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FCGR2B) are located within a gene cluster on chromosome
1q22-23. Of these FcyRs, FeyRllla and FeyRlla are known to
be stimulatory receptors. Various genetic polymorphisms of
these receptors were reported to be associated with several
autoimmune diseases [4,5], one of which is a polymorphism in
FCGR3A, with either a phenylalanine (F) or a valine (V) at
amino acid position 158 [6,7]. Moreover, based on findings
from a co-crystalization study with IgG, and FcyRlilla (8], this
residue directly interacts with the lower hinge region of IgG,,
suggesting strong binding between IgG, and FcyRllla-158V
on both natural killer cells and macrophages. For FCGR2A
genes, a polymorphism at position 131 (with either histidine
[H] or arginine [R]) alters the ability of the receptor to bind to
certain IgG subclasses [9,10].

In RA patients, FCG3A-158V/F polymorphisms were reported
to be frequent in UK Caucasian, North Indian and Pakistani
individuals [11,12], but not in Japanese, Spanish and French
individuals [13-15]. The reason for these differences between
populations is unknown, although it is possible that they might
depend on the prevalence in these populations of patients
with autoantibody related forms of RA, in particular the preva-
lence of those who have pathogenic autoantibodies that
directly interact with FcyYRs (especially FcyRllla).

Anti-GP1 antibodies are candidate arthritogenic antibodies. In
K/BxN mice, polyclonal or two monoclonal anti-GP! antibod-
ies induced arthritis in several strains of mice [16]. Moreover,
FcyRlll deficient mice were resistant to anti-GPi antibody
induced arthritis [3]. Another recent report [17] also confirmed
that immune complex and FcyRIll are essential initiators of
arthritis through sequential activation of effector cells, thus giv-
ing antibodies access into the joint. In human RA, anti-GPl
antibodies have frequently been detected in patients with
aggressive forms of arthritis [18,19], and their levels corre-
lated significantly with extra-articular manifestations such as
rheumatoid nodules, rheumatoid vasculitis and Felty's syn-
drome [20]. Moreover, a modest association of homozygosity
for the FCGR3A-158V allele with RA in the nodular phenotype
was suggested by Morgan and coworkers [11], suggesting
the presence of a link between anti-GPl antibodies and
FCGR3A allele. However, whether anti-GPI antibody positive
status correlates with RA is a matter of controversy [18-22]. In
our assay few healthy individuals retained anti-GPI antibodies;
however, we do not know whether these protective pheno-
types are associated with certain human gene polymorphisms.

In order to determine the relationship between functional pol-
ymorphisms of FCGR and possible arthritogenic anti-GPl anti-
bodies in human conditions, we examined the correlation of
these polymorphisms with anti-GPI positivity.

Materials and methods

Patients

The study was approved by the local ethics review committee
and written informed consent was obtained from all partici-
pants. Blood samples were collected from 187 Japanese
patients with RA (mean age 46 t 17 years; 33 females; mean
disease duration 12.9 years {range 1-46 years}) including four
with vasculitis and three with Felty's syndrome. These patients,
randomly selected from among patients visiting the clinic,
were followed at University of Tsukuba Hospital. The diagnosis
of RA was based on the criteria presented by the American
College of Rheumatology [23]. In addition, 158 Japanese vol-
unteers {(mean age 30 + 9 years; 105 females) were recruited
from our institute to serve as a healthy comparison group. All
healthy individuals were free of rheumatic disease symptoms,
and derived from the same geographic locations.

Enzyme-linked immunosorbent assay for GPI

In order to select anti-GP1 antibody positive patients, we used
recombinant human GP! (described in detail previously [18])
or rabbit muscle GPI (Sigma, St Louis, MO, USA). Both anti-
gens were used at 5 pg/ml (diluted in phosphate-buffered
saline [PBS]) to coat microtitre plates (12 hours, 4°C). After
washing twice with washing buffer (0.05% Tween 20 in PBS),
Block Ace (diluted 1/4 in 1 x PBS; Dainippon Pharmaceuti-
cals, Osaka, Japan) was used for saturation (30 min at 37°C).
After two washes, sera (diluted 1/50) were added and the
plates were incubated for 12 hours at 4°C. After washing,
alkaline phosphatase (AP)-conjugated anti-human IgG (Fc
fragment specific; Jackson Immuno Research, West Grove,
PA, USA) was added to the plate (dilution 1/1000, for 1 hour
at room temperature). After three washes, colour was devel-
oped with AP reaction solution (containing 9.6% diethanol
amine, 0.25 mmol/l MgCl,; pH 9.8) with AP substrate tablets
(Sigma; one AP tablet per 5 ml AP reaction solution). Plates
were incubated for 1 hour at room temperature, and the optical
density (OD) was measured by plate spectrophotometry at
405 nm. Determinations were performed in triplicate and
standardized between experiments by reference to a highly
positive human anti-GPI serum. The primary reading was proc-
essed by subtracting OD readings of control wells (coated
with gluthathione-S-transferase (GST) and Block Ace for
recombinant GPI-GST and rabbit GPI, respectively). The cut-
off OD was calculated from the ELISA reactions of 158
healthy Japanese donors. Those who were double positive to
both antigens were considered anti-GP! antibody positive.
Because we used two antigens for the discrimination, the cut-
off OD (mean value + 1 standard deviation) was 0.98 for
human recombinant GP1 and 0.64 for rabbit native GP!.

Genomic DNA was isolated from 0.5 ml anticoagulated
penpheral blood, from 187 RA patients and 158 healthy indi-
viduals, by using DNA Quickll DNA purification kit (Dainippon
Pharmaceuticals, Osaka, Japan). FcyR polymorphisms
(FCGR3A-158V/F) were identified, as described by Koene
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PCR-RFLP analysis of the FCGR3A and FCGR2A genes. cDNA was
amplified with primers and restriction digested using appropriate
enzymes. Digested PCR products were visualized with ethidium bro-
mide. (a) FCGR3A gene and {b) FCGR2A gene. ND, nondigested
PCR product; RE. restriction enzyme.

and coworkers [6], using a nested PCR followed by allele spe-
cific restriction enzyme digestion. For homozygous FcyRIlIA-
158F patients only one undigested band (94 bp) was visible.
Three bands (94 bp, 61 bp and 33 bp) were seen in hetero-
zygous individuals, whereas for homozygous FcyRIIIA-158V
patients only two digested bands (61 bp and 33 bp) were
detected (Fig. 1a). These genotyping findings were confirmed
by direct sequencing in some individuals.

FcyRIA-131H/R genotyping

Genotyping of FcyRIIA-131H/R also consisted of PCR fol-
lowed by an allele specific restriction enzyme digestion, in
accordance with the method reported by Jiang and coworkers
[24). The FCGR2A-131H and FCGR2A-131R alleles were
visualized as 337 bp and 316 bp DNA fragments, respectively
(Fig. 1b). These genotyping findings were confirmed by direct
sequencing in some individuals.

Statistical analysis

The data were analyzed using the Student's t-test and the %2
test, and Fisher's exact test was used when expected frequen-
cies were lower than 5. We used Mann-Whitney U-test to
evaluate the distribution of anti-GPl antibodies in FcyRIlIA-
158V/V RA patients and healthy individuals. P < 0.05 was
considered statistically significant.

Results

Our ELISA assay is highly specific because we used recom-
binant bacterial human GPI and native rabbit GPi, and double
positivity for the two antibodies correlated significantly with
the results of western blotting to GPI [18]. Because two GPI
antigens were used for discrimination, the cutoff value of the
OD was the mean value + one standard deviation from 158
healthy individuals, estimated using ELISA. Those who were
positive for both antibodies were considered to be anti-GPI
antibody positive. Using these definitions, 23 (12.3%) RA
patients were anti-GP! antibody positive, and nine (5.7%)

Population of anti-GP1 antibody positive individuals, and FCGR3A and
FCGR2A genotypes. The study included 187 patients with rheumatoid
arthritis and 158 healthy Japanese individuals. The horizontal and verti-
cal dotted lines represent the cutoff optical density values calculated
from ELISA reactions of 158 healthy individuals for human recombinant
GP1 and rabbit native GPI, respectively. Individuals positive for both
antibodies were considered anti-GP} antibody positive. Numbers in
each graph represent the proportions of individuals positive for anti-GPI
antibodies relative to the total number of individuals in that group. GP!,
glucose-6-phosphate isomerase; HS, healthy subjects; RA, theumatoid
arthritis.

healthy individuals were anti-GPi antibody positive (Fig. 2).
Statistical analysis revealed a significant difference in anti-GPI
antibody positivity between RA patients and healthy individu-
als (2= 4.438, with one degree of freedom; P = 0.0352).

To analyze whether functional FCGR polymorphisms were
correlated with anti-GPI antibody positive and negative individ-
uals, we performed FCGR genotyping. FCGR3A and
FCGR2A genotypes in the control group were in Hardy-
Weinberg equilibrium. The FCGR3A-158V allele (high affinity
genotype} was more frequently identified in patients with RA
than in healthy individuals within the anti-GP} antibody positive
population (x2= 0.012, with one degree of freedom; P =
0.012; Tables 1 and 2). in addition, these differences were evi-
dent when individuals were categorized according to the pres-
ence or absence of these genotypes: 56.5% of patients with
RA were homozygous or heterozygous with respect to
FCGR3A-158V, as compared with 11.1% of healthy individu-
als; and 43.5% of patients with RA were homozygous with
respect to FCGR3A-158F, as compared with 88.9% of
healthy individuals (x2=5.42 with one degree of freedom; P<
0.02; Tables 1 and 2). Comparison of FCGR3A-158V allele
frequency between RA patients and healthy individuals
revealed no statistically significant difference: 48.7% of
patients with RA were homozygous or heterozygous with
respect to FCGR3A-158V, as compared with 42.4% of
healthy individuals; and 51.3% of patients with RA were
homozygous with respect to FCGR3A-158F, as compared
with 57.6% of healthy individuals (x2= 1.04 with one degree
of freedom; P = 0.245; Table 1).
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Table 1

Frequencies of FCGR3A and FCGR2A genotypes in patients with RA and positive and negative for anti-GPI antibodies

FCGR3A-158 FCGR2A-131
FF low Fv ) VV high HH high H/R R.R fow
GPI"RA (n = 23) 10 (43.9) 9 (39.1) 4(17.4) 16 (69.6) 6(26.1) 1(4.3)
GPIRA (n=164) 86 (62.4) 68 (41.5) 10 (6.1) 128 (78) 20(17.7) 7 (4.3)
GPi+ Control (n = 9) 8(88.9) t{11.4) 0(0) 4 (44.4) 5 (565.6) 0(0)
GPY Control (n = 149) 83 (55.7) 58 (38.9) 8(5.4) 109 (73.2) 40 (26.8) 0 (0)

Data are expressed as number (percentage) of individuals. GP1, glucose-6-phosphate isomerase; high, high affinity genotype; low, low affinity

genotype; RA, rheumatoid arthritis.

Table 2

Alieic skewing of FCGR3A and FCGR2A in anti-GPI antibody positive healthy individuals

Polymorphism Allele RA GPi* {n = 46) Healthy GPIt (n = 18) P(xd P (Fisher's) OR (85% Cl)

FCGR3A-158 F 29 17 0.012 0.013 0.10(0.01-0.82)
v 17 1

FCGR2A-131 H 38 13 0.35 0.4902 1.83 (0.51-6.59)
R 8 5

P values are given for RA versus heafthy individuals using a 2x2 contingency table. Cl, confidence interval; Fisher's, Fisher's probability test; OR,

odds ratio; RA, rheumatoid arthritis.

Table 3

Genotype skewing of FCGR3A and FCGR2A gene polymorphisms in anti-GPi antibody positive healthy individuals

Polymorphism Genotype RA GPI* (n = 23) Healthy GPI* (n = 0) P{x?) P (Fisher's) OR (85% Ci)

FCGR3A-158 FF 10 (43.5%) 8 (88.9%) 0.019 0.044 0.09 (0.01-0.80)
Fvivw 13(56.5%) 1 (11.1%)

FCGR2A-131 HH 16 (69.6%) 4{44.4%) 0.19 0.24 2.86 (0.58-13.06)
HR/RR 7 {30.4%) 5 (55.6%)

P values are given for RA versus healthy individuals using a 2x2 contingency table. Cl, confidence interval; Fisher's, Fisher's probability test; OR,

odds ratio; RA, rheumatoid arthritis.

Next, FCGR2A genotyping was conducted in the same cohort
(Table 1). In contrast to FCGR3A, the frequency of the
FCGR2A-131H allele (high affinity genotype) was not signifi-
cantly different between the two groups within the anti-GPI
antibody positive population (x2= 0.862 with one degree of
freedom; P = 0.35; Tables 1 and 2). These differences were
also not evident when individuals were categorized according
to the presence or absence of these genotypes (P = 0.19;
Tables 1 and 3).

We also analyzed the association between FcyR and other
related autoantibodies such as RF. There was no difference
between RF positive and RF negative populations of RA

patients (P = 0.82 and P = 0.4 for FCGR3A and FCGR2A.
respectively; Table 4).

Finally, in order to identify the relationship between FCGR3A-
158V allele and anti-GPl antibodies more clearly, we focused
on individuals who were homozygous for the high affinity
FCGRS3A-158V/V genotype (14 RA patients and eight healthy
individuals) and compared their anti-GP! antibody ftitres.

- Surprisingly, both anti-human GP! antibodies and anti-rabbit

GP antibodies were significantly elevated in the RA group (P
= 0.0027 and P = 0.0015 for anti-human GPI antibodies and
anti-rabbit GPI antibodies, respectively, by Mann-Whitney U-
test; Fig. 3). This suggests that anti-GP! antibody positivity

— 100 —



Table 4
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FCGR3A and FCGR2A genotypes in rheumatoid factor positive and negative RA patients

Polymorphism Genotype RARF*{n=130) RA RF (n =57) P(x OR (95% Cl)

FCGR3A-158 FF 66 (50.8%) 30(52.6%) 0.82 0.93 (0.50-1.73)
FV/VV 64(49.2%) 27 (47.4%)

FCGR2A-131 HH 103 (79.2%) 42(73.7%) 0.4 1.36 (0.66-2.82)
HR/RR 27 (20.8%) 15 (26.3%)})

Pvalues are given for RA RF* versus RA RF using a 2x 2 contingency table. Cl, 95% confidence interval; OR, odds ratio; RA, rheumatoid arthritis;

RF, rheumatoid factor.

Figure 3
p=0 0027 . p-0.0015
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Higher titres of anti-human and anti-rabbit GPI antibodies in FCGR3A-
158V/V RA patients versus healthy individuals. In individuals
homozygous for the FCGR3A high affinity V/V genotype (14 RA
patients and 8 healthy individuals), both anti-human GP1 antibodies and
anti-rabbit GPI antibodies were significantly elevated in the RA group
(P =0.0027 and P = 0.0015 for anti-human GP! antibodies and anti-
rabbit GP{ antibodies, respectively, by Mann-Whitney U-test). GPY, glu-
cose-6-phosphate isomerase; RA, rheumatoid arthritis.

might predispose individuals with the FCGR3A-158V/V gen-
otype to arthritis.

Discussion

Several studies have indicated that anti-GP! antibodies are
potential arthritogenic antibodies [18-20] because they were
frequently detected in patients with severe forms of RA.
Because high titres of these antibodies (IgG, not IgM) were
also detected in healthy individuals, the arthritogenicity of
these antibodies should be due to modulation — by the low
affinity genotype of FcyRs - of the bypass between immune
complex and FcyR bearing cells. In a GP! immunized mouse
mode! severe arthritis occurred only in DBA/1 mice, although
the production of anti-GPl antibodies was almost equal in
arthritis susceptible and resistant mouse strains {25}. Thus,
the incidence of arthritis might depend on certain genetic fac-
tors such as FcyR. Anti-GPI antibody positive individuals
express several GPI variant mRNAs in peripheral blood mono-
cytes [26]. This observation supports the notion that the pres-
ence of GPl variants is necessary to produce anti-GPI
autoantibodies, and that genetic factors such as FcyRIIIA are
important in the development of arthritis. Based on this conclu-

sion, it is conceivable that the production of anti-GPI antibod-
ies does not occur as a 'result’ of joint destruction.

Our results do not indicate that individual polymorphisms in
the FCGR3A and FCGR2A genes play roles in susceptibility
to RA. Despite the lack of association with individual FCGR
polymorphisms in the whole cohort, our studies suggest that
FCGR3A-158V/F polymorphisms play a crucial role in RA
among those individuals who are positive for anti-GPl antibod-
ies (Tables 2 and 3). Moreover, focusing on FCGR3A-158V/
V homozygous individuals, anti-GP! antibodies were clearly
evident in patients with RA. These findings suggest that anti-
GPi antibodies might have arthritogenic potential in individuals
homozygous for FCGR3A-158V/V.

Conclusion

Our findings show that FCGR3A-158V/F functional polymor-
phisms were associated with RA among anti-GPl antibody
positive individuals. This is the first report on possible mecha-
nisms of arthritic diseases; they are tightly regulated by some
genes, especially by FcyR genotype, as well as by production
of arthritogenic autoantibodies.

Competing interests
The author(s) declare that they have no competing interests.

Authors' contributions

IM wrote the manuscript and conceived the study. HZ per-
formed FcyR genotyping and coordinated the statistical analy-
sis. YM, TY and YK performed GP} ELISA. TH participated in
clinical assessment. TS participated in the full design and
coordination of the study, and DG, S| and AT participated in
writing the discussion.

Acknowledgements

This work was supported in part by the Japanese Ministry of Science
and Culture (IM, TS). IM is also a recipient of a fellowship from the Japan
Intractable Diseases Research Foundation, Uehara Memorial Founda-
tion, and Japan Rheumatoid Foundation.

References

1. Firestein GS: Evolving concepts of rheumatoid arthritis. Nature
2003, 423:356-361.

R1187

— 101 —



R1188

Arthritis Research & Therapy Vol 7 No 6 Matsumoto et al.

11.

12.

14,

15.

16.

17.

18.

20.

Diaz de Stahl T, Andren M, Martinsson P, Verbeek IS, Kleinau S:
Expression of FcgammaRIll is required for development of
collagen-induced arthritis. Eur J Immunol 2002, 32:2915-2922.
Ji H. Ohmura K, Mahmood U, Lee DM, Hofhuis FM, Boackle SA,
Takahashi K, Holers VM, Walport M, Gerard C, et al.: Arthritis crit-
ically dependent on innate immune system players. Immunity
2002, 16:157-168.

Dijstelbloem HM, Scheepers RH, Oost WW, Stegeman CA, van
der Pol WL, Siuiter W), Kallenberg CG, van de Winkel JG, Tervaert
JW: Fcgamma receptor polymorphisms in Wegener's granulo-
matosis: risk factors for disease relapse. Arthritis Rheum 1999,
42:1823-1827.

Myhr KM, Raknes G. Nyland H, Vedeler C: Immunoglobulin G Fc-
receptor (FcgammaR) lIA and IIIB polymorphisms related to
disability in MS. Neurology 1999, 52:1771-1776.

Koene HR, Kleijer M, Algra J, Roos D, von dem Bome AE, de Haas
M: Fc gammaRilla-158V/F polymorphism influences the bind-
ing of IgG by natural killer cell Fc gammaRlilla, independently
of the Fc gammaRilla-48L/R/H phenotype. Blood 1997,
90:1108-1114.

Wu J, Edberg JC, Redecha PB, Bansal V, Guyre PM, Coleman K,
Salmon JE, Kimberly RP: A novel polymorphism of FcgammaR!-
lla (CD16) alters receptor function and predisposes to autoim-
mune disease. J Clin invest 1997, 100:1059-1070.
Sondermann P, Huber R, Oosthuizen V, Jacob U: The 3.2-A crys-
tal structure of the human IgG1 Fc tragment-Fc gammaRIIl
complex. Nature 2000, 406:267-273.

Warmerdam PA, van de Winkel JG, Viug A, Westerdaal NA, Capel
Pi: A single amino acid in the second Ig-like domain of the
human Fc gamma receptor Il is critical for human 1gG2
binding. J Immunol 1891, 147:1338-1343.

Parren PW. Warmerdam PA, Boaije LC, Arts J, Westerdaal NA,
Viug A, Capel PJ. Aarden LA, van de Winkel JG: On the interac-
tion of IgG subclasses with the low affinity Fc gamma Rlila
(CD32) on human monocytes, neutrophils, and platelets. Anal-
ysis of a functional polymorphism to human 1gG2. J Clin Invest
1992, 90:1537-1546.

Morgan AW, Griffiths B, Ponchel F, Montague BM, Ali M, Gardner
PP, Gooi HC, Situnayake RD, Markham AF, Emery P, Isaacs JD:
Fcgamma receptor type llIA is associated with rheumatoid
arthritis in two distinct ethnic groups. Arthritis Rheum 2000,
43:2328-2334. . :
Morgan AW, Keyte VH, Babbage $J, Robinson JI, Ponchel F, Bar-
rett JH, Bhakta BB, Bingham SJ, Buch MH, Conaghan PG, et a/.:
FcgammaRIlIA-158V and rheumatoid arthritis: a confirmation
study. Rheumatology (Oxford) 2003, 42:528-533.

Kyogoku C, Tsuchiya N, Matsuta K, Tokunaga K: Studies on the
association of Fc gamma receptor lIA, i1B, IHA and 1IIB poly-
morphisms with rheumatoid arthritis in the Japanese: evi-
dence for a genetic interaction between HLA-DRB1 and
FCGR3A. Genes Immun 2002, 3:488-493.

Radstake TR, Petit E, Pierlot C, van de Putte LB, Comelis F, Bar-
rera P: Role of Fcgamma receptors 11A, llIA, and HIB in suscep-
tibility to rheumatoid arthritis. J Rheumatol 2003, 30:926-833.
Nieto A, Caliz R, Pascual M, Mataran L, Garcia S, Martin J: Involve-
ment of Fcgamma receptor HIA genotypes in susceptibility to
rheumatoid arthritis. Arthritis Rheum 2000, 43:735-739.
Matsumoto |, Staub A, Benoist C, Mathis D: Arthritis provoked by
linked T and B cell recognition of a glycolytic enzyme. Science
1990, 286:1732-1735.

Wipke BT, Wang Z, Kim J, McCarthy TJ, Allen PM: Dynamic visu-
alization of a joint-specific autoimmune response through
positron emission tomography. Nat /mmunol 2002, 3:366-372.
Matsumoto |, Lee DM, Goldbach-Mansky R, Sumida T, Hitchon
CA, Schur PH, Anderson RJ, Coblyn jS, Weinblatt ME, Brenner M,
et al.: Low prevalence of antibodies to glucose-6-phosphate
isomerase in patients with rheumatoid arthritis and a spec-
trum of other chronic autoimmune disorders. Arthritis Rheum
2003, 48:044-954,

Schaller M, Burton DR, Ditzel HJ: Autoantibodies to GPI in rheu-
matoid arthritis: linkage between an animal model and human
disease. Nat Immunol 2001, 2:746-753.

van Gaalen FA, Toes RE, Ditzel H), Schaller M, Breedveld FC, Ver-
weij CL. Huizinga TW: Association of autoantibodies to glu-
cose-6-phosphate isomerase with extraarticular
complications in rheumatoid arthritis. Arthritis Rheum 2004,
50:395-399.

— 102 —

23.

24.

25.

26.

- Kassahn D, Kolb C, Solomon S, Bochtler P, lliges H: Few human
22.

autoimmune sera detect GPl. Nat Immunol 2002, 3:411-412.
Schubert D, Schmidt M, Zaiss D, Jungblut PR, Kamradt T: Autoan-
tibodies to GPI and creatine kinase in RA. Nat /mmunol 2002,
3:411.

Amett FC, Edworthy SM, Bloch DA, McShane DJ, Fries JF, Cooper
NS, Healey LA, Kaplan SR, Liang MH, Luthra HS, et al.: The Amer-
ican Rheumatism Association 1987 revised criteria for the
classification of rheumatoid arthritis. Anhritis Rheum 1988,
31:315-324.

Jiang XM, Arepally G, Poncz M, McKenzie SE: Rapid detection of
the Fc gamma RIlIA-H/R 131 ligand-binding polymorphism
using an allele-specific restriction enzyme digestion (ASRED).
J Immunol Methods 1996, 199:55-59.

Schubert D, Maier B, Morawietz L, Krenn V, Kamradt T: immuni-
zation with glucose-6-phosphate isomerase induces T cell-
dependent peripheral polyarthritis in genetically unaltered
mice. J Immunol 2004, 172:4503-4509.

Muraki Y, Matsumoto I, Chino Y, Hayashi T, Suzuki E, Goto D, ito
S, Murata H, Tsutsumi A, Sumida T: Glucose-6-phosphate iso-
merase variants play a key role in the generation of anti-GPI
antibodies: possible mechanism of autoantibody production.
Biochem Biophys Res Commun 2004, 323:518-522.



Expert
Opinion

. Introduction

. Immunotherapies and
targeted immunotherapy in
autoimmune diseases

. Trials of antigen-specific
suppression in
autoimmune diseases

. Evaluation of antigen-specific
T cells in autoimmune diseases

. TCR gene transfer for controlling
autoimmune diseases

. Expert opinion and conclusion

Review

General

Antigen-specific immunotherapy
for autoimmune diseases

Kazuhiko Yamamoto!, Akiko Okamoto & Keishi Fujio
Y The University of Tokyo, Department of Allergy and Rbeumatology, Graduate School of Medicine,
7-3-1, Hongo, Bunkyo-ku, Tokyo, 113, Japan

The status of autoimmune disease therapies is not satisfactory.
Antigen-specific immunotherapy has potential as a future therapy that could
deliver maximal efficacy with minimal adverse effects. Several trials of
antigen-specific immunotherapy have been performed, but so far no clear
directions have been established. With regard to antigen-specificity in the
immune system, T cells are essential components. However, at present, we do
not have a sufficient range of strategies for manipulating antigen-specific
T cells. In this review, the authors propose that T cell receptor gene transfer
could be used for antigen-specific immunotherapy. In the proposed
technique', important disease-related and, thus, antigen-specific T cells in
patients would first be identified, and then a pair of cDNAs encoding o and
T cell receptors would be isolated from these single T cells. These genes
would then be transferred into self lymphocytes. These engineered
antigen-specific cells can also be manipulated to express appropriate
functional genes that could then be applied to specific immunotherapy.

Keywords: autoimmune diseases, antigen-specific T cells, gene transfer, T cell receptor

Expert Opin. Biol. Ther. (2007) 7(3):359-367

1. Introduction

Autoimmune diseases are fairly common disorders affecting ~ 5% of the population,
predominantly women [1]. Existing treatment of autoimmune diseases is based
mainly on the use of immunosuppressive drugs such as corticosteroids and cytotoxic
reagents. These treatments reduce mortality and significandy lengthen the life
expectations of patients in some diseases. However, because these drugs suppress
overall immune reactions, they have several serious adverse effects. In this regard,
selective immunotherapies are considered more promising. As cytokines are known
to play a pivotal role in regulating immune reactions, the application of cytokines to
control autoimmune diseases has been extensively studied. Systemic administration
of suppressive cytokines, such as transforming growth factor-f, interleukin (IL)-4
and [L-10, has served as an effective therapy in models of autoimmune diseases.
Some of these protocols seem to work by shifting the balance of cytokines; however,
systemic cytokine therapy potentially leads to deleterious side effects, as in the case
of recombinant human I1L-4 [21. Therapies neutralizing a certain cytokine have been
successful and will serve as important strategies in many autoimmune diseases in the
near future; however, because such strategies still have important drawbacks (3], it is
also necessary to explore other specific immunotherapies.

In a variety of autoimmune diseases, trials to identify molecules recognized by
T cells and autoantibodies have been extensively performed. These efforts are
essential not only for understanding the pathogeneses of autoimmune diseases, but

informa

healthcare

also for establishing antigen-specific immunotherapies. Although knowledge of
target antigens in several autoimmune diseases has greatly increased, our ability to
selectively silence particular pathogenic immune responses has not. One of the

10.1517/14712598.7.3.359 © 2007 Informa UK Ltd ISSN 1471-2598 359
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feasible approaches to treat autoimmunity is suppression of
the activation and expansion of antigen-specific T cells before
they differentiate into pathogenic T cells. This approach
could be useful because once the pathogenic responses are
established, intervention appears to be less effective on
activated T cells subsets. However, the majority of patients
who require clinical treatment have full-blown autoimmune
disease and this approach would not be useful in such cases.

It is generally believed that in autoimmune diseases, an
immune response to a single epitope on a self antigen at the
start of the disorder can trigger immune responses to
neighboring epitopes on the same molecule or to other
epitopes on related molecules. This is termed ‘epitope
spreading’. Although it is not clear whether the epitope
spreading occurs throughout the autoimmune process, some
researchers argue against antigen-specific immunotherapy
because of the difficulties of predicting such expanding
autoimmune reactions. In this article, the authors discuss the
behavior of antigen-specific T cells in autoimmune diseases.
The authors propose that ‘epitope spreading is not the sole
mechanism of the T cell related pathogenesis of autoimmune
diseases and that clonal restriction of T cells occurs in the late
phase  of Therefore,  antigen-specific
immunotherapy would be feasible even for established
autoimmune diseases. T cell receptor (TCR) gene transfer
could be one of the possible strategies.

autoimmunity.

2. Immunotherapies and targeted
immunotherapy in autoimmune diseases

Several autoimmune diseases, and particularly systemic types
lupus
erythematosus and systemic vasculitis syndromes, are treated

of autoimmune diseases, such as systemic
with corticosteroids and immunosuppressive drugs. The latter
include cytotoxic drugs such as alkylating agents and purine
analogues, and calcineurin inhibitors, such as cyclosporin and
tacrolimus. At present, these drugs offer the best chance of
suppressing — or sometimes inducing thé remission of — these
diseases. However, they have potentially life-threatening side
effects due to their severe depression of immune function.
complication

undergoing immunosuppressive therapy would be the risk of

Furthermore, a serious among  patients
developing cancer (4). Similarly, corticosteroids are commonly
used to treat several autoimmune diseases. Corticosteroids
inhibit prostaglandin synthesis, block cytokine secretion and
T cell activation, and are one of the most effective therapies
against autoimmune diseases. However, they also have several
effects on physiological systems, and if used over the long
term, they can cause profound immunosuppression with
increased risk of infection, cancer, osteoporosis, hypertension
and endocrine abnormalities.

Due to improvements in our understanding of immune
reactions and advances in molecular biology, new biological
agents — especially monoclonal antibodies — are now available
blockade molecules such as

for specific of effector

inflammatory mediators. Administration of monoclonal
antibody against tumor necrosis factor (TNF) (infliximab) or
a soluble recombinant TNF receptor—-immunoglobulin
fusion protein (etanercept) led to the suppression of
inflammation and a remarkable improvement of function of
patients with rheumatoid arthritis (RA) (s}. However, there
are several limitations to the use of anti-TNF therapy. In fact,
some patients do not respond to these TNF inhibitors.
Furthermore, the blockade in pro-inflammatory cytokines
can put some individuals at increased risk of tuberculosis or
other infections [6.7).

Apart from anticytokine therapies, several molecules have
investigated as  possible
immunotherapy. For example, activated lymphocytes bind to
specific receptors along the vessel walls to initiate the process

been targets  of  selective

of penetrating the target organ. Therefore, clinical trails with
antibodies against such homing receptors appear to be
promising. In fact, a humanized, monoclonal antibody, an
o4 integrin antagonist, has shown some degree of success in a
placebo-controlled trial; however, there was an increased rate
of infection in the treated patients (8]. A depletion of 95% of
circulating lymphocytes in patients with multiple sclerosis
(MS) by a monoclonal antibody against CD52 suppressed
the disease activity of MS, but a third of patients developed
autoimmune thyroid disease (9. Cytotoxic T lymphocyte
antigen (CTLA)-4lg and a high-affinity mutant form,
LEA29Y, are now in clinical trials in patients with
autoimmunity [10}. These agents appear to work by blocking
CD28 costimulation, leading to an inhibition of pathogenic
T cell activation. However, it should be emphasized that a
subset of regulatory T cells also depend on CD28/B7
their
Furthermore, in the majority of autoimmune situations,

interaction  for development  and  function.
effector T cells have already been established and are less
dependent  on their
effectiveness [11.12]. Thus, the situation is more complex.
Recently, an approach for depleting B cells with antibodies
against CD20 (rituximab) proved successful in several
disorders 113]. Further candidates for
immunotherapy would include complement inhibitors [14]
and Toll-like receptor modulations [15.

costimulation  for activity

autoimmune

3. Trials of antigen-specific suppression in
autoimmune diseases

Immunologists have tried to develop methods to treat
diseases by identifying and  applying
self-antigens, which are the target of autoimmune processes.

autoimmune

In this regard, stimulation of T cells with the target antigen is
an attractive direction. The spectrum of possible approaches
ablation  of
antigen-specific T cells, achieving specific T cell anergy,

involving T cell stimulation includes
induction of regulatory T cells, and induction of a shift in the
predominant phenotype of the antiself response from

T helper (Th)l to Th2 type. In fact, specific antigen
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vaccination by administration of a target antigen in aqueous
solution has been shown to significantly decrease the disease
severity in several animal models. However, there is a high
degree of anaphylactic sensitization in this method, making it
difficult to directly apply it to human disorders [16.17).
Vaccination of antigen-coding DNA plasmids could bypass
the immunological sensitization in protein administration.
DNA-based immunotherapy, composed of unmethylated
CpG repears, is capable of inducing a shift in the cytokine
profile and immune response that favours the Thl arm. This
observation makes DNA-based immunotherapy a promising
candidate for the treatment of allergic diseases, which are
known to be mediated by Th2-based responses {15). DNA
vaccination combined with a Th2 inducing costimulation is
also effective in the treatment of several animal models of
autoimmune diseases [(19.20]. Although DNA vaccination
appeared to have great potential as a safe and efficacious type
of antigen-specific immunotherapy, the route of DNA
administration and the combination of costimulation should
be carefully examined before clinical application.

Oral antigen administration suppresses animal models of
autoimmune diseases, including experimental autoimmune
encephalitis, uveitis, arthritis and diabetes in the non-obese
diabetic mouse (21]. Oral antigen induces antigen-specific Th2
and CD4*CD25" regulatory cells. Based on the success in these
animal experiments, oral tolerance has been examined in
human autoimmune diseases, including MS, arthritis, uveitis
and diabetes. Alchough positive results have been observed in
Phase 11 trials, no effects were observed in Phase 111 trials of CII
in RA or oral myelin and glatiramer acetate in MS 121.22}.
Recendy, oral insulin has prevented progression of
immune-mediated (Type 1) diabetes (23); however, furcher
analysis of the immunological basis of oral tolerance is required
for the effective therapy in human autoimmune diseases.

Altered peptide ligand (APL) is an antigenic peptide with
to block

antigen-specific T cell responses by acting as a partial agonist

amino acid modifications and is expected
or TCR antagonist, or by inducing regulatory T cell
populations. In MS, myelin basic protein (MBP)-specific
T cells are considered to be essential in the pathogenesis
and MBPyg, o, are estimated to be one candidarte epitope. One
APL has already been designed and submitted to a Phase 11
clinical trial; however, the treatment was poorly tolerated at
the dose tested and the trial was halted. Some patients
developed exacerbations of the disease due to the expansion of
T cells specific for MBPg; 49 by this APL [24). A more
sophisticated approach of antigen-specific T cells redirected
against autoreactive T lymphocytes was reported [25).
However, it is not clear whether such methods could be used
in the clinic.

Dendritic cells (DCs) are professional antigen-presenting
cells with the potential to either stimulate or inhibit immune
responses. DCs loaded with antigen can be used as a DC
vaccine. Although most DC vaccines have been used to
stimulate immune responses in patients with cancer [26], an

Yamamoto, Okamoto & Fujio

increasing number of preclinical studies are focusing on the
capacity of immatwre DCs to induce antigen-specific
non-responsiveness (2729]. DCs in the steady-state are
immature and can induce tolerance in an antigen-specific
manner. Immature DCs incubated with an agent, such as
dexamethasone {30}, vitamin D (31} or the Rel-B inhibitor {32},
can induce rolerance. However, as discussed in cancer therapy,
a careful study design incorporating standardized and
quality-controlled clinical and immunological criteria is
needed [33]. At present, we do not know exactly how robust
the immunostimulatory DCs and tolerogenic DCs are.

Regulatory T cells are now recognized as one of the most
central mechanisms of immune regulation. CD4*CD25*
T cells, in particular, have been shown to develop in the
thymus or in the periphery to maintain the homeostatic
equilibrium of immunity and tolerance [341. Thus, researchers
are now trying to expand these regulatory T cells and use
them for the treatment of autoimmune diseases. However,
this is not effective in some cases. For example, in the case of
non-obese diabetic mice, which spontaneously develop
diabetes, the suppression was relatively inefficient when
heterogeneous regulatory T cells were simply expanded and
adoptively transferred (35-371. It appears that effective,
regulatory T cell activity depends on both an appropriate
phenotype and a high frequency of autoantigen specificity.
Therefore, management to expand regulatory T cells in an
antigen-specific manner would be required [34).

As discussed, regulatory cytokines and cytokine antagonists .
have been considered for the treatment of autoimmune
diseases. However, systemic administration could potentially
lead to deleterious side effects. Thus, local delivery of such
molecules would be more efficient and eliminate the possible
systemic side effects. In this regard, antigen-specific T cells or
T cell hybridomas are believed to be suitable vehicles for
targeted immunotherapies. In fact, the authors, as well as
others, have reported T cell-mediated gene therapy for
autoimmune animal models (38-411. T cell-mediated, adoptive,
cellular gene therapy is based on site-specific homing and
retention of the vehicle, and local effects of the delivered
effector molecules.

a. Evaluation of antigen-specific T cells in
autoimmune diseases

With respect to the modes of autoimmune reactions, the idea
of epitope spreading or determinant spreading has been widely
accepted [4243). At the T cell level, this is a diversification of
specificity from the initial, limited epitope-specific immune
response to a hierarchical cascade of autoreactive T cell
specificities. This mechanism may explain, for example, the
pathway of infection induced autoimmunity. According to this
idea, the initial phase of the autoimmune reaction might be
carried out by a few activated T cells against limited numbers
of epitopes. These T cells may be crossreactive T cells that
recognize both microbial epitopes and self epitopes. However,
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in the late phase of the disorders, the reactive epitopes might
spread, and T cells recognizing a variety of different epitopes
on several different self-molecules would be activated.
However, if epitope spreading is the only mechanism involved
in the T cell immune responses in autoimmune disorders,
development of effective antigen-specific immunotherapies
will be difficult, as target epitopes and molecules will always
have the potential to spread and it would be difficult to define
the pattern of spreading in a chronic human autoimmune
disorder. The hierarchy of immune response to multiple tissue
individual HLA
genotypes, but also on unknown factors and probably
stochastic events.

In order to determine whether the phenomenon of epitope
spreading is operative throughout the entire autcimmune
process, it is important to detect how specific T cells behave
within the lymphocyte population in the pathological lesions.

antigens would depend partially on

Antigen-specific T cells should proliferate and form
accumulated T cell clones in the heterogeneous lymphocyte
population to exert their function. Therefore, evaluation of
accumulated T cell clones in the pathological lesions would be
informative. Several years ago, the authors’ group established a
system to analyze accumulated T cell clones in the
lymphocyte population using reverse transcriptase polymerase
chain reaction (RT-PCR) and single-strand conformation
polymorphism (SSCP) on TCR messages {44]. In this system, a
heterogeneous T cell population exhibits a smear pattern of
amplified TCR messages. If there is an accumulation of
certain T cell clones in the heterogeneous lymphocyte
population, bands corresponding to each clone are observed
in the background smear. ldentification of accumulated T cell
clones in different samples can be easily compared because the
same clone exhibits the same electrophoretic mobility.
Separation using cell surface phenotypes can be used to
further identify disease- related important clones.

Using this system, the authors’ group analyzed several
synovial tissue samples of an RA patient. As a result, the same
clones were found to exist in different joints [44.45). These data
clearly suggested that immune responses in RA were uniform
throughout all of the arthritic lesions of the patient. In order
to compare this finding in human samples with murine
models, the authors’ group analyzed several cases of
spontaneous autoimmune models. For example, human T cell
leukemia virus-1 env-pX transgenic mice exhibit spontaneous
symmetrical arthritis similar to human RA (6]. In one study,
the T cell clonality among different arthritic lesions in each
stage was compared [47). In the early stage, there were vigorous
accumulations of T cells in the joints, but they were different
among the different lesions. In the middle stage, several
identical clones were found to be accumulated in the different
lesions. In the late stage, the majority of the accumulated
clones in one lesion were found to exist in the other lesions,
suggesting that the autoimmune responses in the pathological
lesions were rather uniform in the mouse. The number of
dominant clones did not necessarily increase. The finding in

the late stage was similar to what was observed in human RA
synovial samples.

From the analyses of several spontaneous autcimmune
animal models (48.49], it is now speculated that epitope
spreading does not necessarily work in the late phase of the
whole disease progression and it is possible that some form of
clonal restriction of T cells occurs in autoimmune disorders.
During the progression of autoimmune disease, immune
response might become rather restricted to certain targets.
Some restricted T cell clones directed towards such target
self-antigens might be sustained. A similar, limited T cell
oligoclonality as a ‘driver clone’ in autoimmunity was described
i (50,51].
Oligoclonally expanded insulin-reactive T cells were also
identified in the pancreatic draining lymph nodes of Type 1
diabetes patients with prolonged disease durations, (s21. It was
reported that avidity maturation of a pathogenic T cell
population may be the key event in the progression of benign
inflammation to overt disease in autoimmunity (53] Therefore,
an ideal way to control the disorder would be to suppress such
sustained pathologic responses without globally interfering
with the immunity of the host.

With respect to general immune responses to foreign

in experimental autoimmune encephalomyelitis

antigens, T cell responses are reported to be dominated by few
clonotypes that express a restricted set of TCRs (54). This
clonal selection and dominance may be due to the
competitive advantages of the higher-affinity receptor, the
duration of TCR-pMHC interaction or the affinity
threshold (551. In addition, in response to viruses, clonal T cell
‘immunodomination’ appears to occur in CD8" T cells,
probably due to proliferation advantages, differences of TCR
affinity or cosignal requirements [s6]. Therefore, the clonal
restriction of T cells found in autoimmune disorders is not
behaviour specific to these diseases, but can be considered as a
usual T cell response.

5. TCR gene transfer for controlling
autoimmune diseases

From the results of the evaluation of antigen-specific T cell
clonality, continuous expansion of immune response by
acquisition of self-reactive epitopes does not appear to occur in
the advanced stages of autoimmune disorders. Thus, the
authors now believe that antigen-specific, immunotherapy
targeting T cells would be feasible in autoimmune diseases. In
this regard, extensive attempts have been made to try and
establish antigen-specific T cell clones or lines by in vitro
culture; however, there are several difficulties with this process.
Usually, the culture should be performed withour the
of appropriate A candidate
autoantigen in cloning culture of autoantigen-specific T cells

information autoantigens.
has to be selected based on the limited information. Moreover,
there is no guarantee that in vitro established T cell clones
represent real disease-associated T cells, mainly because
in vivo-activated T cells are more easily rendered in
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Figure 1. Proposed antigen-specific immunotherapy. Clonal analyses of TCRs in the pathological lesions could be performed as
indicated on the upper left hand of the panel. This information could be combined with the in vitro reconstitution of the TCR function by
cloning TCR ¢DNAs from a single cell and transferring them into self lymphocytes as in the right-hand panel. These engineered cells could

be applied for antigen-specific immunotherapy.
TCR: T cell receptor.

activation-induced cell death. Therefore, the authors’ group is
now trying to produce autoimmune-associated T cells by gene
transfer of TCR obtained from i7 vive, as discussed below.
TCRs of the accumulated T cell clones in the established
autoimmune lesions can be visualized by RT-PCR/SSCP
analysis. If we obtain a pair of full-length cDNAs encoding
a and B chains of TCR expressed in a single cell in the lesion,
and if we express them efficiently by gene transfer to self
lymphocytes, TCR function can be reconstructed using the
information obtained in vivo. A schematic of the authors
system is given in Figure 1. For the gene transfer to
lymphocytes, the authors’ group have established a highly
efficient retrovirus vector system with PLAT-E and pMX.
PLAT-E is a packaging cell transfected with gag—po/ and env
segments monocistronic
retrovirus vectors harbouring o and B TCR c¢DNAs were
generated. For the first study, the class 1I MHC-restricted
aand f# TCR genes specific for chicken ovalbumin (OVA)
were used. These TCR genes were cloned from TCR
transgenic mice designated DO11.10. These TCRs were
transduced to splenocytes from BALB/c mice. The results
indicated that @ and £ TCR gene transfer into peripheral
T cells reconstituted the antigen-specific immunity (57). The
amount of TCR expression and both the iz vitro and in vivo

separately. Two  independent,

antigen-specific functions were comparable with those
obrained with splenocytes from DO11.10 transgenic mice.

The authors’ group next attempted to use this TCR gene
transfer to control autoimmune disorders [s8). The target was
lupus nephritis. NZB/W F1 mice spontaneously develop a
lupus-like syndrome and nephritis. Anti-DNA antibodies are
believed to be one of the major pathogenic autoantibodies for
nephritis. Datta and co-workers [59,60] have pointed out that
nucleosome is a major immunogen in systemic lupus
erythematosus. As DNA and the nucleosome are physically
linked, it is speculated that nucleosome reactive T cells help the
activation of anti-DNA specific B cells as the hapten-carrier
model.  Therefore, the authors
nucleosome-specific T cells with an immunosuppressive -
function. The authors selected CTLA-41lg as a suppressive
molecule. TCR c¢DNAs were engineered based on the
published sequence of nucleosome-specific TCR by fusing a
TCR V region sequence with a synthesized CDR3 sequence
and a TCR J-C region sequence [59]. The V regions used were
Vo 13 and V B 4. This TCR recognizes the immunodominant
I-Ad-restricted nucleosomal epitope.

In the authors’ usual experimental protocol, the proportion
of clonotypic TCR expression cells with two transferred TCR
genes was estimated to be ~ 25% in CD4* T cells. The

tried to  generate

Expert Opin. Biol. Ther. (2007) 7(3) 363

—107 —



Antigen-specific immunotherapy for autoimmune diseases

Nucleosome-specific

A. regulatory T cell
Peripheral
T cell CTLA-4lg
/o
Suppression of
autoantibody production
and nephritis
; without significant
Nucleosome-specific TCR immunosuppression
Paw-directed
B. TNF-RIg-producing
T cell
Peripheral
T cell TNF-Rig O/\f\
~ [°
v
_

Paw-directed TCR

Arthritis suppression
associated with local
TNF-RIg accumulation

Figure 2. Experimental outlines of TCR gene transfer for controlling autoimmune diseases. A and B illustrate images of triple
gene transfer to generate nucleosome-specific regulatory T cells and paw-directed TNF-R Ig-producing T cells.
CTLA: Cytotoxic T lymphocyte antigen; TCR: T cell receptor; TNF-R: Tumor necrosis factor receptor.

introduction of TCR was found to reconstitute the specificity

for the nucleosome. Triple gene transfer was then performed

together with CTLA-4lg to generate regulatory T cells
(Figure 2A). Calculations showed that ~ 10% of the total CD4*
cells expressed all three genes. The CTLA-4lg secreted from
transduced T cells blocked the proliferation of the polyclonal
T cell population. The TCR and CTLA-4lg transduced cells
showed the increase of CTLA-4lg secretion on T cell activation
in the presence of DCs. A million of the nucleosome-specific
regulatory T cells engineered by the triple genes were then
transferred into 10-week-old NZB/W F1 mice. The mice were
monitored for proteinuria. By week 22, all of the control mice
that received phosphate-buffered saline, cells transferred with
mock vectors, TCR alone and CTLA-4lg started to develop
severe nephritis diagnosed by persistent proteinuria of
> 300 mg/dl. By 30 weeks of age, the majority of these control
mice showed severe proteinuria; however, none of the mice
treated with cells transferred by the TCR and CTLA-4Ig showed
excess proteinuria. The kidneys of the control mice showed
glomerulonephritis
glomerular sclerosis and tubular casts. The treated mice had
mild glomerular disease with less deposition of IgG and
especially in  the capillary loop. The
autoantibodies usually found in NZB/W F1 mice were
measured in the sera from different groups. The elevations of

severe

complement,

with  membrano-proliferation,

anti-dsDNA and antihistone antibodies were suppressed at the
age of 22 weeks in the TCR and CTLA-4lg-treated mice. The
T cell-dependent humoral response to active immunization of
OVA was also analyzed. The level of anti-OVA IgG antibody
titre was not significantdy different from those of the control
mice, indicating there was not an overt systemic
immunosuppression of the triple gene-treated mice.

In order to obtain the whole TCR information from
pathological lesions, the authors” group next tried to clone a
pair of full-length TCR c¢DNAs from a single cell
accumulated in the inflamed joints of DBA/1 mice with
collagen-induced arthritis (61). Cloning of full-length cDNA
encoding TCR was already established {62). Single-cell
sorting with CD4* and V[ 8.1/8.2-positive cells was
performed and TCR messages were amplified with
three-step nested PCR using a fixed VB primer and multiple
Vo primers. The authors then compared the clones
obtained from the single cells with accumulated clones
observed in the arthritis joints using the RT-PCR/SSCP
method. Some TCRs from sorted single cells were actually
identical to major clones accumulated in the joints. These
TCR ¢DNAs were converted into full-length ¢cDNAs and
transferred to DBA/1 splenocytes. Interestingly, some of the
pairs of TCR were found to be nonspecific to immunized

type 11 collagen, but specific to self-antigen because
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TCR-transferred cells proliferated in the culure with DCs
from normal and arthritic mice. The carboxyfluorescein
diiacetate succinimidyl ester (CSFE) labelling experiments
showed that such TCR-transduced cells accumulated and
proliferated in the arthritic joints. The authors’ group next
performed triple-gene
engineered T cells. In this experiment, a soluble fusion
protein consisting of TNF receptor p75 and Fc domain of
IgG2a (TNF-Rlg), was used as a regulatory molecule.
Control cells were transduced with either TCR alone or
TNF-Rlg alone. With regard to the arthritis score and the
only TCR plus
significantly  suppressed the

experimental therapy using the

percentage  of  severe  arthrids,

TNF-Rlg-transduced

arthritis (Figure 2B). Interestingly, the serum concentradion

cells

of TNF-Rlg was not the main determinant of archritis
suppression in the TCR plus TNF-Rlg group, as the serum
concentrations of TNEF-Rlg protein in the TCR plus
TNF-Rlg group were equivalent to those in the TNF-RIg
group. In contrast, the amount of TNF-Rlg in the paws of
the TCR plus TNF-Rlg group was significantly higher than
that in the paws of the TNF-Rlg group. Therefore, local
accumnulation of the TNF-Rlg transcript suppressed arthritis
in the TCR plus TNF-Rlg group. Therefore, biological
agents producing T cells may have an advantage over the
conventional biological agents that depends on serum
concentration. A reduced serum concentration may be
associated with less systemic immunosuppression. Taking
these results together, the system illustrated in the Figure 2
was shown to be feasible for use in experimental animals.
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Hepatocyte Growth Factor Significantly Suppresses
Collagen-Induced Arthritis in Mice

Katsuhide Okunishi,* Makoto Dohi,'* Keishi Fujio,* Kazuyuki Nakagome,* Yasuhiko Tabata,’
Takahiro Okasora,’ Makoto Seki,* Mihoko Shibuya,* Mitsuru Imamura,* Hiroaki Harada,*
Ryoichi Tanaka,* and Kazuhiko Yamamoto*

Hepatocyte growth factor (HGF) plays an important role in angiogenesis, cell proliferation, antifibrosis, and antiapoptosis. More-
over, recent studies have highlighted the immunosuppressive effect of HGF in animal models of allogenic heart transplantation and
autoimmune myocarditis and in studies in vitro as well. We also reported that HGF significantly suppresses dendritic cell function,
thus down-regulating Ag-induced Thl-type and Th2-type immune responses in allergic airway inflammation. However, the im-
munosuppressive effect of HGF in many other situations has not been fully clarified. In the present study, using a mouse model
of collagen-induced arthritis (CIA) and experiments in vitro, we examined the effect of HGF on autsimmune arthritis and then
elucidated the mechanisms of action of HGF. To achieve sufficient delivery of HGF, we used biodegradable gelatin hydrogels as
a carrier. HGF suppressed Ag-induced T cell priming by regulating the functions of dendritic cells in the Ag-sensitization phase
with down-regulation of IL-10. In contrast, under continuous Ag stimulation HGF induced IL-10-producing immunocytes both in
vivo and in vitro. Moreover, HGF potently inhibited the development of CIA with enhancing the Th2-type immune response. We
also confirmed that HGF significantly suppressed the production of IL-17 by immunocytes. These results indicate that HGF
suppresses the development of CIA through different ways at different phases. They also suggest that HGF could be an attractive

tool for treating patients with rheumatoid arthritis. The Journal of Inmmunology, 2007, 179: 55045513,

epatocyte growth factor (HGF),? originally identified
H and cloned as a potent mitogen for hepatocytes (1-3)

and a scatter factor (4), targets various cell types (5).
HGF has many functions such as induction of angiogenesis, pro-
motion of cell proliferation and migration (5), and inhibition of
apoptosis (6, 7). HGF exhibits these functions through its receptor
c-Met (5). It is well established that HGF promotes tumor pro-
gression (8—12) and suppresses the development of fibrosis after
injury (13-15).

The role of HGF in immune-mediated disorders has not been
fully studied. HGF promotes adhesion and migration of B (16, 17)
and T cells (18) and enhances dendritic cell (DC) migration (19,
20). HGF frequently counteracts TGF- 8, a potent immunosuppres-
sive cytokine (13, 14, 21). These results indicate that HGF might
accelerate immune responses. In contrast, recent studies clarified
an immunosuppressive effect of HGF. In a mouse model of allo-
genic heart transplantation, HGF reduced acute and chronic rejec-
tion of the allograft with increased expression of TGF-$ and IL-10,
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indicating that HGF might induce allograft tolerance (22). HGF
ameliorates the progression of experimental autoimmune myocar-
ditis, a Th 1-type dominant immune response, inducing production
of Th2 cytokines (23). In addition, other articles reported that HGF
suppresses the development of Th2-type responses as well (24—
26). HGF attenuates allergic airway inflammation (24, 25), and one
article recently reported that HGF prevents lupus nephritis in a
murine lupus model of chronic graft-vs-host disease through sup-
pression of Th2-type immune responses (26). These results indi-
cate that HGF could suppress both Th1-type and Th2-type immune
responses. As to the mechanisms of immune suppression by HGF,
two major possibilities have been reported. One is the down-reg-
ulation of functions of DCs. a mechanism elucidated in the case of
allergic airway inflammation that was reported by us previously
(24). Another mechanism is to induce the regulatory phenotype of
CD4™ T cells that produce IL-10 or TGF-8, which was studied in
an experimental system of allogenic heart transplantation (22) and
in vitro (23). -

Rheumatoid arthritis (RA) is an autoimmune disorder and a sys-
temic chronic inflammatory disease characterized by persistent sy-
novial cell proliferation with inflammatory cell infiltration and de-
struction of joints (27). The mechanism and pathogencsis of RA
have not been fully clarified. RA has traditionally been assumed to
be a Thl-type disease (28, 29). However. recent studies revealed a
new lineage of effector CD4™ T cells characterized by the produc-
tion of JL-17, and this Th17 lineage plays an essential role in both
the development of autoimmune arthritis (30, 31) and bone de-
struction (32). In addition to the T cell-mediated immune re-
sponses, angiogenesis plays a very important role in maintaining
and promoting RA (33).

The role of HGF in RA has been reported in a few cases. HGF
and its receptor c-Met were found in the synovial tissue of patients
with RA (34). HGF levels in synovial fluids were significantly
higher in patients with RA than in those with arthritis of other
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Table 1. Time course of HGF concentration in the sera (pg/mlf

Hours or Days

after Injection 4h Day 1 Day 2 Day 4
HGF protein
HGF (10 pg) ND* ND ND ND
HGF (100 ug) 1658 £ 447 216+ 71 ND ND
GelatinrhHGF
complex
HGF (0 ug) ND ND ND ND
HGF (100 png) 801 £117 188 *34 174+174 ND

“ Data are the mean % SEM from three (o four animals per group.
¥ Not detected.

from CTI/CFA-sensitized mice on day 10 were restimulated with CII (10
wg/ml) in the presence or absence of thHGF at several concentratons.
After 3 to 4 days of incubation, cytokine production was measured.

Flow cviomerry

Expression of surface molecule on DCs obtained from each group of mice
on day 10 was examined as reported previously (43) by flow cytometry
(EPICS XL System II; Beckinan Coulter). We also examined the expres-
sion of CD25 and Foxp3 in CD4™ T cells on days 10. 20, and 40. Staining
of spleen or LN cells with anti-mouse CD4, CD25, and Foxp3 Abs was
conducted following the manufacturer’s protocol. In brief, first the cells
were stained with allophycocyanin-conjugated anti-mouse CD4 Ab and
FITC anti-mouse CD25 Ab (BD PharMingen). Then, intracellular Foxp3
staining was conducted using anti-mouse Foxp3 Ab and fixation/perme-
abilization solution and permeabilization buffer contained in a mouse reg-
vlatory T cell staining kit (eBioscience). Then stained cells were analyzed
by flow cytometry (EPICS Elite; Beckman Coulier).

RT-PCR

mRNA was extracted from CD4™ T cells by the acid-guanidium phenol
chloroform method using Isogen (Nippon Gene). Then, RT-PCR was con-
ducted as reported previously (39). PCR for GATA-3 consisted of 1 min of
denaturation at 94°C, | min of annealing ut 60°C, and 1 min of extension
at 72°C for 26 cycles. PCR for B-aclin consisted of 1 min of denaturation
at 94°C. 1 min of annealing at 61°C, and 1 min of extension at 72°C for 18
cycles. The sense primer for the transcription factor GATA-3 was 5°-TCT
GGAGGAGGAAACGCTAATGG-3' and the antisense primer was 5'-
GAACTCTTCGCACACTTGGAGACTC-3'. The sense primer for S-actin
was 5'-TGGAATCCTGTGGCATCCATGAAAC-3’ and the antisense
primer was 5-TAAAACGCAGCTCAGTAACAGTCCG-3'. PCR prod-
ucts were electrophoresed in a 3% agarose gel, and the results were visu-
alized by ethidium bromide staining.

Staristical analysis

Values are expressed as the mean = SEM. The Mann-Whitney U test was
used to analyze the clinical scores and histologic findings. The unpaired ¢
test was used to analyze the other results. Values of p < 0.05 were con-
sidered to be significant.

Results
HGF significantly suppresses T cell priming induced by
OVA/ulum

Generally. exogenously administered HGF protein delivered by
i.v. injection vanishes from organs within several hours (44)..So, to
achieve efficient delivery of HGF we adopted biodegradable gel-
atin hydrogels as a camier for the CIA model and delivered the
HGF/gelatin complex by s.c. injection (37). First, we examined the
time course of HGF concentration in sera after s.c. injection of
HGF protein, gelatin, or gelatin/thHGF complex. We confirmed
that the more sustained releasc of HGF was achieved by s.c. in-
jection of gelalin/thHGF complex compared with the injection of
HGF protein alone (Table 1). Then. we exainined the effect of this
gelatin/rhHGF complex (designated HGF in figures) on OV A-in-
duced immune responses. Spleen cells obtained from the mice

HGF SUPPRESSES COLLAGEN-INDUCED ARTHRITIS
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£ 8 8
i
2
2

3

IL-4 (pgimi)
o B 8
E t

FN-y {ngim)
© o - - N !
(-} [%.] [~]

3

control  HGF control HGF
D [
1.9 400
0.8 300}
Eo £
g 220
o 0.4 %
3 = e
® oz 100 .
! o
0.0 .0 .
control HGF control HGF
CD4* T cells

FIGURE 1. Controlled release of HGF in vivo potently suppresses T
cell priming with OVA/alum. BALB/c male mice were sensitized with
OVA/alum and a few hours later received a s.c. injection of gelatin (2 mg)
(control mice) or gelatin/thHGF (100 pg) complex (HGF) on day 0. On
day 10, spleen cells were obtained from each group of mice. A-E. Spleen
cell responses (2.5 X 10° cells/ml) to OVA restimulation in vitro were
exumined. A, Cell proliferation was meusured after 3 days of incubation
with the indicated concentrations of OVA. Data are expressed as a per-
centage of the response compared with that of spleen cells from contro}
mice at OVA (1000 pg/ml). B-D, Production of IL.-4 (B) and TFN-y (C) as
well as IL-10 (D) was measured by ELISA after 4 days of incubation with
OVA (100 pg/mb). E, IL-10 production by CD4 "' T cells after nonspecific
stimulation. CD4* T cells were negatively selected and then stimulated in
vitro with PMA (1 ng/ml) and ionomycin (0.1 pg/ml) for 2 days. TL-10
concentrations in the supematants were measured. Data were obtained
from four wells per group of mice. ##, p < 0.01; and ###, p < 0.001 (vs
control mice).

treated with HGF demonstrated significantly reduced cell prolif-
eration (Fig. 14) and the production of IL-4 (Fig. I B). IFN-y (Fig.
1C), and TL-10 (Fig. 1D) upon stimulation with OVA-Ag. Then,
we also confirmed thar treatment with HGF in vivo significantly
suppressed TL-10 production by CD4™ T cells in response to non-
specific stimulation with PMA und ionomycin (Fig. 1E). These
results indicated that HGF potently suppressed Ag-induced T cell
priming with a down-regulation of IL-10 production.

HGF significantly suppresses T cell priming induced by
CII/CFA

Then, we examined the immunosuppressive effect of HGF in the
CIA model. DBA/] mice were sensitized with CI/CFA and re-
ceived a s.c. injection of gelatin or gelatin/rhHGF complex once on
day 0. On day 10, spleen cells were obtained und then restimulated
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FIGURE 2. Controlled release of HGF in vivo potently suppresses T
cell priming by CII/CFA. DBA/1 male mice were sensitized with CII/CFA
and a few hours later, received a s.c. injection of gelatin (control) or gel-
atin/thHGF (HGF) complex on day 0. On day 10, spleen cells were ob-
tained from each group of mice and spleen cells (5 X 10° cells/ml) were
restimulated with CII (10 pg/ml) in vitro. A, Cell proliferation after 3 days
of incubation was measured by BrdU incorporation. Data are expressed as
a percentage of the response compared with that of spleen cells from con-
trol mice. B and C, Production of TFN-vy after 3 days of incubation (B) and
IL-10 after 4 days of incubation (C) was measured by ELISA. Data were
obtained from four wells per group of mice. ##, p < 0.01 (vs control mice).

in vitro with CII. Spleen cells obtained from the mice treated with
HGF demonstrated significantly reduced cell proliferation (Fig.
2A) and IFN-v production (Fig. 2B). The production of TL-10 by
spleen cells from mice treated with HGF also tended to decrease
compared with that by cells from control mice (Fig. 2C). At this
time point, TL-4 production was very low. We obtained almost the
same results using femoral LN cells instead of spieen cells (data
not shown). In preliminary experiments, we confirmed that the s.c.
injection of HGF protein (10 pg/mouse/day) once daily on days
0-9 had no effect on CII/CFA-induced T cell priming (data not
shown). These results indicated that the controlled release of HGF
using the gelatin/rhHGF complex could suppress Ag-induced T
cell priming independently of the kind of Ag and mouse strain and
that this immunosuppressive effect might be exhibited without up-
regulation of IL-10 production.

HGEF significantly suppresses Ag-induced DC activation

We previously reported that HGF siguificantly suppressed DC
functions such as Ag presentation and cytokine production. thus
inhibiting OV A-induced not only Th2-type iminune responses but
also Thl-type immune responses (24). In the present study, we
examined the mechanism of immunosuppression by HGF in CIU
CFA-induced sensitization. DBA/1 mice were sensitized and
treated as described above, and on day 10 DCs were purified from

5507

each group of mice. Then cytokine production by DCs after in
vitro LPS stimulation was examined. Treatment with the HGF
complex in vivo significantly suppressed the production of IL-10
(Fig. 3A), IL-12p70 (Fig. 3B), and IL-23 (Fig. 3C) by DCs after
LPS stimulation. Moreover, compared with DCs from control
mice, DCs from HGF-treated mice demonstrated a significantly
decreased capacity to induce the proliferation of CD4™ T cells
(Fig. 3D) and the production of IL-10 (Fig. 3E) and IFN-vy (Fig.
3F) from CD4* T cells obtained from the CIVCFA-sensitized
mice in the presence of CII in the medium. Moreover, we also
confirmed that CD40 expression was reduced in DCs obtained
from HGF-treated mice compared with that in DCs from control
mice (Fig. 3G). These results suggested that HGF significantly
suppressed DC function in the early stages of the Ag-induced im-
mune response, thus suppressing Ag-induced CD4™ T cell
activation.

HGF up-regulates IL-10 production by immunocytes under
continuous Ag stimulation

Next, we examined the effect of HGF on Ag-primed T cglls using
ex vivo and in vitro experiments. In ex vivo experiments. mice
were sensitized with CI/CFA on day 0, received gelatin or gelatin/
rhHGF complex on days 0 and 10, and spleen cells were collected
on day 20 from each group of mice. Then the spleen cells were
restimulated in vitro with CIL Spleen cells obtained from the mice
treated with HGF demonstrated significantly increased T1.-10 pro-
duction (Fig. 4A). The production of TFN-v by spleen celis from
mice treated with HGF tended to decrease compared with that of
cells from control mice (Fig. 4B). IL-4 production by spleen cells
from each group of mice was very low and did not differ between
each group at this time point (data not shown). We also confirmed
that CD4% T cells obtained on day 20 from the mice treated with
HGF demonstrated significantly increased IL-10 production after
nonspecific PMA and ionomycin stimulation (Fig. 4C). Moreover,
we examined the cytokine profile of splenic DCs purified on day
20 and found that TL-10 production by DCs from mice treated with
HGEF tended to increase compared with that of DCs from control
mice (Fig. 4D), while IL-12p70 production by DCs was as signif-
icantly suppressed by HGF as it was on day 10 (Fig. 4E). These
results indicated that, under continuous Ag-stimulation, HGF
could induce IL-10-producing immunocytes including T cells and
DCs. To confirm this possibility, we then conducted in vitro
studies. Spleen cells obtained on day 10 from CIT/CFA-sensi-
tized mice were restimulated in vitro with CHl in the presence or
absence of HGF in the medium. Like the treatment with HGF in
vivo, HGF in vitro significamly up-regulated IL-10 (Fig. 4F)
production by splenocytes without affecting TFN-y and IL-4
production (Fig. 4G).

HGF significantly reduces IL-17 production by T cells

We also examined the effect of HGF on the production of TL-17 by
T cells. The femoral LN cells from HGF-treated mice produced
significantly less TL-17 than those from control mice on days 10
(Fig. 5A) and 20 (Fig. 5B), although no significant difference was
detected in spleens (data not shown).

Controlled release of HGF significantly suppresses development
of CIA in mice

Then, we cxamined the effect of HGF on the development of ex-
perimental arthritis. DBA/1 mice were sensitized with CII/CFA on
day 0 and received a booster injection of CIVIFA on day 21. Mice
received s.c. injections of gelatin or gelatin/thHGF complex on
day 0 and every 10 days. The severity of the arthritis in the mice
was scored on a scale of 0—4 for each limb. Progression of the
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FIGURE 3. Controlled release of HGF in vivo potently suppresses DC
functions, thus down-regulating Ag-induced CD47 T cell activation. Mice
were treated as described in Fig. 2. On day 10, CD11¢™ DCs and CD4™ T
cclls were purificd from spleen cclls as described in Marerials and Meth-
ods. Then. the functions of DCs from each group of mice were examined.
A-C, Cytokine production by DCs afier LPS stimulation in vitro. DCs (1 X
10° cells/ml) from each group of mice were stimulated with LPS (1 ug/mi)
in vitro. After 2 days. IL-10 (A), IL-12p70 (B), and [L-23 (C) in the su-
pernatants were measured. D-F, Effects of DCs from each group of mice
on the ccll proliferation of and cytokine production by primed CD4* T
cells. CD4 ' T cells (1 X 108 cells/ml) were obtained from control mice and
cocultured with DCs (1 X 10° cells/ml) from each group of mice in the
presence of CH (3 pg/ml for D and 10 pg/ml for E and F) in the medium.
After 3 days (D), the cell proliferation of CD4" T cells was measured.
After 4 days of incubation. the production by CD4™ T cells of IL-10 (E)
and TFN-y (F) was measured. Data were obtained from three 10 four wells
per group of mice. #, p < 0.05; ##, p < 0.01; ###, p < 0.001 (vs DCs from
contro! wice). G. Effect of HGF on surface molecule expression on
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FIGURE 4. HGF significantly increased IL-10 production by Ag-
primed immunocytes. A-E, Effect of treatment with HGF in vivo after Ag
priming on cytokine production by spleen cells. CD4" T cells, or DCs.
Mice were sensitized with CII/CFA on day 0. Mice also received gelatin
(control) or gelati/HGF complex (HGF) on days 0 and 10. On day 20,
whole spleen cells, splenic CD4™ T cells, or DCs were obtained from each
group of mice. Then, spleen cells (5 X 10° cells/ml) were restimulated with
CIT (10 pug/ml) in vitro. Production of TL-10 (A) and TFN-vy (B) after 4 days
of incubation was measured. CD4* T (1 X 10° cells/m]) cells were stim-
ulated in vitro with PMA (1 ng/ml) and ionomycin (0.1 pug/ml) for 2 days,
and TL-10 concentrations in the supematants were measured (C). DCs (1 X
108 cells/ml) were stimulated with LPS (1 ug/mi) for 2 days. and IL-10 (D)
and IL-12p70 (E) concentrations in the supernatants were measured. Data
were obtained from four wells per group of mice. F and G, Effcct of in vitro
treatment with HGF on cytokine production by spleen celis induced by Ag
restimulation. Mice were sensitized with CII/CFA on day 0, and spleen
cells were obtained on day 10. Spleen cells (5 X 10° cells/ml) were re-
stimulated with CHI (10 pg/ml) in vitro in the presence or absence of
rhHGF at several concentrations for 4 days. Concentrations of IL-10 (F),
1FN-y (@), and IL-4 (03) (G) in the supernatant were measured. #, p <
0.05; ##, p < 0.01; and ###. p < 0.001 (vs spleen cells, CD4™ T cells, or
DCs from control mice, respectively).

8

arthritis was evaluated until day 39 after immunization. On day 40,
the most severely swollen hind paw was obtained from each
mouse, and a histologic examination was conducted. HGF treat-
ment significantly suppressed the severity (Fig. 64) and incidence
(Fig. 6B) of Cl-induced arthritis. Histologic examination demon-
strated that HGF potently reduced articular destruction such as
cartilage destruction, synovial hypertrophy, pannus formation, and

CDIlc* DCs. The expression of MHC class T1, CD40, CD80. and CD86
was examined by flow cytomeuy. Representative data from three indepen-
dent experiments are shown.
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FIGURE 5. Treatment with gelatin/HGF complex in vivo potently sup-
presses IL-17 production. Mice were sensitized with CII/CFA and a few
hours later received a s.c. injection of gelatin (control) or gelatin/hHGF
complex (HGF) on day 0. On day 10, femoral LN cells were obtained from
each group of mice. Some mice also received additional treatment with
gelatin (control) or gelatin/rhHGF complex on day 10 and femoral LN cells
were obtained on day 20. Then the cells obtained on the indicated days
were restimulated with CII (10 pg/ml) in vivo for 4 days and IL-17 con-
centrations in the supernatants were measured. IL-17 production by LN
cells obtained from control mice on day 10 was defined as 1000 EU. A4,
TL-17 production by LN cells obtained on day 10. B, IL-17 production by
LN cells obtained on day 20. ##, p < 0.01 (vs contol mice).

bone erosion (Fig. 6, C-F und Table I1). HGF significantly reduced
CI-specific total IgG (Fig. 6G) and IgG2a (Fig. 6H) production. In
a preliminary experiment, we confirmed that the s.c. injection of
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FIGURE 6. Treatment with gelatin/HGF complex in vivo significantly
suppresses development of CIA. Arthritis was induced in DBA/! mice by
immunization with CII in Freund’s complete adjuvant on day 0. On day 21,
mice were injected s.c. with CIT in Freund’s incomplete adjuvant. Mice also
received gelatin (control; n = 9) or gelatin/HGF complex (HGF: n = 9) on day
0 and every 10 days. A, Arthritis scores in the two groups. Clinical scores were
determined as described in Materials and Methods. B, Incidence of arthritis in
the two groups. C-F, H&E staining of representative hind paws from control
mice (C and D) and mice treated with gelatin/HGF complex (E and F). Orig-
inal magnification: X16 for C and D and X 32 for Fand F. G and H, CII-
specific wtal IgG (G) and 1gG2a (H) concentration in the sera obtained from
each group of mice on day 40. Data were obtained from nine mice per group.
#, p < 0.05; ##, p < 0.01 (vs control mice).
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Table . Impact of 1reatment with HGF in the murine CIA model®

Pathologic Category Control HGF
Cartilage 1.33 * 0.441 o1t xoIn®
Cellularity 1.22 * 0.521 0.222 = 0.222
Pannus 1.11 * 0455 0.111 = 0.111
Bone erosion 1.1 * 0.484 0111 2011

“ Data are the mean * SEM pathologic score from nine animals per group (0,
normal; 1. minimal; 2. mild: 3. moderate; and 4, marked).
? p < 0.05 vs control mice (Mann-Whitney U test).

HGEF protein (10 png/mouse/day) once daily on days 0—-40 had no
suppressive effect on the development of Cll-induced arthritis
(data not shown). These results indicated that controlled release of
HGF could suppress Ag-induced arthritis.

Continuous treatment with HGF during Ag-induced chronic
inflammation enhances Th2-type immune responses

Finally, we elucidated the mechanism of suppression by HGF in
the chronic phase of arthritis. Mice were sensitized and then
treated as described above. On day 40. spleen cells were obtained
from each group of mice and restimulated in vitro with CII. Spleen
cells obtained on day 40 from the mice treated with HGF demon-
strated significantly reduced cell proliferation (Fig. 7A) and en-
hanced TL-10 production (Fig. 7B) in response to in vitro CIT re-
stimulation. Interestingly, in this chronic phase of Ag-induced
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FIGURE 7. In vivo treatment with gelatin/HGF complex (HGF) in the
presence of persistent Ag stimulation enhances Ag-specific Th2-type im-
mune responses. Mice were treated as described in Fig. 6. On day 40,
spleen cells were collected from each group of mice. A-E, Spleen cell
responses to in vitro CII (10 pg/ml) stimulation were examined. A, Cell
proliferation after 3 days of incubation. Data are expressed as a percentage
of the response compared with that of spleen cells from control mice. B-E,
Concentrations of IL-10 (B) and IL-4 (C) after 5 days of incubation, IFN-y
after 4 days of incubation (D), and IL-17 (E) after 3 days of incubation in
the supernatants were measured. Data were obtained from four wells per
group of mice. #, p < (L.05; ##, p < 0.01; and ###, p < .001 (vs spleen
celis from control mice).
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FIGURE 8. Effect of repeated treatment with gelatin/HGF complex
(HGF) in vivo on cytokine production by CD4* T cells and DCs. Mice
were treated as described in Fig. 6. On day 40. splenic CD4™ T cells and
DCs were purified from each group of mice. Then, CD4* T cells (1 X
10° cells/m]) were stimulated with PMA (1 ng/ml) and ionomycin (0.1
wpg/ml) and IL-10 production after 1 day of incubation (A). IL-4 pro-
duction after 20 h of incubation (B), and IFN-y (C) and IL-17 (D)
production after 2 days of incubation were measured. E. GATA-3
mRNA expression in CD4™ T cells. RNA was extracted from splenic
CD4" T cells and then RT-PCRs for GATA-3 and -actin were con-
ducted. F and G, DCs were stimutated with LPS (1 pg/ml) for 2 days,
and IL-10 (F) and IL-12p70 (G) concentrations in the supernatants were
measured. Data were obtained from three to four wells per group of
mice. #, p < 0.05; ##, p < 0.01; and ###. p < 0.001 (vs CD4™ T cells
or DCs from control mice, respectively).

immune response, spleen cells obtained from control mice pro-
duced a significant amount of I.-4 in response to Ag restimulation,
and spleen cells from HGF-treated mice demonstrated significantly
enhanced production of TL-4 after Ag restimulation (Fig. 7C) with
down-reguiation of cytokine production for IFN-vy (Fig. 7D) and
IL-17 (Fig. 7E). Further, the cytokine profiles of CD4* T cells
from each group of mice after PMA and ionomycin stimulation
(Fig. 8, A-D) were the same as those of spleen cells after CII
restimulation (Fig. 7, B—E). We also confirmed that treatment with
HGF enhanced mRNA expression of the transcription factor
GATA-3, which is known as a master gene for Th2 cell devclop-
ment (45), in splenic CD4™ T cells obtained on day 40 (Fig. 8E).
Moreover, we found that continuous treatment with HGF in vivo
significantly increased IL-10 production (Fig. 8F) and decreased
IL-12p70 production (Fig. 8G) by DCs after LPS stimulation.
These results indicated that repeated treatment with HGF in
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chronic inflammation could induce Th2-type immune responses
with up-regulation of TL-10 production by DCs.

Discussion

The results of the present study clearly demonstrated that HGF
strongly suppresses collagen-induced immune responses, thus at-
tenuating experimental arthritis. In the early phase, systemic de-
livery of HGF suppressed the activation of DCs in the spleen that
was provoked by sensitization with CII, thus down-regulating CII-
induced CD4* T cell activation. During continuous Ag stimula-
tion, HGF up-regulated TL-10 production by immunocytes. Fur-
ther, the delivery of HGF attenuated the severity and incidence of
arthritis in the CLA model with down-regulation of IL.-17 produc-
tion. To our knowledge, this is the first report that clearly demon-
strates the effect of HGF on immune-mediated arthritis.

The presentation of Ag by APCs to T cells initiates the differ-
entiation of naive Th cells into the effector T cells. During the
differentiation into each phenotype such as Thl, Th2, or regulatory
T (Treg) cells. the expression of costimulatory molecules on APCs
and the cytokine profile produced by APCs play a critical role (46).
Among various APCs, DCs are most efficient and crucial (47).

Recent articles reported the cffect of HGF on DC functions (24,
48). Rutella et al. (48) reported that, in in vitro experiments, HGF
suppresses alloantigen-presenting capacity, modulates the co-
stimulatory molecule expression and cytokine production of DCs,
and generates DCs that induce Treg cells (“tolerogenic DCs™). Tn
contrast, we reported that HGF potently suppresses Ag-presenting
capacity and 1L-12p70 production of DCs, thus inhibiting the de-
velopment of both Thl- and Th2-type immune responses induced
by OVA (24).

In the present study, we confirmed that treatment with HGF in
vivo suppressed the production of both TL-10 and TL-12p70 by
CII/CFA-induced DCs (Fig. 3. A and B). When the DCs and CD4™
T cells were cocultured in the presence of CII, DCs from HGF-
treated mice showed a reduced capacity to present Ag to CD4* T
cells (Fig. 3D) and to induce IFN-y and TL-10 production by CIV/
CFA-primed CD4" T ceils compared with DCs obtained from
CII/CFA-scnsitized control mice (Fig. 3, E and F). Moreover, we
also found that HGF decreased CD40 expression on DCs (Fig.
3G), which was consistent with our previous study (24). We also
confirmed that HGF potently inhibited CII/CFA-induced T cell
priming (Fig. 2). Based on these results, in a situation such as
Ag-induced T cell priming in which DCs play an essential role,
HGF would suppress immune responses through down-regulation
of DC function.

Then, with continuous Ag stimulation, HGF up-regulated IL-10
production by immunocytes including T cells (Fig. 4, A, C, and F).
TL-10 is an immunosuppressive and regulatory cytokine (49-51).
This is consistent with a recent report that HGF reduced acute and
chronic rejection of allografts with the increased expression of
IL-10 in a2 mouse mode! of allogenic heart transplantation (22).
The exact mechanism of induction of TIL-10-producing T cells ré-
mains unclear. Generally, exogenous IL-10 itself plays an impor-
tant role in the induction of TL-10-producing T cells (50, 51). In
our study, HGF did not directly increase JL-10 production when
added to cocultures of DCs and CD4™ T cells obtained from CII/
CFA-sensitized control mice on day 10 in the presence of CII (data
not shown). HGF did not increase PMA and ionomycin-induced
production of TI-10 by CD4™ T cells obtained from CII/CFA-
sensitized mice (data not shown). Moreover. to clarify whether
IL-10 was produced by Foxp3™ Treg cells, we also examined the
percentage and the absolute number of CD4™ (CD25™) Foxp3™
cells in the spleens or draining LNs of cach group of mice on days
10, 20, and 40. We found that treatiment with HGF in vivo did not
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