mice) was used
as control serum.

Clinical assessment of arthritis. Mice were. exmmned
for signs of joint imflammation, scored as follows: 0 = no
change, 1 = significant swelling and redness of 1 digit, 2 = mild
swelling and erythema of the Hmb or swelling of >2 digits, 3 =
marked swelling and erythema of the limb, 4 = maximal
swelling and redness of the imb and subsequent ankylosis. The
macroscopic score was expressed as the sum of the scores in aIl '
paws, with 2 maximum possible score of 16.

Histopathologic analysis. B6 mice were killed 10 days
after K/BzN serum transfer. All 4 paws were removed and then

fixed in buffered formalin, decalcified, embedded in paraffin,
sectioned, and stained with hematoxylin and eosin or toluidine
blue. Histologic featires of joint inflammation were scored as
follows: 0 = normal joint, 1 = mild arthritis (minimal synovitis
without cartilage/bone erosions), 2 = moderate arthritis (sy-
novitis and erosions but joint architecture ‘maintained), 3 =
severe arthritis (synovitis, erosions, and loss of joint integrity)
(30). The histologic score was expressed as the sum of: the
scores in all paws, with a maximum possible score of 12. Mast -
cells in synovium were visually assessed for imtact versus
degranulating phenotype, using moiphologic criteria. Mast
cells were identified as cells that contained toluidine blue-
positive granules.’ Only cells in which a nucleus was present
were counted. Degranulating cells were defined by the pres-
ence.of granules outside the cell border with coincident vacant
‘granule space within the cell border, as described prevmusly :

(8-

In vivo antibody treatment. Mice were administered
SGL-S23 at a dose of 100 pg/kg, in 3 intraperitoneal injections
on day Q (the day of immunization), day 3, and day 7 or in 2
intraperitoneal injections on day 3 and day 7. Control mice
were injected with vehicle alone (10% DMSO in phosphate
buffered saline [PBS]). To neutralize IENy, IL-4, IL-10, or
transforming growth factor B (TGFB), 500 pg of ant-IFNy
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Figure 1. Effect of glycohpxd antigens on K/BzN serum transfer arthritis in CS7BL/6 (B6) and

J 18-kmockout mice. a, Structure of the synthetic -glycolipids used in this study. KRN7000
(a-GalCer) is the prototypical a-galactosylceramide and contains a C18 sphingosine base and a
C26 acyl chain. SGL-S23, S25, and S27 differ from a-GalCer in the length of the sphingosine base.
b, Clinical score of K/BxN serum transfer arthritis in B6 mice treated with 100 pg/kg of a-GalCer,
SGL~823, §25, 8§27, or vehicle 3 times, starting on the day of E/BzN serum transfer (day 0). * =P <
0.05; == = P < 0.01, versus vehicle-treated mice. ¢; Clinical score of K/BxN serum transfer arthritis
in B6 mice treated with 100 pgfks of SGL-S23 or vehicle twice, starting on day 3 (arzrow). * = P <
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experiments.

monoclonal antibody (m.Ab) (R4-6A2), anti-I1-4 mAb
(11B11), anti-I1-10. mAb (JES052A5), or anti-TGFB mAb
(1D11.16.8) was imjected imtraperitoneally 4 hours before
administration of glycolipid. Non-isotype-matched whole rat
IgG or mouse IgG (Sigma, St. Louis, MO) was used as control
antibody.

In vitro stimulation. Liver mononuclear cells from B6
mice were isolated by Percoll density-gradient centrifugation
and stained with phycoerythrin (PE)-conjugated NK1.1 and
fluorescein isothiocyanate (FITC)~-conjugated CD3 mAb.
Dendritic cells from spleen cells were purified using anti-
CD11c microbeads (Miltenyi Biotec, Bergisch Gladbach, Ger-
many). The purity of sorted NKT cells and dendritic cells was
>95%. NXT cells were cultured for 48 hours with irradiated
dendritic cells and glycolipid ligands in RPMI 1640 medium
supplemented with- 50 pM 2-mercaptoethanol, 2 mM
L-glutamine, 100 units/m! penicillin/streptomycin, and 10%
fetal calf serum. The content of cytokines in the culture
supernatants was measured by cytometric bead array (BD
PharMingen, San Jose, CA), and proliferative responses were
assessed based on incorporation of *H-thymidine (1 pCifwell)
in the final 16 hours (analyzed with an of-1205 counter
[Pharmacia, Uppsala1 Sweden)).

Assessment of in vivo respomses of INKT cells to
glycolipid antigen. B6 mice were injected intraperitoneally -
with 100 pg/kg of glycolipid ligands and serum was collected 6

‘hours and 24 hours after injection. Serum levels of IFNy were

measured by enzyme-linked immunosorbent assay (ELISA). |
Flow cytometry and intracellular cytokine staining.
Liver mononuclear cells harvested after stimulation with gly-
colipids in vivo were cultured in complete media containing
GolgiStop (BD PharMingen). Cells were then incubated with
Fc blocker (anti-mouse Fcyll/IIR mAb clone 2.4G2) and

" stained with a-GalCer-loaded Dimer X recombinant soiuble

dimeric mouse CD1d (BD PharMingen), washed with PBS,
and then stained with FITC-conjugated mAb A85-1 (a.nu-
mouse IgGl) and allophycocyanin (APC)—conjugated anti-
TCR B-chain (BD PharMingen). Subsequently, cells were
washed twice with PBS and fixed in Cytofix/Cytoperm (BD
PharMingen) solution for 20 minutes at 4°C. After fixation,
cells were washed with Perm/Wash (BD PharMingen) solution
and resuspended in the same solution containing either PE-
conjugated anti-TFNy mAb XMG1.2 or PE-conjugated isotype
control Ig, for 30 minutes at 4°C. Then samples were washed
and stained cells analyzed using a FACSCalibur (Becton
Dickinson, Mountain View, CA) with CellQuest software
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(Becton Dickinson). Liver mononuclear cells stained with
a-GalCer-loaded dimeric mouse CD1d followed by FITC-
conjugated mAb ARS5-1 were then stained with SGL-S23-
loaded dimeric mouse CD1d followed by PE-conjugated mAb
. ABS5-1 and APC-conjugated anti-TCR B-chain. PE-conjugated
mAb A8B5-1 was confirmed not to react with the previously
used a-GalCer-loaded dimeric mouse CD1d/FITC-conjugated
A85-1 mADb (results not shown). .

Measurement of plasma histamine concentrations.
Five minutes after intravenous administration of 200 ul K/BxN
serum, BxN serum, or PBS, blood from the mice was collected

into heparin-containing microtubes. Samples with obvious -

hemolysis during blood collection were excluded in order to
avoid an artificial increase in the histamine concentration due
to platelet lysis. The plasma level of histamine was examined by
ELISA (Research Diagnostics, Flanders, NJ).

Statistical amalysis. The nonparametric Mann-
Whitney U test was used to calculate significance levels for all
measurements. P values less than 0.05 were considered signif-
icant.

RESULTS

Activation of iNKT cells by synthetic glycolipid
ligands suppresses K/BxN .serom transfer arthritis.
Through screening of a panel of analogs of a-GalCer for
the ability to suppress K/BxN serum transfer arthritis, we
found that (2S,3S,4R)-1-O-(a-D-galactopyranosyl)-N-
hexacosanoyl-2-amino-1,3,4-tricosanetriol, an «a-GalCer
analog with a 5-carbon longer sphingosine base com-
pared with o-GalCer (referred to as SGL-S23 [sup-
pressor glycolipid S23]) (Figure 1a) had a strong ability
to suppress arthritis. Administration of SGL-S23 al-
most completely inhibited the development of arthritis
(Figure 1b); a-GalCer also inhibited arthritis, but to a
lesser extent. Arthritis was not suppressed by

(25,35,4R)-1-0-(a-p-galactopyranosyl)-N-hexacosanoyl-

. 2-amino-1,3,4-pentacosanetriol or (2S,35,4R)-1-0-(a-D-
galactopyranosyl)-N-hexacosanoyl-2-amino-1,3,4-
heptacosanetriol, a@-GalCer analogs with a 7- or
9-carbon longer sphingosine base (referred to as S25 and
S27, respectively) (Figures 1a and b).

To examine the potential therapeutic effect of
SGL-$23 on established arthritis, we injected SGL-523
on day 3 after serum inmjection, when arthritis had
already developed (F1gure 1c). In contrast to findings in
vehicle-treated mice, in which the severity of arthritis
gradually increased, disease severity did not increase,
and even decreased, in SGL-S23-treated mice. These
results suggest that SGL-S23 has a therapeutic effect in
established arthritis.

: To confirm that SGL-S23-mediated suppression
of K/BxN serum transfer arthritis depends on iNKT
cells, we examined the ability of SGL-S23 to modulate

* P=0.023
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Figare 2. Histopathologic assessment of arthritic joints. 2, Quantifi-
cation of histopathologic findings in the joints of C57BL/6 mice, 10
days after K/BxN serum transfer. Mice were treated with 100 pg/kg of

- SGL-823

" SGL-823 or vehicle 3 times, starting on the day of serum transfer.

Values are the mean and SEM of 3 mice per group, from a single
experiment representative of 2 similar experiments. b and ¢, His-
topathologic findings in the joints of representative SGL-S23-treated
(b) and vehicle-treated (c) mice (hematozylin- and eosin stained;
original magnification X 40).

- disease in J,18-knockout mice, in which iNKT cells are

absent (28). Administration of SGL-S23 did not modu-
late the clinical course ‘of arthritis induced.-in these mice
by injection of K/BxN serum, compared with that in mice .
treated with vehicle alone (Figure 1d), confirming that
SGL-S23-mediated suppression of K/BxN serum trans-
fer arthritis requires iINKT cells.

In addition to visual scoring, we analyzed the
histologic features in the joints of all 4 paws in vehicle-
treated or SGL-S23-treated mice, on day 10 after dis-
ease induction. Quantification of the histologic severity
of arthritis is shown in Figure 2a, and typical histologic
features are demonstrated in Figures 2b and c. Arthritis
was not apparent in the joints of mice treated with
SGL-S23 (Figure 2b), in contrast to the severe arthritis
with massive cell infiltration, cartilage erosion, and bone
destruction seen in the joints' of animals treated W1th
vehicle (Figure 2c). :

Necessity of IFNy for SGL-S23-mediated sup-
pression of arthritis. To investigate the mechanism of
SGL-S23-mediated suppression of K/BxN serum trans-
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Table 1. Clinical a.rr.hntxs scores in mice-with K/BxN serum transfer
arthritis®

“Treatment Maximum score Day of onset

Control rat IgG/vehicle 126 £1.78 26024
Control rat IgG/SGL-S23 52 +124t 40+055
Axnti-IFNy mAb/vehicle 124 +121 - 24+ 024
Anti-IFNy mAb/SGL-823 11.6 + 1.69 22x02

Anti-IT 4 mAbfvehicle - 124 + 1.67 28+02

Anti-TT 4 mAb/SGL-S23 64 *+112f - 30x032
‘Anti-T1-10 mAb/vehicle 148 +1.15 28+025
Anti-TT-10 mAb/SGL-§23 6.0 =138% 32x0.66
Control mouse IgG/vehicle 120 % 1.78 1.6+=025
Control mouse IgG/SGL-523 6.8 = 0.971 3.6x051
Anti-TGFB mAb/vehicle - 134 £1.17 18*02

Anti-TGFB mAb/SGL~§23 6.2 = 0.92# 28 %073

* C57BL/6 mice were treated with 100 wg/kg of SGL-523 or vehicle,

. together with neutralizing monoclonal antibodies (mAb) 3 times,
starting on day 0. Values are the mean = SEM of 5 mice per group,
from a single experiment representative of 2 smilar experiments.
Anti-IFNy = anti-interferon-y.

+ P = 0.028 versus control rat IgG plus vehicle.

$ P = 0.027 versus anti-intedeukin-4 (anti-IL-4) mAb plus vehicle.
§ P = 0.0013 versus anti-IL-10 mAb plus vehicle.

1P = 0.022 versus control mouse IgG plus vehicle.

#P = 0.009 versus anﬁ-msfonnmg growth factor B (anti-TGFB)
mAb plus vehicle.-

fer arthritis, we examined the effect of nentralization of
cytokines that have been reported to be implicated in
. INKT cell-mediated suppression of experimental auto-
fmmune disease. Previous studies showed that Th2
cytolcmes such as IT4 and IT.-10 were involved in the
suppression of Thl-mediated autoimmune disease in
models such as collagen-induced arthritis (CIA), type 1
diabetes in NOD mice, and experimental autoimmune
encephalomyelitis (13-17). However, in mice with
K/BxN serum transfer arthritis, neutralization of L4 or
- IL-10 did not reverse the protective effect of SGL-S23
against arthritis (Table 1). TGFB has been reported to
be involved in the regulation of K/BzN serum transfer
arthritis by iNKT cells (27). However, as was found with
- IL-4 and IL-10, neutralization of TGFp did not alter the
disease course or the inhibitory effect of SGL-823 on
arthritis (Table 1). In contrast, neutralization of IFNvy
unexpectedly, almost completely abolished the inhibi-
tory effect of SGL-S23 (Figure 3a and Table 1).
Inhibition of K/BxN serum transfer arthritis by
systemic administration of IFN¥y. Since it had not
previously been reported that IFN+y suppresses
autoantibody-mediated inflammation, we next examined
whether administration of IFNy would ameliorate
K/BxN serum transfer arthritis. As shown in Figure 3b,
injection of IFNy reduced the clinical severity of arthri-
tis. Interestingly, there was a tendency for IFNvy admin-

istered at a relatively low dose (1 ng) to inhibit arthritis

KAIEDA ET AL

more effectively compa:ed w1th higher-dose IFNvy (5 ng
or 25 ng).

Biologic function of SGL-S23 in vitro and in vivo.
We next compared the ability of SGL-523 and a-GalCer
to stimulate NKT cells isolated from liver mononuclear
cells. As observed previously (21), a-GalCer at the
lowest dose induced a maximum proliferative response
(Figure 4a). In contrast, SGL-523 was able to induce
proliferation only when used at higher doses, and .its
efficacy was lower than that of a-GalCer (Figure 4a). In
addition, SGL-S23 at a dose of 90 ng/m! was able to
induce IFNy production (mean * SEM 213 + 1.40
ng/ml), even though its efficacy was much lower com-
pared with o-GalCer stimulation (830 = 72.7 pg/ml).
The response of liver-derived mononuclear cells to
SGL-S23 or to a-GalCer was completely abolished in
iNKT cell-deficient TCR J,18-knockout mice (data not
shown), indicating that the response to SGL-S23 is
mediated by INKT cells. S25 or S27 did not induce IFNy
production (data not shown). -

. Nezt we examined the response of INKT cells to
SGL-S23 in vivo. We injected SGL-823, S25, S27, or
a-GalCer into B6 mice and measured serum levels of
TFNv by ELISA. Consistent with data obtained in vitro,
SGL-S23 induced IFNy to a lesser extent compared with
induction by a-GalCer (Figure 4b). IFNy was not in-

- duced in vivo by either 525 or S27.

2  —o— vehicle +alFN b oBS
—— Vehicle +Rat I1gG -
= |FNw ing
. —o— SGL-S23 +alFN- 46r = IEN-y 5ng
*— SGL-S23 +Rat IgG - lFN-y 25ng

14
12
10

clinical scare
(-]
Clinlcal Score

o N HO

days days

Figure 3. Role of interferon-y (IFNv) in SGL-S23-mediated suppres-
sion of arthritis. a, Clinjcal score of K/BxN serum transfer arthritis in
C57BL/G (B6) mice treated with 100 pgkg of SGL-S23 or vehicle
together with anti-IFNy neutralizing monoclonal antibody (oIFNy) or
control rat IgG 3 times, starting on the day of K/BxN serum transfer
(day 0). b, Clinical score of K/BxN serum transfer arthritis in B6 mice
treated with phosphate buffered saline (PBS) or with TFN+y adminis-
tered subcutaneously every day starting on day 0. Values are the
mean = SEM of 5 mice per group, from a single experiment

‘representative of 2 similar expedments.
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Figure 4. Interferon-y (IFNy) production by invariant natural killer T (iNKT) cells stimulated with SGL-S23 in vitro and in
vivo. a, Effect of glycolipids on liver-derived NKT cells. NK1.1+,CD3+ cells were sorted from liver mononuclear cells and were
cultured with various concentrations of a-galactosyleeramide (e-GalCer) or SGL-523 in the presence of irradiated dendritic
cells. Proliferative responses were assessed based on *H-thymidine incorporation. b, Change in serum IFNy levels in C57BL/6
mice after injection of glycolipids. Serum levels of IFNy 6 hours and 24 hours after intravenous injection of glycolipids were
measured.by enzyme-linked immunosorbent assay. Vahies in a and b are the mean * SEM of 3 mice per group, from a single
experiment representative of 3 similar experiments. ¢, IFNY production by iNKT cells 2 hours after intraperitoneal imjection of
-GalCer or SGL-S23. Intracellular IFNv-containing cells among CD1d~Dimer X~positive, T cell receptor B (TCRS)—positive
INKT cells were quantified by flow cytometry. d, Results from double staiming of TCRB-positive cells with a-GalCer-loaded
CD1d and SGL-S23-loaded CD1d. Data in ¢ and d are from a single experiment representative of 3 similar experiments. SSC =

side scatter.

Production of IFNy by SGL-S23-activated iNKT
cells was further confirmed by intracellular staining of
IFN~ in INKT cells derived from liver mononuclear cells
‘after SGL-S23 injection. It has been shown that INKT
cells produce IFNy mainly at an early time point, such as
~1-2 hours after injection of glycolipid ligands, and
lower induction of IFNy by iNKT cells results in lower
levels of IFNy in serum, mainly medjated by other cells
- such as NK cells, at later time points, such as ~6-24
bours after ligand injection (23). Therefore, it seemed
“reasonable that lower initial IFNvy production by iNKT
cells would result in lower induction of IFNy at later
time points. We confirmed that SGL-S§23-reactive iNKT
cells could recognize a-GalCer as well as a-GalCer—
reactive iNKT cells, as shown in Figure 4d. This was
consistent with the finding that SGL-S23, a weak inducer
of IFN, was most effective in suppressing arthritis.

~ Inhibition of mast cell activation by administra-
tion of SGL-S23 or IFNy. A profound decrease of
cellular infiltration into the joints of SGL-S23~treated-
mice suggested that the mechanisms of SGL-S23-
mediated suppression of arthritis involve inhibition of
inflammation at.an early phase. We examined the ex-
pression of C5a receptor, lymphocyte function-
associated antigen 1 (LFA-1), and FcyRIII, which have
been previously reported to be necessary for the. devel-
opment of K/BxN serum transfer arthritis, on granulo-

" cytes and macrophages, critical components of this’
~model of arthritis (6,9,10,31). ‘The expression of C5a

receptor, LFA-1, and FcyRIII on these cells was not
reduced during the course of arthritis in SGL-S23-
treated mice compared with vehicle-treated mice (data
not shown). ‘ ,

Mast cells have been shown to be essential for the
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Figore 5. Effect of administration of SGL-S23 on mast cell activation induced by K/BxN serum injection. a (left panel), Plasma histamine
concentrations 5 mimutes after injection of K/BxN serum in CS7BL/6. (B6) mice pretreated for 3 days by subcutaneous injection of phosphate
buffered saline (PBS) or interferon-y (IFNv). BxN serum was injected as a control a (right panel), Plasma histamine concentrations § minutes after
mjection of K/BxN serum in B6 mice treated with SGL-S23 or vehicle. PBS was injected as a control. b (left panel), Plasma histamine concentrations
5 minutes after injection of K/BxN serum in B6 mice pretreated for 3 days by subcutaneous injection of IFN+.at the indicated concentrations. b (right
panel), Plasma histamine concentrations 5 minutes after injection of K/BxN serum in B6 mice pretreated with SGL-§23 or e-galactosylceramide
(«GC). ¢, Quantification of histopathologic assessment of mast cell activation 10 days after K/BxN serum transfer in SGL-S23-treated or
vehicle-treated mice. Consecutive tissue sections (shown in Figure 2) were stained with toluidine blue. Valites in a—c are the mean and SEM of 5
mice per group (a and b) or 3'mice per group (c), from a single experiment representative of 2 similar expenments d, Histopathologic features of
degranulated or intact mast cells in the joints of representative vehicle-treated and SGL-S23-treated mice. Solid arrows indicate degranulated mast
cells;-open arrows indicate intact mast cells (original magnification X 600).

development of arthritis in the K/BxN serum transfer
model (8). More recently, vascular leak following mast
cell activation induced by K/BxN serum transfer has
beéen shown to be critical for the initiation of arthritis
(32). To assess the effect of IFNy on mast.cell activation
by serum transfer, we first examined serum level of
histamines. B6 mice were treated with 1 ng of IFNy
subcutaneously for 3 consecutive days, and then injected
with K/BxN serum intravenously. Five minutes after
serum injection, blood was collected and assayed for
histamine concentration. As shown in Figure 5a, the

control serum. The elevation of the plasma histamine
level was inhibited by administration of IFNy but not by
vehicle administration.

We next examined the effect of SGL-823 on the
increase in plasma histamine levels induced by K/BxN
serum injection. B6 mice were pretreated with 100 ug/kg
of SGL-523, and K/BxN serum was injected 24 hours
later. Consistent with the result obtained with IFNy
treatment, administration of SGL-S23 also suppressed
the plasma level of histamine after transfer of K/BxN
serum (Figure 5a). To further investigate the hypothesis

plasma histamine concentration increased after treat-
ment with K/BxN serum compared with treatment with

that treatment with low-dose IFN+y contributes to the
suppression of arthritis, we next determined the differ-
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ence in histamine levels after administration of low-dose
versus high-dose IFNy. As shown in Figure 5b, lower-
dose IFNy was more effective in suppressing histamine
release. Furthermore, we examined whether SGL-S23 is
more effective in suppressing histamine release com-
pared with a-GalCer. As shown in Figure 5b, SGL-S23
suppressed histamine levels more effectively than did
a-GalCer after K/BxN serum injection. These results
indicate that low-dose IFN+y or SGL-S23 inhibits the
release of histamine after K/BxN serum injection, sug-
gesting that suppression of mast cell activation contrib-
utes to the inhibition of arthritis development. -

To further examine whether mast cells were
suppressed in SGL-S23-treated arthritic mice, we per-
formed histologic analysis to evaluate mast cell activa-
tion. Because degranulation is the clearest histologic
hallmark 6f mast cell activation, mast cells in the joint
sections were v1sua]1y assessed for intact versus degranu-
lating phenotype in tissues stained with toluidine blue.
The proportion of degranulated mast cells was signifi-

cantly lower in' SGL-S23-treated mice compared with '

vehicle-treated control mice. Taken together, these re-
sults indicate that mast cell activation is suppressed in
mice treated with SGL-S23.

DISCUSSION
We demonstrated in the present study that a

_newly synthesized glycolipid ligand for INKT cells, SGL-.

S23 (a sphingosine chain elongated analog of a-GalCer),

strongly suppressed K/BxN serum transfer arthritis by
inhibiting inflammatory cell infiltration and the resultant
destruction of cartilage and bone. SGL-S23-mediated

suppression of arthritis was dependent on IFNy. Con- - -
sistent with this, administration of IFNvy inhibited the.
development of arthritis. Administration of either SGL-

S23 or IFNy suppressed the K/BxN serum transfer—
induced histamine release from mast cells that is critical
for the initiation of arthritis.

It has been reported that iNKT cells are involved ‘

in the pathogenesis of K/BxN serum transfer arthritis
(26,27). Activation of iINKT cells by a-GalCer has been
previously shown to exacerbate K/BxN serum transfer
arthritis (27), which is inconsistent with our finding in
the present study that o-GalCer inhibited arthritis to
some extent. It is clear that newly synthesized SGL-S23
inhibited arthritis to a greater extent than did a-GalCer,
however, and the reason for the discrepancy between the
previous result and ours is not known.

JFNy has been shown to have biphasic functions

in several murine arthritis models, such as CIA,

adjuvant-induced arthritis, and group B streptococcal
arthritis (33-36). Administration of IFN+y exacerbated
arthritis and blocking of IFNv inhibited arthritis at an
early stage in these models; however, when IFNy was
administered at a later time point, arthritis was not
exacerbated, and was in fact suppressed. IFNy appears
to enhance the immune response in the early phase, and
to down-regulate arthritis in the later phase in these
models. Moreover, acceleration of CIA has been re-
ported in both IFNy-knockout and IFNy receptor-
knockout mice (37,38). K/BxN serum transfer arthritis is
considered to represent the inflammatory process of
arthritis; therefore, the suppression of disease by IFNy
observed in the present study is not inconsistent with
these previous findings. _

Although IFNv has been shown to have both an
enhancing and a suppressive effect on autoimmune
inflammation, the mechanisms that underlie the inhibj-
tion of inflammation are not clearly understood (39,40).

‘The suppressive effect of IFNy on osteoclastogenesis

has been implicated as one of the mechanisms of
inhibition of arthritis (41). Activation-induced cell death
of T cells has also been suggested to be involved in
IFNy-mediated suppression of inflammation (42,43).
More recently, IFNvy has been shown to suppress the
development of IL-17-producing T cells, which are

.cnncal for autoimmune inflammation (44—47).

However, it is unlikely that SGL-S23—mediated
suppression of K/BxN serum transfer arthritis. involves.
these mechanisms, because lymphocytes are not re-
quired for the development of arthritis in this model
Furthermore, the inhibition of arthritis by SGL-S823 is
accompanied by suppression of inflammatory cell infil-
tration into the joints prior to bome destruction by
osteoclasts. Therefore, our results suggest that IFNy-
regulated inflammatory cells are involved in innate
immune responses. IFNvy is well known as a stimulator
of monocyte/macrophages and granulocytes, which are
important for the development of K/BxN serum transfer
arthritis. In support of this, administration of SGL-523
did not induce any suppressive effect on these cells.
SGL-S23 did, however, reduce the release of histamine
induced by K/BxN serum transfer, suggesting suppres-
sion of the mast cell activation that is crucial for the
development of arthritis.

Interestingly, SGL-823 is less potent than
a-GalCer in stimulating iNKT cells and inducing IFNy
production, which is consistent with the finding that
IFNvy suppressed arthritis more effectively at a-lower -
dose than at a higher dose. Similarly, low-dose IFNy has
been demonstrated to prevent migration of T cells and B
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cells (48-50). IFN+y might suppress inflammation only if
administered at a very precise dosage level, and SGL-
$23 may thus have greater utility as an inhibitor of

inflammatory arthritis. High, nonphysiologic doses of

IFNvy may induce -negative feedback loops, thereby
limiting any potential protective effects.

We have previously shown that OCH, another
analog of a-GalCer with a truncated sphingosine chain,
preferentially induces Th2 cytokines (21-23). SGL-S23
administered in vivo induces more IFNy and less IL4
compared with OCH and possesses a stronger ability to
suppress inflammatory arthritis compared with

a-GalCer or OCH (Kaieda S, et al: unpublished obser-.

vations), indicating a unique property of this ligand.
SGL-~S23 may have clinical benefit over a-GalCer since
it induces a weaker cytokine response in iNKT cells,
thereby reducing potential side effects caused by exces-
sive cytokine release. In addition, because repeated
administration of SGL-S23 stimulates iNKT cells to a

lesser extent than does a-GalCer administration, recov- .

ery from nonresponsiveness may be more rapid with
SGL-S23 than with a-GalCer.

Manipulation of regulatory cells is a new strategy
for immunotherapy, and INKT cells would serve as one
of the most suitable cell types for in vivo stimulation, due
'to the availability of specific ligands. The lack of poly-
morphism in the antigen-presenting molecule further
indicates that the ligand has potential for widespread use

among individuals, unlike major histocompatibility

complex-restricted peptide antigens.
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Cutting Edge: Human Th17 Cells Are Identified as
Bearing CCR2¥CCR5~ Phenotype’

. . . . 2
Wakiro Sato, Toshimasa Aranami, and Takashi Yamamura®

Recent reports have shown that IL-17-producing CD4™ T
cells (Th17 cells) belong ro a distinct helper T cell lineage
and are critically involved in the pathogenesis of autoim-

mune diseases and allergies. However, the chemokine re-
ceptor profile of Th17 cells remains to be clarified. In this
study, we report that human Th17 cells are identified as
CCR2*CCR5~ mermory CD4*Y T cells. Analysis of
PBMC from healtly donors showed that CCR2™ cells pro-

duce much larger amounts of IL-17 than CCR2™ cells,

indicating the preferential expression of CCR2 on Thl7
cells. Notably, CCR2* CCR5™ memory CD4" T cells
produced a large amount of IL-17 and little IFN-vy,

whereas CCR2T CCR5™ cells reciprocally produced an

enormous amount of IEN-y but lirtle IL-17. Moreover, a
higher expression of T-bet was seen in the CCR5™ memory
T cells. These results indicate that absence of CCRS dis-
tinguishes human Th17 cells from Thl cells. The Jour-
nal of Immunology, 2007, 178: 7525-7529.

D47 Th cells are essential regulators of adaptive im-

mune responses. Th cells have been classified as either

Thl or Th2 according to the cytokine production pro-
file and functional properties. However. recent studies have
demonstrared that IL-17-producing T cells, rather than Th1
cells, play a pivoral role in the pathogenesis of autoimmune
disease models, including experimenrtal autoimmune en-
cephalomyelitis (EAE)? (1-4). IL-17 is a cytokine mainly
produced by activated memory T cells and could recruir and
expand neutrophils through induction of various chemo-
kines and GM-CSF (5-7).

Numerous studies have provided evidence thar IL-17-pro-
ducing T cells belong to a distinct lineage of Th cells whose
development is severely hampered in I1-23 knockour but notin
IL-12 knockour mice (8. 9). Although TL-23 was initally
thoughr to induce differentiation of the IL-17-producing cells,
it now seems that IL-23 is nor involved in differentation bur

propagation of Th17 cells (10). In fact. recent studies have
shown thar a combination of TGF-B1 plus IL-6 promotes the
differentiation of Th17 cellsin vitro (11-13). Differentation of
Th17 cells is prohibired by IFN-y or IL-4 (11-13). further sup-
porting the concept that Th17 cells comprise a distinct popu-
lation cross-regulated by Th1 or Th2 cells. Notably. the inde-
pendent nature of Th17 cells has been further highlighted by
the recenr discovery that the transcription factor RORyt is crit-
ically involved in the development of Th17 cells (14).

During the critical process whereby naive CD4” T cells dif-
ferentiate, they acquire reciprocal sets of chemokine receprors
(15). which would endow them a unique characrer of homing
or migration to corresponding ligand chemokines. Namely,
Th cells preferentially express CCR5 and CXCR3 and migrate
to inflammatory milieu expressing the corresponding ligand
chemokines, whereas Th2 cells express CCR4. CCR8. and
CRTh2 indicative of a distinctive homing property (16-19). It
is conceivable that Th17 cells may also possess unique chemo-
tactic and migratory property. However, chemokine receptor
expression by Th17 cells has not been characrerized ver. ar least
1o our knowledge.

In this study, we artempred to identify chemokine receptor
expression by human Th17 cells by examining cytokine pro-
duction profiles of T cell subpopulation-bearing chemokine re-
cepror(s) of interest (16, 20). We started by comparing CCR2”™
and CCR2™ memory CD4" T cells, because CCR2 and its li-
gand CCL2 were shown to be essential for development of EAE
(21,22). We found that only the CCR2™* subpopulation would
produce IL-17. Further analysis has demonstrated that CCR5 ™
cells among the CCR27CD4 ™" memorv T cells produce IL-17.
whereas 2 CCR5™ subpopulation produces IFN-v. Thus, hu-
man Th]7 cells are identified as uniquely bearing the

CCR27CCR5™ phenotype.
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Materials and Methods

Reagenzs

And-CCR2-biorin mAb, anti-CCR3-FITC mAb, and goar anti-IL-23R poly-
clonal Abs were purchased from R&D Systems. Strepravidin-PE, anti-CD4-
PC5 mAb, and anti-CD45RA-energy~coupled dye (ECD} mAb were obrained
from Beckman Coulrer, ant-CCR5-allophycocyanin mAb from BD Pharmin-
gen, and donkey anti-goar IgG-FITC from Jackson ImmunoResearch Labora-
tories. Anti-T-ber mAb and isorype control Ab (mouse 1gG1la) purchased from
Santa Cruz Biotechnology were used for intracellular staining, RPMJ 1640 me-
divim (Invitrogen Life Technologies) was supplemented with 0.05 mM 2-ME,
2 mM L-gluramine, 100 U/m} penicillin/strepromycin, and 10% FBS.

Cell preparation

Peripheral blood was obtained from healthy human volunteers (24 -42 years of
age) from whom informed consent was obrained. The Ethics Commirtee of the
Narional Center of Neurology and Psychiatry approved the srudy. PBMC were
freshly isolared by densiry gradient centrifugarion using Ficoll-Paque Plus (Am-
ersham Biosciences). To purify whole T cells or memory CD4™ T cells trom
PBMC, we used a Pan T cell isolation kit IT or Memory CD4 ™ T cell isolation
kit (Miltenyi Biorec), respectively. Briefly, PBMC were labeled with a mixture
of biotin-conjugated mAbs directed against either non-T or non-memory
CD4™ T cells and then reacted with magneric microbead-conjugared anti-
biotin mAbs. The magnetically labeled non-T or non-memory CD4™ T cells
were depleted with autoMACS (Miltenyi Biotec), which yielded >93% puriry
of whole T cells or memory CD4™ T cells as assessed by flow cytomerry for the
propordon of CD3 7 cells or CD4” CD45RA™ cells.

To further separate the purified cells according to CCR2 or CCR5 expres-
sion, they were labeled with anti-CCR2-biortin, strepravidin-PE, and anti-PE
microbeads (Miltenyi Biotec) or anti-CCR3-FITC and anti-FITC microbeads
(Milrenyi Biorec). The magnerically labeled cells were separated into positive
(CCR2™ and CCR57) and negative (CCR2™ and CCR57) fractions with au-
tWoMACS (>99% purity of CCR2 “or CCR5™ cells and >90% purity of
CCR2™ or CCR5™ cells). To obrain CCR2"CCR5™ and CCR27CCR5™
memory CD4™T cells, CCR2™ memory CD4 ™ T cells were labeled with anti-
CCR5-allophycocyanin and separated into CCR2™CCR5™ (>80% puriry)
and CCR2™CCR5 ™ cells (>95% puriry} by flow cytomeric cell sorrer Epics
Altra (Beckman Coulter).

Cell culrure and cyrokine measuremenr by ELISA

Purified T cell populations were resuspended ar 5 X 10*/ml and stimulared
with PMA (50 ng/ml) and ionomycin {1 pg/ml} in 96-well U-borrom plates for
24 h. The concentrations of IFN-y and IL-17 in the supernatants were mea-
sured by using a Human IFN-y ELISA Ser (BD Pharmingen)} and a Human
IL-17 DuoSer (R&D Systems).

Flow cyromerric analysis of chemokine receprors

To evaluare the expression of chemokine receprors, purified memory CD4™ T
cells were swined with and-CD4-PC5, anti-CD45RA-ECD,  anti-
CCRS-FITC and PE-conjugated mAbs against anti-CCR2-biotin were ana-
lyzed with Epics flow cytometry (Beckman Coulter). To examine the expression
of IL-23R, memory CD4 ™ T cells were stained with goar anti-IL-23R and and-
goar-IgG-FITC and were analyzed with a FACSCalibur (BD Pharmingen).

Intvacellular staining of T-ber

Purified memory CD4™ T cells were first stained with biotin-conjugated anti-
CCR2, strepravidin-PE, and allophycocyanin-CCRS3, then fixed in PBS con-
taining 2% paraformaldehyde and permeabilized wirh 0.1% saponin solution.
Subsequently, the cells were stained with FITC-anu-T-bet. Mouse JgGla was
used as an isorype control.

Statistics

An unpaired Student’s 7 rest or one-way ANOVA was used for statistical anal-
ysis. We considered p < 0.01 as significant.

Results and Discussion
Both Th17 cells and Thl cells are enviched in CCR2™CD4~ memory T
cells

Previous reports on the CCR2 requirement for development of
EAE (21. 22) prompted us to compare the cytokine-producing
abiliry of CCR2™ and CCR2 " cells isolated from whole T cells.
The results showed that CCR2 ™ cells produced a larger amount
of IFN-y and IL-17 as compared with CCR2" cells, whereas

CUTTING EDGE: Th17 CELLS EXPRESS CCR2 BUT NOT CCRS

unseparated whole T cells showed intermediare values (Fig. 14.
upper panels). This indicates that CCR2™ cells contain the vast
majority of Thl and Th17 cells. We next separated the whole T
cellsinto CCR5 ™ and CCR5 ™ populations to compare the cy-
tokine profile. Although CCR5” cells produced a larger
amount of IFN-7y as compared -with CCR5™ or the whole T
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FIGURE 1. Thl7 cells are enriched in CCR27CD4 " CD45RA™ cells. A,
IL-17-producing cells are selectively enriched in the CCR2”, but nor in a
CCRS™ population. From PBMC of healthy donors, whole T cells were puri-
fied magnetically by negarive selection using a Pan T cell isolation kir I with
autoMACS. The puriry of the cells was generally >98%, as determined by
FACS analysis. Purified CCR2™ and CCR2™ T cells (or CCR5™ and CCR5™
T cells) were stimulated with PMA and ionomyecin for 24 h before the super-
natants were collected. The IFN-+v and IL-17 protein in each supernatant was
measured using ELISA. Results are expressed as mean = SD of a represenrative
of five independenr experiments. B, Chemokine recepror (CCR2 or CCR5)
expressing T cells are largely confined 1o CD45RA™ memory T cells. PBMC
from healthy subjects were stained with anti-CCR2 (PE), anti-CCR5 (FITC),
anti-CD4 (PC5), and anti-CD45RA (ECD) and analyzed after being gated for
CDA4. Shown is a representative of five individual data sets. C, Th17 cells are
enriched in CCR2*CD4 " CD45RA™ cells. Memory CD4™ T cells were pu-
tified by a memory CD4™ T cell isolation kir with autoMACS. CCR2™ and
CCR27 T cells were further isolated by anti-CCR2-biotin, streptavidin-PE,
anti-PE microbeads, and autoMACS. Purified cells were stimulated with PMA.
and ionomycin for 24 h before collecting supernarants. Results are expressed as
mean £ SD of a representative of five independent experiments. *, p << 0.01.
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cells (Fig. 14, lower panels). production of IL-17 did not in-
crease after enrichment for CCRS ™ cells. These results suggest
that Th17 cells may be selectively enriched in CCR2™, bur not
in CCR5™ populations. However, because the CCR2™ T cell
preparation also contains CD8™ T cells and y8T cells, capable
of producing IL-17 (23-25). it remained possible rthar the ma-
jor source of IL-17 could be CD8™ T or ¥dT cells. Therefore,
we next needed to assess the production of IFN-vy and IL-17
from purified CD4~ T cells. Preparatory experiments showed
that CCR2™ or CCR57CD4” populations are mainly con-
fined ro the CD45RA™ memory T cell population (Fig. 13).
Consequently, we decided 1o use memory CD4™ T cells that
could be obrained after deleting CD8 ™, 8. and naive CD4™ T
cells for further analysis. Analysis of the purified memory
CD4™ T cells has also demonstrated thar the CCR2™ popula-
tion produced a significantly larger amount of both IFN-v and
[L-17 compared ro the CCR2™ popularion. with the values of
unseparated cells being intermediare (Fig. 1C). These results
strongly indicate that Th17 cells as well as Thi cells are en-
riched in CCR27CD4~ memory T cells. However. since Thl
and Th17 cells are thoughr to belong to distinct T cell lineages.
we speculared thar they might be further divided inro two sub-
populations based on expression of chemokine receprors.

CCR2™ CCR5™ memory CD{{A T cells predominantly produce IL-17
bur nor IFN-y

Simulraneous staining of CCR2 and CCR5 showed thar the
CCR2" memory T cell population could be divided into
CCR5™. (CCR2 single positive (SP)) and CCR5™ (CCR2
and CCR5 double positive (DP)) subpopulations (Fig. 2)..
Since CCR3 is reported to be expressed predominantly on Th1
cells (16~18), we hypothesized that SP and DP cells mighr cor-
respond to Th17 and Th1 cells, respectively. To correlate cyto-
kine production profile and chemokine recepror expression in
T cell populations, we first thought of staining total unsepa-
rated T cells to detect intracellular cytokines as well as surface
CCR; however. the cell activation process required for intracel-
lular cyrokine staining was found to down-regulare CCR2 and
CCRS5 significantly (dara not shown), as reported previously
(26). To accurately correlare the expression of CCR2 or CCR5

FIGURE 2. CCR2" memory CD4™ T cells consist of CCR5 ™ and CCRS~
subsers. Purified memory CD4™ T cells were snained with anti-CCR2-biotin
and strepravidin-PE aswell as anti-CCR5-FITC. The separarion of positive and
negative populations was determined by histogram’ plots.
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with the cytokine profile ex vivo. we decided to first isolate SP
and DP cells from memory CCR2™ T cells by using a flow cy-
tometric cell sorter and stimulate them with PMA and ionomy-
cin. We then measured IFN-y and IL-17 in the supernatant
(Fig. 34). Remarkably, the sorted T cell subpopulations exhib-
ited different cytokine production patterns: SP cells produced a
large amount of IL-17 and a small amount of IFN-v, whereas
DD cells produced a small amount of [L-17 and a large amount
of IFN-vy (Fig. 3B). These results suggest that Th17 cells are
largely confined to SP cells, whereas DP cells conrain a majority

of Thi cells.

T-bet and IL-23R expression in memory CD4™ T cells

Finally, we assessed whether SP and DP cells are distinctive in
expression of transcription factor T-bet and IL-23R. T-beris an
essential transcription factor for Thl differentiation (27).
whereas it was reported to be redundant for Th17 cells (3, 8, 9.
11, 14). IL-23 has been shown to play a'pivotal role in the sur-
vival and expansion of Th17 cells (2. 10). Magnetically purified
memory CD4™ T cells were first stained with biotin-conju-
gated CCR2, strepravidin-PE, and allophycocyanin-CCR5,
and then were intracellularly stained with FITC-ant-T-ber or
were stained with goat anti-IL-23R Ab and anti-goar IgG-
FITC. We compared T-bet expression in SP vs DP cells by eval-
uating the mean fluorescence intensity (MFI) (Fig. 4. 4 and B).
T-ber was significantly expressed by SP as well as
CCR27CCR35" double-negative (DN} cells. bur its expression
was much higher in DP cells and CCR27CCR5 ™ cells. suggest-
ing that Th1 cells may be confined to CCR5™ populations. On
the other hand. the frequency of IL-23R™ cells was highest in
the SP fraction. compared with the others (Fig. 4, C and D).
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FIGURE 3. CCR2*CCR5™ (SP) and CCR2*CCRS™ (DP) cells corre-
spond to Th17 and Th1 cells, respecrively. SP and DP subsets were sorred from
memory CD4™ T cells by flow cytomerry and stimulared with PMA/ionomy-
cin. A, A representative of five individual dara sets showing the puriry of the
sorted cells. B, SP and DP cells were stimulated wich PMA/ionomycin for 24 h.
Then the amounts of IFN-yand IL-17 in the supernatant were measured using
ELISA. Results are expressed as mean % SD of a representative of five indepen-
denr experiments. *, p < 0.01
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FIGURE 4. T-bertexpression of memory CD4™ T cells. A, Histogram plots
of T-ber expression within memory CD4~ T cells. SP, DP, DN
(CCR27CCR57},and CCR2™CCR5™ T cells were stained with anti-T-bet or
isorvpe control Ab. Shown is a represenrative of five individual dara sets. B, The
MFI of each histogram plot. Data for the MFI of T-bet expression subrtracred by
thar of contro] Ab are calculared and shown as bar graphs with error bars show-
ing the 8D of four individual dara sets. C, Histogram plots of IL-23R expression
within memory CD4™ T cells. The cells were stained with goar anti-IL-23R
polyclonal Ab and anti-goar-FITC Ab. A representarive of seven individual dara
sets is shown. *, p < 0.01. D, The frequency of IL-23R-posirive cells of each
histogram plor. Data are shown as bar graphs with error bars showing the 5D of
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Given the distinguished ability to produce IL-17 as well as
higher TL-23R and lower T-bet expression. we propose that

Th17 cells are confined to SP cells, whereas Th1 cells are either |

DP or CCR2™CCRS5 ™. It has recently been reported thar T-ber
directly regulates the rranscription of IL-23R in mice (28). Itis
possible that weak expression of IL-23R by non-Th17 cells
(DP, DN. and CCR2™CCR5™) may result from baseline acri-
vation of T-bet.

CUTTING EDGE: Th17 CELLS EXPRESS CCR2 BUT NOT CCR53

Additional remarks

Using freshly isolared healthy human lymphocytes, we showed
here thar CCR2*CCR5™ memory T celis would produce a
large amount of IL-17 but not IFN-v, whereas CCR2 ™ mem-
ory T cells produced IFN-v, bur not IL-17. Although we pre-
sented the dara obtained after simulation with PMA/ionomy-
cin, polyclonal stimulation by anti-CD3/CD28 also gave
similar results (data not shown). Moreover, when we stimulared
CCR27CD4”™ memory T cells by IFN-y, [L-4, IL-2. or IL-23
in addition to PMA/ionomycin, IL-17 production was not
changed (data not shown).

The frequency of Th17 cells among this subser is an impor-
rant issue to be investigated. By using the ELISPOT assay, we
found that ~200 spots of IL-17-producing cells could be de-
tected among 1 X 10° memory CCR27CD4" T cells
(~0.2%), whereas the numbers of IFN-y-producing cells were
about 5-fold higher (~1.0%). Although this needs to be sys-
tematically verified. the lower frequency of IL-17-producing
cells is consistent with the lower value of IL-17 than IFN-vy in
supernarants detected by ELISA.

The unique chemokine receptor expression pattern of Th17
cells provides a basis for their recruitment to specialized inflam-
matory conditions in vivo, which should be relevant for under-
standing the pathogenesis of autoimmune diseases.
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