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Involvement of Inducible Costimulator-B7 Homologous Protein
Costimulatory Pathway in Murine Lupus Nephritis’

Hideyuki Iwai,”*' Masaaki Abe, Sachiko Hirose,¥ Fumihiko Tsushima,* Katsunari Tezuka,}
Hisaya Akiba,m Hideo Yagita," Ko Okumura,? Hitoshi Kohsaka," Nobuyuki Miyasaka,! and
Miyuki Azuma*

Inducible costimulaior (IC0OS)-B7 homologous protein (B7h) is a new member of the CH28-B7 family of costimulatory molecules
that regulates T cell-dependent humoral immune responses. In this study, we examined the involvement of this costimnlatory
pathway in the development and progression of lupus in NZB/W F| mice. Expression of ICOS on T cells was enhanced with disease
progression, whereas B7h expression on B cells was down-regulated. Administration of anti-B7h mAb before the onset of renal
disease significantly delayed the onset of proteinuria and prolonged survival. Blockade of B7h effectively tnhibited all subclasses
of Ig(; autoantibody production and accumulation of both 'Thi and Th2 cells. Hypercellularity and deposition of IgG and €3 in
glomeruli were signiticantly reduced. B7h blockade after the onsct of proteinuria prevented the disease progression and improved
the renal pathelogy. Our resulis demonstrated the involvement of the ICOS-B7h costimulatory pathway in the pathogenesis of
lupus nephritis, and the blockade of this pathway may be beneficial for the treatment of human systemic lupus

erythematosus.

ystemic lupus erythematosus (SLEY is a prototypic sys-

temic autoimmune discase. SLE is characterized by dys-

regulated activation of both T and B cells, leading to gen-
eration of autoantibodies, particularly to dsPINA, that are critically
involved in tissue damage (1, 2). The characteristic deposition of
TG in the kidney and other organs implics the involvemuent of 1gG
autoantibodies in the pathogenesis of SLE. NZB X NZW
(NZB/W) F) mice develop a spontaneous autoimmune disease
characterized by production of IpG antinuclear Abs, accumulation
of immune complexes, and subsequent development of a fatal glo-
merulonephritis, which are reminiscent of human SLE (3). In both
human 811 and the murine model of lupus nephritis, it has been
shown that activation of autvantibody-producing B cells is depen-
dent on T cell help through eytokines and costimulatory molecules
{4). Recent reports demonstrated that the anergic state of autore-
active B cells is reversed by CD4™ T cell help and regulated by T
cell-mediated suppression {5). In the cognate interactions between
T and B cells, both CD28-CDRO/CDE6 and CD154-C140 are cru-
cial costimulatory pathways for initial immune responses (6). En-
gagement of TCR by Ags presented by B cells rapidly induces
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CID154 expression on | cells, and its binding to CD40 on B cells
promotes gerntinal center formation, I3 cell proliferation and dif-
ferentiation, and isotype switching (7). The engagement of 140
also induces CD80 and CD86 expression on B cells, and ligation
of CD28 on T cells by the binding of CD80 and 186 induces a
strong costimulatory signal that promotes T cell activatien and
survival {8). Blockade of CD28 and/or CD40 pathways could in-
hibit the onset of murine lupus nepheitis (9 -13), suggesting the
importance of both costimulatory pathways.

In addition to these pathways, other receptor/ligand pairs that
are also involved in the T-B cognate interactions and may influ-
ence the pathogenesis of systemic autoinunune diseases include
CD134.CD134 ligand (14), BAFF-BAFF ligands (15), and induc-
ible costimulator (ICOS)-ICOS ligand (16, 17). ICOS is induced
on T cells after activation (18). Its ligand B7 homologous protein
(B7h) (19YB7-related protein-1 (20)/GLS0 (21)ligand of ICOS
(22) (hereafter dusignated B7h) is constitutively expressed on B
¢ells and inducible on monocyles and dendritic cells at low levels
(23). In addition to the expression on professional APCs, B7h is
also inducible on fibroblasts (19) and endothelial cells (24) by
proinflammatory cytokines such as [IFN-y and TNF-a. Ligation of
1COS strongly enhances the praduction of 11.-4, 11.-5, IFN-y, and
IL-10, but not [£.-2 (18, 25, 26), suggesting a distinet costimulatory
effect from CD28. 1L-4 production by T cells was extremely im-
paired in the absence of ICOS (27). ICOS knockout mice exhibit
prefound defects in Th cell-dependent B cell responses, germinal
center formation, and g class switching (28, 29). This deficit could
be overcome by CI40 stimulation, suggesting that ICOS promotes
isotype switching by regulating the CD40-CID154 pathway (28).
Although these studies have substantiated a pivotal role of the
ICOS-B7h costimulatory pathway in regulating humoral immune
responses, its contribution to autoantibody production has not been
well characterized. To investipate the mvolvement of the 1C0OS-
37h costimulatory pathway in the development and progression of
lupus nephritis, we have examined the eflects of anti-ICOS or anti-
B7h mAb administration in lupus-prone NZB/W F| mice.
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Materials and Methods
Mice and mAb treatment

NZBAW F, and C.B-17/scid (8C1D) female mice were purchased frem s C
(Shizuoka, Japan) and Charles River Breeding Laboratories (Kanagawa,
Japan), respectively, and maintained in the animal facility at Tokyo Med-
ical and Dental University. Mice transgenic for the OVA,, 5 -specific
and I-A-restricted DO11.10 TCR-aff on a RAG2™"™ background were
generousty supplied by Dr. 8. Koyasu (Keio University, Tokyo, Japan). All
procedures were reviewed and approved by the Animal Care and Use Com-
mittee of the Tokyo Medical and Dental University. The anti-mouse B7h
(HKA.3, rat IgGG2a) (30) and ICOS (1310.3, rat 1gG2a) (31} mAbs were
generated as descnbed previously. HK3S.3 blocked the binding of mouse
1C08-1g 10 mouse BT fransfectants (30}, and both 1310.5 and HKS.3 could
elficiently inhibit the ICQS-Bh-mediated proliferative responses by C14*
T cells in vitro (Ref. 30; H. Iwai, unpublished observation). In the exper-
iments to see the effect of mAb Ireatment on the development of lupus,
2-mo-old NZB/W F, Famales were randomly divided info three groups and
treated with control reagents, anti-B7h mAb (200 pebody), or aati-[COS
mAb (100 pg/body) ip. twice per week for 19 wk as desenbed previously
(10). Optimal doses for anti-IB7h and anti-ICOS mAbs were determined
according to our previous studies (10, 30). As the control reagents, PBS or
ral TgG (200 pg/body: Sigma-Aldrich, $t. Louis, MO} was used. As we
obscrved similar results belween the mice treated with I'BS or rat IgGin all
expeniments, the results from the mice treated with PBS and rat 1gG were
combined and presented as a control group. In the expariments to see
therapeutic effects, a cohort of NZB/W F, female mice was monitoted for
proteinuria every week from 5 mo of age. The teeatinent was started alter
observation of two conseculive proteinuria of =100 mg/dl. Three groups of
mice reccived control teagent, antt-B7h mAb (200 pebody), or anti-1ICOS
mAb (100 pz'body} ip. three times per week until death orup to 12 me of age.

Assessment of nephritis

For monitoring the development of nephritis, proteinuria was measured
every week as described previously (32). Prolein concentrations of > 100
mg/dl of wrine were considered positive. For histological evaluation of
renal disease, mice were sacrificed at 7 mo of age or at 3 mo afler the initial
treatment. Kidneys were either fixed in formalin or snap-frozen in Tissue
Tek (Sakura Finetechnical, Tokyo, Japan) for eryostat seclioning, Forma-
lin-fixed tissue was embedded in paraffin, sectioned, and stained by the
periodic acid-Schilf (PAS) method. The cellularity of 12 randomly selected
glomeruli in cach kidney cross-scction was counted, and the severity of
change was scored from 0 to 3 as follows: grade 0, normal (35 40 cells/
glomerulus); grade 1, mild (41-50 cells/glomerulus), grade 2, moderate
{5160 cells/glomerulus); grade 3. severe (360 cells/‘glomerulus) as de-
scribed (33).

Frozen sections were fixed in acelone and 1% paraformaldehyde, and
stained with FITC-conjugated anfi-mouse IpG Ab (ICN/Cappel, Aurora,
OI1) or C3 Ab {(JCN/Cappel). and propidium iedide (Sigma-Aldrich). The
staining profiles were obtained with a fluorescence microscope (BX-50;
Olympus, Tokyo, Japan) equipped with a charge-coupled device camera
(DXL, system; Photometrics, Tucson, AZ), and the image was analyzed by
using IPLab Spectrum software (Signal Analytics, Vienna, VA). The quan-
titative evaluation of immunofluorescence was performed as deseribed pre-
viously (34). The mean fluorescent intensity (MF]) of 15 glomenili from
enach section was averaged.

ELISA of serum anti-dsDNA Ab

Serum samples were collected at 3, 5, and 7 mo of age. and the levels of
anti-dsDNA total IaG, IgGl, IgG2a, and IgG2b Abs were measured by
ELISA as described previously (35). A pooled serum from 7-mo-old
NZD/W F, mice wilh severe nephntis was used as a standard. The titer of
the standard serum was defined as 117, and the levels in individual samples
are expressed as unil values.

mAbs and flow ¢ytometry

mAbs against the following Ags were used for immunefluorescence anal-
ysis: CD3 (145-2C11, hamster 1gG), CD4 (RM4-5, 1at IpG2a), CD5 (53-
7.3, rat 1(32a), CD8 (53-6.7, mat [gG2a), CD&Y (HL2F3, hamster 1gG),
CD25 (PC6L, rat 1pG1), CD4SR/B220 (RA3-6B2, at 1gG2a), B7h
(HK5.3), ICOS (B10.5), IFN-y (XMGL.2, rat IgG1), 1L-4 (BVD4-1D11,
ral 1g€i2b), and 11.-10 (JES3-16E3, mat 1gG2b). All FITC-, PE-, or Per(CP-
conjugated mAbs and control lg were abtained from BI) Biosciences (San
Diego, CA). Biotinylated anti-B7h and anti-ICQS mAbs were prepared in
our laboratory and detected by PE-strepravidin (BD Biosciences). Multi-
color staining for intracellutar cytokine and cell swrface Ags was performed
as described previously (36). Immunofluorescence, flow cytometry, and
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data analysis were performed using FACSCahbur and CellQuest sofiware
(B3 Biosciences).

Adoptive transfer experiments using DO IO TCR-transgenic
T cells

To investigate the effect of in vivo treatment with anti-ICOS mAb on
Ag-speeific T cell responses, we performed the adoptive transfer of QVA-
specific T cells from DO11.10 TCR-transgenic mice (37, 38). SCID (8-
wheold female) mice received a mixture of splenocytes and lymph node
(LN) cells containing 3 X 10° of CD4*KJ1-26" T cells from RAG2™
DO11.10 mice, Afler 24 h, 1 mg of chicken OVA (grade V: Sigma-Al-
drich) in IFA (Difco, Detroit, MI) was injected s.c. One hundred micro-
grams of control rat IgG or anti-ICOS mAb (B10.5) was administrated i.p.
on days ) and 2. Five days Later, mice were sacnficed and the draining LNs
were collected. Total LN cell numbers were counted, and the expansion
and activation of OV A-specific T cells were examined using PE-conju-
gated anti-CD25 mAb and biotinylated anti-DO11.10 TCR (KJ1-26, mouse
12G2a; Caltag, Burlingame, CA) mAb, followed by allophycocyanin-
streptavidin (BD Biosciences), or Annexin VI¢ (BD Biosciences) by
flow eylometry. Alive cells, apoplotic czlls, and laige activated alive cells
were determined 10 be annexin V7 ESCedvmbiah yoexin V*FESC, and
annexin V. FSCMEM celly, respectively. Funthermore, isolated LN cells (5 X
10° eclis'ml) were cullured in the presence of 2 pg/ml OVA ;¢ 450 peplide
{Bachem, Bubendorf, Switzertand), and cytokine production in ihe super-
natants after 48-h culture was measured by ELISA. ELISA for IFN-y. I11.-4,
and IL-10 was performed using ELISA kits (Ready-SET-Go: eBioscience,
San Diego, CA) according to the protoceols recommended by the
manufacturer,

Statistical analysis

The log-rank and Mann-Whitney U tosts were used, Values of p <0 0.05
were considered significant,

Results
Expression of 1COS and B?Ir on splenocytes from NZB/W Iy niice

We first examined the expression of ICOS and B7h on splenocytes
from NZB/W ¥, mice before (at 2 mo of age} and after (at 7 mo
of age) the onset of disease. A considerable percentage of T cells
expressed 1COS in the splenocytes from NZB/W F| mice at 2 mo
of age (Fig. 1), The expression of ICOS on T cells was gradually
up-regulated as the age increased, and most T cells expressed
ICOS at 7 mo of age in NZB/W F, mice. Similar results were
obtained with PBLs (data not shown), Consistent with a previous
observation (25), most B cells constitutively expressed B7h at all
time points analyzed. Interestingly, the MFT was significamtly (p <<
0.03) decreased at 7 mo of age compared with 2 mo of age. These
results prompted us to investigate the involvement of 1COS-B7h
interactions in the development of lupus nephritis.
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FIGURE 1. Expression of ICOS and B7h on splenoeytes in NZBW F,
mice. Splenceyles from 2- and 7-mo-old NZB'W F, mice were stained
with biotinylated anti-1COS or anti-B7h mAb and FITC-labeled anti-CD3
or anti-CD45R mAb or with the approprate fluorochrome-conjugated con-
trol Tg, fullowed by PE-streptavidin, Staming was analyzed by flow cy-
tometry. An clectronic gate was set on CD3 " T cells or CDASR ' B cells,
and the expression of ICOS on T cells and BTh on B cells are represented
as solid line with the contwol Ig staining as a dotted line. The values of
mean percentages (IC0S) and MFI (B7h) = SEM are indicated in the
upper right. Data are representative of three separate experiments.
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Administration of anti-B7h mAb before the onset of disease
prevents the development of lupus

We examined the effects of anti-B7h or anti-ICOS mAb adminis-
tration before the onset of lupus neplritis. We started the treat-
ments from 2 mo of age when an obvious renal disense was not
observed. At the cessation of treatment (6.5 mo of age), about
one-half of the mice treated with control reagents or anti-ICOS
mAb developed renal disease (proteinuria, > 100 mg/dl), but none
of the anti-B7h mAb-treated mice developed the disease (Fig. 24).
Although the mice treated with anti-B7h mAb eventually devel-
oped proteinuria after the cessation of treatment, the disease course
was significantly (p = 0.08) different from that of the control
group {Fig. 24). The final survival rate of the anti-B7h mAb-
treated mice at 10 mo of age was 80%, whereas all of the mice
treated with control reagents or anti-ICOS mAb died of severe
nephritis until this time point (Fig. 28). The improvement of ne-
phritis by the anti-B7h mAb treatment was verified by histological
exantination. Renal tissue sections trom the control or anti-B7h
maAb-treated mice at 7 mo of age were examined for the glomer-
ular hypercellularity and the deposition of IgG and C3. The sec-
tions from the control mice showed a severe change including
membranoproliferative changes mnd sclerosis of glomenli (Fig.
3Aa), whereas these manifestations were not observed in the anti-
B7h mAb-treated mice (42). Deposition of IgG (Fig. 34, ¢ and )
and C3 (not shown) to glomeruli was obvious in the control mice,
but this was clearly inhibited in the anti-I37h mAb-treated mice. In
the quantitative analyses, the anti-B7h mAb treatment showed a
significant inhibition in the hypercellularity and the IpG and C3
deposition in glomeruli (Fig. 3B). These results indicated that the
treatment with anti-B7h mAb before the onset of disease prevented
the development of nephritis, although this preventive cffect was
lost upon cessation of the treatment.

Inhibition of anti-dsDNA 1gG1, IgGa, and fg(i2b Ab
production by anti-BTh mAb treatment

Consistent with our previous observation (10). the production of
anti-dsDNA IgG Abs, including IgGl, IgG2a, and IgG2b sub-
classes, was first detectable in the control mice at 5 mo of age and
became prominent at 7 mo of age (Fig. 4). All of these isotypes of
Ab production were significantly suppressed in the mice treated
with anti-B7h mAb. These results suggested that the anti-B7h mAb
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FIGURE 2.

INVOLVEMENT OF ICOS-B7h IN MURINE L.UPUS

treatment inhibited both Thl- and Th2-mediated autoantibody pro-
duction. In contrast, the treatment with anti-ICOS mAb did not
consistent]y inhibit the production of anti-dsDNA Ab. The evalu-
ation of respective [gG subclasses revealed that Ig(3l was rather
enhanced in the mice treated with anti-1COS mAb at 3, 5, and 7 mo
of age, whereas Ig(G2a and Ig(G2b were significantly inhibited.
These results sugpested a differential eflfect of the anti-ICOS mAb
treatment on Thl- vs Th2-mediated immune responses.

We have monitored the serum Ab against the respective adinin-
istrated rat [pCis. We failed to detect a substantial serum Ab against
the anti-B7h rat 1gG2a in the mice treated with anti-B7h mAb,
whereas we observed a slight increase of Abs against the admin-
istrated control rat IgG and the anti-ICOS rat IgG2a in the contro]
IgG- and anti-lICO8 mAb-treated mice, respectively (data not
shown). These results suggest an cfficient inhibition of the anti-rat
lhost responses by the treatment with anti-B7h mAb.

Effect of anti-B7l: or anti-ICOS mAb trearment on himphocyte
status

To examine the effects of anti-B7h or anti-ICOS mAb treatnient on
Iymphocytes in circulation and secondary lymphoid organs, we
examined the cell number and lymphocyte population in peripheral
blood and spleen at 7 mo of age. Consistent with our previous
observation that T lymphopenia was observed ar this age of
NZB/W Fy mice (39, 40), the control NZB/W F, mice exhibited a
reduction of T lymphocytes in peripheral blood (Tables I and 11).
In the anti-B7h mAb-treated mive, this T lymphopenia was sig-
nificantly ameliorated. In addition, splenomegaly and a high CD4/
CDD8 ratio of splenic T cells were characteristic features at this age
of NZB/W F, mice, and these features were ot observed in the
mice treated with anti-B7h mAb (Tables [ and II). The treatment
with anti-ICOS mAb did not clearly aflect the lymphocyte count
and phenotypes as compared with the control mice (not shown).
We next examined the effects of mAb treatinent on activational
state of T cells. The percentages of CD69 ™ or CD25™ cells within
CD3* T cells in the control NZB/W F, mice were clearly in-
creased comparced with the same age of BALB/c mice (CDG9,
13.0 = 0.1%; CD25, 12.9 * 4.3%), and this increase was signif-
icantly inhibited by the anti-I37h mAb trearment (Fig. 5). A clear
etfect was not ohserved in the mice treated with anti-ICOS mAb.
In the control NZB/W F, mice, CD4™ T cells expressing IFN-vy,
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Effect of anti-B7h or anti-ICOS mAb treatment on the development of lupus nephritis. NZB/W F| female mice (# = 10 in each group) were

treated wath contrel reagents (). anti-B7h mAb (@), or anti-ICOS mAb (&) twice per week from 2 mo of age for 19 wk. Incidence of proteinuria (4) and
survival rate (#) are shown, The data shown are representative of two independent experiments with similar results.,
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FIGURE 3. Evaluation of renal disease by histopathology. Kidnay sec-
tions from the control reagents or anli-B7h mAb-treated mice at 7 mo of
age were examined by PAS staining and immunofluorescence for IgG and
C'3 {green). Propidium iodide (red) was used for counterstain. 4, Repre-
sentalive staining of PAS (@ and &) and [gG deposition (¢ and &) from
control reagent (@ and ¢)- or anti-B7ls mAb (b and o)-treated groups. Orig-
inal magnification, X 100. &, Hypercellularity of glomeruli {4}, and [gG (&)
and C3 (¢) deposition were quantitatively evaluated as deseribed in Meate-
rials und Methods. The mean scores = SIM of fowr mice in the control
reagent-treated ([ 1) or anti-B7h mAD (M)-treated group are shown, *, Sta-
tistically different (p < 0.05).

11.-4, and 11.-10 were increased compared with those of the same
age of BALB/c mice (IFN-v, 0.8 * 0.04%,; 11.-4, 0.4 = 0.06%;
11.-10, 0.2 = 0.04%), which were significantly reduced by the
anti-B7h mAb treatment. The treatment with anti-ICOS mAb
showed less inhibitory eflects on IFN-y and IL-10, whercas no
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FIGURE 4. [ffect of anti-B7h or anti-ICOS mAb treatment on serum
anti-dsDNA IgG Ab. Serum samples from the control reagent (())-, anti-
B7: mAb (H)-, or anti-[COS mAb (ED-treated mice were obtained a1 3, 5,
and 7 mo of age. Serum levels of anti-dsDNA total 1gG, 1gG1, TpG2a, and
1gG2h Abs were measured by ELISA. Data shown are the mean = SEM
of 10 mice from two independent experiments in each group. *, Statisti-
cally different {(p << 0.05).

inhibition was observed on IL-4. CD8 "' T cells expressing IFN-v,
11.-4, and IL-10 in the control NZIB/W F| mice were 0.5 * 0.3%,
0.2 £ 0.1%, and 0.2 = 0.1%, respectively, and these were not
affected by the anti-B7h or anti-ICOS mAb treatinent (data not
shown). These results suggested that the anti-B7h mAb treatment in-
hibited the activation of both Thl and Th2 cells, whereas the anti-
ICOS mAb treatmert had less inhibitory effect on T cell activation.

Therapeutic effect of anti-B7h mAb treatment affer the onset of
fupus nephritis

To investigate the effects of anti-B7h or anti-ICOS mAb treatient
on ongoing lupus nephritis, we treated NZB/W F, mice that had
developed renal disease (proteinuria, >100 mg/dl) three times per
week up to 12 mo of age. The mice treated with either contro]
reagents or anti-1C0S mAb exlubited no sipnificant improvement
in proteinuria (not shown) and in survival rate, and all mice died
within 2 mo after the initiad treatment (Fig. 64). The treatment with

Table . Effects of amti-B7h mAl treatment on peripheral blood”

Total Lymphocyles T Cells Convenlionzal T CD5* B Cells
(10%ul ¢~ 1l Cells (< 107720) (- 10%1)
Control reagents 6.6 0.4 40*04 1200 0300
Anti-B7h mAD 79 %02° 55£03° 1.4 x0.1 0.6 = 0.1°

“ Absolute lymphocyte counts in peripheral blood from the mice at 7 mo of aze were measured. Lymphocytes were stained
with FITC-conjugated anti-CDM5R mAb and PerCP-conjugated anti-CD3 maAb or PE-conjugated anti-CD5 mAb. CD3”
CD4SR ", CD5~ CD45R™, and CD5* CD4SR* eedl counts are presented as T cells. conventiopal T eells, and CDS" B cells,
respectivety, Values are the nseans + SEMs from each group (v~ 10).

* Statistically dilferent from Lhe control reagent-treated group {p < 0.65)
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Table Il Effects of anti-B7h mAb treatment on splenocytes?

Total Lymphocytes CD4t T ChDR' T
(2107 Cells (.- 107) Cells (4107) CDACDY
Control reagents 17.6 £ 1.9 54x06 0701 80 =06
Anti-B7h mAb RO = 19° 2.8 = 5" 0.8 = 0.0% 3509

¢ §plenceyies froma 7-mo-old individual mouse were counted, and eells were stained with FITC-conjugated anti-CD38 mAb,
PE-conjugated anti-C1M4 mAb, and PerCP-conjugated anti-CD3 mAb. CD3* CD4" CDE™ and CD3* CD4™ CDE* cel counts
were presented as CD4* T and CD8* T cells, respectively. Values are the means = SEMs from cach group of four mice.

¥ Statigtically diflerent from the contrel reagent-treated group (p < (L05).

anti-B7h mAb significantly (p = 0.038) improved the survival rate
compared with the control group, and 40% of mice survived at 3
mo after the initiation of treatment. In several mice, the levels of
proteinuria and anti-dsDNA Ab production were improved aller
the anti-I37h mAb treatment (data not shown). The improvement of
renal disease by anti-B7h mAb treatment was verified by histo-
logical examination in the mice that survived by the anti-I37h mAb
treatment. The hypercellularity and the deposition of IgG and C3
in glomeruli observed in the mice without treatment at 7 mo of age
were clearly improved in the mice that survived at 12 mo of age
from the anti-B7h mAb-treated group (Fig. 65). These results sug-
gest that the B7h blockade could ameliorate ongoing lupus nephri-
tis and inhibit disease progression.

The effects of anti-ICOS mAb on QVA-specific T cell responses

In the above studies, we have observed a lower or reverse effect of
anti-ICOS mAb treatment on autoantibody production and T cell
activation. To see actual inhibitory or activating properties of anti-
[COS mAb, we investigated the eftects of anti-ICOS mAb treat-
ment in the adeptive transter of OVA-specitic T cells from
RAG2™ DO11.10 TCR-ransgenic mice. Five days alter the
transter of 3 X 10% KI1-26" T cells and OVA immunization with
TFA, there was a significant expansion of Ag-specific T cells in the
draining LN from control rat IgG-treated mice (2.6 = 0.1 x 10°
cells) compared with (he mice immunized with IFA alone (0.02 =+
0.05 X 109 cells). The anti-ICOS mAb-treated mice showed a
lower number of KJ1-26" T cells (1.9 = 0.3 X 10° cells) (Table
1II). Unexpectedly, flow-cytometric analysis revealed that the anti-
[COS mAb treatment significantly increased the percentage of ap-
optotic cells as well as the percentage of large activated cells de-
fined by annexinV FSCMe", Furthermore, the anti-ICOS mAb

treziment significantly increased the percentage of CD25°' cells
within KI11-26" T cells. In addition, LN cells from the anti-ICOS
mAb-treated SCID mice produced higher amounts of [FN-v, [1.-4,
and JL-10 after stimulation with OVA peptide. These results in-
dicate that the treatment with anti-ICOS mAb promoted Ag-spe-
cific T cell activation and apoptosis/activation induced cell death,
suggesting an agonistic activity of the anti-ICOS mAb.

Discussion

An array of costimulatory molecules has been implicated in the
pathogenesis of lupus nephritis in NZB/W I, mice (9--11, 14, 41).
In this study, we first demonstrated a critical contribution of the
[COS-B7h pathway as well. The blockade of B7h by administra-
tion of anti-B7h mAb inhibited the onset and the progression of
glomerulenephritis and prolonged the survival. The improvement
in clinical manitestations was comelated with the inhibition of cel-
lular and humoral immune responses mediated by both Thi and
Th2 cells and histopathological amelioration.

ICOS is expressed on naive T cells only after activation (18).
Surprisingly, most T cells expressed 1COS at a high level, and
considerable percentages of T cells expressed activation markers,
CD69 and CI)25, at 7 mo of age in NZIYW F| mice, suggesting
aberrant activation of T cells with discase progression. In contrast
to the inducible expression of ICOS on T cells, its lipand B7h is
constitutively expressed on naive I3 cells {19, 23). A recent report
demonstrated that B7h on B cells was extinguished afier activation
through surtace g- and 1L-4-mediated signaling, and a costimu-
lation through CD40 was capable of restoring the surface expres-
sion of B7h (42). In NZB/W F, mice, we also observed the down-
regulation of B7h on splenic BB cells with disease progression (Fig.
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FIGURE 5.

Expression of activation markers and cytokines in splenic T cells. Splenvcytes from the control reagent ([ - anti-B7h mAb (M-, or

anti-1COS mAb (E)-treated mice at 7 mo of age were obtained. Cells were stained with combinations of PE-conjugated anti-CD69 or anti-C1325 mAb and
PerCP-conjugated anti-Ch3 mAb, and PE-conjugated anti-IFN-y, anti-1L-4, or anti-IL-10 mAb and PerCP-conjugated auti-CID4 mAb. An electronic gate
was set on either CD3™ or (D47 lymphocytes, and the percentages of CD69™ or CD25* cells within CD3* T cells and the percentages of ITFN-y™, [1.-4*
or IL-10" cells within CIM™ T cells were analyzed by flow cytometry. Data represent the mean percentages = SEM of four mice in each group, *,

Statistically difterent from the control group (p < 0.05).
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FIGURLE 6. Effect of anti-B7h or anti-ICOS mADb treatment after the
onset of nepheitis. NZB/W F; mice (# = 10 in each group) with initial
proteinuria (> 100 mg/dl) were treated with control reagents (0), anti-BTh
mAb (#), or anti-ICOS mAb (A) three times per week until 12 mo of age.
A, Survival rate after the initial treatment. £, Seventy of nephritis evaluated
by histological examination. Hypercellularity of glomeruli (), and 1gG (b)
and C3 () deposition were quantitatively evaluated as described in Mare-
rials and Methods, Data represent the mean scores + SEM of four mice at
7 mo of age with control reagents (L) and at 12 mo of age with anti-B?h
mAb treatment (M. », Statistically different (p < 0.05).

1). This might result from the cognate interaction with T cells
during the process of disease propression.

In the present experiments, we have observed contradictlory re-
sults between the anti-B7h and anti-ICOS mAb treamients. The
treatment with anti-B7h mAb showed a consistent amehioration of

2853

both clinical and pathological manifestations, immunological ab-
nonmality including expression of T ¢ell activation markers and
cytokines, and all subelasses of anti-dsDNA autozantibody produc-
tion. In contrast, the administration of anti-ICOS mAb failed to
ameliorate ¢linical manifestations assessed by proteinuria and sur-
vival rate, although this treatment significantly inhibited [FN-y and
IL-10 production by splenic T cells and serum IgG2a and 1gG2b
anti-dsDNA Ab production. It should be noted that the anti-ICOS
mAb treatment induced carly production of IaGl anti-dsDNA Ab,
and this was further enlanced with age. In addition, this treatment
did not significantly affect I1.-4 production unlike the treatment
with anti-B7h mAb. These results suggest that the anti-1ICOS mAb
treatment potentially has a reverse etfect on Th2-mediated immune
responses. In fact, the adoptive-transfer experiments using
DO11.10 TCR-transgenic T cells demonstrated an agonistic prop-
erty of the anti-ICOS mAb used in this study, In the CD4™ T cell
responses against OVA, the treatment with anti-ICOS mAb appar-
ently promoted activation of both Thl and Th2 cells and apoptosis.
Previous reports using the same anti-lCOS mAb (B10.5) demon-
strated the opposing effect of this mAb on acute vs chronic graft-
vs-host disease {43), and the ameliorating effect on a chronic co-
litis induced by transfer of CD4™CD4SRBM®" T cells by
enhancing Th2 cytokine production and apoptosis of infiltrating T
cells (44). In addition, we also observed that treatment with vari-
ous doses of anti-ICOS mAb (50, 100, 300 pg/body) persistently
exacerbated the collagen-induced arthritis (H. Iwai and M. Azuma,
unpublished observation), whereas the anti-B7h mAb treatment
cliciently ameliorated the arthritis by inhibiting both Thl- and
Th2-mediated immune responses (30). Taken together, it is likely
that the binding of anti-!COS mAb (B10.5) to T cells induced an
agonistic signal to T cells, especially to Th2 cells in our NZB/W
Fy model. Preferential expression of 1COS on Th2 cells has been
reporied (45--47). Therefore, the diflerential expression of 1COS
between Thl and Th2 cells and the differential contribution of Thi
and Th2 cells to the development of lupus may result in diflerent
outcomes of the binding of anti-ICOS mAb in this model.

It has been shown that the [COS-B7h costimulatory pathway is
preferentially involved in the eflector phase of immune responses
rather than the induction phase (47, 48). We previously examined
the effects of anti-CDE0 and -CD86 mAbs on the development and
progression of lupus nephritis in NZI/W F, mice with similar
protocols {10). Based on the incidence of proteinuria and the sur-
vival rate at [0 mo of age, the inhibitory ¢ffect of the anti-B7h
mADb treatment before the vnset of disease seems 1o be inferior to

Table 1. Efects of anti-1COS mAb treatment on the adoprive transfer of OVA-specific T cells®

Apopfotic/

Cytokine Production”

KL 26 T* Dead Cells' Alive Cells Activated CcD2s* IFN-¥ IL-4 IL-10

(#10% Cells) %%) (%) Cells (%) Cells” {%%) {rg/ml} (pe/nly {pg'ml}
Rat IpG 26 =01 127209 868 =09 125+ 0.1 ILTx12 503 x85 45 =7 767 = 75
Anti-[COS mAb 1.9 +03 28.1 = 2.5/ 7132267 17.9 = 1.5/ 40.6 = 1.0/ 631 +£24 183 * 66 906 * 131

2 SCID mice received 3 7 10°KJ1-26" T eells from RAG2 ™/~ DO11.10 TCR-transgenic mice and were immunized with 1 mg of OVA in [FA, Either 100 pg each of
anti-1008 mAb or conlrol rat 1gG was adminisirated i.p. on days O and 2. At day 5, total LN cell numbers were counted, and cells were stained with biotinytated anti-DO11.10
TCR mAb, followed by allophycocyanin-avidia and cither FITC-conjugated anti-CIM mAb, Annexin VFTTC, or PE-conjugated anti-CD25 mAb.

¥ The counts for KI1 26° cells were calculated rom the total cell number of LN cells and the percentage of KJ1-26™ cells, More than 59% of KJ1 26" cells were costained

with anti-C[34 mAb,

* The percentages of annexin ¥ FSCm=wnbiah appexin Y FSC, and annexin V' FSCH cells in sotal LN cells are presented as alive cells. apoptotic/dead cells, and

activated cells, respectively.
7 The percentages of CD25 ' eclls within KJ1-26* cells are shown.

* Production of IFN-y, IL-4, and IL-10 in the supernatants from LN cell cultures in the presence of OV Ay, 530 peptide for 48 hr was mxcasured by ELISA. Data are
representative of two separate experiments and expressed as the means * SEMs from cach proup of three mice.

f Sratisticalty different from the control rat TgG-treated group (p < 0.05).
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that of the anti-CDS80/86 mAb treatment, Nevertheless, the sur-
vival rate at 12 mo of age in the therapeutic treatment was ¢om-
parable with that of the ("TI80/86 mAb treatment. Consistent with
our recent results in a collagen-induced arthritis model (30), the
B7h blockade consistently showed an effectiveness against ongo-
ing autoimmune diseases,

In conclusion, the blockade of B7h prevented the onset and pro-

gression of lupus nephritis in NZB/W F, mice by efficiently in-
hibiting both cellufar and humoral immune responses associated
with disease. Qur results demonsirated a critical role of the
ICOS-B7h costimulatory pathway in the pathogenesis of lupus
nephritis. Intervention of this pathway may become a novel
strategy for the freatment of human SLE and possibly other
autoinunune diseases.
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Gene Transfer of a Cell Cycle Modulator Exerts
Anti-Inflammatory Effects in the Treatment of Arthritis’

Yoshinori Nenomura, Hitoshi Kohsaka,? Kenji Nagasaka, and Nobuyuki Miyasaka

Forced expression of a cyclin-dependent kinase inhibitor gene, p219#% in the synovial tissues was effective in treating animal
models of rheumatoid arthritis. Synovial hyperplasia in the treated joints was suppressed, reflecting the inhibitory effect of p21<#*
on cell cycle progression. Additionally, lymphocyte infiltration, expression of inllammatory cyfokines, and destruction of the bone
and cartilage were inhibited. To determine why the cell cyele regulator gene exerted such anti-inflammatory effects, we investi-
gated gene expression by rheumatoid synoviat fibroblasts with or without the p21%' gene transferred. We have found that p21¢¥?
gene transfer down-regulates expression of various inflammatory mediators and tissue-degrading proteinases that are critically
involved in the pathology of rheumatoid arthritis. These moleeules included IL-6, -8, type I IL-1R (IL-1R1), monocyte chemoat-
tractant profein-1, macrophage inflammatory pretein-3e, cathepsing B and K, and matrix metalloproteinases-1 and -3. Down-
regulation of IL-1R1 by p21“?’ resulted in atienuated responsiveness to 1L-1. Inhibition of the inflammatory gene expression by
p219%" was seen even when I1.-1 is absent. This 1L-1R1-independent suppression was accompanied by reduced activity of ¢c-Jun
N-terminal kinase, which was associated with pZ1“%#%, and inactivation of NF-«B and AP-1. These multiple regulatory effects
should work in concert with the primary cflect of inhibiting cell cycle in ameliorating the arthritis, and suggest a heretofore

uncxplored relationship between cyclin-dependent kinase inhibitor gene and inflammatery molecules.

nology, 2003, 171: 4913-4919.

yhavial tissue from healthy individuals consists of a single

layer of synovial cells without infiltration of inflammatory

cells. In rhewnatotd synovial tissue, lymphoeytes and
macrophages are recruited and activated, and these activated mac-
rophages release high concentrations of inflammatory cytokines. In
response to these cytokines, synovial fibroblasts proliferate vigor-
ously and form villous hyperplastic synovial tissues. These fibro-
Llasts secrete inflammatory mediators, which further attract in-
Nammatory cells and stimulate prowth of the synovial fibroblasts
as well as that of vascular endothelial cells (1), These activated
macrophages and fibroblasts produce tissue-degrading proteinases
(2). Thus, the invasive hyperplastic synovial tissue, termed pannus,
is directly responsible for structural and functional damage of the
aftected joints.

Therapeutic infervention against thewnatoid arthritis (RAY
could be aimed at any one of these steps. Recently developed
Liological reagents that block activities of TNF-a have proved to
be beneficial in ¢linical settings. However, they and other conven-
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tional drugs do not necessarily control synovial inflammation and
hyperplasia in all patients. We hypothesized that the proliferation
of the synovial fibroblasts is a commmon outcome of the multiple
inflammatory processes it RA. If synovial fitroblasts become re-
fractory to the proliferative stimuli, the tissue-degrading pannus
should not develop. This idea led us to explore new therapeutic
approaches that directly control synovial cell proliferation (3-5).,
The melecules we have focused on are cyclin-dependent kinase
mhibitors (CDKIs). These intracellular proteins inhibit kinase ac-
tivity of cyclin/eyelin-dependent kinase (CDK) complexes that are
required for cell cycle progression (6).

Qur previous studies have shown that CDKIs pl6™%4 and
p21%7 are not expressed in vivo in the rtheumatoid synovial tis-
sues, but readily induced in vitro in cultured rheumatoid synovial
fibroblasts (RSI). Induction of p16™%* is characteristic of RSF
(3). In vitro inducibility of pl16™%7 and p21“""* suggested to us
that their induction in vivo in the rheumatoid joints could be an
iddeal approach to suppression of the proliferative synovitis. This
was substantiated by intraarticular transfer of the pl6"¥%" or
p219P7 gene to rodent models of RA (4, 5). These gene therapies
suppressed synovial hyperplasia and also inhibited lymphocyte in-
filtration and destruction of the bone and cartilage of the tfreated
joints. [xpression of inflammatory cytokines such as II.-1, -6 and
TNF-a was suppressed even in the small amount of hyperplastic
synovial tissues that remained after the gene transfer (4). These
data argued that induction of CDKI ameliorated the arthritis not
only by inhibition of cell cycle but by other unknown functions
that suppressed the inflammatory network in the arthritic joint.

Unlike the other CDKIs, p21°%* binds to various molecules
refated to gene expression and exerts differential effects on differ-
ent cells (7). However, little is known about the effects of p21¢%°/
on gene expression in thé inflamed tissues. We show here that
up-regulated expression of the p21<! gene in RSF suppresses
expression of vartous inflammatory molecules that play critical
roles in the pathology of RA. Manipulation of these multiple
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molecular events should contribute to the therapeutic eflects of

p21°7! gene therapy.

Materials and Methods
Cell eulture and recombinant adenoviruses

Synovial tissues were obfained from patients who had responded poorly to
anti-rheumatic drugs and underwent joint replacement or synovectomy for
active thenmatoid synovitis at Tokyo Medical and Dental University Hos-
pital { Tokyo, Japan), Tokyo Metropolitan Bokute, or Fuchu Hospital (To-
kyo, Japan). The patients fulfilled the American College of Rheumatology
crteria for classificatton of RA (8). All patients gave their consent for all
procedures in the present studies, which were also approved by the ethics
committee of Tokyo Medical and Dgntal University, From villous and
congestive synovial tissues, RSI* were tsolated and cultured as descrbed
elsewhere (3). They were used at passages 3-11. RSF were infected with
AXCAp2] adenovitus, containing a human p219777 gene (5, 9), or Axlwl
adenovirus (Rtken Gene Bank, Saitama, Japan), which lacks inscrt genes,
at 50 multiplicity of infection. Some RSF were stimulated by 5 ng/ml
TNF-a (Genzyme, Cambridge, MA), 5 ng/ml IL-18 (PeproTech, Rocky
Hill, NI, and 25 uM indomethacin (Sigma-Aldrich, St. Louis, MO). In
preliminary expeniments, 5 ng/ml was determined to be the eptimal con-
centration for each cytokine 1o strmlate RSE, RNeasy kit (Qiagen, Va-
lencia, CA) with DNase I treatment was used to isolate total RNA. For
ELISA, the virus-infected RST were cultured for three days, transferred to
microwells at 1.0 X 10° cells/ml, and incubated for 12 h. After replacement
of the culture medinm, RSF were further cultured for 24 h with 10% sernum
alone, 5 ng/ml 1L-18 together with 23 uM indomethacin, 5 ng/ml TNF-q,
a combination of [L.-18, indomethacin, and TNF-a, or § pg/ml LPS of
Escherichia coli 055:B5 (Sigma-Aldrich). One hundred ng/ml IL.-1R an-
tagonist (IL.-1ra) (R&D Systems, Mckinley, MN), which was sufliciem for
the inhibition of 10 pg/ml IL-173, was added to some wells. The culture
supernatants were collected after 24 h. For Western blotting, RSF were
lyzed for protein extraction at three days afier the adenoviral infection {3).
To assess transeription factor and ¢-Jun Neterminal kinase (JINK) activities
in R8T that were incubated for 30 min in the medium containing 10% FBS
with or without supplementation of § pg/ml LPS, nuclear extracts and cell
lysales were prepared using Nuclear Extract Kit (Active Motif, Carlsbad,
CA) or SAPIV/INK assay kit (Cell Signaling, Beverly, MA). The eflects of
the p21°™¢ gene were studicd al three days after the adenoviral infection.

Northern blot analyses

Northern blotting was conducted as described elsewhere (10). Human
monocyte chemoatiractant protein (MCP)-1 ¢DNA (No. 65933, American
Type Culture Collection, Manassas, VA), kuman GAPDH c¢DNA (Life
Technologies, Rockville, MIY), and PCR products of type 1 IL-1RR (IL-
LR1), cathepsins B and K, and matrix metalloproteinases (MMP)-1 and -3
were used as probes. Fragments of IL-1R1, eathepsins B and K, and
MMPs-1 and -3 cDNA were generated with RT-PCR using cDNA derived
from RSF, PCR was conducted with Tayg polymerase (Lite Technologies)
and sets of specific pomers: human IL-1R | -specific primers (11), human
MMP-1-specific primers (12), human MMP-3-specific primers (12}, hu-
man cathepsin B-specific prmers (5'-TAG GAT CTG GCT TCC AAC
AT-3' (sense) and 5-CCA CGG CAG ATT AGA TCT TT-3' (antisense))
and human cathepsin K-specific primers (5'-AAC GAA GCC AGA CAA
CAG ATT TCC-3' (sense), 3-GAT TTG GCT GGC TGG AGT CAC A-3
(antisensc)). Annealing temperatures were 58°C for IL-1R1, and cathepsins
B and K ¢cDNA, and 60°C for MMP-1 and -3 ¢cDNA. The products were
purified and labeled with [o-2PlJdATP (Amersham Biosciences, Bucking-
hamshire, UK) and hybridized with the Northern blet membranes. Digital
image files were generated with Phosphonmaging Screens and the BAS-
2500 Phospholmager, and analyzed with MacBAS 2.5.2 Software (Fup
Film, Kanagawa, Japan}).

Western blot analvses and finmumoprecipitation

Rabbit anti-human I0L-1R1 Abs, rabbit anti-human Toli-like receptor
(TLR)-4 Abs, and rabbit anti-human p21¥** Abs (5c-6§8. sc-10741 and
s¢-387, respectively, Samta Cruz Biolechnology, Santa Cruz, CA) were
used as primary Abs for Wesfen blot analyses. HRP-comjugated anti-rabbit
1gG polyclonal Abs (NA-934, Amersham Biosciences) were used as the
secondary Abs. Bound Abs were visualized with ECL or ECL-plus {Am-
ersham Biosciences). Signal intensities were quantificd with NIH Image
ver, 1.62 (National Institirtes of Health, Bethesda, MD), JNKs 1-3 were
immunoprecipilated using mouse anti-human JNK2 Ab (sc¢-7345, Santa
Cruz Biotechnology) (13).

MULTIPLE FEFECTS OF p21°" GENE THERAPY

FELISA

ELISA kits for 1L-18, 11.-6, 1L-8, MCP-1, TNF-or {BioSource Intema-
tional, Camanllo. CA), IL-la, macrophage inflammatory protein (MIP)-3e
(R&D} Systems), MMP-1 (Amersham Biosciences) and MMUP-3 (Fuwji
Chemical, Toyama, Japan) were used fo quantify the profemn levels in the
culture supernatants.

Mudtiwell colorimetric transcription fuctor assays und JNK
kinase assay

Using Trans AM AP-1/¢-Jun, NF-«xBpS50, and p65 Transcnption Faclor
Assay Kits (Active Motif), the nuclear extracts of RSF were examined for
DNA binding activities of AP-1 and NT-«I3 {14). SAPK/INK Assay Kit
(Cell Signaling) was used to examine whole cell lysales for their INK
kinase activities to phosphorylate ¢-Jun subsirates. The amount of the ¢-Jun
substrate was standardized by immumoblotting with anti ¢-Jun Ab (sc-44,
Santa Cruz Biotechnology).

Statistics
Signal intensity tatios of Northern and Western blot analyses. and protein

concentrations were compared with a paired Student’s 1 tost using Stat-
View-5.0J software (SAS Institute, Cary, NC).

Results
P21 suppresses IL-1R{ and IL-6 expression by RSF

RSF samples derived from rheumatoid joints were cultured in
vitro. Expression of p21“®7 was not detected in any of the sam-
ples. They were infected with the AxCAp2] adenoviruses or
the AxIwl adenoviruses. At three days postintection, when the
AXCAp21-infecried RSF express p21°7%7 at the highest level, the
cells were harvested for RNA and protein extraction.

In preliminary experiments using a [ew RSF samples and com-
mercial DNA array systems, MCP-1, IL-1R1, and cathepsins B
and K genes, which are related to RA pathology, showed a ten-
dency to be down-regulated by the p21°#! gene transter, Indeed,
Northern blot analysis revealed that the IL-1R1 mRNA expression
was significantly reduced in RSF overexpressing p21°%!, com-
pared with those infected with the control adenoviruses (Fig. 14).
Reflecting this, Western blot analyses of the total cell lysates
showed that the IL-1R! protein expression was reduced in the RSF
expressing p21%7 (Fig. 1B).

The DNA array analyses suggested no differential expression of
11.-6 in the unstimulated RSE. However, when RSF were stimu-
fated by TNTF-a and 1L-18 before the DNA array analysis, 1L-6. as
well as [L-8, MCD-1, MIP-3a, MMP-1, MMP-3, and cathepsin K
genes showed a tendency to be down regulated by p21<%. This
was consistent with the fact that TNF-a and IL-1, both of which
are critically invalved in activating RSF in the rheumatoid joints,
sttmulate RSF to promote secretion of various cytokines including
I1-6 (15). The unstimulated RSF did net release TL-1a, H-18. or
TNF-a above the lowest limit of detection in the ELISA (3.9 py/
ml). These facts implied that the suppression of IL-6 in the stim-
ulated RST could be attributable to the down-regulation of 11L-1R 1.
To address this issue, RSF were stimulated independently with
IL.-13. TNF-«, or & combination of tlie two. The culture superna-
tants were examined for the 11.-6 concentration with FLISA. Each
stimulation promoted 1L-6 praduction, The effects of 11-18 were
suppressed significantly by p21°" while the cflects of TNF-a
were not attenuated (Fig. 1), Ellects of the adenoviral infection
alone on the 11-6 secretion were minimal (Fig. 10). Thus, the
down-regulation of [L-1R1 was biologically relevant 1o the sup-
pression of 11-6.

To determine whether other pathways that regulate 1L-6 pro-
duction are affected, RSEF were stimulated with 1.I'S. Westem blot
analysis confimed that Toll-like receptor (TLR)4, which is a re-
ceptor for LPS, was not down-regulated by p21°%7 (Fig, 1E). Nev-
ertheless, the p21°"’ expression suppressed the 11.-6 production
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FIGURE 1. Suppression of inflammatory cytokine and cytokine receplor ex-
pression by p219%7, 4, RNA from the p2 L7 adenovirus-infocted (p21) and con-
ol adenovirus-infucted RST (control) were examined for JL-1R1 and GAPDIT
mRNA expression by Nothern blot analysis. Representative blots of one of three
samples are shown in the upper panel. Signal itensities of [L-1R1 were nomal-
ized wath those of GAPDI (relative mRNA levels), and are shown in the lower
panel. The columns and bars epresent the mean and SD of three samples. Mean
reduction by p21% was 48.2%. Sttistical evaluation was conducted by paired
Student’s £ test. ». p < 0.05. 8, The cells from the same donor were examined for
I1.-1R1 and CDK4 protein expression by Westem blot analysis. Representative
blots of one of throe samples are shown in the upper parel. Signal intensities of
IL-1R1 protein were nomatized with those of constitutively expraessed CDK4
{relative protein levels), and are shown in the lower parel. Mean re-
duction of expression by p?]”’rjl was 67.6%. +x, p < 0.0, , RSF
infected with the p21977 adenoviruses (open columns), and infeeled
with the control adenoviruses (solid columns) were cultured without
stimulation (—) or stimulated with 11.-18 (1L-1}, TNF-a (TNF), or com-
Iination of [1.-18 and TNF-a (IL-1+TNF) for 24 h. RSF were stimu-
lated with LPS for 24 h in a separale set of experiments, where some
RSF were treated with IL-1ra after the mfection wath the control ad-
enovireses (hatched column) or with the p21 adenoviruses (dolted col-
umn}, IL-6 in the culiure supernatants was measured by ELISA. Rep-
resentative Jata of three independent expeiments are shown, Columns
and bars show the mean and SD of triplicate cultures. Mean reduction
of expression by pZIC"“' in IL-1, 1I.-14TNF, L.PS, and LPS+]1L.-1ra
were 77.4. 64.3, 69.4, and 64.3%, respectively. *, p < (1LO5 and ##%,
p < 0.005. D, RSF infected with the p21“#* adenoviruses (open col-
umns), and infected with the control adenoviruses (solid columns) and
nomnfected RSF (gray column) were cultured without siimulation (=)
or stinutated with 1L-18 (IL-1) o TNF-a (TNF) for 24 h. 1L-6 in the
culture supernatants was measurcd by ELISA. Representative data
of two experiments are shown. Columms and bars show the mean and
SD of triplicate cullures. No  statistical differences were found
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that was induced by LPS (Fig. 1€). Again, the culture supematants
of the L.PS-stimulated RSF did not contain detectable amounts of
I1.-1 (3.9 pg/ml) or TNF-a (<<1.7 pg/ml). To eliminate the effect
of a trace amount of IL-1 that might possibly have been secreted
with the LPS stimulation, 100 ng/ml [L-1ra, a competitive inhib-
ttor of I1.-1ee and 11.-1f3, was added to the culture. This treatment
did not alter the results whereas the same concentration of [L-1ra
suppressed the IL-6 production by RSF that were stimulated with
10 pp/ml I11-18 (data not shown).

P25 suppresses inflammatory chemokine expression by RSF

The p21“* .induced reduction of the MCP-1 mRNA expression
by unstimulated RSF was clucidated by Northern blot analyses
{Fig. 24). This was retlected in the reduced MCP-1 concentration
in the culture supematants of the p217*-expressing RSF. As was
the case in the 1L.-6 expression, addition of IL-1ra did not alter the
results (Fig. 2B).

ELISA of MCP-1 in the culture supematants of RSF stimulated
with IL-18 and TNF-a validated the stimulatory effects of these
cytokines, and also suppression by p21°%! (Fig. 200, The eflect of
IL-18 was significantly suppressed by the pZI_C”” expression,
while that of TNF-a was unchanged (Fig. 2C). These results con-
firmed the biological significance of the IL-1R1 down-regulation.
Furthermore, LPS stimulated RSF to increase MCP-1 production.
This was suppressed by p21“”’. Addition of IL-1ra did not atten-
uate the LPS-induced production of MCP-1. Thus, the suppression
in this setting was also independent of 11.-1 (Fig. 2C).

In accordance with the results of the preliminary DNA array
analysis, MIP-3a¢ or IL-8 protein levels were suppressed by
p2197* in the culture supernatants of RSF only when they were
stimulated with IL-18 and TNF-a. The eflect of IL-13 was sig-
nificantly reduced by the p21<"! expression, while that of TNF-«
was unchanged. LPS also stimulated MIP-3« production. This IL-
l-independent effect was partially inhibited by p21<'7/. Similarly,
the production of 1L-8 was increased both by IL-18 and TNF-a.
The effect of IL-15 but net that of TNF-a was inlibited by
p21<7 LPS exerted a stimulatory effect on IL-8 production
comparable to that of TNF-«, which was inhibited signiticantly
by p21¢%7,

p2i°"%" suppresses expression of tissue-degrading proteinases

Northern blot analyses confirmed that p21<%7 suppresses expres-
sion of cathepsins B and K in the unstimulated RSF, and that of
MMP-1 and -3 in the stimulated RSF (Fig. 3, 4-£).

These changes were reproduced when the concentrations of
MMP-1 and -3 in the culture supematants were determined (Fig. 3,
E and F). Neither MMP was detected in the supernatants of the
unstimulated RSF. MMP-1 production was increased by 11-13 and
TNF-a. The combination of these two cytokines had a synergistic
effect. The effects of [L-1 were significantly suppressed by
P21, As was the case in the eytokine production, LPS increased
production of MMP-1. This ellect was partially suppressed by
P21 The production MMP-3 was increased by IL-13 and LPS.
TNF-«r alone had no apparent effect but showed a synergistic effect
with IL-18. Again, the effect of 1L- 13 was suppressed by p219,
and the effect of LPS was abrogated completely by p21<%#/.

between 1L-6 production by control-virus infected RSF and that by non-
infeeted RSF. E, Expression of TLR4 and CDK4 proteins was analyzed by
Western blot analysis. Representative blots of one of rthree samples are
shown. The relative protein levels of TLR4 to CIXK4 are shown as columns
and bars. TIR4 protein level was not suppressed by p21%77,
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FIGURE 2. Suppression of inflammatery chemckine expression by
P21, 4, The AxCAp?] adenovirus-infected (p21) and control adenovi-
rus-infected (control) RSF from three RA patients were examined for
MCP-1 mRNA expression by Northem blot analysis. RSF were not slim-
ulated with cytokines. Representative results of one of three samples are
shown in the upper panel, Signal intensities of MCP-1 messages normal-
ized with those of GAPDI messages (relative mRNA levels) are shown as
columns and bars, representing the mean and S1). Mean reduction of ex-
pression by p219% was 57.0%. *, p < 0.05. &, RSF with or without
p21%! expression (p21 and control) were cultured withoul cytokine stim-
ulation. The culture medium was supplemented with FBS alone (solid col-
umns) or with FBS plus IL.-1ra (hatched columns). MCP-1 in (he culture
supernatants was measured by FLISA, Representative data of two exper-
iments are shown. Columns and bars show the mean and SD of triplicate
cultures. Mean reduction of expression by p219%7 was §3.8% (no IL-1ra)
and 87.1% (IL-1ra). **, p < 0.01 and #+¥, p < 0.005. C-E, RSF infected
with the p21% adenovinuses (open columns) or control adenoviruses (sol-
id columns) were cultured without stimulation {—) or stimulated with
[L-18 (IL-1), TNF-a (TNF}, a combination of 1L-18 and TNF-a (1L-
L+ TNF), or LPS for 24 h. Some RSF infected with the control adenovi-
ruses {hatched column}, and with the p21 adenoviuses (dotted column)
were treated with IL.-1ra before I.PS stimulation. MCP-1 (C), MIP-3x (13},
and [L-§ (E) in the culture supernatants were measured by ELISA. Rep-
resentalive data of two or three experiments are shown, Columns and bars
show the mean and SD of toplicate cultures, o, d., nol detectable. Mean
reduction in expression of MCP-1 by p21“ jn IL-1, IL-1+TNF, LPS, and
LPS + IL-1ra was 58.3, 57.5%, 84.7, and 83.9%, respectively. Mean re-
duction in expression of IL-8 by p2l°"” in IL-1, IL-1+ TNE, and LPS was
48.4, 38.2, and 54.0% and that of MIP-3« was 66.6, 68.7, and 38.7%. *.
P < 0.05 and #++, p < 0. 005.

p218 inhibits DNA binding activity of AP-1 and NF-«B

p219%! down-regulated expression of MCP-1 and cathepsins B
and K in the unstimulated RSF. Although it did not suppress ex-
pression of TLR4, it suppressed the LPS-dependent up-regulation
of many inflammatory mediators. This has led us to assume that
p21°%7 should directly inhibit nonreceptor, intracellular mole-

MULTIPLE EFFECTS OF p21<'7 GENE THERAPY

comrol controi p21

aaron

Lu

P

ol ative mENA levels
CNMGBQDAD

relgtive mRNA vels
LR T R XY ol ) )

:

pl.nd 0
9 K TNF L4 LPS {3 R THF R4 LPS
+TNF +*TNF

FIGURE 3. Suppression of tissuc-degrading proteinase expression by
P21, 4 and B, RSF infected with the AXCAp21 adenoviruses (p21) or
control adenoviruses {(control) were cultured withowt cytekine stimulation.
and examincd for cathepsing 13 (4) and K () mRNA expression by North-
ern blot analysis. Representative blols are shown in the upper panels.
Nerthern blots of cathepsin B showed dual bands representing two trin-
scripts 4.0 and 2.2 kb long (48). The relative levels of mRNA to those of
GAPDH mRNA are shown as columns and bars, representing the mean and
SD of three samples dedved trom diflerent patients. Mean reduction in
expression of cathepsins B and K by p2 19 was 47.8 and 75.0%, respec-
tvely. +, p < 0.05 and #%+, p < 0.005. " and D. RSF stimulated with
11-1{ and TNF-rr were examined for MMP-1 () and -3 (D) mRNA ex-
pression by Northern blot analysis. Representative blots of one of three
samples are shown in the upper panels. The relative levels of mRNA of
MMP-1 and -3 are shown as columns and bars, representing the mean and
SD of theee samples. Mean reduction in expression of MMP-1 and -3 by
P21 was 78.6 and B2.6%, respectively. +=, p < 0.0] and +»=, p <
0.005. £ and ¥, RST infected with the p21°%" adenovimuses (open col-
umns), and with the control adenoviruses (solid columns) were cultured
without stimulation (=) or stimulated with 11-12 (IL-1), TNF-a (TNF), a
combination of TL-18 and TNF-a (I1-1+TNF). or LPS for 24 h. MMP-1
and -3 in the culture supernatants were measured by ELISA. Representa-
tive data of two experiments are shown. Columns and bars show the mean
and SD of triplicate cultures. Unstimulated RSF produced no detectable
MMP-1 or -3, Mean reduction in expression of MMP-1 by p2 1<% in 11.-1,
IL-1+INF, and LPS was 70.9, 85.3, and 29.5%, respectively, and that of
MMP-3 was 92.6, 71.5. and 88.3%. respectively. =, p < 0,05« p < 0.01:

w4k, p < (LODS.

cules. Since promoter activity of the inflammatory mediater genes
that were suppressed by p217" is controlled mostly by NF-xB
and AP-1 transcription factors, we investigated the DNA binding
activities of these factors in the unstimulated and [.PS-stimulated
RSF. Multiwell colorimetric assays to quantify DNA binding ac-
tivity of the transcription factors showed that activity of AP-1 was
down-regulated by p21<%Y in the unstimulated RS, Stimulation
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FIGURE 4. Suppression of AP-1 and NF-«B transcriptton factors by
p2 1977, RSF infected with the p2 1“7 adenoviruses (p21) or control ad-
enovituses {(control) were cultured with or without LPS stimulation. The
DNA binding activities of AP-1 and NF-«B in the adenoviruses-infected
RSF relative to those of the uninfected RSF without stimulation are shown
(A). Columns and bars show the mean and SD of trplicate eultures. p21<**
suppressed DNA binding activity of AP-1, but did not suppress that of
NF-xBp30 or p63 significantly in the unstimufated RSF. Mean reduction in
expression of the AP-1 activity was 47.3%. In the LPS-stimulated RSF,
p21€%4 suppressed DNA binding activitics of AP-1, NF-xBp50, and p635,
Mean reduction in expression of AP-1, NF-xBp30, and NF-«B pé5 by
p21977 was 47.4, 52.6, and 41.3%, respectively. =, p < 0.05. p21°%4 jn the
p219*%7 ¢cxpressing RSF stimulated with LPS (p21) was coimmunoprecipi-
tated with anti-INK Ab (o-JNK), but not with control IgG {IgG). No pre-
cipitatton was found whea RSF were infected with the control vimses
{control} (B). Phosphorylation of ¢-Jun (p-c-Jun) was suppressed in RSF
infevted with the p219%7 virses (p21) but not in RSF infected with the
control viruses (control). Reduction in expression of relative p-c-Tun levels
1o whole e-Jun (pan-¢-Jun} was 57% (C). The results are representatives of
two independent experiments.

with LS up-regulated activities of NF-«B p50, p65, and AP-1, all
of which were down-regulated by p21<*/ (Fig. 44).

It was shown that p21%/ associates with INK in other type of
cells, which results in reduction of the JNK enzymatic activity that
activates AP-1 (16). Using anti-JNK Ab, we immunoprecipitated
INK in cell lysates of p21“%/-expressing RSF that were stimulated
with LPS. Immunoblofting of the precipitints with anti-
p2E%74 Abs revealed that p2177 indeed associated with INK (Fig,
47). Phosphorylation of c-Jun substrates showed that kinase ac-
tivity of INK was suppressed in the p21<*#/-expressing RSF (Fig.
4. Thus, the IL-1R 1-independent suppression should be at least
partly due to down-regulation of these pathways.

Discussion
Since the primary function of CDKIs is the inhibition of kinase
activity of CDKs, the anticipated effect of the p21<% expression
in RSF was suppression of cell cycle progression. ladeed, RSF
infected with the AxCAp21 viruses did not respond in vitro to
proliferative stimuli by proinflammatory cytokines or by growth
factors {4). In vivo transfer of the p21“*7 gene ino he arthritic
joints of RA model rats suppressed synovial hyperplasia and cell
cycle progression of the synovial fibroblasts (),

However, the present study has revealed that p219%77 exerts
multiple avxiliary effects: down-repulation of cytokine, chemo-
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kine, cytokine receptor, and proteinase expression critically in-
volved in the pathology of RA. We found previously that expres-
sion of protnflammatory cytokines such as 1L-1, 1L.-6, and TNF-«
was unexpectedly inhibited in vivo in the synovial tissues treated
with p21<**/ gene transfer (4). The present report provides molec-
ular evidence showing that p21<%/ expression has a wide amay of
anti-inflammatory and bone-protective effects. Down-regulation of
IL-1R1, and also IL-1R-independent inactivation of intracellular
signaling pathways appeared to account for these effects (Fig. 5).
Finally, these effects sugpest that the p21°*7 gene transfer might
ameliorate types of inflimmatory arthritides other than RA.

The down-regulation of IL-6 observed in vivo was actually seen
in vitro in p21“%/.expressing RSF while the expression of IL-1 or
TNF-a were not significantly modulated. It is possible that the
decreased expression of IL-1 and TNF-« in the synovial tissues
was due to their down-regulation in the synovial macrophages. The
macrophages are the primary source of these cytokines and, to-
gether with synovial fibroblasts, were targeted by the intraarticular
adenoviral gene tramsfer (15, 17). Alternatively, the down-regula-
tion of IL-1 and TNF-a might result from en bloc suppression of
the inflammatory cytokine/chemokine network, multiple members
of which were suppressed by p21977,

IL-6, in the rhewnatoid synovial tissues, derives from the acti-
vated synovial macrophages and fibroblasts, and stimulates local
asteoclasts to resorb the bone matrices in the affected joints. It also
stimulates T and B lymphoceytes. This has made this cytokine the
target of a new biological reagent that is currently in clinical trials
(18, 19). IL.-8 produced by the activated synovial cells contributes
to recruitment of neutrophils and T lymphocytes and to neovas-
cularization in the rheumatoid tissues {20). The other chemokines,
MCP-1 and MIP-3a, both evoke migration and activation of lym-
phocytes and macrophages in the rheumatoid synovial tissues (21,
22). Blockage of MCP-1 receptor was effective in treating an an-
imal model of RA (23). Thus, the cytokines and chemokines
down-regnlated by p21°7 all play erucial roles in the rtheumatoid
inflammation.

Tissue degrading enzymes, such as MMPs and cathepsins, are
abundantly expressed in rheunatoid synovial tissues. MMP-1 and
-3 degrade collagen and proteoglycans that compose the matrices
of bone and cartilage. In addition, it has been proposed that
MMP-3 cleaves many proMMPs in the initiation of the proteinase
cascade in rheumatoid joints (2). Treatment to inhibit MMP-1 pro-
duction prevented bone destruction in adjuvant arthritis of rats

p21 Clp1
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cyclin/CDK * orifaration
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FIGURE 5. Multiple eflects of p21<%? on RSE. p21%7 inhibiled kinase
activity of cyelin/CDK complexes, and down-regulated 1L-1R1 expression
and DNA binding activities of NF-«B and AP-1. These effects were me-
diated at least by binding of p217 to cyclin’CDK complexes and JNK,
and resulted in inhibition of proliferation and in suppression of 11.-6, -8,
MOP-), MIP-3a, cathepsins B and K, and MMP-1 and -3 expression.
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(24). Cathepsin B might contribute to rheumatoid joint damage by
degrading collagen (25, 26, 27). Cathepsin K is not only expressed
by osteoclasts, but also by synovial fibroblasts, contributing to
bone destruction in the rthewmatoid joints (28, 29). Down-regula-
tion of these proteinases in the p21<¥ .expressing RSF was con-
sistent with the remarkable inhibition of bone and cartilage degen-
eration observed in the p21“**/ gene therapy.

Expression of IL-1R1 was suppressed by p21“%7. IL-1 is one of
the critical cytokines in the rheumatoid inflammation. It enhances
migration of inflaminatory cells into the synovial tissues and stim-
ulates production of cytokines, chemokines and MMPs (13). Its
blockade by an antagonist ameliorates RA (30-32). We saw that
IL-1-triggered promotion of 1L-6, IL-8, MCP-I, MIP-3q, and
MMP-1 and -3 release from RSF was significantly suppressed by
p21°%!. These results argue that down-regulation of IL-1R1 must
be functionally relevant to the therapeutic effects.

MCP-1 and cathepsin I3 and K expression was suppressed even
when RSF were not stimulated. Conventional ELISA detected no
IL-t in the culture supernatant of the unstimulated RSF. The
blockade of [L.-1 with 11.-1ra did not affect the results, Thus, the
suppression observed in the unstimulated RSF was not mediated
by the down-regulation of 1L-1R1. LPS also up-regulated MCP-1
expression, and induced expression of 11.-6, IL-8, MIP-3«, and
MMP-1 and -3. This was not accompanied by reduced expression
of TLR4, which is a signaling receptor for LPS. The LPS-stimu-
lated RSF under these conditions did not release a detectable level
of IL-1 into the culture supernatants, and 1L.-1 blockade by IL.-1ra
did not alter the results. Thus, inhibition of the inflammatory mol-
ecule expression could be at least partly due to modulation of
intracellular pathways that are independent of TL-1R1. I1L-1 and
TNF-a have distinet pathways in the aflerent arm of the signal
transduction whereas [[.-1 and LPS share a part of the signal trans-
duction molecules (33). Presumably, this diflerence should account
for the distinct effect of p21°%/ on TNF-a and LPS stimulation.

The 1L-1R-independent suppression was accompanied by re-
duced activity of NF-&13 and AP-1. In the rheumatoid synovial
tissues these factors activate transcription of various inflammatory
cytokines, chemokines, and proteinases including those analyzed
in the present studies (17, 24, 34—42). In agreement with our ob-
servation, constitutive expression of MCP-1 by mesangial cells
required activation of AP-1 (43). Notably, the promoter of the
fL-IRT gene has two AP-1-like binding sites (44). This suggests
that the repressed actlivity of AP-1 might contribute to the down-
regulation of IL-1R1.

Depending on the celt type, p215#7 binds to a variety of intra-
cellular proteins other than CDKs. These include signal transduc-
tion molecules and transcription factors (7). We have shown that
P21 indeed binds to TNK and suppresses its kinase activity in
RSF. Tt is known that JNK could activate NF-xB by degrading
Ik-B (45, 46). Thus, interaction of 1321‘:“""'r with mitogen-activated
profein kinase might account for the reduced activity of AP-1 and
NF-«B.

Chang et al. {47} used the DNA array technique to study effects
of p219*7 on pene expression in H11080 human sarcoma cell ling;
they observed that genes related to senescence or age-related dis-
eases were induced. We have shown here that p21°%" expression
modulates the expression of genes related to inflammation. Al-
though, Chang et al. found up-regulation of the cathepsin B gene
in HT1080 cells, the same gene was down-regulated in RSF. It is
probable that the effects of p21°*7! depend on the cell types.

In conclusions, p21°%! gene transfer 1o the RSF regulated ex-
pression of various genes. Its effects include down-regulation of
cytokine, chemokine, cytokine receptor and proteinase expression.
Down-regulation of I1.-1R1, as well as inactivation of intracellular

MULTIPLE EFFECTS OF p21¢7* GENE THERAPY

signaling pathways appeared 10 accowtt for these oflects. These
collateral effects observed in the p215™! gene transter suggest new
links between CDKIs and iminunological effector molecules,
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Amelioration of Collagen-Induced Arthritis by Blockade of
Inducible Costimulator-B7 Homologous Protein Costimulation’

Hideyuki Iwai,*' Yuko Kozono,* Sachike Hirose,* Hisaya Akiba,® Hideo Yagita,}
Ko Okumura,® Hitoshi Kohsaka," Nobuyuki Miyasaka,” and Miyuki Azuma?*

137 homologous protein (B7h)/B7-related protein 1 (B7RP-1) is a new member of the B7 family of costimulatory melecules that
specifically interacts with inducible costimulator (1COS) expressed on activated T cells. Collagen type IT (CIT}-induced arthritis
(CIA) is an experimental model of arthritis that has been used fo disscet the pathogenesis of human rheumatoid arthritis. In this
study, we have investigated the effect of neutralizing anti-B7Th mAb on the development and disease progression of CIA. Admin-
istration of anti-B7h mAb significantly ameliorated the disease as assessed by clinical arthritis score and histology in the joints,
and a beneficial effect was also obfained by a delayed treatmenl afler the enset of disease. Expression of 1COS and B7h was
observed in the inflamed synovial tissue as well as in the draining lymph nodes (L.Ns} and expansion of ICOS* T cells in the LN
was reduced by the anti-B7h mAb treatment. Expression of mRNA for preinflammatory cytokines such as TNF-a, IL-183, and 1L-6
in the jeints was inhibited by the treatment. Proliferative responses and production of IFN-y and 1L-10 upon restimulation with
CII in vitro were significantly inhibited in LN cells from the anti-B7h mAb-treated mice. Serum anti-CII [pG1, IgG2a, and IgG2b
levels were also reduced. Our present resulls showed a beneficial effect of the B7h blockade on CIA through anti-inflammatory
actions and inhibition of both Thl- and Th2-mediated immune responses, suggesting that the ICOS-B7h interaction plays an
important role in the pathogenesis of CIA and thus the blockade of this pathway may be beneficial for the treatment of human

rheumatoid arthritis.

vceessful T cell activalion requires the engagement of the

TCR with Ag/MTIC as well as the engagement of costimu-

fatory molecules provided by the cognate interactions of T
cells with APCs (1, 2). CD28 is a most extensively characterized
costimulatory molecule on T cells and interacts with CD80 and
CD86 on APCs. CI28 is expressed on most naive T cells and the
D28 costimulatory pathway plays a particularly critical role in
e initial activation of naive T cells, Blockade of CD28 pathway
has been shown to ameliorate experimental autoimmune diseases
such as lupus, experimental autoimmune encephalomyelitis
(FAE),? diabetes, and arthritis (3-6).

Recently, new members of the CD28-B7 family have been iden-
tified. The inducible costimulator (ICOS) is one of such molecules
expressed on activated T cells (7-19). The ICOS ligand, B7 ho-
mologous protein (B7h} (11YB7-related protein 1 (B7RP-1) (12
GL350 (13)igand of ICOS (14), hereafter designated B71, is con-
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stitutively expressed on B cells and is inducible on monecytes and
dendritic cells at low levels (15, 16). B7h expression in these APCs
and fibroblasts could be induced by proinflammatory cytokines
such as JFN-y and TNF-a {(11). Ligation of ICOS on activated T
cells by mAb or B7h fusion proteins strongly enhanced the pro-
duction of multiple cytokines including IL-4, IL-5, IFN-vy, and
11.-10, whereas 1L-2 production was not clearly enhanced (7, 15,
17). These results suggested a unique property of the [COS-me-
diated costimulation distinct from the CD28-mediated costimula-
tion. Barlier studies of the 1COS blockade (10, 18) and 1COS-
deficient mice (19-21) suggested a predominant role of the ICOS
costimulation in Th2-mediated humoral immune responses. How-
ever, recent studies also detonstrated the involvement of ICOS in
Thi- and CD8™ T cell-mediated cellular immune responses (22-
25). Another intriguing feature of the ICOS blockade distinet from
the CD28 blockade is the fact that the [COS blockade was effective
at the efferent phase, but not at the induction phase of both Thi-
and Th2-mediated responses (26, 27). These results suggest that
ICOS may be a potent costimulator for effector T cells.

The collagen-indueed arthritis (CIA) model has been exten-
sively vsed to elucidate pathogenic mechanisms relevant to human
rheumatoid arthritis and to identify potential targets for therapeutic
intervention (28). A murine mode] of CIA can be induced in ge-
netically susceptible mice such as DBA/I by intradermal injection
of type II collagen (CII) in adjuvant. The development of CIA is
known to be dependent on CD4 " T cell activation and Ab pro-
duction against CII (28). In addition to these Ag-specific immune
responses, local production of proinflammatory cytekines, such as
TNF-a, I1-18, and IL-6, is involved in the pathogenesis of CIA
(29). In this study, we have examined the effects of the adminis-
tration of mAb against B7h in the murine CIA model and inves-
tigated the involverient of the ICOS-B7h costimulatory pathway
in the development and disease progression of CIA.

U1 76702802 .00

—352—



The Journal of Inununology

Materials and Methods
Mice

Specific pathogen-free 6-wk-old male DBA/LJ mice were purchased from
the Japan Charles River Breeding Laboratories (Kanagawa, Japan) and
maintained in the animal facility at the Tokyo Medical and Dental Uni-
versity (Tokyo, Japan). All mice procedures were reviewsd and approved
by the Animal Care and Use Committee in the Tokyo Medical and Dental
University.

Ig fusion protein, transfectants, mAbs, and immunafluorescence

The [g fusion protein consisting of the extracellular portion of mouse ICOS
(aa 1-147) (30) linked 1o the Fe porion of human IpGl (1ICOS-Ig) and
OX40-1g were prepared as deseribed previously (31). Mouse B7h cDNA
was generated by RT-PCR frem peritoneal macrophages of BALB/c mice
and was subsequently subcloned into a pMKITneo vector (kindly provided
by Dr. K. Maruyama, Tokyo Medical and Dental University). Primers used
to generate a full-length B7h cDNA were: sense, 5’ -GACGAATTCATG
CAGCTAAAGTGTCCCTG-3 including an EeoRI cloning site; and anli-
sense, 3-GACCTCGAGTCAGGCGTGGTCTGTAAGTT-3' including a
Aol cloning site. NRK-52E (NRK) and L cells were transfected with a
B7h/pMKETneo expression vector by electroporation, drug selected, and
cells expressing B7h were identified by staining with [1C0S-Ig. The anti-
mouse B7h mAb (1K5.3, rat IgG2a) was generated by immunizing SI) rats
with mouse B7h-transfected L cells and fusing immune splepocytes with
P3UL mycloma cells and sereened for binding to mouse B7h-transfected
NRK cells.

For in vitro blocking experiments, anti-mouse CL80 (RME0, ran TgG2a)
(32), CD&6 (PO3, rat 1gG2b) (32), CD154 (MR1, hamster [pG) (33), and
CDI134L (kRM134L, rat [pG2b) (34) mAbs were used. All mAbs were
purified Irom asciles as descobed previously (3, 32). Rat IgG (Sigma-
Aldnich. 8t. Louis. MO) was used as a conlrol reagent. For immunofluo-
rescent analysis, PerCP-conjugated anti-CD3 mAb (145-2C11, bamster
TGy and FITC-conjugated anti-ICOS mADb (B10.5, rat [pG2a, kindly pro-
vided by IT Central Phanmaceutical Reseacch Institute, Osaka, Japan) (353),
or appropuiate Huorochrome-conjugated control Ip were used. All fluoro-
chrome-conjugated mAbs and control Ig were oblained from BD Phar-
Mingen (San Diego, CA), unless otherwise noted. For indireet staining,
PE-conjugated anti-human [gG (Caltag Labogatories, Burlingame, CA) and
PE-comjugated anti-rat [gG (Caltag Laboratories) were used for the second-
step Abs. Immunofluorescence, flow cytometry, and data analysis were
performed using FACSCalibur and CellQuest sofiware (B13 Biosceinces,
San Jose, CA).

Induction of CIA, Ab treatment, and clinical assessment of
arthritis

CIA was induced as previously described with minor modifications (36).
Briefly, male DBA/LJ mice (7-10 wk old) were injected intradermally at
the base of the tail with 200 pg of bovine CII (Collagen Research Center,
Tokyo, Japan) in 0.05 M acetic acid, emulsified in CFA (Difco, Detroit,
MI}, Twenty-one days afler primary immunization, the mice were boosted
in the same way. The day of second imununization {(booster) was designated
as day 0. The inmunized mice were randomly divided and treated with the
following tegimens. Each group of mice received either control 1gGoor
anti-B7h mADb (50, 100, or 300 pgbody) ip. ondays =1, 1, 3, and & In
our preliminary experiment, we have observed no obvious ditlerences be-
tween the mice treated with three doses of control 1g(i. We thercfore se-
lected a single dose, 100 pgbody for a control group. In the experiments
for a delayed treatment, 100 pp/bedy control IgG or anti-B7h mAb was
mjected ip. on days 5,7, 9, and 11. Mice were examined daily for the onset
of CIA. The swelling of four paws was graded from 0 1o 4 as [ollows: grade
0, no swelling: grade 1, swelling of finger points or toval redness; grade 2,
mild swelling of wrist or ankle joints; grade 3, severe swelling of the entire
paw: and grade 4, deformity or ankylosis. Each paw was graded, and the
four scores were totuled so that (he maximal score per mouse was 6.
Incidence was expressed as the number of mice that showed paw swelling
in the 1otal number of mice examined, and the time of onset was expressed
as the mean time when paw swelling was first observed in individual mive,

Histalogical and radiological ussessments of arthritis

CIA mice were killed at day 35. Anteroposterior vadiographs of the four
limbs were obtained with a cabinet soft x-ray apparatus (CMB-2: Soflex.
Tokyw, Japan). Then, the hind paws were removed, fixed in Formalia,
decalcificd in 10%% EDTA, embedded in paraffin, sectioned, and stamed
with TII&L
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ICOS, B7h, and proinflammatory cviokine expression in the
synovium

In some experiments, the knee joints from CIA miee at day 5 were removed
and subjected to immunohistological analysis. Cryostal sections were fixed
in acetone and 1% paraformaldehyde. For detection of ICOS, the sections
were stained with biotinylated anti-1COS mADb (B10.5) followed by bio-
tinylated rabbit anti-rat IpG Ab (DAKO-Japan, Kyoto, Japan), Alexa 48§%-
conjugated streplavidin (Molecular Probes, Eugene, OR}, normal rat serum
for blocking, and then Alexa §94-conjugated rat anti-CD4 {(GKL.5) mAb.

For detection of B7h, the sections were stained with biotinylated
[COS-Ig and then HRP-conjugated streplavidin followed by Alexa 488-
tyramide (TSA kit 22; Molecular Probes). After blocking with normal rat
serum, Alexa 594-conjugated rat anti-CID45R {13220) was further stained.
Conjugation of Alexa 594 to anti-CI)43R and CD4 mAbs were performed
using a Alexa Fluor 594 protein labeling kit (Molecular Probes) according
to the profocols recommended by the manwfacturer. The staining profiles
were obtained with 2 fluorescence microscope (Olympus BX-50; Glympus,
Tokyo, Japan) equipped with a charge-coupled device camera (PXL Sys-
tem; Photometrics, Tucson, AZ) and the image was analyzed by using
1PLab Spectrum software (Signal Analytics, Vienna, VA).

For RT-PCR analysis, synovial tissues were isolated from the knee
joints, aud total RNA was extracted by using Coneert eyloplasmic RNA
reagent {Invitrogen, Tokyo, Japan). First-strand ¢DNA was synthesized
using olipa(dT) primer and Supcrscript 11 reverse transcnptase (Life Tech-
nologies, Gaithetsburg, MD), PCR was performed using the following
primers: mouse TNF-a (sense, §'-GCCACCACGCTCTTCTG-3" and an-
tisense, 3 -ATGGGCTCATACCAGGG-3"): mouse IL-18 (sense, 5'-CT
GAAAGCTCTCCACCTC-3" and antisense, §-GGTGCTGATGTACCA
GTTG-3"): mouse 1L-6 (sense, 3 -TCCTCTCTGCAAGAGACTT-3" and
antisense, 5’ -TTCTGCAAGTGUCATCATCG-3"): mouse 1COS (sense, 5'-
GTACTICTGCCATGTCTTTG-3 and antisense, 5’ -TGAGGTCACACC
TGCAAGT-3"); mouse B7h (sense, 5'-GTGTCCCTGTTTIGTGTCC-3
and antisense, S-TGAAGTTTGCTGCCACACG-3"): and mouse GAPDH
(sense, 3'-GCCAAACGGGTCATCATCTC-3" and antisense, 5'-GACA
CATTGGGGGTAGGAAC-3'). For quantification of the PCR products,
the amounts of ¢tDNA were preliminanly normalized {o produce the same
amount of PCR products for GAPDH based on the intenstty of the ethidium
bromide staining of each band measured by {he charge-coupled device
imaging system (Densitograph AE-6920 M: Atlo, Tokyo, Japan). The
<DNA samples from four individual mice in each group were amplified on
a DNA thermal eyeler (PerkinElmer, Nerwalk, CT) for 30 cycles except for
23 eyeles of GAPDH. The PCR condition was as follows: 94°C for 1 min,
lollowed by 58°C (cytokines and GAPDH). 55°C (ICOS), or 56"C (B7h)
for 1 min, and 72°C for 2 min with a t5-min extension at 72°C at the end.
The PCR products were electrophoresed on agarose gel, stained with
ethidivm bromide, and the image was acquired using the Densttograph.

Cli-specific T cell proliferation and cytokine production

Five days or 10 wk after the second immunization. draining lymph nodes
(I.Ns) and the spleen were removed. Single-cell suspensions of LN cells
and erythrocyle-depleted splenocytes were prepared in RPMI 1640 me-
dium supplemented with 10% FBS, 2 mM glutamine, 1 mM sodium pyru-
vate, 5 X 107° M 2-ME, and antibiotics. For purfication of 4% T cells,
cells were treated with anti-I-A, anti-C124, anti-CD45R, and anti-CD8
mAbs and rabbit complement and the purity of CD4" T cells was con-
firmed to be >95% CD4* cells by flow cytometry, Whole splenocytes. LN
cells (5 % 10%well), or (4™ splenic T eells (2.5 X 10%/'well} were seeded
in 96-well flat-bottom microtiter plates and cultured in the presence or
absence of the indicated amounts of denatured (60°C, 30 min) bovine C1
{dCT1) for 72 h. In the culture with purified CD4* T cells, splenocytes from
the mice at § days aller the second immunization were treated with mito-
mycin C {50 pg/ml, 37°C, 30 min; Sigma-Aldiich) and the cells (2.5 X
10%well) were added as APCs. For in vitro mAb blocking expenments, LN
cells from the mice 8 wk afler the primary immunization were wsed and
cultured as described above. The blocking mAb was added at the start of
the assay. All cultures weee pulsed with [P Uymidine (.3 pCiwell: Du-
Pont NEN, Boston, MA) for the Jast 16 N, harvested on a Micro 96 Har-
vester (Skatron, Lier, Norway). and the mcorporated radicactivity was
measuted using a microplate beta counter (Micro Beta Plus: Wallae, Turku,
Finland). Supematants from similar cullures were collected after 96 h for
the assessment of eytekine production by FLISA. ELISA for mouse [FN-y,
11.-4, and IL-10 was performed using ELISA kits (Ready-SET-Go!: eBio-
science, San Diego, CA) according to the protocols recommended by the
manuficturer.
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Serum amti-CII Ab levels

Serum samples were collected on days 7, 14, and 21, and the titers of
anti-CII fgG Abs were measured by ELISA. Bovine CIH (1 pg/ml) was
coated onto microtiter plates (Maxisorp; Nune, Roskilde, Denmark) over-
night at 4°C. Afler blocking with 1% BSA in PBS, serally diluted serum
samples were added and incubated for 1 b ar room temperature. After
washing, [IRP-conjugated rabbit anti-mouse IgGl, IpG2a, or 1gG2Zb Ab
(Zymed Laboratories, San Francisco, CA) was added and incubated for 2 h
at 37°C. Afler washing, Ab binding was visualized using o-phenylenedi-
amine (Sigma-Aldrich). A standard serum composed of a mixiure of scra
from arthntic mice was added to each plate in serial dilutions and a stan-
dard curve was constructed. The standard seram was defined as 1 U and the
Ab titers of serum samples were dueterminad by the standard curve.

Statistical analysis

Significant dilferences between experimental groups were analyzed by
the Mann-Whitney U test. Values of p < 0.05 were considered to be
significant.

Results
Inhibitory effect of anti-B7h mAb on Cl-specific T cell
profiferative responses in vitro

We generated a mAb (HKS.3) against mouse B7h by immunizing
3D rats with B7h transfectants. Similar to the staining with ICOS-
Ig, HK5.3 specifically bound to B7h-transfected NRK (B7h/NRK)
cells, but not to parental NRK cells (Fig. 14). Preincubation with
[1¥X5.3, but not with control rat G (data not shown) efliciently
blocked the [COS-Ig binding to BTW/NRK cells, indicating the
specific binding of HKA.3 to the 1COS ligand B7h. To evaluate the
functional inhibitory effects of this anti-B7h mAb, we examined
the eflect of this mAb on Cll-specific proliterative responses in
vitro. LN cells from Cl-immunized mice were stimulated with 30
pg/ml dCI and a panel of mAbs against costimulatory molecules
(Fig. 1B) and the titrated amoun of anti-B7h mAb (Fig. 1C) was
added to the culture. The addition of dCIT dramatically enhanced
proliferative responses and this enhanced proliferation was clearly
inhibited by anti-B7h mAb as well as by anti-CID8C and CD&6
mAbs, anti-CD134L mAb, or anti-CDD154 mAb. The inhibitory
effect of anti-B7h mAb occurnred in a dose-dependent manner.
These results indicate an inlhibitory activity of anti-B7h mAb and
a substantial involvement of B7h in the Cll-specific T cell re-
sponses in vitro.

Preventive and therapentic effects of anti-B7h mAb on CI4

To investigate the role of ICOS-B7h-mediated T cell costimulation
in the development of autoimmune arthritis, we examined the el-
fects of anti-B7h mAb on the development of CIA. DBA/1) mice
were immunized twice with bovine ClI in CFA to elicit CIA. Four
groups of mice were i.p. administrated either 50, 100, and 300 g
of anti-B7h mAb or 100 pg of control IgG every other day from
day —1 for four times. As shown in Fig. 24, the mice treated with
control [gG developed severe arthritis. In contrast, the administra-
tion of anti-B7h mAb significantly ameliorated the clinical mani-
festations of CIA in a dose-dependent manner. As summarized in
Table I, the treatment with 100 pp of anti-B7h mAb significantly
delayed the day of onset and decreased the mean arthritis score and
the mean number of arthritic paws, although the incidence of dis-
ease was not affected. The amelioration of ¢linical arthritis by the
anti-B7h mAb treatment was confinned by histopathological ex-
amination of the joints. The hind paw sections from the control
IgG-treated mice at day 35 showed infiltration of mononuclear
cells, synovial hyperplasia, pannus tormation, cartilage destruc-
tion, and bone crosion that are characteristic teatures of arthritis
(Fig. 3¢). These features were clearly ameliorated by the anti-B7h
mAb treatment (Fig. 34). Radiological examination also showed
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FIGURE 1. Characterization of anti-B7h mAb (11K5.3). 4, Specific
binding of HK3.3 to mouse B7h. NRK (a and ¢) and BTh/NRK (b and o)
cells were stained with HHKS.3 (o and &) and 1COS-Ig (¢ and &) followed
by PE-anti-ral Ig( and PE-anti-human 1gG Abs, respectively. Samples
were analyzed by flow cytometry. Histograms from the cells stained with
control Ig (rat Ig(i2a) or fusion protein (OX40L-Ig) are overlayed. The
bold line in & shows a histogram of the cclls preincubated with HK5.3
before staining with ICOS-Ig. Preincubation with control rat 1g(i2a did not
inhibit the binding of ICOS-Ig 10 B7Th/NRK cells (data not shown). B and
¢, Inhibitory effects on Cll-specific proliferative responses. LN cells from
the Cll-immunized mice were restimulated with or without 30 pg/ml JCII
in the presence or absence of the indicated mAbs. Cullures were pulsed
with [ *H]thymidine for the last 16 h of a 72-h culture and the incorporated
radioactivity was measured. All mAbs were used at a final concentration of
10 pg/ml (B} or anti-B7h mAb was used at the indicated concentrations
(C). Data arc expressed as the mean % SEM of triplicate cultures, The data
shown are reprosentalive of two independent experiments with similar
results.

the prevention of bone erosion by the anti-B7h mAb treatment
(Fig. 3, « and b).

To investigate whether the treatiment with anti-B7h mAb is still
effective after the onset of disease, we have performed a delayed
treatment. Since day 5 was the mean day of onset in the control
FgG-treated mice as shown in Table I, we started a similar treat-
ment from day 5 and examined the clinical scores. The delayed
treatment was also eflective in reducing the clinical arthritis scores
(Fig. 2B). These results demonstrated that the treatment with anti-
B7h mAb either before or after the onset of disease could inhibit
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FIGURE 2. Eflect of anti-B7h mAb ireatment on clinical scores. CIA
was induced by primary (day ~21) and secondary (day 0} immunization
with bovine type I collagen in CFA. A, Four groups of mice were injected
i.p. with cither 100 pg of control TgG ((0) or 50 (M), 100 (@), or 300 (4A)
pe of anti-B7h mAb on days —1, 1, 3, and 5. B, Two groups of mice were
injected 1.p. with 100 pg of control IgG (75} or anti-B7h mAb (@) on days
5,7,9,and 11, Data are expressed as the mean of seven mice in each group,
The data shown are representative of theee independent experiments with
stmilar results, +, Statistically different from the control lpG-treated group
(p < 0.05).

the discase severity of CIA, sugpesting the involvement of the
ICOS-D37h pathway in the pathogenests.

Expression of ICQS and B7h in the joinis and the draining LNs

To determine the expression of 1COS and B7h in the inflamed
joints and the draining LN cells, immunchistological staining and
fow cytometry were performed using a specific mAb against
ICOS and B7h or WCOS-Ig. ICOS expression was observed on both
CD4" and CD4 " (presumably CD8™ Ty cells in the synovium of
the inflamed joints from the control IgG-treated mice on day 5
(Fig. 440}, We first performed immunohistological staining using
anti-B7h mAb; however, the positive staining was not observed
even in the spleen and LN as well as in the synovial tissue, sug-
gesting that this anti-B7h mAb (I11K5.3) is not applicable to im-
munohistological staining. We therefore used 1C0S8-Ig for detec-
tion of 37N expression. Positive vells were observed within some
of the CD45R ' B cells (Fig. 44¢) and CD11b" macrophages, and
then weakly on CD1e™ dendritic cells {data not shown) in the
inflamed joints. To further assess the change of 1C08 and B7h
expression in the inflamed joints, tie mRNA Jevels for ICOS and
B7h were compared between naive and the contrel IgG-treated
CIA mice. The mRNA expression for ICOS and B7h in the joints
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Table L. Effect of amti-B7h mAb treatment on CIA®

Contral TgG Anti-I37h mAb

Day of onset 49+ 13 6.3 +29°
Chinical score (day 12) 118 x3.6 6.3 % 3%
Anhritic paw (day 12} 30+09 24 =1.0°
Incidence (day 12) 24/26 (92%) 24/26 (92%)

4 CTA was induced as described in Fig. 2 and treated with either 100 pg of coatrol
Iefi or anti-B7h mAb on days -1, 1, 3, and 5. Values represent the mean + S from
each group of 26 mice.

® Stanigtically diflerent from the control IgG-treated group ¢p < 0.05).

was significantly enbanced in the CIA mice (Fig. 4B). We next
investigated draining LN cells. The mean total number of LN cells
in the control IgG-treated CIA mice (2.5 = 0.1 X 107 cells) was
clearly enhanced as compared with that in the naive mice and this
enhancement was reduced in the anti-B7h mAb-treated mice
(1.6 = 03 x 107 cells). However, the ratio of T (CD3%), B
(CD4SR'CD3 ), or non-T/B (CD3 "CD45R ™) LN cells was not
affected by the anti-B7h mAb treatment (data not shown). ICOS™*
T cells were clearly increased in the control IgG-treated CIA mice
(8.2 £ 1.0%) as compared with naive mice (4.9 * 0.3%; data not
shown), but this increase was significantly inhibited in the anti-
B7h mAb-treated mice (5.3 % 0.3%,; Fig. 4C). Consistent with a
previous report (15), 2 constitutive expression of B7h was ob-
served on B cells in naive mice and this expression on LN-B cells
was not clearly affected by the CII immunization and the anti-B7h
mAb treatment (data not shown). These results demonstrated a
substantial expression of ICOS and B7h in the local joints as well
as in the draining LNs in CTA mice.

Down-regulation of proinflammatory cyfokines in the joints by
anti-B7h mAb treatment

Since the inflammatory process in the synovium plays a major role
in the development of arthritis {29), we next examined the change
of proinflunmatory cytokine expression in the synovium by the
treatment. Consistent with previous reports (29, 37), high levels of
TNF-a, IL-13, and IL-6 mRNA were observed in the synovial
tissues from the conmtrol lgG-treated mice, but the treatment with
anti-B7h mAb significantly inhibited the expression of these proin-
flammatory cytokines (Fig. 5). These results suggested that the

FIGURE 3. Eftect of anti-B7h mAb treatment on histopathological ar-
thrtis. Hind paws from the control TpG-treated (& and ¢) or anti-B7h-
treated (F and &) CIA mice at day 35 were examined by soft x-ray radio-
graph (g and b) and HEE staining of the metatarsophalangeal joints (¢ and
). Original magnification, X100. Representative radiograph and staining
from each group of seven mice are shown.
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FIGURE 4. Expression of ICOS and B7h in the joints and draining LNs. 4, The cryostat sections of hind paws from the control IgG-treated CIA mice
at day § were stained with H&E (), a combination of anti-CD4 (red fluorescence) and anii-1COS (green fluorescence) mAbs (£), or anti-CD45R mAb {red
fluorescence) and ICOS-Ig (green fluorescence, ¢). Representative regions of the synovium are shown. Yellow stains show ICOS*CD4* or B7h*CDASR*
cells. Original magnification, X400, B, The joints of hind paws from naive mice and the control lgG-treated mice at day 5 were removed and mRNA
expression for ICOS and B7h was assessed by RT-PCR. Data represent four individual mice from cach group. The expected product sizes for ICOS, B7h,
and GAPDH are 592, 482, and 379 bp, respeciively. Data represent four individual mice from each group. The amount of mRNA was measured by
densitography and the unit values were normalized to the amount of mRNA for GAPDH. The mean * SEM of unit vatues in naive () and the control
[gG-treated CIA (M) mice are shown, *, Statistically different from naive mice (p < 0.05). C, LN cells from CIA mice treated with control IgG or anti-B7h
mAb were stained with FITC-conjugated anti-ICOS mAb and PerCP-conjugated anti-CD3 mAb or with appropriate fluorochrome-conjugated confrol Ig,
and samples were analyzed by flow cytometry. Representative data from three mice are displayed as contour plats (4-decade log scale) and the quadrant
markers have been positioned to include >98% of contrel lg-stained cells (data not shown) in the fower loff. The mean percentage = SEM for ICOS*CD3*
cells from three mice in 2ach group are indicated in the upper right of each panel.

anti-B7h mAb treatment reduced the arthritic manifestations by
down-regulating the expression of proinflammatory cytokines in
the joints.

Inhibition of ClEkspecific T cell proliferation and cyiokine
production by anti-B7h mAb treatment

The intervention of the ICOS-B7h costimulatory pathway by anti-
B7h mAb might modulate Cll-specific T cell responses and might
affect the Th1/Th2 balance. To address these possibilities, spleno-
cytes and LN cells at day 5 were isolated from the CIA mice, and
proliferative responses and cytokine production against CII were
examined. Splenocytes from the control IgG-treated mice prolif-
erated well in response to dCIL, whereas splenocytes from naive
mice did not proliferate even at a high concentration of dCII (Fig,
64a). Splenocytes from the anti-B7h mAb-treated mice showed
significantly reduced proliferative responses to dCII us compared
with those from the control 1gG-treated mice. A similar inhibitory
effect of the anti-B7h mAb treatment was observed when C14*
splenic T cells (Fig. 646) or LN cells (Fig. 64c) were used as
responder cells. These results suggested that the anti-B7h mAb
treatment at the second immunization inhibited the expansion of
Cll-specific T cells in the LN and spleen. We next examined the
Thl and Th2 cyrokine production. LN cells from the control IgG-
or anti-B7h mAb-treated mice were stimulated with 3t pg/iml dCI1
for 96 h, and IFN-vy, 1{.-4, and IL-10 in the supernatants were

measured by ELISA. LN cells from the control IgG-treated mice
produced high levels of IFN-7y and 1L-10 in response to CI1, but the
production of these cytokines by LN cells was greatly reduced in
the anti-B7h mAb-treated mice (Fig. 68). 11.-4 production was
undetectable in both groups of mice in this culture condition (data
not shown), Inhibitory effect by the anti-B7h mAb treatment on
IFN-v production was persistently observed even at 10 wk after
the second immunization (Fig. 6C7). These results sugzested that
the anti-B7h mAb treatment prevented the differentiation and’or
expansion of Cll-specific Thl and Th2 cells and prolonged the
inhibitory effect on Thl-mediated responses.

Inhibition of anti-CH IgGl, I9G2a, and IgG2b Ab production by
anti-B7h mAdb treatment

It is well known that 1g(G2a production is mainly induced by the
Thl cytokine IFN-vy and other IgG isolypes are regulated by Th2
cytckines such as 1L-4, 1L-5, IL-6, and IL-10 (38, 39). We thus
investigated the anti-CII [g(31, IgG2a, and Ig(G2b Ab levels in the
sera from the control 1gG- or anti-B7h mAb-treated mice at 7, 14,
and 21 days afler the sccond immunization. The serum levels of
anti-Cll IgGl, 1gi2a, and Ig(i2b were dramatically increased in
response 1o the second immunization, but all of these responses
were significantly suppressed by the ati-B7h mAb treatment ( Fig.
7). These results indicated that the anti-B7h mAb treatiment inhib-
ited the production of anti-C'II Abs that is dependent on either Thi

— 356 —



The Journal of Immunology

A cont. IgG anti-B7h mAb

TNF-o

IL-1p

IL-&

GAPDH

Unit
[4,]

TNF -1p I8

FIGURE 5. Expression of proinflammatory cytokines in the joints. 4,
The joints of hind paws from control IgG- or anti-B7h mAb-treated mice
at day 5 were removed and mRNA expression for TNF-q, IL-18, and [L-6
was assessed by RT-PCR. The expected product sizes for TNF-a, 1L-18,
and 1L-6 are 452, 297, and 248 b, respectively. Data represent four indi-
vidual mice from cach group. £, The unit values were measured as de-
scribed in Fig. 4 and the mean = SEM of unit values from four control [gG
(W)~ and anti-B7h mADL ([)-teeated mice are shown. Similar results were
obtained in three independent experiments. *, Statistically different from
the control IgG-reated group (p << 0.05).

or Th2 cells. Since the anti-CII Abs have been implicated in the
pathogenesis of C1A (28), the reduced production of anti-CII Abs
might alse be responsible for the ameliorating eflect of the anti-
B7h mAb treatment.

Discussion

In this study, we demonstrated the involvement of the [COS-B7h
costimulatory pathwiy in the pathogenesis of an experimental imu-
rine autoimmune arthritis. The administration of anti-B7h mAb
ameliorated the clinical and histological manifestations of ClA. A
similar beneficial effect was also obtained by a defayed treatment
after the onset of arthritis. Expression of proinflammatory cyto-
kines in the joints and both cellular and humoral responses to CI1
were significantly inhibited by the anti-B7h mAb treatment, which
appeared to result in a beneficial effect.

Various costimulatory molecules, including CD28-CDS0/CD86
{6), CDA0-CD40 ligand (1.} (40), and CD134-CD134L (41), have
been implicated in the pathogenesis of C1A. Blockade ot the D28
costimulatory pathway inhibited the developinent of CIA in mice
and rats (6, 42) and CD28-deficient mice were highly resistant to
CIA (43), suggesting a critical mvolvement of CD28 in the induc-
tion of CIA. Unlike the constitutive expression of CD28 on naive
T cells, ICOS is not expressed on naive T cells but induced after
activation (7, 18, 27). In contrast, a considerable level of B7h is
expressed on B cells without stimulation (12, 13, 15), whereas
CDB0 and CD86 are induced by stimulation. Consistent with these
reports, we observed a constitutive expression of B7h on B cells in
the [.Ns and the increased number of ICOS" 1 cells in the I.Ns
afler immunization. In addition to these observations, we first dem-
onstrated the expression of ICOS on T cells and B7h on B cells,
macrophages, and dendritic cells in the inflamed joints at protein
levels and the increased mRNA expression i the CIA mice. Al-
though further studies are required for the detection of B7h ex-
pression on other types of cells in the synovium, our results sug-
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FIGURE 6. Effects of anti-BTh mab treatment on Cll-specific T cell
proliferation and cytokine production. A, Whole splenocytes (), CD4*
splenic T cells (5), and LN cells {€) from naive mice (M) and the CIA mice
treated with control TgG (72 and M) or anti-B7h mAb (@ and £5) at day 3
were cultured in the presence or abscnce of the indicated amounts of dCII
for 72 h. In the culture of CD4™" T cells, the mitomyein Created immu-
nized splenocytes were added as APCs. Cultures were pulsed with [*Hjthy-
midine and the incorporated radioactivity was measured. B, The superna-
tants of LN cells after a 96-h culture were assessed for IFN-vy and 1L-10
praduction by ELISA. C, LN cells from (he CIA mice treated with control
IgG (W) or anti-B7h mAb ([3) at 10 wk afier the secondary immunization
were cultured, and proliferation and cytokine production were measured as
described above, IL-4 and 1110 production were undetectable in this cul-
ture condition (data not shown). All data are shown as the mean = SEM
of four mice in each group. Dalfa are representative of three independent

experiments with similar resulis, +, Statistically different {(p < 0.05).
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gest the possible involvement of ICOS-B7h interactions at the site
of joints as well as in the draining LNs.

The actual invelvement of the ICOS-B7h interaction in the
pathogenesis of CIA was verified by the adininistration of neutral-
izing anti-B7h mAb. Blockade of the ICOS costimulatory pathway
by anti-I37 mAb resulted in amelioration of inflammatory arthritis
as assessed by clinical scoring and histological and radiological
examinations. However, this treatment failed to decrease the inci-
dence of discase, while similar treatment with CTLA-41g (6), anti-
CD154 mAb (40), or ami-CD134]. mAb (41) substantially de-
creased the incidence. Nevertheless, it should be noted that the
delayed short-term treatment with anti-B7h nuAb was also effective
for preventing the progression of disease. In contrast, the treatment
with anti-CD4 mAb (44), anti-CID 1341 mAb (41), or anti-CD80
and CD86 mAbs (6) was not or was less effective after the arthritis
had been initiated. These results are consistent with the recent
observations in FAL and allergic airway inflammation models,
where the blockade of ICOS at the peak of disease, but not during
Ag prnming. dramatically amelicrated ongoing inflammatory re-
spenses {26, 27). Since 1C°OS is not expressed on naive T cells, it
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