cell death (5). Four splice vartants that differ in GITR in-
tracellular domain have been idendfied. These cytoplasmic
distinctions may generate different signaling events, and
one of them may encode a decoy receptor (6). Mouse mac-
rophages express constitutive levels of GITR-GITR ligand
(GITRL) and stimulation with soluble GITR (sGITR)
leads to an increased production of nitric oxide (7},
COX-2 (8), and MMP-9 (9). Macrophage stimulation with
sGITR signals through the Rel-NFkB pathway, but it re-
mains to be determined if sGITR. is an agonist or antago-
nist of GITR signaling (10). In vitro studies using murine
GITRL protein and GITRL transfectants demonstrate that
GITR. signaling can enhance or inhibit the proliferation of
Ag-stimulated T helper 1, T helper 2, and naive CD4+* T
cells from TCR. transgenic mice depending on the concen-
tration of the cognate peptide, thus suggesting that GITR
can function as a costimulatory receptor for TCR activa-
tion (11). Mice deficient for GITR have normal lymphoid
and T cell development (12). However, experiments with
GITR ™ T cells showed hyperproliferation to TCR stim-
ulation, increased [L-2 production, increased [L-2 receptor
@ chain (CD25) expression, and increased susceptibility to
activaton-induced cell death (AICD) (12). The human
GITRL has been detected in several tissues including
ovary, testis, kidney, pancreas, PBLs, lymph nodes, and hu-
man umbilical vein endothelial cells (3, 4}. Mouse GITRL
expression has been demonstrated in macrophages, B cells,
and both immature and mature dendritic cells (11, 13, 14).
Stimulation with mitogens or LPS results in a temporary
increase in the expression levels of GITRL, which is regu-
lated by the transcription factor NF-1(11}.

Mouse models for autoimmune disease suggest that
GITR activation may break seif-tolerance and induce au-
toimmunity presumably by inhibition of immunoregula-
tory T cell suppression {15, 16). In vivo administration
of the agonist anti-GITR. Ab, DTA-1, does not deplete
GITR -expressing cells (15), but the mechanism by which
immunoregulatory T cells are inhibited by GITR activa-
tion or the effect of GITR stimulation on other cell types
such as B cells has not been defined. Apart from in vitro
studies suggesting a costimulatory role for GITR in CD4*
T cell activation (11, 15, 17, 18), the function of GITR. on
CD4*CD25™ and especially CD8*CD25" remains largely
unknown. Because GITR. expression is up-regulated upon
stimulation of T cells, we were interested in studying
GITR. expression and activation of alloreactive CD4"
-CD25" and CD8*CD25~ T cells and its effects on the de-
velopment of GVHD.

Materials and Methods

Reagents and Antibodies. The DTA-1 hybridoma was gener-
ated as described previously (15), and rat IgG control Ab was
obtained from Anogen. Antimurine CD16/CD32 FcR block
(2.4G2), TNFR1 (35R-593), TNF (MP6-XT3), and all of the
following fluorochrome labeled and purified antibodies against
murine Ag were obtained from BD Biosciences: CD4 (RM4-5),
CD8 (53-6.7), CD62L (MEL-14), CD122 (TM-B1), CD44

(IM7), CD435R/B220 (RA3-6B2), Gr-1 (RB6-8C3), CD25
(PC61), CD69 {H1.2E3), H-2Kb {AF6-88.5), Ly 9.1 (30C7), Fas
(J0O2), FasL (MFL3), isotype controls; rat IgG2a-x (R35-95), rat
IgG2a-A (B39-4), rat IgG2b (A95-1), hamster IgG group 1 liter
(Ha4/8}, streptavidin-FITC, -PE, and -PCP. Biotinylated anti-
murine GITR (BAF524) was obtained from R&D Systems. Car-
boxyfluorescein succinimidyl ester (CFSE) was obtained from
Molecular Probes.

Int Vitro Assays.  Tissue culture medium consisted of RPMI
1640 or DMEM supplemented with 10% heat inactivated FBS,
100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine,
and 50 pM of 2-mercaptoethanol (2-ME), For Ab stimulation, 1
pg/ml anti-CD3 and anti-CD28 was used. For proliferation assays,
10 pg/ml DTA-1 or rat IgG control Ab was used. T cells were pu-
rified, and 10° cells/well were incubated for 6 d with irradiated
{2,000 cGy) splenocytes as stimulators (2 X 10° cells/well) in 96-
well plates. Cultures were pulsed during the final 18 h with 1 pCi/
well thymidine and harvested with Topcount Harvester (19). Cell
proliferation was determined as counts per minute.

BMT and T Cell Purification.  Female C57BL/6 (H-2Y),
BALB/c (H-2Y, B10.BR (H-2%), CBA/J(H-25), lpr (B6.MRL-
Fas'*), and C57BL/6 (Ly5.1%) were obtained from The Jackson
Laboratory. GITR ™~ mice (C57BL/6 X 123/Sv]) were gener-
ated at Memorial Sloan-Kettering (12). All mice were used be-
tween 8~10 wk of age. BM cells were removed aseptically from
femurs and tibias and depleted of T cells by incubatien with anti—
Thy-1.2 for 30 min at 4°C followed by incubarion with Low-
TOX-M rabbit cornplement (Cedarlane Laboratories) for 40 min
at 37°C. Cells (5 X 10% BM cells without splenic T cells) were
resuspended in DMEM (Life Technologies) and transplanted by
tail vein infusion {0.25 ml total volume) into lethally irradiated
recipients on day 0. On day 0, before transplantation, recipients
received 900 cGy (BALB/¢) or 1300 cGy (CBA/]) total body ir-
radiation {1¥7Cs source) as a split dose with a 3-h interval between
doses {to reduce gastrointestinal toxicity). T cells were obtained
from spleens, purified over 2 nylon wool column, or positively
selected with anti-CD5 magnetic beads. CD4+YCD25~ and
CD8*CD25™ T cells were purified with magnetic beads (~90%
purity; Miltenyi Biotec) or sorted with Moflow (~98-99%
purity; DakoCytomation). Experiments were performed with
sored fractions and confirmed with bead-purified T cells. In
brief, CD25~ T cells were obtained by negative selection of sple-
nocytes treated with anti-CD25 PE-conjugated Ab and anti-PE
microbeads, CD4% and CD8* fractions were separated by posi-
tive selection for anti-CD4 or anti-CD8 antibodies conjugated to
microbeads. Mice were housed in sterilized micro-isolator cages
and received normal chow and autoclaved hyperchlorinated
drinking water {pH 3.0). All experiments were performed in ac-
cordance with our institutional guidelines.

Assessment of GVHD.  The severity of GVHD was assessed
with a clinical GVHD scoring system as described previously
(20). In brief, mice were individually scored every week for five
clinical parameters on a scale from zeto to two: weight loss, pos-
ture, activity, fur, and skin. A clinical GVHD index was gener-
ated by summation of the five criteria scores (0—10). Survival was
monitored daily. Animals with scores >5 were considered mori-
bund and were killed. GVHD organ pathology for bowel (termi-
nal leumn and ascending colon) and liver was assessed in a blinded
fashion on formalin-preserved, paraffin-embedded, hematoxylin
and eosin—stained histopathology sections with a semi-quantita-
tive scoring system. In brief, bowel and liver were scored for 18—
22 parameters associated with GVHD as described previously
(21, 22).
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CFSE Labeling.  Cells were labeled with CFSE as described
previously (23). In bref, T cells were incubated with CFSE ac a
final concentration of 2.5 pM in PBS at 37°C for 20 min. Cells
were washed three tmes with PBS before i.v, injection.

Flow Cytometric Analysis. T cells were washed in FACS®
buffer (PBS with 2% FBS and 0.1% sodium azide) and incubated
for 15 min at 4°C with anti-CID16/CD32 FcR block. Subse-
quently, cells were incubated for 30 min at 4°C with antibodies
and washed twice with FACS® buffer. Stained cells were resus-
pended in FACS® buffer and analyzed on a FACSCalibur™ flow
cytometer {Becton Dickinson} with CELLQuest™ or Flowjo
software (Treestar). For annexin V analysis, after cell surface
staining, the stained cells were resuspended in 100 pl annexin V
binding buffer and 5 pl annexin V Ab. After a 20-min incubation
at room temperature in the dark, an additional 300 pl annexin V
binding buffer was added, and the cells were analyzed.

ELISA.  MLR supernatant [L-2 and IFNvy levels were per-
formed according to the manufacturer’s instructions with Quan-
tikine M kits from R&D Systems.

DTA-1 Administration.  For GVHD studies, DTA-1 and rat
isotype control was administered by i.p, at days —1, 6, and 13 (1
mg/day). For adoptive transfer experiments with CFSE-labeled T
cells, the antibodies were administered at day —1 (1 mg i.p.).

Online Supplemental Material.  The opposite effects of GITR
stimulation on CD4*CD25~ and CD8*CD25~ T cells remain
even at different concentrations of DTA-1 Ab and are inde~
pendent from the TNF-TNFR. pathway. Supernatants from
CD4*CD25™ T cells activated in the presence of GITR. stimula-
tion have decreased levels of IL-2 and IFN+. Online supplemen-
tal material is available at heep://www jem.org/cgi/content/full/
jem.20040116/DC1.

Results

Alloreactive CD4* and CD8* T Cells Up-regulate GITR.
To assess whether activation of CD4" and CD8* T cells
results in up-regulation of GITR expression, we analyzed
GITR cell surface expression on activated (in vitro stimula-
tton with anti-CD3 and anti-CD28 antibodies) and allo-
reactive (in vivo alloactivation after transfer into an allo-
geneic recipient) CD4* and CD8* T cells. In vitro
stimulation with plate-bound anti-CD3/and-CD28 anu-
bodies of CD4*CD25™ and CD8*CD25 T cells enhanced
the expression of cell surfaice GITR,, whereas freshly iso-
lated immunoregulatory T cells had constitutive high levels
of GITR. (unpublished data). We used an MHC class [/1I
disparate model (C57BL/6—BALB/c) to analyze the ex-
pression of GITR. on alloreactive T cells in vivo in two
ways. First, we infused CFSE-labeled donor CD3* T cells
into sublethally irradiated allogeneic and syngeneic recipi-
ents and recovered the cells from the spleen 3 d after infu-
sion (Fig. 1 A). CFSE-labeled donor T cells from syngeneic
recipients expressed low levels of cell surface GITR, in con-
trast with fast-dividing donor alloreactive T cells recovered
from allogeneic recipients that had an activated phenotype
(CD25* and CD44*) and increased levels of GITR. on
their surface., Second, we infused T cell-depleted (TCD)
allo-BM (C57BL/6 TCD-BM)} and allogeneic T cells
(C57BL/6) into lethally irradiated recipients (BALB/c},
and after 9 d, determined the GITR expression on donor T
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Figure 1. Alloactivation induces up-regulation of cell surface GITR on
T cells. (A) Sublethally irradiated (750 ¢Gy} syngeneic hosts (C57BL/6
Ly5.1) and allogeneic hosts (BALB/c) were infused with CFSE-labeled
donor T cells (C57BL/6). GITR, CD25, and CD44 expression of these
donor T cells was determined 3 d after infusion. (B) 9 d after BMT,
GITR. and CD25 expression was determined on splenic T cells from
BALB/c recipients of C57BL/6 TCD-BM (5 X 109 and T cells {0.5 X 10%,
which were developing GVHD (red histogram). Blue histograms repre-
sent untransplanted controls (light blue, C57BL/6; dark blue, BALB/c).

cells from the spleens of these recipients (Fig. 1 B). We
found that these (alloreactive) donotr T cells indeed had an
activated phenotype {CD25%, CD44*, and CD62L"; un-
published data), and as expected, both CD4* and CD8*
donor T cells had increased GITR expression. Therefore,
we conclude that alloreactive CD4* and CD8* T cells up-
regulate their GITR. expression.

Paradoxical Effect of GITR on CD47CD25~ and CD8*
CD25~ T Cells. We studied the effects of GITR
stimulation on alloreactive T cells using an anti-GITR. ago-
nist mAb {DTA-1) for in vitro and in vivo experiments. To
exclude the previously described effects of GITR on im-
munoregulatory T cells (15), we used purified C57BL/6
CD4*CD25 and CD8*CD25" T cells as effectors in
MLR experiments with MHC class I/1[ disparate irradiated
stimulators (BALB/c; Fig. 2 A). Addition of DTA-1 to the
MLR resulted in an ~2-fold decrease in proliferation of
CD4+*CD25™ T cells, whereas CD8*CD25~ T cell prolif-
eration increased by ~3.5-fold when compared with addi-
tion of control Ab (Fig. 2 A, top). To eliminate potentially
confounding variables associated with GITR expression
on immunoregulatory T cells, B cells, and macrophages
present in the splenocyte population used as stimulators,
splenocytes isolated from GITR*~ and GITR™/~ mice
were tested as stimulators. Because these mice are on a
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Figure 2. GITR stimulation induces paradoxical responses in CD4*
CD25" and CD8YCD25" T cells in vitro and in vivo. (A} An anti-GITR
agonist Ab (DTA-1; 10 pg/ml) was added to MLRs of purified
CD4*CD25" and CD8*CD25" splenic T cells as effectar cells (10°) with
itradiated splenocytes as stimulators (2 X 10%), (Wild-type stimulacors)
C57BL/6 effectors and BALB/c stimulators. (GITR*" and GITR ™/~
stimulators) BALB/c effectors and GITRY™ or GITR™" stimulators
(C57BL/6 X 129/Sv]), —Stim, without stimulators, +Stim, with stimu-
lators. *, P < 0.001. (B) Proliferative profile of recovered CFSE-labeled
CD4*CD25" and CD8*CD25™ T cells from sublethally irradiated hosts
weated with 10 pg/ml DTA-1 or rat IgG control. These data are repre-
sentative of three independent experiments. (top left} Percentage of alloreac-
tive fast-proliferating donor T cells. (center) Percentage of slow proliferating
donor T cells. (top right) Nondividing donor T cells.

mixed H2° background (C57BL/6 X 129/Sv]), we used
purified CD4*CD25~ and CD8*CD25" T cells from
BALB/¢ mice as effectors (Fig. 2 A, bottom). Again, CD4*
CD25- T cells showed decreased proliferation, whereas
CD8*CD25~ T cell proliferation was enhanced by the
addition of the DTA-1 Ab. Because this effect was
observed using GITR ™~ stimulators, we conclude that
GITR. stimulation via DTA-1 is independent of GITR ex-
pression on the simulator population (including immuno-
regulatory T cells) and has a direct effect on CD47CD25~
and CD8*CD25" effector T cells. Also, this effect was not
strain specific because results generated from T cells derived
from C57BL/6 and BALB/c were consistent.

Qur experiments clearly show inhibition of CD4*
CD25™ proliferation upon GITR. stimulation, whereas
other groups show enhancement of CD4*CD25~ T
cell proliferation. Shimizu et al. (15) demonstrated that
CD4+CD25~ T cells from CD28~/~ were able to prolifer-

ate when stimulated via GITR. Tone et al. (11} showed
that stimulation of GITR using a recombinant mouse
GITRL could increase the proliferation of a Th2 clone
through a wide range of cognate peptide concentration and
a Th1 clone only at low peptide concentrations. Therefore,
we analyzed whether the difference in proliferation of the
alloreactive T cells could depend on the amount of anti-
GITR agonist Ab present in the MLR. Because the Ag
concentration is fixed {(allorecognition}, we titrated the
anti-GITR Ab concentration over a 4-log range (Fig.
$1, available at http://www jem.org/cgi/ content/full/jem.
20040116/DC1). Addition of different concentrations
spanning from 0.01 to 10 pg/ml of the GITR-stimulating
Ab (DTA-1) to an MLR resulted again in decreased prolif-
eration of CD4*CD25- T cells and increased CD8*
CD25" T cell proliferation.

Our data would suggest that CD4*CD25- T cells from
GITR ™~ mice would show increased proliferation,
whereas CD8*CD25 T cells from GITR™/~ mice would
have impaired proliferative capacity. Ronchetti et al.
(17) have shown that, indeed, upon anti-CD3 stimulation,
CD4* but not the CD8* GITR ™/~ subpopulation had a
higher proliferation rate than the CD4* GITR** subpop-
uvlation, Because T cell responses to Ab stimulation may be
irrelevant to our model of allo-BMT, we tested the prolif-
erative capacity of GITR™" and GITR*'~ T cells derived
from mice of a mixed background (C57BL/6 X 129/5v]).
Qur preliminary results indicate that there is no difference
in CD4*CD25~ and CD8*CD25~ T cell proliferation
upon allostimulation using third party stimulators (BALB/c;
unpublished data). However, these experiments were
performed with cells from GITR™~ and GITR*™ on a
mixed background and we cannot rule out that genetic dif-
ferences (other than the presence or absence of GITR)
could have affected the alloresponse. Therefore, definitive
experiments will have to be deferred until the GITR ™~
mice have been completely backcrossed (>N 10).

To test whether the in vitro effects of anti-GITR. agonist
Ab (DTA-1) on alloreactive T cells were consistent in
vivo, sublethally irradiated BALB/c mice were treated with
DTA-1 or rat IgG control before adoptive transfer of
C57BL/6 CFSE-labeled CI4YCD25~ or CD8*CD25™ T
cells (Fig. 2 B). 3 d after T cell infusion, donor T cells were
recovered and analyzed by flow cytometry. The in vivo
proliferation profile of CFSE-labeled T cells allows the dis-
crimination of slow proliferating cells, described in some
models as homeostatic expansion, versus fast-dividing al-
loreactive T cells (24). GITR stimulation had no impact
on the proportion of slow dividing CD4*CD25~ (12%
in controls vs. 13% in DTA-1-treated recipients) and
CD8*CD25" (24 vs. 27%) T cells. However, GITR. stim-
ulation decreased the percentage of fast-dividing alloreac-
tive CD4*CD25~ T cells (from 53 to 16%) and increased
the percentage of fast-dividing alloreactive CD8*CD25™ T
cells (from 51 to 62%). There were more nondividing
CD4+*CD25™ T cells in the DTA-1-treated group (71% in
DTA-1-treated recipients vs. 35% in the controls), and
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fewer nondividing CD8*CD25™ T cells in the DTA-1-
treated group (11 vs. 25%) compared with the control Ab
groups. These results indicate that GITR. stimulation in
vivo can inhibit alloreactive CD4* CD25~ expansion while
it enhances alloreactive CD8*CD235~ expansion.

Fas—FasL Mediate GITR Inhibition of CD4*CD25~ T
Ceil Expansion. To determine if the Fas—FasL pathway
was inveolved in GITR inhibition of CD4*CD25~ expan-
sion, we studied the effect of GITR. stimulation on cell
surface expression of Fas and FasL (Fig. 3 A). CD4*CD25~
and CD8*CD25™ T cells allostimulated in the presence of
the agonistic ant-GITR Ab (DTA-1) did not increase Fas
expression nor was there a difference in FasL expression
(unpublished data), although FasL cell surface expression is
notoriously difficult to demonstrate by flow cytometric
analysis. To address this question in a different assay, we
studied the effect of DTA-1 on T cells from Fas-deficient
Ipr mice (Fig. 3 B). Addition of DTA-1 to an MLR had no
effect on proliferation by lpr CD4+¥CD25™ T cellks, in con-
trast with the inhibitory effect on wild-type CD4*CD25"
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Figure 3. Fas—FasL pathway is involved in inhibiton of CD4*CD25"
proliferation. (A) Fas expression was determined on purified C57BL/6
CD4*CD25" and CD8*CD25" T cells 72 b after anti-GITR. agonist Ab
(DTA-1) was added to MLRs with irradiated BALB/c stimulators.
(shaded histograms) Isotype control. {blue histograms) Rat IgG—treated
MLR.. {red histograms} DTA-1-treated MLR. (B} DTA-1 was added
to MLRs with purified CD4'CD25" and CD8*CD25” from lpr
(B6.MRL-Fas®) or wild-type (C57BL/6) mice as effectors and irradiated
BALB/c splenocytes as simulators. These data are representative of three
experiments. *, P < 0.001. {C) Purified C57BL/6 CD4*CD25~ T cells
were stimulated with irmadiated BALB/c splenocytes in the presence of rat
IgG control Ab, DTA-1 Ab, or DTA-1 plus MFL3, a FasL-blocking
Ab. These data are representative of two independent experiments. (D)
CD4*CD25" T cells were purified from wild-type C57BL/6, C37BL/6-
TNF~/-, and C57BL/6 TRAIL™" mice and stimulated with irradiated
BALB/c splenocytes in the presence of rat IgG contrel Ab or DTA-1 Ab.
{unshaded bars) Rat IgG weamment. (shaded bars} DTA-1 treament. Results
are presented as percent proliferation and are representative of two inde-
pendent experiments. *, P <X 0.007.
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T cells. Alloreactve proliferation of both wild-type and Ipr
CD8*CD25 T cells was increased when DTA-1 was
added to the MLR.. To demonstrate that GITR inhibition
of CD4*CD25" proliferation was due to FasL signaling,
we studied the effect of anti-FasL blocking Ab during allo-
stimulaton (Fig. 3 C). As aforementioned, CD47CD25~
T cell proliferation was impaired in the presence of DTA-1
while the addition of the FasL blocking Ab rescued
CD4*CD25" proliferation, although not completely. Be-
cause CD4*CD25™ proliferation is not completely re-
stored after FasL blocking, other members of the TNFR
family could be implicated. Proliferation of purified CD4*
CD25~ T cells from TNF™~ and TRAIL™" mice allo-
stimulated in the presence of DTA-1 treatment remained
impaired (Fig. 3 D). We further tested the role of TNFR1
by using an and-TNFR.1 blocking Ab. Proliferation of pu-
rified CD4*CD25~ T cells with TNFR1 and TNF block-
ing Ab in the presence of GITI stimulation still remained
impaired (Fig. §2, available at hup://www jem.org/cgi/
content/full/jem.20040116/DC1). These results show that
GITR. -mediated inhibitdon of CD4*CD25~ T cell expan-
sion involves the Fas—FasL pathway and not the TNFR or
TRAIL pathways, although the involvement of other
members of the TNF family cannot be excluded.
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Figure 4. GITR stimulation induces early apoptosis of CD4*CD25~
alloreactive T cells after BMT. Lethally irradiated (300 c¢Gy) BALB/c
recipients of C57BL/6 TCD-BM and C57BL/6 CD4*CD25 splenic T
cells were treated with DTA-1 or control Ab (1 mg 1.p. on days —1 and
6). Spleens were harvested on days 3, 5, and 7, and stained for annexin V
(+) cells (n = 3 per group, per time point). {A) Time course of the per-
centage of donor-derived annexin V {+) cells is shown. *, P = 0.0004.
(B) Absolute numbets of annexin V (+) donor CD4* T cells at day 5.
*, P = 0.05. (C) Representative FACS® analyses of annexin V (+) donor
and host CD4* T cells at day 7.
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We measured the amount of IL-2 production of
CD4+*CD25~ T cells in the presence or absence of DTA-1
during allostimulation (Fig. S3, available at http://
www jem.org/cgi/content/full/jem.20040116/DC1), IL-2
was decreased in MLR supernatants of DTA-1-treated co-
cultures compared with control Ab-treated cocultures at
days 2 and 5 of coculture (day 2, ~1.5 fold decrease and
day 5, ~2.1-fold decrease}. These decreased levels of IL-2
detected in our systern may be a reflection of less viable
CD4*CD25" T cells.

These experiments indicate that GITR. activation can
initiate Fas-mediated AICD of alloreactive CD4*CD25- T
cells, whereas GITR. stimulation of CD8*CD25~ T cell
proliferation is independent of Fas—FasL signaling.

In Vivo GITR Stimulation Increases Apoptesis of CD4*
CD25~ Alloreactive T Cells. We wanted to address in
our GVHD model if GITR stimulation increased
CD4*CD25~ apoptosis in vive. We infused 3 X 10 puri-
fied CD4*CD25" T cells into lethally irradiated hosts
treated with DTA-1 or rat IgG control Ab and determined
apoptosis of donor T cells after 3, 5, and 7 d of allo-BMT
(Fig. 4 A). Donor CD4*CD25~ T cells harvested from
spleens of DT A-1—treated recipients showed increased an-
nexin V staining when compared with doner T cells de-
rived from control recipients treated with rat IgG (Fig. 4, B
and C). We also studied the expression of activation mark-
ers at day 7 after BMT on CD4tCD25™ T cells from the
DTA-1-treated group compared with the rat IgG-treated
group and detected no significant difference in the level of
CD25 and CD44 expression {(unpublished data). These re-
sults indicate that DTA-1 treatment induces significantly
more apoptosis of donor alloreactive CD4*CD25™ T cells
early in the course of GVHD.

GITR Stimulation Modulates GVHD. In the C57BL/
6—BALB/¢ strain combination, alloreactive CD4% T cells
are more potent as GVHD effectors (25), whereas graft-
versus-tumor activity is mostly dependent on alloreactive
CD8* T cells (26). We used this model to determine the ef-
fects of anti-GITR. agonistic Ab (DTA-1) on alloreactive
CD4*CD25~ and CD8*CD25™ T cells during the devel-
opment of GVHD. Pilot experiments determined that
DTA-1 administration beginning at day —1 was optimal.
The dose and schedule were consistent with previous papers
in which anti-GITR antibodies have been used in vive
(weekly administration of 1 mg i.p.; references 16, 27).

We hypothesized that DTA-1 administration to allo-
BMT recipients could ameliorate GVHD mediated by
CD4*CD25~ T cells due to enhanced AICD of allo-
reactive T cells and aggravate GVHD mediated by
CD8*CD25~ T cells due to their enhanced proliferation
by GITR stimulation. Indeed, we observed that DTA-1-
treated recipients of CD4+CD25~ C57BL/6 donor T cells,
although not free of disease, had a significant delay and de-
crease in GVHD morbidity and mortality compared with
recipients treated with a control Ab (Fig. 5, left).

Although alloreactive CD4*CD25™ cells are more po-
tent on a per cell basis in the C57BL/6—>BALEB/c mode],

CD4+CD25- CDa+CD25-
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Figure 5. GITR stimulation decrezses GVHD mediated by
CD4*CD25" cells and increases GVHD mediated by CD8'CD25" T
cells. Lethally irradiated (900 ¢Gy) BALB/c recipients of C57BL/6
TCD-BM and C57BL/6 CD4*CD25" or CD8*CD25” splenic T cells
were treated with DTA-1 Ab (1 mg i.p. on days —1, 6, and 13) or contro]
Ab. (top) Mean * SEM clinical GVHD scores. (bottom} Kaplan-Meier
survival curves. Data shown are combined from three experiments, n = 15
per group. *, P = 0.01.

this strain combination has a class I and class 1l disparity,
and CD8*CD25" can induce GVHD. In other GVHD
models with full MHC disparity, CD8%-mediated GVHD
can always be demonstrated (28). DTA-1-treated re-
cipients of donor BM and donor CD8*CD25~ T cells
had significantly increased GVHD morbidity and mortal-
ity (Fig. 5, right). Additional experiments in a MHC-
matched strain combination in which GVHD is primar-
ily dependent on alloreactive CD8* T cells (B10.BR—
CBA/]) demonstrated that DTA-1 administration to allo-
BMTY recipients could aggravate GVHD (unpublished
data). However, these mice were infused with unfraction-
ated donor splenocytes; thus, increased mortality could
also be due to the inhibition of suppressor function via
GITR stimulation (15, 16) independent of its effect on
CD8* donor T cells.

To further assess GVHD, target organ histopathology
was studied (Fig. 6). Mice transplanted and infused with
donor CD4*CD25~ donor T cells were killed at day 21
(Fig. 6 A). We lowered the dose of donor CD4*CD25~ T
cells to 0.3 X 10° and delayed the time of organ harvest to
day 21 due to high mortality in the rat IgG control group
(Fig. 5). We observe significantly less GVHD target organ
damage in liver and intestines of DTA-1-treated recipients
compared with control recipients of CD4*CD25~ T cells.
There was greater thymic cellularity in DTA-1~-treated re-
cipients, which is consistent with less thymi damage. Also,
higher numbers of granulocytes were detected, consistent
with less GVHD-associated myelosuppression. Mice trans-
planted and infused with CD8*CD25~ donor T cells were
killed, and organs were harvested at day 55, when differ-
ences in clinical scores were more pronounced (Fig. 6 B).
Consistent with our previous results, GITR stimulation of
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Figure 6. GITR stmulation decreases GVHD-associated organ dam-
age mediated by CD4*CD25™ T cells and increases GVHD-associated
organ damage mediated by CD8"CD25™ T cells. Lethally irradiated {900
c¢Gy} BALB/c recipients of C57BL/6 TCD-BM and C57BL/6
CD4*CD25" cells or CD8*CD25" splenic T cells were treated with
DTA-1 Ab or control Ab (1 mgi.p. on days —1, 6, and 13}, Recipients
of CD4*CD25™ T cells were killed, and organs were harvested on day 21
(A). Recipients of CDB*CD25- T cells were killed, and organs were
harvested on day 55 (B). {top) A semi-quantitative histopatholagical anal-
ysis for GVHD in liver, small bowel, and large bowel. (bottom laft) The
zbsolute number of thymocytes. (bottom right} The absolute numbers of
splenic Mac-1* (Md), B cells, and granulocytes (Granul} were analyzed
by flow cytemerry. Daca shown are representative of one experiment,
n = 9-10 per group. *, P = 0.05.

donor CD8*CD25~ donor T cells resulted in increased
target organ damage and myelosuppression.

Discussion

Previous experiments have indicated that in vitro stimula-
tion of GITR. on immunoregulatory T cells inhibits their
suppressive effect and that in vivo GITR stimulation induced
development of autoimmunity presumably due to immuno-
regulatory T cell inhibition (15, 16). The effects of GITR
stimulation on CD4* and CD8* have not been fully ad-
dressed, especially in vivo. Here, we demonsuate that GITR
stimulation in vitro and in vivo has an important role in
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the cosimulation of alloreactive CD4*CD25~ and CD§*
CD25~ T cells independent of its effect on immunoregula-
tory T cells. Stimulation with a GITR-activating Ab in-
hibited CD4*CD25~ proliferation and decreased GVHD,
whereas it enhanced alloreactive CD8YCD25™ T cell prolif-
eration and increased GVHD. Qur data indicate that GITR-
mediated inhibition of CD4*CD25~ T cell expansion
involves the Fas-FasL pathway, suggesting that GITR
activation can initiate Fas-mediated AICD of alloreactive
CD4°CD25~ T cells, whereas GITR stimulation of
CD8*CD25~ T cell proliferation is independent of Fas—FasL
signaling. Our results are consistent with the notion that
GITR stimulation could lower the threshold for T celt acti-
vation inducing increased AICD in CD4*CD257, but not in
CD8*CD25™ T cells, where it induces proliferation. Thus,
GITR. stmulation of alloreactive CD4*CD25™ T cells in
vivo can provide a novel strategy to prevent or treat GVHD.

Other laboratories have described GITR signaling as co-
stimulatory for CD4 and CD8 (15, 17). Experiments using
polyclonal stimulation with low concentrations of plate-
bound or soluble anti-CD3 Ab (0.1-0.5 pg/ml; references
15, 17, 18) demonstrate that anti-GITR. increases prolifera-
tion, but in some experiments, this costimulation is lost at
higher concentrations of anti-CD3 Ab (1-3 pg/ml; refer-
ences 15, 18). Qur experiments addressing the role of
GITR stimulation using Ab stimulation showed no differ-
ence in the proliferation of CD47CD25~ cells stimulated
with 10 pg/ml of soluble anti-CD3 and soluble anti-GITR
agonistic Ab (DTA-1). CD8*CD25~ T cell proliferation
under the same conditions was slightly increased (unpub-
lished data). However, experiments addressing the effects
of GITR. stimulation upon Ag-specific recognition, a more
representative model of allo-specific responses, show results
consistent with ours. Because GVHD is a Thl-mediated
complication of BMT (29, 30), experiments by Tone et al.
(11) with a Thl clone derived from TCR. transgeni¢ mice
using a rGITRL for GITR stimulation are more relevant to
our model. When the Th1 clone is stimulated with a low
concentration of the cognate peptide (1 nM), rGITRL
proliferation is enhanced. In contrast, when the Th1 clone
is stimulated in the presence of tGITRL and higher peptide
concentrations (10-100 nM}, proliferation is inhibited. The
same results were observed using naive T cells derived from
the same transgenic mice where the presence of GITR
stimulacion at high peptide concentrations inhibited prolif-
eration (11).

Furthermotre, Shimizu et al. (15) have shown that xeno-
stmulated CD4*CD25~ T cells have decreased prolifera-
tion in the presence of anti-GITR agonistic Ab (DTA-1).
Murine CD4*CD25~ T cells were stimulated with rat
APCs. The authors demonstrate that DTA-1 has no cross-
reactivity with rat APCs, indicating that any effect observed
by the addition of the agonist Ab will be a result of its di-
rect effect on the murine cells. When CD4+*CD25~ T cells
were xenostimulated in the presence of a control Ab, they
proliferate extensively, whereas addition of DTA-1 to the
same culture resulted in a marked decrease in proliferation.
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These experiments that analyze Ag-dependent T cell acti-
vation are very similar to our results, suggesting that during
allo- and xenostimulation the addition of GITR stimula-
tion may induce a potent costimulation, which can inhibit
proliferation at higher Ag concentration. Qur experiments
indicate that this inhibitory effect on proliferation could be
due to AICD.

We believe that the overall effect of in vivo GITR stim-
ulation needs to be reconsidered because GITR. stimulation
can have a differential and/or paradoxical effect on regula-
tory T cells, CD4* effector T cells, and CD8* effector T
cells, Qur data in clinically relevant models for GVHD
suggest that in vive GITR stmulation holds therapeutic
promise for the separation of CD8-mediated graft-versus-
tumor activity from CD4-mediated GVHD activity.
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COMMENTARIES

The origin of FOXP3-expressing CD4*
regulatory T cells: thymus or periphery

Shimon Sakaguchi

Department of Experimental Pathology, Institute for Frontier Medical Sciences,

Kyoto University, Kyoto, Japan

Laboratory for Immunopathology, RIKEN Research Center for Allergy and Immunology,

Yokohama, Japan

Naturally arising CD4* regulatory T cells, which engage in the mainte-
nance of immunologic self-tolerance, specifically express FOXP3, which
encodes a transcription-repressor protein. Genetic defects in FOXP3
cause IPEX, an X-linked autoimmune/inflammatory syndrome. With
FOXP3 as a specific marker for regulatory CD4* T cells in humans, itis
now possible to determine their origin and developmental pathway (see
the related article beginning on page 1437).

J. Clin. Invest. 112:1310-1312 (2003). doi:10.1172/1C1200320274.

The immune system discriminates
between self and non-self, maintaining
immunologic self-tolerance (i.e., unre-
sponsiveness to self-constituents). It is
known that potentially hazardous self-
reactive T and B cells are clonally delet-
ed at immarure stages of their develop-
ment or inactivated upon encounter
with self-antigens in the periphery.
Thete is now accumulating evidence
thar, in addition to these passive mech-
anisms of self-tolerance, a population
of CD4* T cells, called regulatory T
cells (T cells), engage in the mainte-
nance of peripheral self-tolerance by
actively suppressing the activation and
expansion of self-reactive T cells (1-3).
The majority, if not all, of such natu-
rally occurring CD4* Tg cells constitu-
tively express CD25 (IL-2 receptor ¢
chain) in the physiologic state. Indeed,
removal of CD25*CD4* T cells, which
constitute 5-10% of CD4* T cells in
rodents and humans, leads to sponta-
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T cell recepeor (TCR).

neous development of various
autoimmune diseases in otherwise
notmal mice (4). The removal of
CD25*CD4* Tr cells also triggers
excessive or misdirected immune
responses to microbial antigens, caus-
ing immunopathology, such as
inflammatory bowel disease (IBD),
due to hyper-reaction of the remaining
T cells to commensal bacteria in the
intestine (3).

FOXP3: master control gene

for the development and function
of natural CD4* Ty cells

There is now evidence not only for the
presence of CD25°CD4* Tr cells in
humans but also for their essential
roles in controlling autecimmunity,
immunopathology, and allergy in
human diseases (5). This is best illus-
trated by IPEX (immune dysregula-
tion, polyendocrinopathy, enteropa-
thy, X-linked syndrome), a rare
monogenic disease of male children
that is accompanied by autoimmune
disease (such as type 1 diabetes), IBD,
and severe allergy similar to those pro-
duced in mice by depletion of
CD25°CD4* Ty cells (6). The causative
gene, FOXP3 (Foxp3 in mice), which
encodes a transcription repressor
(7-10), is specifically expressed in
CD25'CD4* T cells in the thymus and
periphery (11-13). Forced expression
of the Foxp3 gene can convert murine

naive T cells to Tp cells that pheno-
typically and functionally resemble
naturally arising CD25°CD4* T cells
(11, 12). Furthermore, inoculation of
CD25*CD4* T cells prepared from
normal mice can prevent autoimmune
disease in Foxp3-defective mice (12).
These findings collectively indicate
that FOXP3 is a master control gene
for the development and function of
natural CD25*CD4* Ty cells.

The origin and the developmental
pathway of FOXP3-expressing

Tg cells

The discovery of FOXP3/Foxp3 as a
specific and stable marker for natural
Tr cells now makes it possible to deter-
mine the origin and the developmen-
tal pathway of Ty cells in humans, as
reported by Walker et al. in this issue
of the JCI (14). It has been shown,
mainly in rodents, that the normal
thytnus  continuously  produces
CD25*CD4* Ty cells as a functionally
mature T cell subpopularion that rec-
ognizes a broad repertoire of self- and
non-self antigens, and that abrogation
of the thymic production of T cells
leads to the development of autoim-
mune disease (1-3). Walker er al. (14)
show that CD25*CD4* T cells in the
peripheral blood lymphocytes express
FOXP3 and are capable of suppressing
the activation and expansion of other
T cells in vitro, as shown in rodents
{11-13). Furthermore, they show that,
in contrast with murine Foxp3 expres-
sion, activation of CD25CD4* T cells
by T cell receptor (TCR) stimulation
induces FOXP3 expression, and that
FOXP3-expressing T cells derived from
CD25-CD4* T cells are equally as sup-
pressive as natural CD25'CD4" Tr
cells (Figure 1) (14). This interesting
finding suggests two possibilities
regarding the origin of CD25°CD4" Tr
cells. One is that naive T cells can dif-
ferentiate to CD25*CD4* Tr cells upon
TCR stimulation, in a manner similat
to that in which the expression of the
transcription factors T-bet and GATA-3
instruct naive T cells to differentiate to
Thl and Th2 cells, respecrively (15,
16). Another possibility is that some of
the functionally macure Ty cells pro-
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duced by the thymus are CD25- or lose
CD25 expression with retention of
their suppressive function, as has been
shown in rodents {17-19). Such CD25-
Ty cells may become CD25* upon acti-
vation, especially when other T cells
respond to antigen stimulation, and
IL-2 secreted by them may trigger the
expansion of T cells. Given the specif-
ic expression of FOXP3 in Tg cells
whether they are of thymic or periph-
eral otigin, it remains to be determined
whether other T cells with regulatory
functions, such as IL-10-secreting Tr1l
or TGF-B-secreting Th3 cells, may also
express FOXP3 (20).

Besides self-tolerance and autoim-
munity, eviderice is now accumulating
that natural CD4* Ty cells actively
engage in negative control of a broad
spectrum of immune responses to
quasi-self or non-self antigens, as in
tumor immunity, organ transplanta-
tion, allergy, and microbial immunity
{1-3). With FOXP3 as a useful tool for
investigating Ty cells, further charac-
terization of their developmental
pathways will facilitate better control

No suppression

of pathologic as well as physiologic
immune responses by expansion or
reduction of Ty cell populations.
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Figure 1

The normal thymus produces
FOXP3-expressing CD25°CD4*
Te cells. Some of the naive
CD25CD4* T cells may also dif-
ferentiate to FOXP3-expressing
CD25'CD4* Ta cells in the
periphery. These Tg cells sup-
press the activation and expan-
sion of self-reactive T cells that
may cause autoimmune disease.
Genetic defects of FOXP3 cause
IPEX due to developmental or
functional defects of Tr cells.
Adapted with permission from
Nature Immunology (21).
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(Qiagen). Semi-quantitative RT-PCR was performed using a nested protocol as described
by 1ef. 11. Positive control RNA was provided by C. Drosten (Bernhard Nocht Institute for
Tropical Medicine, National Reference Center for Tropical Diseascs). Virus titration was
performed by seeding 5 % 10* Vero E6 cells per well in 96-well microtitre plates I day
before infection. Culture supernatant from infected 2937 cells was added to the first set of
wells in triplicate and serially diluted, Cells were monitored for CPE 3 days afier infection
of Vero E6 cells. The effect of affinity-purified goat anti-ACE] or -ACE2 antibody on
SARS-CoV-induced cytopathicity was measured by reading absorbance at 492 nm of cells
incubated with CellTiter 96 (Promega),
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Rheumatoid arthritis (RA), which afflicts about 1% of the world
population, is a chronic systemic inflammatory disease of
unknown aetiology that primarily affects the synovial mem-
branes of multiple joints'>, Although CD4™" T cells seem to be
the prime mediators of RA, it remains unclear how arthritogenic
€D4™ T cells are generated and activated', Given that highly
self-reactive T-cell clones are deleted during normal T-cell devel-
opment in the thymus, abnormality in T-cell selection has been
suspected as one cause of autoimmune disease**, Here we show
that a spontaneous point mutation of the gene encoding an SH2
domain of ZAP-70, a key signal transduction molecule in T cells®,
causes chronic autoimmune arthritis in mice that resembles
human RA in many aspects. Altered signal transduction from
T-cell antigen receptor through the aberrant ZAP-70 changes the
thresholds of T cells to thymic selection, leading to the positive
selection of otherwise negatively selected autoimmune T cells,
Thymic production of arthritogenic T cells due to a genetically
determined selection shift of the T-cell repertoire towards high
self-reactivity might also be crucial to the development of disease
in a subset of patients with RA.

The SKG strain, which spontaneously develops chronic arthritis,
is derived from our closed breeding colony of BALB/c mice. Joint
swelling with hyperaemia became macroscopically evident in SKG
mice at about 2 months of age, initially at a few interphalangeal
jeints of the forepaws, then progressing in a symmetrical fashion to
swelling of other finger joints of the forepaws and hindpaws, and
larger joints (wrists and ankles) (Fig. 1a-d). Knee, elbow, shoulder
or vertebral joints were rarely affected except for the joint at the base
of the tail in aged SKG mice (Fig. le). Radiographic examination
revealed destruction and fusion of the subchondral bones, joint
dislocation, and osteoporosis by 8-12 months of age (Fig. 1£i).
Despite suffering from such severe chronic arthritis, most SKG mice
survived well to 1 year of age, generally with more severe arthritides
in females (Fig. 1j).

Histology of the swollen joints showed severe synovitis with
massive subsynovial infiltration of neutrophils, lymphocytes,
macrophages and plasma cells, villus proliferation of synoviocytes
accompanying pannus formation and neovascularization, and
neutrophil-rich exudates in the joint cavity (Fig. 1k, 1), with
progression of synoviocyte proliferation, pannus-eroded adjacent
cartilage and subchondral bone, Immunohistochemical staining
revealed that CD4™ T cells predominantly infiltrated the subsynovial
tissue (Fig. 1m, n). As extra-articular manifestations of the disease,
most (more than 90%) mice older than 6 months of age developed
interstitial pneumonitis with various degrees of perivascular and
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peribranchiolar cellular infiltration (Fig. 1o}; more than 90% showed
infiltration of inflammatory cells in the skin (Supplementary Fig. la).
Some (10-20%) mice had subcutaneous necrobiotic nodules, not
unlike rheumatoid nodules in RA (Fig. 1p), and vasculitides (Sup-
plementary Fig. 1b). SKG mice did not show lymphoadenopathy or
lupus-like diseases (such as immune-complex glomerulonephritis).

SKG mice developed high titres of rheumatoid factor (RF),
autoantibodies specific for type II collagen, antibodies reactive
with heat shock protein (HSP)-70 of Mycobacterium tuberculosis
presumably due to a cross-reaction with a conserved epitope of HSP,

letters to nature

severe hypergammaglobulinaemia and a high concentration of the
circulating immune complexes. However, there were no significant
titres of anti-DNA antibodies or organ-specific autoantibodies
such as those specific for thyroglobulins or gastric parietal cells'”
(Fig. 1g-v).

Thus, this spontaneous arthritis in SKG mice resembles RA in
clinical and histological characteristics of articular and extra-
articular lesions and in serclogical features'™>,

Transfer of spleen and lymph node T cells, CD4* T cells in
particular, from arthritic SKG mice produced similar arthritis in
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Figure 1 Arthritis in SKG mice, a—8, Swelling of joints: fingers (a) and toes (b) of a
4-month-ald SKG mouse; forepaw (e} and hindpaw (d} of a 6-month-old SKG mouss;
deformity of bilateral ankles and swelling of the base of the tail (e} in an 18-manth-ofd SKG
mouse. {4, X-ray photographs of joirts: wrist (F) and ankle (h) of an 8-maonth-old SKG
mouse, and wrist {g) and ankle (i) of an 8-month-old BALB/c mouse. ], Time course of
joint swelling in female SKG mice, and arthritis scores of 8-month-old female (F) and male
{M) SKG mice (7 = 15 gach). Verlical bars represent s.¢.m. See Methods for details on the
scoring of joint swelling. k—p, Histology of arthritis and extra-articular fesians in SKG mice:
a finger Joint of a 6-month-old SKG (k) or BALB/c mouse (1) faematoxyin/eosin {HE)
staining, original magnification %40}; (mmunoperoxidase staining of synovial tissue in a
finger joint of a 3-month-old SKG mause with anti-CD4 mAb (GK1.5) (m) or anti-CD8 mAb
(3-155} () {magnification x40} (IC, joint cavity); interstitial pneumonitis (o) and a
rheumatoid nodule-like lesicn (p) in an 8-month-old SKG mouse (HE staining,
magnification x40), g—v, Seraloglcal characteristics of SKG mice: RF (g, anti-Cll Ab (),
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anti-HSP70 antibody (Ab) (s), anti-DNA antibody (1), concentration of 1gG {u) and immuyne
complexes (¥) in the sera from 6-month-okt ferale SKG or BALB/c mice (7= 15 each).
w, Adoptive transfer of arthritis. The same dose (2.5 X 107) of whole, CD4™ or CDB*
T cells prepared fram lymph nodes and spleens of arthritis-bearing 6-month-old SKG
mice were fransferred to 6-week-o/d BALB/c nude mice (SLC, Shizuoka). Inset, swelling of
a hindpaw (left) and an intact paw (right) of a nude mouse transferred with C04™ T cells
and with CDB* T cells, respectively. x, Thymocytes (1 0% or T-cell-depleted bone marrow
cell suspensions (5 108 from the same SKG mice were transferred to 6-week-old nude
or G.B.-17 SCID mice (Clea, Tokyo) or SCID mice that had been thymectomized 1 week
after birth (Tx-SCID). The severity of arthritis in these mice was assessed 3 menths later.
CD4* or CD&™ T cells were prepared by MAGS (Mittenyi Biotec) with more than 95%
purity. Bone marrow cells were freated with anti-Thy-1, anti-CD4 and anti-CD8 antibody
and ratbit complement before transfer',
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T-cell-deficient athymic BALB/¢ nude mice (Fig. 1w), whereas
transfer of the sera from the same SKG mice did not (data not
shown). Transfer of thymocyte suspensions from arthritic or non-
arthritic young SKG mice also elicited severe arthritis in BALB/¢
nude mice and T/B-cell-deficient C.B-17 severe combined
immunodeficiency (SCID) mice (Fig. 1x), whereas thymocyte
transfer from normal BALB/¢ mice did not®. Furthermore, transfer
of T-cell-depleted bone marrow cell suspensions from SKG mice
produced severe arthritis in SCID mice, but not in SCID mice
thymectomized before the transfer (Fig. 1x). These results collec-
tively indicate that, first, the RA-like arthritis in SKG mice is a
genuine autoimmune disease mediated by apparently joint-specific
CD4* T cells; second, the SKG thymus is continuously generating
arthritogenic autoimmune T cells; and, third, the SKG bone marrow
cells give rise to such arthritogenic T cells through the normal
thymic environment, indicating that the arthritogenic abnormality
in SKG mice is intrinsic to T cells.

The primary cause of the arthritis in SKG mice is a genetic

abnormality, not vertical or horizontal transmission of arthrito--

genic microbes. The offspring of crosses between SKG and normal
BALB/¢ mice, whether the mother was SKG or BALB/c, developed
no arthritis (Fig. 2a). In contrast, arthritis with a clinical course and
severity similar to that in SKG mice occurred in about 50% of the N,
generation obtained by crossing the non-arthritic Fy hybrids with
SKG. Thus, the genetic abnormality was presumably of a single gene
locus (designated the skg gene) and inherited in an autosomal
recessive fashion with nearly 100% penetrance of the trait in
homozygotes raised in our conventional environment.

Linkage analysis between the development of macroscopically
evident arthritis and the homozygosity of chromosome-specific
microsatellite markers, performed by using the N, generation with
Mus musculus castaneus (CAST/EQ) (that is, SKG X (SKG X CAST/
Ei}F; mice), mapped the skg locus to the centromeric portion of
chromosome 1 with the lod score of the locus as infinite (Fig. 2b).
Another significant linkage was with the region around the H-2
locus on chromosome 17 (Fig. 2¢). This linkage was observed only
when the mice were maintained in a nearly specific-pathogen-free
(SPF} condition, but not in arthritis-prone non-SPF conventional
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Figure 2 Genetic study of SKG arthritis. a, Autosomal recessive inheritance of SKG
arthritis. skg % skg, Fy of mating SKG females with SKG males; skg X ¢ and ¢ x skg, F;
of mating SKG females with BALB/C males, and BALB/c females with SKG males,
respectively; (skg 3 c)Fy x skg, No mice of backcrossing (SKG x BALB/C)F; mice with
SKG mice. b, Genome-wide mapging of the skg locus. The LOD score curves were
obtained by genotyping 58 arthritis-bearing N, mice by detecting microsatellite markers
{(Mouse MapPairs) locating every ~10 cM interval on each chromosome, in accordance
with the manufacturer's instruction (Research Genetics). Chromosomes are identified with
a number or X in each panel. e, Contribution of the loci on chromosome 17 to genetic
susceptibility 1o SKG arihritis in a SPF condition, d, Genetic map of the skg locus on
chromosome 1 with the number of recombinants and physical map of the locus with YAC
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and BAC clones. Inset shows the structure of the ZAP-70 protein and the position of the
skg mutation. The ZAP-76""%C mutation in SKG mice was not found in other mouse
straing including C578L/G, C3H, DBASY, DBA/2, 120+ Ter/SV, FvB/N, NOD, MAL-(pr,
NZW and CAST/EI e, SKG mice were mated with heterozygotes of ZAP-7Q-deficient mice,
and the resuiting ZAP-705%'~ or ZAP-70%* mice were assessed for joint swelling at 5
months of age. , Rescue of SKG arthritis by expressing buman normal ZAP-70
transgene®. The arthritis scare of Tg-824 or Tg-793 mice, which were backcrossed three
times to SKG mice, was assessed at 8 months of age. The expression of transgene-
derived human ZAP-70 protein with HA-tag was assessed by western blotting with
antibody against human ZAP-70 (Santa Cruz Biotech).

NATURE| VOL 426 |27 NOVEMBER 2003 | www.nature.com/nature

—135—




condition {lod scores at the D17Mit28 locus: 2.95 in SPF compared
with 0.40 in non-SPF). In the former condition, homozygosity of
the H-2¢ haplotype conferred higher genetic susceptibility to the
arthritis, indicating that a polymorphism of the major histocom-
patibility complex (MHC} gene or the gene{s) linked to it can
contribute to determining the susceptibility depending on the
environmental conditions. .

To identify the skg gene, we then constructed a high-resolution
genetic map of the skg region by using 1,352 mice with arthritis
among a total of 2,939 N, mice {Fig. 2d). The mapping localized the
skglocus to a 0.37-cM interval between two simple sequence-length
polymorphism markers (nos 176-15 and 423-2), covered by two
yeast artificial chromosomes (YACs) and ten bacterial artificial
chromosomes (BACs) (Fig. 2d, top). Sequencing of several of
these BACs localized the ZAP-70 gene on BAC no. 160. Sequencing
of the entire coding region of ZAP-70 ¢cDNA from SKG mice and
comparison of the sequence with that of BALB/c mice revealed a
homozygous G-te-T substitution at nucleotide 489 in the SKG
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ZAP-70 gene, which altered codon 163 from tryptophan to cysteine
(W163C) (Fig. 2d, bottom). This nucleotide substitution existed in
the genomic DNA of SKG mice but not in other strains (see legend
to Fig. 2). The position of the mutation corresponds to the initial
amino-acid residue of the carboxy-terminal $H2 (SH2C) domain of
ZAP-70 (Fig. 2d, inset).

To confirm that the ZAP-70"'%*¢ mutation was primarily
responsible for SKG arthritis, we crossed SKG mice, which had a
ZAP-70°"% genatype, with the heterozygotes of ZAP-70-deficient
mice {ZAP-70%'7) ta produce mice with a ZAP-70°¢* or ZAP-
70~ genotype® and assessed the development of arthritis in these
mice (Fig. 2¢). Most of the ZAP-70%8"" mice developed arthritis
spontaneouslz by 3 months of age, in contrast with no arthritis in
the ZAP-70°¢* mice. Other immunological abnormalities of
T cells and thymocytes were also similar between SKG mice and
ZAP-70™'~ mice but these were corrected in ZAP-70™™ mice
(Supplementary Fig. 2a, and see below), Furthermore, transgenic
(Tg) expression of the normal human ZAP-70 gene in SKG mice
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Flgure 3 T-cell abnormalities in SKG mice. a, Impaired TCR signal transduction in
SKG mice. Tyrosine phosphorylation status was assessed by immunoprecipitation and
western blotting for ZAP-70, TCR-{, LAT and PLC-y after anti-CD3 mAb stimulation of
SKG or BALB/c thymocytes or spleen and lymph node (SPALN) T cells. b, Association
hetween ZAP-70 and TCR-¥ after CD3 crosslinking in SKG T cells and thymocytes.

1P, Immunoprecipitation. e, Ca®* mohilization in SKG T cells or thymocyles after TCR
stimulation. d, Proliferative respanses of SKG T ¢ells to various T-celt stimulations.

e, Profiferation of CD4* T cells from DO11.10 or DO.5KG mice stimulated with the
indicated concentrations of ovalbumin (QVA) peptides in the presence of BALB/c antigen-
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presenting cells, 1, Apoptosis of SKG or BALB/c thymocytes cultured with medium alone
{med.), anti-C03 mAb (2C11, 1 ugmi™") or dexamethasone (Dex.) (100 nM) (ett);
apoptosis of DO11.10 or DO.SKG thymocytes cuttured with medium afone or indicated
ovalbumin peplides {1 M) {right), as described previously®. g, Apoptosis of thymocytes in
SKG or BALB/c mice injected intraperitoneally with anti-CD3 mAb (2C11; 250 pg) 3 days
previcusly®. These figures represent three independent experiments. h, Staining of
thymocyles or lymph-nede cells from a 2-month-ald SKG or BALB/c mouse with anti-CD3
mAb.
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under the Ick proximal promoter, which resulted in specific
expression of the Tg ZAP-70 protein in thymocytes and peripheral
T cells in two Tg lines, completely inhibited the development of
arthritis and corrected other immunological abnormalities, con-
trasting with 100% incidence of arthritis in non-Tg littermates
(Fig. 2f and Supplementary Fig. 2b).

Taken together, these results indicate that the ZAP-70W!9C
alteration is not a mere polymorphism but is the causative mutation
of SKG arthritis.

To determine, then, how the ZAP-70 mutation affects T-cell
signal transduction, we assessed thymocytes and T cells from SKG
or BALB/c mice for the tyrosine-phosphorylation status of major
signal transduction molecules, including ZAP-70, TCR-{, LAT and
PLC-y1 (refs 6, 10~12; Fig. 3a, b}, After stimulation with anti-CD3
monoclonal antibody (mAb), the levels of phosphorylation of these
molecules were extremely low in SKG thymocytes and T cells.
Calcium mobilization, one of the earliest events induced by TCR
stimulation, was also greatly impaired in SKG thymocytes and
T cells, presumably because of the decreased phosphorylation of
PLC-y1 (Fig. 3c). Immunoprecipitation of ZAP-70 from stimulated
SKG thymocytes or T cells failed to co-precipitate tyrosine-
phosphorylated p21 and p23 isoforms of TCR-{, indicating defec-
tive interactions between ZAP-70 and TCR-{'*!! (Fig. 3b). Further-
more, downstream mitogen-activated protein (MAP) kinase
signalling pathways involving ERK, JNK and p38 MAP kinases
were also attenuated in SKG thymocytes'® {Supplementary Fig. 3).
SKG T cells showed no enhancement of the expression of Syk,
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Figure 4 Altered thymic T-cefl selection in SKG mice. a, Staining of thymocytes or lymph-
node cells from a 4-menth-oid DO11.10, DO or DO™¥+ mpuse with the indicated
mongclonal antibodies. Dot-piot figures are scaled logarithmically. Ordinates of
histograms denote cell aumber {arbitrary units). b, The percentage of KJ1-26™ T celis
among CD4*CD8~ thymocytes or CD4™ T cells was also assessed for individual
D311.10, DO¥™ or DO ¥ mice. 6, Staining of thymocytes or lymph-node cells froma
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another protein tyrosine kinase that might compensate for the role
of ZAP-70 in T cells" {T.T,, unpublished data). These results
collectively indicate that the ZAP-70""%* mutation might impair
the recruitment and association of ZAP-70 to tyrosine-phosphoryl-
ated immunoreceptor tyrosine-based activation motifs (ITAMs) of
TCR-t and CD3 chains, thereby altering signal transduction
through ZAP-70.

In accord with this attenuated signal transduction through
ZAP-70, SKG T cells were hyporesponsive to polyclonal TCR
stimulation in vitro, for example with anti-CD3 mAb, whereas
they responded well to stimulation by 12-O-tetradecanoylphor-
bol-13-acetate (TPA) and ionomycin, which transduces a signal to
TCR-distal pathways (Fig. 3d). When the skg gene was homozy-
gously introduced to DO11.10 TCR-Tg mice, in which most T cells
express Tg TCRs specific for an ovalbumin peptide', T cells from
such mice (designated DO.SKG mice) requized a peptide concen-
tration 10-fold that in DO11.10 T cells to exhibit an equivalent
magnitude of proliferation (Fig. 3e). Furthermore, SKG thymocytes
were resistant to apoptosis induced by TCR stimulation, but not to
dexamethasone-induced apoptosis, as shown by the stimulation of
SKG or DO.SKG thymocytes in vitre with anti-CD3 mAb or the
specific peptide, respectively (Fig. 3f}, or by inoculation with anti-
CD3 mAb in vivo (Fig. 3g).

SKG mice were also aberrant in T-cell development. In compari-
son with normal BALB/c mice, TCRME® mature thymocytes
decreased in number and ratio, whereas TCR'*" immature thymo-
cytes increased in the SKG thymus; the levels of TCR expression on
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8, Adoptive fransfer of arthritis from arthritis-bearing DO.SKG mice to SCID mice, which
were assessed for joint swelling 2 menths later. Each fraction of cells (10°%) was purified by
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mature thymocytes or peripheral T cells were comparable between
the two strains (Fig. 3h). The numbers of peripheral CD4" and
CD8™ T cells consequently decreased in SKG mice, with a relative
increase in B cells {(Supplementary Fig. 4). There was no significant
difference in the total number of thymocytes or spleen cells, the
thymic architecture, the number and function of natural killer cells
{which express ZAP-70) or the composition of T-cell subpopu-
lations expressing particular TCR Vi or VB families (Supplemen-
tary Fig. 5).

We then assessed the effects of the skg mutation on thymic

| positive and negative selection by introducing the skg gene homo-

zygously into TCR-Tg mice'*'%, In DO.SKG (that is, DO™¥) mice,
the number of CD47CD8 ™ mature thymocytes decreased to ~20%
of normal DO11.10 mice (Fig. 4a). Furthermore, only ~30% of
CD41CD8™ thymocytes were Tg-TCRM®" (when stained with
clonotype-specific KJ1-26 mAb)'® in contrast to ~80% in
DO11.10 mice (Fig. 4a, b); the rest of CD4*CD8 ™ thymocytes
{that is, KJ1-26"*, hence Tg-TCR™" thymocytes) in DO*¥*¢ mice
seemed to express endogenous TCR a-chains. Similarly, Tg-TCRME"
T cells constituted only ~30% of CD4™ T cells in the periphery of
DO mice, contrasting with ~70% in DO11.10 mice (Fig. 4a,
b); Tg-TCR™ T cells in DO™"* mice expressed endogenous
a-chains associated with transgenic -chains (Supplementary
Fig. 6). In skg-heterozygous D_O”‘x"+ mice, the decrease or increase
in the percentage of Tg-TCR™®" or Tg-TCR®™ T cells, respectively,
in the thymus and the periphery was intermediate between that in
the DO™**€ and that in DO11.10 mice (Fig. 4a, b},

In HY-TCR Tg mice that express transgenic TCRs specific for
male-specific HY antigens on an H-2° background, female HY-TCR
Tg mice positively selected HY-TCR*CDS8*CD4™ thymocytes
{detected by clonotype-specific T3.70 mAb)'®, In contrast, female
HY-TCR Tg mice with the homozygous skg gene (designated
HY-TCR.SKG Tg mice) on an H-2° background hardly showed
any positive selection of HY-TCRYCD8TCD4™ thymocytes and
T cells' {Fig. 4c). However, in contrast to substantial deletion of
HY-TCR*CD8*CD4~ thymocytes in male HY-TCR Tg mice, male
HY-TCR.SKG Tg mice showed efficient positive selection of
HY-TCR*CD&TCD4™ thymocytes in almost a comparable number
to those in female HY-TCR Tg mice. Furthermore, HY-TCR*
peripheral T cells in male HY-TCR.SKG Tg mice expressed nearly
normal levels of CDB expression, contrasting with low-level CD8
expression in male HY-TCR Tg mice'é,

Both DO.SKG and HY-TCR.SKG mice developed arthritis at high
incidences (Fig. 4d). Transfer of Tg-TCR'" cells (as KJ1-26"" cells)
from such arthritis-bearing DO.SKG mice to C.B-17 SCID mice
induced arthritis, whereas transfer of Tg-TCRM®™ cells did not
{Fig. 4e), indicating that TCR-Tg mice with the skg mutation
positively select arthritogenic T cells expressing endogenous TCR
o-chains paired with transgenic §-chains (see above).

Taken together, these results show that the skg mutation alters the
sensitivity of developing thymocytes to both positive and negative
selection, thereby leading to positive selection of otherwise nega-
tively selected autoimmune T cells, This recessive mutation affects
T-cell selection even in the heterozygotes, although to a smaller
degree than in the homozygotes. Furthermore, the degree of
impairment in T-cell signal transduction through ZAP-70 can
determine the degree of thymic positive or negative selection, and
consequently the phenotype of immunological diseases. The skg
mutation of the SH2C domain of ZAP-70 elicits autoimmune
arthritis, whereas a mutation in the kinase domain of ZAP-70
leads to a severe impairment of positive selection and hence total
T-cell deficiency™.

On the assumption that thymic positive and negative selection of
developing T cells requires a certain range of TCR signal through
ZAP-70, the skg mutation is likely to raise the threshold of TCR
avidity for self-peptide/MHC ligands required for the selection to
compensate for the reduced signal through the aberrant ZAP-70.
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This results in a ‘selection shift’ of the T-cell repertoire towards high
reactivity to self-peptide/MHC ligands in the thymus, leading to the
thymic production of highly self-reactive T cells that would not be
produced by the normal thymuses of ZAP-70-intact animals, The
pathogenic self-reactive T cells thus produced by the SKG thymus
apparently overcome the mechanisms of peripheral self-tolerance,
for example, mediated by naturally occurring CD25 CD4™ regu-
latory T cells®!*, However, it remains to be determined whether the
skg mutation might also alter the repertoire of CD257CD4™
regulatory T cells or somehow affect their suppressive activity®'”.

A critical question on SKG arthritis is why this general alteration
in T-cell repertoire should lead to the predominant development of
autoimmune arthritis but not other autoimmune diseases. In
contrast with other organ-specific autoimmune diseases in which
self-reactive T cells destroy the target cells (for example, type 1
diabetes due to destruction of insulin-secreting pancreatic §-cells),
a cardinal feature of autoimmune arthritis in SKG mice {(and also
RA in humans) is that self-reactive T cells do not destroy synovio-
cytes but stimulate them to proliferate'~. This is partly due to a high
sensitivity of synoviocytes to various stimuli that can activate them
(as also illustrated by other arthritis models™***) and their distinct
capacity to secrete proinflammatory cytokines (such as interleukin-
1, interleukin-6 and tumour necrosis factor-a) and chemical
mediators that destroy the surrounding cartilage and bone'=22,
It is therefore likely that this unique combination of a high and
broad self-reactivity of SKG T cells and a high susceptibility of
synovial cells to inflammatory stimuli (including T-cell self-reac-
tivity) leads to predominant development of autoimmune arthritis
in SKG mice.

Our findings indicate that mutations of other loci of the ZAP-70
gene ot the genes encoding other signalling molecules especially at
TCR proximal steps, even if they are heterozygous mutations, might
contribute to the development of autoimmune disease by affecting
thymic T-cell selection®*", Indeed, we have recently found hetero-
zygous mutations in the ITAM regions of the TCR-{ chain gene in
2.5% of 160 RA patients in our hospital (H.H., N.S., S.N., T.N. and
8.S., unpublished observations), Physical association between these
rutated TCR-{ chain molecules and the normal ZAP-70 molecules,
assessed by surface plasmon resonance, was significantly lower than
normal as observed between the mutated ZAP-70 in SKG mice and
the normal TCR-{ chain (T.N. and 5.5., unpublished data), AsRAis
a heterogeneous disease with complex genetics' >, RA with a similar
aetiology to SKG arthritis represents only a fraction of the disease,
Nevertheless, further analyses of SKG arthritis at each step of the
pathogenetic pathway from the ZAP-70 mutation, through thymic
generation of autoimmune T cells, to the activation of arthritogenic
T cells and inflammatory destruction of the joint, will explain how
genetic and environmental factors contribute to the development of
RA. This will help in the design of effective methods of detection,
treatment and prevention of RA. O

Methods

Scoring of joint swelling

Joint swelling was monitored by inspection and scored as fellows: 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 fingers of forepaws and hindpaws, wrists and ankles were totalled
for each mouse.

Enzyme-linked Immunosorbent assay (FLISA)

Affinity-purified mouse IgG (5 g mi~ "), 10 ug ml ™" bovine type II collagen (Funakoshi},
5ugmi ! double or single-stranded-DNA, or 10 pgml~* HSP-70 of Mycobacterium
tuberculosis in PBS, pH 7.2, were used for overnight coating of ELISA plates (Flow
Laboratories)™. Test sera were diluted 1:10 for anti-type I collagen or anti-HSP-70 assay,
1:20 for RF assay, or 1:40 far anti-DNA assay. Alkaline-phosphatase-conjugated anti-
mouse 1gG or IgM (for RF assay) (Southern Biotechnology Associates) was used at
1pgml™" as the secondary reagent™®. Poaled serum from MRL-Ipr mice was used as the
standard of arbitrary units in the RE, anti-DNA or anti-HSP70 antibody assay’. The titre of
anti-CII antibody was expressed as attenuance. The amount of immune complex was
measured by anti-C3 assay; the serum concentration of IgG was measured by the single
radial immunodiffusion method’,
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In vitro T-cell activation

SKG or BALB/c T cells (3.0 X 10%) were stimulated for 72 h with plate-bound anti-CD3
mAb (2C11) in the presence or absence of plate-bound anti-CD28 mAb in REMI-1640
medium supplemented with 10% fetal calf serum and 50 pM 2-mercaptoethanol, Cells
were also stimulated with TPA (1.4 ngml~') and ionomycin (0.14 uM). KJ1.26* T cells
from DO or DO,SKG mice were stimulated with ovalbumin (323--339) peptide in the
presence of X-irradiated syngencic spleen <ells (10° cells) as antigen-presenting cells in
96-well round-bottamed plates. The incorporation of [*H|thymidine by proliferating
Iymphocytes during the last 6h of the culture was measured.

Immunoprecipitation and western blotting

Thymocytes or purified T cells (5 X 10%) were incubated with anti-CD3 mAb (2C11) for
20 min, followed by cross-linking with antibody against Armenian hamster
immunoglobulin (Jacksen ImmunoResearch) {10 ug ml ') at 37°C for the indicated
duratien, For immunoprecipitation, cells were lysed with RIPA buffer (0.5% Triton X-100,
20mM Tris-HCl pH 7.5, 1 mM EDTA, 150 mM NaCl, 20 mM NaF, 1 mM Na,V0,)
supplemented with protease inhibitors, The immune complexes were recovered by Protein
A-conjugated Sepharose beads. For western blot analyses, cells were directly lysed by
sample-loading buffer for SDS—polyacrylamide gel electrophoresis (SDS-PAGE) and
immediately boiled for 4 min. Recovered immune complexes or tatal cell Iysates were
subjected to SDS-PAGE and transferred to poly(vinylidene difluoride) membranes, which
were blotted with various antibodies after being blocked with PBS/5% BSA. Antibodies
specific for the following proteins were used: ZAP-70 {Santa Cruz Biotech), TCR-{ {Santa
Cruz Biotech), LAT (Upstate Biotechnology), PLC-~1 (Upstate Biotechnology), activated
or total ERK1/2, SAPK/JNK and p38 MAP kinases (Cell Signalling Technology) or
phosophotyrosine (4G10} (Upstate Biotechnology).

Calcium mobilization

Thymocytes or purified T cells were loaded with Fura-2 acetoxymethyl ester {Nacarai)
for 30min at 37°C. Cells were then incubated with anti-CD3 mAb as described above,
washed and resuspended with PBS. CaCl, was added to the samples 2 min before
cross-linking cell surface-bound anti-CD3 mAb with anti-hamster antibody (Jackson

ImmunoResearch). Fura-2 fluorescence was measured by a spectrofluorimeter (Nihon
Bunkou).
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A positive-feedback-based
bistable ‘memory module’ that
governs a cell fate decision

Wen Xionyg & James E. Ferrell Jr

Department of Molecular Pharmacology, Stanford University School of Medicine,
Stanford, California 94305-5174, USA

The maturation of Xenopus oocytes can be thought of as a process
of cell fate induction, with the immature oocyte representing the
default fate and the mature oocyte representing the induced
fate"?. Crucial mediators of Xesopus oocyte maturation, includ-
ing the p42 mitogen-activated protein kinase (MAPK) and the
cell-division cycle protein kinase Cdc2, are known to be orga-
nized into pesitive feedback loops®. In principle, such positive
feedback loops could produce an actively maintained ‘memory’
of a transient inductive stimulus and could explain the irrever-
sibility of maturation®*. Here we show that the p42 MAPK and
Cdc2 systern normally generates an irreversible biochemical
response from a transient stimulus, but the response becomes
transient when positive feedback is blocked. Our results explain
how a group of intrinsically reversible signal transducers can
generate an irreversible response at a systems level, and show
how a cell fate can be maintained by a self-sustaining pattern of
protein kinase activation.

Immature Xenopus oocytes are arrested in a G2-like phase of the
cell cycle. In response to steroid hormones, the oocyte is released
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Induction of RANKL Expression and Osteoclast Maturation
by the Binding of Fibroblast Growth Factor 2
to Heparan Sulfate Proteoglycan
on Rheumatoid Synovial Fibroblasts

Kazuhisa Nakano, Yosuke Okada, Kazuyoshi Saito, and Yoshiya Tanaka

Objective. Rheumatoid arthritis (RA) is charac-
terized by progressive joint destruction. The aim of this
study was to clarify the relevance of RA synovial fibro-
blasts (RASFs) and fibroblast growth factor 2 (FGF-2),
which is preduced abundantly by RASFs, to the osteo-
clastogenesis and bone resorption in RA.

Methods., Synovial fibroblasts were prepared
from the synovial tissues of 10 patients with active RA
and 7 patients with esteoarthritis (OA). The expression
of RANKL, intercellular adhesion molecule 1 (ICAM-1),
FGF receptor 1 (FGFR-1), and heparan sulfate proteo-
glycan (HSPG) on synovial fibroblasts was measured by
FACScan. Osteoclast formation in cocultures of RASFs
and peripheral blood mononuclear cells (PBMCs)
was evaluated by tartrate.resistant acid phosphatase
staining and a pit-formation assay using dentin
slices.

Results. FGF-2 induced the expression of both
RANKL and 1CAM-1 on RASFs more so than on OA
synovial fibroblasts (OASFs). FGF-2-induced up-
regulation of RANKL and ICAM-1 was inhibited by
anti-FGF-2 antibody. Although FGFR-1 was equally
expressed on RASFs and OASFs, HSPG was highly
expressed on RASFs., Up-regulation of RANKL by
FGF.2 on RASFs was diminished by the removal of
heparan sulfate with heparitinase. Ostecclast formation
from PBMCs induced by RASFs was inhibited by the
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addition of either heparitinase, anti-ICAM-1 antibody,
anti-FGF-2 antibody, or osteoprotegerin. FGF-2-
induced RANKL on RASFs and osteoclast formation
were suppressed by an inhibitor of ERK.

Conclusion. FGF-2 was transferred to FGFR-1
through binding to HSPG, which is characteristically
expressed on RASFs, resulting in RANKL- and ICAM-
1-mediated maturation of osteoclasts via ERK activa-
tion. Thus, we propose that FGF-2 not only augments
the proliferation of RASFs, but also is involved in
osteoclast maturation, which leads to bone destruction
in RA.

Rheumatoid arthritis (RA) is an autoimmune
disease characterized by progressive joint destruction
that results from inflammation of multiple synovial
joints. Destruction of bone and cartilage is one of the
most serious problems in RA patients. Although histo-
logic analyses have demonstrated that osteoclastic bone
resorption at the bone-pannus interface is increased in
RA joints (1), the mechanism has not yet been clarified.
Since it has been reported that synovial cells from RA
patients are capable of developing into osteoclasts (2}, it
is possible that the synovial tissue environment regulates
osteoclastogenesis and results in joint destruction.

Fibroblast growth factor 2 (FGF-2) is a member
of the family of heparin-binding cytokines with potent
mitogenic effects on a variety of cells of mesodermal and
ectodermal origin (3). FGF-2 has been reported to
stimulate bone resorption in bone organ cultures (4), as
well as osteoclastogenesis in a mouse bone marrow
culture (5). Furthermore, it has been reported that
among several bone-resorptive cytokines, only the
FGF-2 concentration in the synovial fluid of RA patients
was positively correlated with the severity of joint de-
struction (6). Recently, Yamashita et al (7) showed that
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anti-FGF-2-neutralizing antibody inhibited bone de-
struction in the joints of rats with adjuvant-induced
arthritis, suggesting that the control of FGF-2 may prove
to be therapcutically useful for RA. However, FGF-2
requires the presence of heparan sulfate proteoglycans
(HSPGs) to bind FGF receptor (FGFR). HSPGs are
coreceptors for FGF-2 and strongly promote the binding
of FGF to FGFR and the subsequent activation of the
receptor (8-10). Recent genetic studies in Drosophila
provided compelling cvidence that HSPGs are essential
for FGF signaling in vivo (11).

The present study was designed to determine the
role of FGF-2 and HSPG in the osteoclastogenesis that
occurs in patients with RA. Our results showed that
FGF-2/HSPG binding may provide powerful tools for
inhibiting bone destruction in RA.

MATERIALS AND METHODS

Cell cultures. Synovial tissues were obtained from
patients with active rheumatoid arthritis (12) and osteoarthritis
{OA) (13), diagnosed according to the criteria of the American
College of Rheumatology (formerly, the American Rheuma-
tism Association), who were undergoing joint replacement
surgery or synovectomy. Synovial tissues samples were dis-
sected under sterile conditions in phosphate buffered saline
(PBS), and immediately prepared for culture of fibroblast-like
synovial cells.

Briefly, the tissue sample was minced into small pieces
and digested with collagenase (Sigma-Aldrich Fapan, Tokyo,
Japan) in serum-free Dulbecco’s modified Eagle’s medium
(DMEM,; Gibco BRL, Grand Island, NY). After filtering
through a nylon mesh, the cells were extensively washed, and
suspended in DMEM, supplemented with 10% fetal calf serum
(FCS; Bio-Pro, Karlsruhe, Germany). Finally, isolated cells
were seeded in 25-cm? culture flasks (Falcon, Lincoln Park,
NI} and cultured in a humidified chamber with an atmosphere
of 5% carbon dioxide. After overnight culture, nonadherent
cells were removed, and incubation of adherent cells was
continued in fresh medium. At confluence, the cells were
trypsinized, passaged at a 1:3 split ratio, and recultured. The
medium was changed twice each week, and the cells were used
after 3-5 passages.

The study protocol was approved by the Ethics Review
Committee of the University of Occupational and Environ-
mental Health, School of Medicine. A signed consent form was
obtained from each subject before tissue collection.

Reagents and monoclonal antibodies. FGF-2, osteo-
protegerin (OPG) (PeproTech, London, UK), PD 98059, SB
202190 (both from Funakoshi, Tokyo, Japan), and chondroiti-
nase ABC (Seikagaku, Tokyo, Japan} were purchased. Hepa-
rinase and heparitinase I and 1T were kindly donated by the
Tokyo Research Institute of Scikagaku. Neutralizing antibod-
ies against human FGF-2 produced in goats and nonimmune
goat IgG were purchased from R&D Systems (Minneapolis,
MN). The following monoclonal antibodics {mAb) were used
as purified immunoglobulins in the preparation of synovial

fibroblasts, staining, and analysis of cell surface molecules:
anti-heparan sulfate mAb 10E4 (Seikagaku), anti-RANKL
polyclonal antibody (C-20; Santa Cruz Biotechnology, Santa
Cruz, CA}), CD34 (ICAM-1) mAb 84H10 (kindly provided by
S. Shaw, NIH, Bethesda, MD), anti-FGFR-1 antibody (Sigma-
Aldrich Japan}, flucrescein isothiocyanate (FITC)-conjugated
donkey anti-goat IgG (Santa Cruz Biotechnology), and control
mouse IgG1 (Becton Dickinson, San Jose, CA),

Fluorescence-activated cell sorting (FACS) analysis.
Staining and flow cytometric analysis of osteoblasts and syno-
vial cells were performed by standard procedures as described
previously (14), using a FACScan (Becton Dickinson, Moun-
tain View, CA). Briefly, cells {1 % 10°) were incubated with
specific mAb and subsequently with FITC-conjugated goat
anti-mouse IgG antibody or rabbit anti-goat IgG antibody at
saturating concentrations in FACS medium consisting of
Hanks’ balanced salt solution (Nissui, Tokyo, Japan), 0.5%
human serum albumin (Green Cross, Osaka, Japan), and 0.2%
NaN; (Sigma-Aldrich) for 30 minutes at 4°C. After 3 washes in
FACS medium, the cells were analyzed with a FACScan,
Amplification of the mAb binding was provided by a 3-decade
logarithmic amplifier. Quantification of the cell surface anti-
gens on one cell was performed using beads, QIFIKIT (Dako
Japan, Kyoto, Japan).

Osteoclast formation in a coculture system of synovial
fibroblasts and peripheral blood mononuclear cells (PBMCs).
Subcultured synovial cells (3-5 passages) were composed of
synovial fibroblasts, since all of the cells showed fibroblastoid
morphology and were completely free of CD3-positive T cells
and macrophages, as demonstrated by staining with CD11b or
nonspecific esterase according to the method of Fujii et al (15).

PBMCs were derived from samples of peripheral bloed
using Ficoll-Paque. Briefly, peripheral blood was obtained
from healthy donors, diluted 1:1 in PBS, layered onto Ficoll-
Paque, and centrifuged at 400g for 20 minutes. The interface
layer was washed 3 times in PBS and was used as PBMCs.
Isolated PBMCs (4 X 10° cells/well) were resuspended in
a-minimum essential medium (e-MEM) containing 10% FCS
and 50 ng/ml of macrophage colony-stimulating factor (M-
CSF) and then secded in 48-well tissue culture plates (Costar
3548; Corning, Corning, NY). Three days later, adherent cells
were used for subsequent cocultures with fibroblasts.

Synovial fibroblasts were added to 48-well plates (1 %
10° cellsfwell) and cocultured for 9 days in a-MEM containing
10% FCS, 50 ng/ml of M-CSF, and 1077M 1,25-
dihydroxyvitamin D, (1,25[OH],D,). After 9 days of culture,
some dishes were stained for tartrate-resistant acid phospha-
tase (TRAP) as described previously (16); the other dishes
were trypsinized and seeded onto dentin slices (4 mm). TRAP-
positive multinucleated cells that contained more than 3 nuclei
were identified as osteoclasts, and these were counted by light
microscopy. On day 11, the dentin slices were placed in
NH,OH (IN) for 30 minutes and then cleaned by ultrasonica-
tion to remove adherent cells. The dentin slices were then
washed with distilled water and stained with hematoxylin and
cosin. Bone resorption was evaluated by scanning the area of
resorption pits by light microscopy.

Statistical analysis. All data were expressed as the
mean * SD. Differences between groups were examined for
statistical significance using the unpaired ¢-test. A P value less
than 0.05 was considered statistically significant.
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