PADI4 as an autoantigen in RA

Table 1. Characteristics of patients with RA, other rheumatic
diseases, and normal individuals.

Total number  Age (years)
(male, female} median (range)
RA 42 (9, 33) 56 (31-79)
SLE 19 (3, 16) 43 (28-66)
Other rheumatic diseases 23 {4, 19) 60 (27-73)
Systemic sclerosis 5
Behcet's disease 4
Primary Sjogren syndrome 4
Vasculitis syndrome 3
Polymyositis ' 2
Mixed connective tissue disease 1
Polymyalgia rheumatica 1
Ulcerative colitis 1
Pustulosis palmaris et plantaris 1
Weber Christian disease 1
Normal control 40 (17, 23) 41 (28-717)

The wells were then washed with phosphate-buffered
saline with 0.05% Tween-20 (PBS-T) and blocked
with 300 uL of 4% BlockAce, a blocking reagent
made from purified milk proteins (Dainippon
Pharmaceutical, Japan), for 1 h at room temperature
(RT). Wells without PADI4 were simultaneously set
up for non-specific background examination.
Patients and normal sera were diluted at 1:250 with
PBS-T and 2% BlockAce, and were preincubated
with E. coli lysate for 30 min to remove antibodies
against E. coli. The optimal concentration of the E. coli
lysate was determined to be 100 pg/mL by extensive
titration. One hundred microlitres each of the
diluted sera was added to each well. After incuba-
tion for 3 h at RT, the wells were washed three
times with PBS-T. Then 100 uL. of horseradish
peroxidase-conjugated goat F(ab’), antibody against
human immunoglobulin G (IgG; Biosource,
Camarillo, CA, USA) diluted at 1:100 000 was
added to each well and incubated for 2 h at RT.
After washing five times with PBS-T, the bound
antibodies were detected with 3,3',5,5’-tetramethyl-
benzidine (TMB) as substrate. The reaction (30 min)
was stopped by the addition of 100 uL of I N
sulfuric acid/well. The plates were read at a
wavelength absorbance of 450 nm (A450). A repre-
sentative serum pool was used as positive control.
The titre of anti-PADI4 was expressed as an
arbitrary index calculated as [A450 of sample —
A450 of the non-specific background of the sample]/
[A450 of the positive control — A450 of the non-
specific background of the positive control] x 100.
All the samples were tested in duplicate.

Western blotting

Electrophoresis of recombinant PADI4 (200 ng/lane)
was performed on a 10% sodium dodecyl sulfate
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(SDS)-polyacrylamide gel. After transblotting onto a
PVDF membrane, the membrane was blocked with
Tris-buffered saline (TBS) and 0.1% Tween20 (TBS-T)
containing 10% skimmed milk. The membrane was
then cut and incubated with serum samples, diluted at
1:150 in TBS-T with 5% skimmed milk containing
E. coli lysate. After washing, the membrane was
incubated with alkaline phosphatase-conjugated goat
F(ab’), antibody against human IgG (KPL,
Gaithersburg, MD, USA) at a dilution of 1:5000.
Colour development was performed using BCIP
(5-bromo-4-chloro-3-indolyl-phosphate)/NBT  (nitro
blue tetrazolium).

Statistical analyses

The Mann-Whitney U-test and the y*-test were used
to compare the distribution and the prevalence of
anti-PADIA4, respectively, between groups.

Results
Distribution of anti-PADI4 measured by ELISA

The distribution of anti-PADI4, expressed as an
index, is shown in Figure 1. The median values and
ranges were 80.1 (15.0-341) for RA, 58.5 (6.0-87.5)
for SLE, 52.5 (1.5-75.0) for other rheumatic diseases,
and 38.8 (4.5-87.0) for normal control, respectively.
Significant differences were observed between RA
patients and normal individuals (p<0.001), RA
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Figure 1. Distribution of IgG class antibody against human
PADI4 (ELISA). Anti-PADI4 was measured by ELISA using
recombinant human PADI4 as a coating antigen. The titre is
expressed as an arbitrary index calculated as [A450 of the
measured serum sample — A450 of the non-specific background
of the measured serum sample]/[A450 of the measured positive
control sample - A450 of the non-specific background of the
positive contro! sample] x 100. The cut-off level [median plus 2
standard deviations (SD) of normal sera] is shown by the dotted
horizontal line. NC, normal controls; Other, other rheumatic
diseases. :
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patients and SLE patients (p=0.02), and RA patients
and other rheumatic diseases patients (p=0.007).

The cut-off value was determined to be 74.8 as the
median value plus 2 standard deviations among
normal individuals. Twenty-one out of the 42
patients with RA (50%), two of the 19 SLE patients
(10.5%), one of the 23 other collagen diseases patients
(4.3%), and one of the 40 healthy controls (2.5%)
were regarded as positive for anti-PADI4. Signifi-
cant differences in the occurrence of anti-PADI4
antibodies were observed between RA patients
and normal individuals (p<0.001), RA patients
and SLE patients (p<0.001), and RA patients and
other rheumatic diseases patients (p<0.001). No
statistical significance was observed among other
combinations.

Western blotting

To further characterize anti-PADI4, we performed
Western blotting analysis using sera that were positive
for anti-PADI4 by ELISA. This revealed that only
three ELISA positive sera recognized PADI4.
Representative data using nine serum samples, includ-
ing six samples that were anti-PADI4 positive by
ELISA and three negative samples, are shown in
Figure 2. The indices of anti-PADI4 (ELISA) for
serum samples that were positive by Western blotting
(lanes 1 and 2) were 80.8 and 129.0, respectively.

Discussion

Recent genomic analysis has revealed that PADI4 is
related to the pathogenesis of RA (9). Nissinen et al
have shown that anti-rabbit muscle PAD can be
detected in sera from patients with RA, SLE, and
primary Sjogren syndrome (12), suggesting that the
arginine—citrulline converting enzyme PAD is a novel

Figure 2. Western blot analysis of anti-PADI4 antibodies.
Recombinant human PADI4 (200 ng/lane) was electrophoresed
on a 10% SDS-polyacrylamide gel and blotted onto a PVDF
membrane. Each lane was then cut and incubated with diluted
(1:150) serum samples. The bound antibodies were detected by
alkaline phosphatase-conjugated goat F(ab'), antibody against
human IgG, using BCIP/NBT as substrate. Lanes 1-6: serum
samples positive for anti-PADI4 by ELISA; lanes 7-9: serum
samples negative for anti-PADI4 by ELISA.
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autoantigen in inflammatory rheumatic diseases.
This prompted us to search for anti-PADI4 in RA.
In this study, we developed an ELISA system using
recombinant human PADI4 and found for the first
time that the prevalence and the titres of anti-PADI4
are significantly higher in RA patients than in other
rheumatic disease patients, including SLE, and
healthy individuals.

To characterize the epitope(s) targeted by anti-
PADI4, we performed Western blotting analysis
using sera that were found to be anti-PADI4 positive
by ELISA. However, only three ELISA positive sera
were found to be positive by Western blotting. As the
results of the Western blotting did not correlate with
the titres of anti-PADI4 measured by ELISA, this
discrepancy cannot be explained by the difference in
sensitivity between ELISA and Western blotting.
Of note, Nissinen et al reported that the epitope(s) of
anti-rabbit muscle PAD is conformation dependent,
as it was not detected by Western blotting analysis.
Previous studies have described such conformation-
dependent autoantibodies that are detectable by
radioimmunoassay or ELISA but not by Western
blotting, including anti-glutamic acid decarboxylase
autoantibody in insulin-dependent diabetes mellitus
and anti-tissue glutaminase autoantibody in coeliac
disease (13, 14). Therefore, it is possible that the
conformational epitope(s) expressed by PADI4 may
be the targets of anti-PADI4. It should also be noted
that, as shown by Western blotting analysis, there
exist RA sera that recognize the conformation-
independent linear epitope(s) of PADI4, although
at a low frequency, suggesting the presence of diverse
reactivity against PADI4 in RA.

Although its sensitivity in RA was lower in this
study, the specificity of anti-PADI4 was higher than
that of anti-rabbit muscle PAD, raising the possibility
that the breakdown of immunological tolerance to
PADIA4 is a specific phenomenon of RA. As the PADI4
gene is a susceptible locus of RA and the mRNA
transcribed from the susceptible haplotype is more
stable, we believe that PADI4 is overexpressed in RA.
This in turn leads to the breakdown of immunological
tolerance to PADI4 in addition to the generation of
citrullinated autoantigen(s) targeted by anti-CCP. The
prevalence of anti-rabbit muscle PAD decreases with
the progression of RA as mentioned elsewhere (12),
and anti-CCP can be detected in early RA patients as
well as in RA patients years before they develop the
disease (15). We suggest that PADI4 is involved in the
initiation phase of the pathogenesis of RA.

In summary, we have identified the presence of
anti-PADI4 autoantibodies in RA, which presum-
ably recognize the conformation-dependent epi-
tope(s) of PADI4. Further studies that examine the
mechanism responsible for anti-PADI4 production
would be useful for a better understanding of the
pathogenesis of RA.



PADM4 as an autoantigen in RA

References

1.

Sebbag M, Simon M, Vincent C, Masson-Bessiére C, Girbal E,
Durieux JJ, et al. The antiperinuclear factor and the so-called
antikeratin antibodies are the same rheumatoid arthritis-
specific autoantibodies. J Clin Invest 1995;95:2672-9.

. Schellekens GA, de Jong BA, van den Hoogen FH, van de

Putte LB, van Venrooij WJ. Citrulline is an essential constituent
of antigenic determinants recognized by rheumatoid arthritis-
specific autoantibodies. J Clin Invest 1998;101:273-81.

. Schellekens GA, Visser H, de Jong BA, van den Hoogen FH,

Hazes JM, Breedveld FC, et al. The diagnostic properties of
rheumatoid arthritis antibodies recognizing a cyclic citrulli-
nated peptide. Arthritis Rheum 2000;43:155-63.

. Vincent C, Nogueira L, Sebbag M, Chapuy-Regaud §,

Arnaud M, Letourneur O, et al. Detection of antibodies to
deiminated recombinant rat filaggrin by enzyme-linked
immunosorbent assay: a highly effective test for the diagnosis
of rheumatoid arthritis. Arthritis Rheum 2002;46:2051-8.

. Suzuki K, Sawada T, Murakami A, Matsui T, Tohma 8§,

Nakazono K, et al. High diagnostic performance of ELISA
detection of antibodies to citrullinated antigens in rheumatoid
arthritis. Scand J Rheumatol 2003;32:197-204.

. Terakawa H, Takahara H, Suagawara K. Three types of

peptidylarginine deiminase: characterization and tissue dis-
tribution. J Biochem (Tokyo) 1991;110:661-6.

. Nakashima K, Hagiwara T, Ishigami A, Nagata S, Asaga H,

Kuramoto M, et al. Molecular characterization of peptidyl-
arginine deiminase in HL-60 cells induced by retinoic acid
and la-25-dihydroxyvitamin D3. J Biol Chem 1999;274:
27786-92.

. Asaga H, Nakashima K, Senshu T, Ishigami A, Yamada M.

Immunocytochemical localization of peptidylarginine deimi-
nase in human eosinophils and neutrophils. J Leukoc Biol
2001;70:46-61.

12.

215

. Suzuki A, Yamada R, Chang X, Tokuhiro S, Sawada T,

Suzuki M, et al. Functional haplotypes of PADI4, encoding
citrullinating enzyme peptidylarginine deiminase 4, are
associated with rheumatoid arthritis. Nat Genet 2003;
34:395-402.

. Vossenaar ER, Radstake TR, van der Heijden A, van

Mansum MA, Dieteren C, de Rooij DJ, et al. Expression
and activity of citrullinating peptidylarginine deiminase
enzymes in monocytes and macrophages. Ann Rheum Dis
2004;63:373-81.

. Chavanas S, Mechin MC, Takahara H, Kawada A, Nachat R,

Serre G, et al. Comparative analysis of the mouse and human
peptidylarginine deiminase gene clusters reveals highly con-
served non-coding segments and a new human gene, PADI6.
Gene 2004;330:19-27.

Nissinen R, Paimela L, Julkunen H, Tienari PJ, Leirisalo-
Repo M, Palosuo T, et al. Peptidylarginine deiminase, the
arginine to citrulline converting enzyme, is frequently recog-
nized by sera of patients with rheumatoid arthritis, systemic
lupus erythematosus, and primary Sjégren syndrome.
Scand J Rheumatol 2003;32:337-42.

. Bjork E, Velloso LA, Kampe O, Karlsson FA. GAD

autoantibodies in IDDM, stiff-man syndrome, and auto-
immune polyendocrine syndrome type 1 recognize different
epitopes. Diabetes 1994;43:161-5.

. Dieterich W, Ehnis T, Bauer M, Donner P, Volta U,

Riecken EO, et al. Identification of tissue transgluta-
minase as the autoantigen of celiac disease. Nat Med 1997;3:
797-801.

. Nielen MM, van Schaardenburg D, Reesink HW, van de

Stadt RJ, van der Horst-Bruinsma IE, de Koning MH, et al.
Specific autoantibodies precede the symptoms of rheumatoid
arthritis: a study of serial measurements in blood donors.
Arthritis Rheum 2004;50:380-6.

www.scandjrheumatol.dk



The Journal of Immunology

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 autoimmune 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 Immunology, 2007, 179: 5504 -5513.

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
¢-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 resuits 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 TL-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 antoimmune disorder and a sys-
temic chronic inflammatory disease characierized by persistent sy-
novial cell proliferation with inflammatory cell infiltration and de-
struction of joints (27). The mechanism and pathogenesis 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 IL-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 fiuids were significantly
higher in patients with RA than in those with arthritis of other



The Journal of Immunology

causes such as osteoarthritis (34 -36). Moreover, RA synovial fiu-
ids induced a greater scattering of cells than did osteoarthritis sy-
novial fluids (34). These reports indicate that HGF may play some
role in RA. Because HGF is an angiogenesis factor, it might pro-
mote joint inflammation. In contrast, considering its immunosup-
pressive effect, HGF might suppress the development of Ag-in-
duced arthritis. To date, it has not been studied whether HGF
would suppress immune-mediated arthritis.

To determine the effect of HGF on autoimmune arthritis, we
delivered HGF to mice and examined the effect on collagen-in-
duced arthritis (CIA). We immunized mice with type IT collagen
(CII) and induced experimental arthritis. HGF was applied s.c. and
delivered by gelatin-coupled controlied release to achieve a sus-
tained and effective delivery. The T cell response to CII was an-
alyzed in vitro, and arthritis was examined in vivo. HGF sup-
pressed Cll-induced T cell priming in the spleen and diminished
the severity and incidence of arthritis with up-regulation of IL-10
and suppression of IL-17.

Materials and Methods
Mice

Male BALB/c mice (aged 6 wk) and DBA/] mice (aged 7 wk) were ob-
tained from Charles River Laboratories Japan. They were maintained under
conventional animal housing conditions in a specific pathogen-free setting.
All of the animal experiments conducted in this study were approved by the
Animal Research Ethics Board of the Department of Allergy and Rheu-
matology, University of Tokyo, Tokyo, Japan.

ELISA

Concentrations of mouse IL-4, IL-10, IL-12p70, IFN-v (BD Pharmingen),
11.-23 (eBioscience), and CllI-specific IgG (Chondrex) were measured us-
ing an ELISA kit following the manufacturer’s protocol. Concentrations of
human HGF in the sera were measured using an IMMUNIS HGF enzyme
immunoassay kit (Institute of Immunology, Tokyo, Japan). CH-specific
1gG2a was measured with ELISA grade type II collagen (Chondrex) for
capture and HRP-conjugated anti-mouse 1gG2a Ab (BD Pharmingen) for
detection. The average concentration of the sera from the control mice on
day 40 was defined as 1000 ELISA unit (EU). Mouse 11.-17 was measured
by ELISA using purified rat anti-mouse IL-17 mAb for capture and bio-
unylated rat anti-mouse IL-17 mAb for detection (BD Pharmingen). The
uters of samples for IL-17 were calculated by comparison with internal
standards. On day 10 after sensitization, lymph node (LN) cells were ob-
tained from mice sensitized with CII/CFA and restimulated in vitro with
CIl {10 pg/mb) for 4 days. The average concentration in the supematants
was defined as 1000 EU. Cell proliferation was measured by BrdU incor-

poration using a BrdU cell proliferation ELISA kit (Roche). The data were

analyzed with Microplate Manager IIT, version 1.45 (Bio-Rad).
Preparation of gelatin microspheres incorporating HGF

Acidic gelatin hydrogel microspheres were prepared from gelatin with an
isoelectric point of 5.0 (Nitta Gelatin) as reported previously (37, 38). The
solution (5 mg/ml) of recombinant human HGF (thHGF) (!, 2) was
dropped onto 2 mg of gelatin microspheres and left at 37°C for 1 h so that
the HGF could impregnate the microspheres. In a previous study, we con-
firmed that when this gelatin/rhHGF complex was s.c. injected into mice a
controlled release of HGF was achieved based on hydrogel degradation and
that the degradation occurred over 10 days (37). In the present study, gel-
atin or gelatin/thHGF were diluted in 100 ul of PBS and then injected
into mice.

Conditions for cell culture

Throughout the present study complete: DMEM was used as the medium
for cell incubation as we previously reported (24, 39). Cells were incubated
in a 96-well, flat-bottom, microtiter assay plate in an incubator (37°C with
5% CO2 and 90% humidity) for given periods.

Preparation of single cell suspensions of spleen and lymph node
cells

Single cell suspensions of spleens and femoral lymph nodes were prepared
as in previous reports (39).
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Purification of mouse splenic CD4* T cells and DCs

Mouse splenic CD4 * T cells were negatively selected using an anti-mouse
CD47 T cell isolation kit (Miitenyi Biotec). Mouse splenic DCs were pos-
itively selected using anti-mouse CD11c colloidal superparamagnetic mi-
crobeads (Miltenyi Biotec) as reported previously (24, 39-41). The purity
of CD4™ and CD11c™ cells, confirmed by flow cytometry, was >95% and
>85%, respectively.

Protocol for OVA/alum-induced immune responses

BALB/c mice were sensitized with 2 ug of OVA (Sigma-Aldrich) in 2 mg
of alum (Serva) on day 0 as reported previously (24, 39). Then, a few hours
after the OVA/alum injection mice received a single s.c. injection of gelatin
(2 mg) or a gelatin/thHGF complex (2 mg and 100 pug. respectively) in the
dorsal skin. On day 10, spleen cells from each group of mice were collected
and then restimulated in vitro with OVA. After 3 days of incubation with
OVA at several concentrations, spleen cell proliferation was measured
based on BrdU incorporation. After 4 days of incubation with OVA (100
ug/ml), cytokine concentrations in the supernatants were measured. CD4*
T cells (1 X 10° cells/ml) were also negatively selected and then stimulated
with PMA (1 ng/ml; Sigma-Aldrich) and ionomycin (0.1 ug/ml). After 2
days of incubation, IL-10 concenwrations in the supernatants were
measured.

Induction of CIA

ClA was induced as reported previously (42). In brief, CII (2 mg/ml in 0.05
M acetic acid) was emulsified with an equal volume of CFA (4 mg/ml;
Chondrex). Mice were injected s:.c. ~1-2 cm from the base of the tail with
100 ul of the emulsion on day 0. On day 21, the mice received a booster
injection of the CI/IFA emulsion s.c. around the hase of the tail. Mice also
received s.c. injections of gelatin (2 mg) or gelatin/rhHGF (100 ug) com-
plex diluted in 100 ul of PBS on day 0 and every 10 days thereafter. The
development of arthritis was assessed by inspection on day 25 and then
every 2 to 3 days. The clinical severity of arthritis in cach paw wus quan-
tified according to a graded scale from 0 to 4 as foilows: 0, no swelling; I,
swelling in one digit or mild edema; 2, moderate swelling atfecting several
digits; 3, severe swelling affecting most digits; and 4, the most severe
swelling and/or ankylosis (42). A mean arthritis score was determined by
summing the scores of all joints of all mice and dividing the result by the
total number of mice in the group.

Histologic examination and ex vivo examination

Mice were killed on day 40 and the joints of the more severely swollen
hind paw were obtained. Histologic examination of the joints was per-
formed as reported previously (42). The pathologic condition was scored
by two blinded examiners from the Sapporo General Pathology Institute
(Sapporo, Japan) in four categories: cartilage, cellularity, pannus, and bone
erosion. Each category was graded from () to 4 as follows: 0, normal; I,
minimal; 2. mild; 3, moderate; and 4, marked.

Protocol for ex vivo experiments in the Cll-induced immune
responses

CIA was induced as described above. To examine the cffect of HGF on
immunocytes, a single cell suspension of spleen or femoral LN was pre-
pared and cell responses (5 X 10° cells/ml) to in vitro CTI restimulation (10
ug/ml) were examined on days 10, 20, and 40. To examine the effect of
HGF on DCs, splenic DCs were also positively selected from each group
of mice on days 10, 20. and 40, and the production of cytokines by DCs
(1 X 10° cells/ml) after LPS (1 ug/mi) stimulation for 2 days was exam-
ined. To examine the effect of DCs on CD4™ T cells, in some experiments,
DCs were cocultured with CD4* T cells with CIT in the medium. For
analysis of the Ag-presenting capacity of DCs after mitomycin C treatment
(10 pg/ml for 35 min at 37°C) to inhibit cell proliferation of DCs them-
selves, DCs (1 X 10° cells/ml) and splenic CD4* T cells (1 X 10° cells/ml)
from CII/CFA-sensitized control mice on day 10 were cocultured in the
presence of CH (3 ug/ml). After 3 days of coculture, cell proliferation was
measured by BrdU incorporation. For analysis of the effect of DCs on
cytokine production by CD4™ T cells, DCs from each group of mice and
splenic CD4 " T cells were cocultured with CII (10 ug/mi) in the medium.
After 4 days of coculture, we examined cytokine production by CD4™ T
cells. We also examined the effect of HGF on the cytokine profile of CD4 "
T cells. CD4™ T cells purified from each group of mice on days 10, 20, and
40 were stimulated with PMA and ionomycin as described above. Cytokine
concentrations in the supernatants were measured after the indicated du-
ration of incubation. To examine the effect of HGF in the presence of Ag
on Ag-induced T cell activation, spleen cells (5 X 10° cells/ml) obtained
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Table 1. Time course of HGF concentration in the sera (pg/mi)*

Hours or Days

after Injection 4h Day | Day 2 Day 4
HGF protein
HGF (10 ug) ND* ND ND ND
HGF (100 ug) 1658 £ 447 216+ 71 ND ND
Gelatin/thHGF
complex
HGF (0 ug) ND ND ND ND
HGF (100 pg) 801117 188*34 174x174 ND

“ Data are the mean = SEM from three to four animals per group.
® Not detected.

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

Flow cytometry

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; Beckiman 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-
ulatory T cell staining kit (eBioscience). Then stained cells were analyzed
by flow cytometry (EPICS Elite; Beckman Coulter).

RT-PCR

mRNA was extracted from CD4™ T cells by the acid-guanidium phenol
chioroform 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 at 60°C, and 1 min of extension
at 72°C for 26 cycles. PCR for B-actin 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 B-actin
was 5-TGGAATCCTGTGGCATCCATGAAAC-3' and the antisense
primer was 5'-TAAAACGCAGCTCAGTAACAGTCCG-3". PCR prod-
ucts were electrophoresed in u 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 1o 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)..So0, to
achieve efficient delivery of HGF we adopted biodegradable gel-
atin hydrogels as a carrier 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 release of HGF was achieved by s.c. in-
jection of gelatinffhHGF complex compared with the injection of
HGEF protein alone (Table I). Then, we examined the effect of this
gelatin/rhHGF complex (designated HGF in figures) on OVA-in-
duced immune responses. Spleen cells obtained from the mice
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FIGURE 1. Controlled release of HGF in vivo poently 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
examined. A, Cell proliferation was measured after 3 days of incubation
with the indicated concenirations of OVA. Data are expressed as a per-
centage of the response compared with that of spleen cells from control
mice at OVA (1000 pg/ml). B-D, Production of 1L.-4 (B) and IFN-y (C) as
well as TL-10 (D) was measured by ELISA after 4 days of incubation with
OVA (100 pg/ml). E, IL-10 production by CD4" T cells after nonspecific
stimulation. CD47 T cells were negatively selected and then stimulated in
vitro with PMA (1 ag/ml) and ionomycin (0.1 pg/mt) 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 prolit-
eration {Fig. 14) and the production of IL-4 (Fig. 1B). IFN-y (Fig.
1C), and TL-10 (Fig. 1D) upon stimulation with OVA-Ag. Then,
we also confirmed that treatment with HGF in vivo significantly
suppressed IL-10 production by CD4* T cells in response to non-
specific simulation with PMA and 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
CIlI/CFA

Then, we examined the immunosuppressive effect of HGF in the
CIA model. DBA/1 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 and 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 CI/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 [FN-vy after 3 days of incubation (8) 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 CIL Spleen cells obtained from the mice treated with
HGF demonstrated significantly reduced cell proliferation (Fig.
2A) and TFN-y 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 spleen 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.

HGF significantly suppresses Ag-induced DC activation

We previously reported that HGF significantly suppressed DC
functions such-as Ag presentation and cytokine production, thus
inhibiting OV A-induced not only Th2-type immune responses but
also Thl-type immune responses (24). In the present study, we
examined the mechanism of immunosuppression by HGF in CII/
CFA-induced sensitization. DBA/1 mice were sensitized and
treated as described above, and on day 10 DCs were purified from
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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 TL-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-v (Fig.
3F) from CD4"* T cells obtained from the CI/CFA-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 cells using
ex vivo and in vitro experiments. In ex vivo experiments, mice
were sensitized with CII/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 CII. Spleen cells obtained from the mice
treated with HGF demonstrated significantly increased I1.-10 pro-
duction (Fig. 4A). The production of TFN-vy by spleen cells from
mice treated with HGF tended to decrease compared with that of
cells from control mice (Fig. 48). 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
HGF 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 CII/CFA-sensi-
tized mice were restimulated in vitro with CIUin the presence or
absence of HGF in the medium. Like the treatment with HGF in
vivo, HGF in vitro significanlly up-regulated IL-10 (Fig. 4F)
production by splenocytes without affecting TFN-y and TL-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 IL-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 examined the effect of HGF on the development of ex-
perimental arthritis. DBA/] mice were sensitized with CII/CFA on
day 0 and received a booster injection of CILIFA on day 21. Mice
received s.c. injections of gelatin or gelatinthHGF 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 CD4™ T cell activation. Mice
were treated as described in Fig. 2. On day 10, CD11¢™ DCs and CD4™ T
cells were purified from spleen cells as described in Materials and Meth-
ods. Then, the functions of DCs from each group of mice were examined.
A-C, Cytokine production by DCs after LPS stimulation in vitro. DCs (1 X
10° cells/mt) from each group of mice were stimutated with LPS (1 ug/ml)
in vitro. After 2 days. IL-10 (A), IL-12p70 (B). and IL-23 (C) in the su-
pernatants were measured. D-F, Effects of DCs from each group of mice
on the cell proliferation of and cytokine production by primed CD4“ T
cells. CD4 "' T cells (1 X 108 cells/mi) were obtained from control mice and
coculiured with DCs (1 X 10° cells/ml) from each group of mice in the
presence of CIT (3 ug/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 IFN-y (F) was measured. Data were obtained from three to four wells
per group of mice. #, p < 0.05; ##, p < 0.01; ###, p < 0.001 (vs DCs from
control mice). 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 gelatin/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 pg/ml) in vitro. Production of TL-10 (A) and [FN- (B) after 4 days
of incubation was measured. CD4" T (1 X 10° cells/ml) cells were stim-
ulated in vitro with PMA (1 ng/ml) and ionomycin (0.1 pg/ml) for 2 days,
and I1.-10 concentrations in the supernatants were measured (C). DCs (1 X
10° cells/ml) were stimulated with LPS (1 ug/m1) for 2 days. and IL-10 (D)
and IL-[2p70 (E) concentrations in the supernatants were measured. Data
were obtained from four wells per group of mice. F and G, Effect of in vitro
treatment with HGF on cytokine production by spleen cells induced by Ag
restimulation. Mice were sensitized with CIFCFA on day 0, and spleen
cells were obtained on day 10. Spleen cells (5 X 10° cells/ml) were re-
stimulated with CII (10 pg/ml) in vitro in the presence or absence of
rhHGF at several concentrations for 4 days. Concentrations of IL-10 (F),
IFN-y (), and IL-4 ((J) (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).

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 Cll-induced arthritis. Histologic examination demon-
strated that HGF potently reduced articular destruction such as
cartilage destruction, synovial hypertrophy, pannus formation, and

CDl1lc” DCs. The expression of MHC class IT, CD40, CD80, and CD86
was examined by flow cylomeury. 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/thHGF
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 (controt) or gelatin/thHGF complex on day 10 and femoral LN cells
were obtained on day 20. Then the cells obtained on the indicated days
were restimulated with CIT (10 pg/ml) in vitro 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. A,
IL-17 production by LN cells obtained on day 10. B, IL-17 production by
LN cells obtained on day 20. ##, p < 0.01 (vs control mice).

bone erosion (Fig. 6, C-F and Table I1). HGF significantly reduced
CH-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/I mice by
nnmmunization 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 Marerials 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 E and F. G and H, Cll-
specific total IgG (G) and IgG2a (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 0. Impact of treatment with HGF in the murine CIA model®

Pathologic Category Control HGF
Cartilage 1.33 £ 0.441 0.1t = 01011
Cellularity 1.22 x 0.521 0222 *0.222
Pannus 1.11 £ 0455 0.111 £ 0.111
Bonc erosion 1.11 £ 0484 0.111 £ 0.111

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

HGF protein (10 pg/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 refease 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. 74) and en-
hanced TL-10 production (Fig. 7B) in response to in vitro CII 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 o in vitro CIT (10 ug/mi) 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 conirol mice. B-E,
Concentrations of TL.-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 < 0.05; ##, p < 0.01; and ###, p < 0.001 (vs spleen
cells from control mice).
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FIGURE 8. Effect of repeated treatment with gelatin/HGF complex
(HGF) in vivo on cylokine 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/ml) were stimulated with PMA (I ng/ml) and ionomycin (0.1
ug/ml) and IL-10 production after 1 day of incubation (A), IL.-4 pro-
duction after 20 h of incubation (B), and TFN-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 B-actin were con-
ducted. F and G, DCs were stimulated with LPS (1 ug/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 IL-4 in response to Ag restimulation,
and spleen cells from HGF-treated mice demonstrated significantly
enhanced production of I[L-4 after Ag restimulation (Fig. 7C) with
down-regulation of cytokine production for IFN--y (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 suine 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 develop-
ment (45), in splenic CD4™ T celis 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 IL-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 CIA 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 effect 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™). In
contrast, we reported that HGF potently suppresses Ag-presenting
capacity and IL-{2p70 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 IL-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 (o present Ag to CD4* T~
cells (Fig. 3D) and to induce IFN-vy and IL-10 production by CIl/
CFA-primed CD4" T cells compared with DCs obtained from
CII/CFA-sensitized 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 CIVCFA-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 a mouse model of allogenic heart transplantation (22).
The exact mechanism of induction of IL-10-producing T cells ré-
mains unclear. Generally, exogenous IL-10 itself plays an impor-
tant role in the induction of IL-10-producing T cells (50, 51). In
our study, HGF did not directly increase TL-10 production when
added to cocultures of DCs and CD4™ T cells obtained from CI¥/
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 TL.-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 each group of mice on days
10, 20, and 40. We found that treatment with HGF in vivo did not
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increase CD4"Foxp3™ Treg cells in spleens and LNs in the
present study (data not shown). Treatment of splenocytes with
HGF in vitro during CII restimulation did not increase Foxp3™*
Treg cells either. In contrast, repeated treatment with HGF in vivo
gradually increased IL-10 production by DCs (Figs. 4D and 8F).
These results indicated that the augmented IL-10 production by
CD4™ T cells was not mediated by Foxp3* Treg cells but, at least
in vivo. by up-regulation of IL-10 production by DCs after re-
peated HGF treatment. The precise mechanism of induction of
TL-10-producing CD4™" T cells by HGF is not clear at present and
should be further investigated.

IL-10 also enhances the formation of Th2 ceils by down-regu-
lating LL-12 production by DCs (52). Moreover, some reports also
emphasize the importance of IL-10 in the induction of Th2 cells
(53, 54). As described above, after T cells were primed with Ag,
HGF in the presence of continuous Ag stimulation increased IL-10
production by immunocytes, including DCs, along with suppres-
sion of IL-12 production by DCs (Figs. 4, 7, and 8), indicating that
under continuous Ag stimulation HGF could induce Th2-type im-
mune responses in the chronic phase. In fact, in the chronic phase
of Cll-induced immune responses, repeated treatment with HGF
up-regulated both I.-4 and IL-10 production in T cells (Figs. 7 and
8). These results were consistent with a recent report that HGF
ameliorates the progression of experimental autoimmune myocar-
ditis with the induction of Th2 cytokines (23). We also confirmed
that HGF enhanced mRNA expression of GATA-3, which speci-
fies Th2 cell development, in CD4* T cells in the chronic inflam-
matory phase (Fig. 8F). Th2-type imunune responses suppress
Thl-type immune responses (55), and a recent study reported that
IL-4 significantly suppresses the development of Th17 cells, a new
subset of effector CD4™ T cells distinct from Th1 or Th2 cells (56).
However, in the cumrent study we found that neutralization of IL-4
in vitro did not increase IL-17 production by splenocytes after CII
restimulation (data not shown). Collectively, HGF would enhance
Th2-type immune responses in chronic inflammation, thus inhib-
iting both Thl- and Th17-type responses at least in vivo.

Recent studies clarified that IL-17 produced by Th17 cells has a
crucial role in the induction of autoimmune tissue injury (30-32,
57. 58). Accumulating evidence indicates that IL-17 plays an es-
sential role not only in the induction of autoimmune arthritis (30,
31) but also in the subsequent bone destruction (32). In the current
study, HGF potently suppressed IL-17 production by draining LN
cells after in vitro CII restimulation in the early stage of Ag-in-
duced immune responses (Fig. S). Further, in addition to the sen-
sitization phase, even in the chronic inflammation phase with joint
destruction HGF significantly suppressed IL-17 production by
spleen cells (Fig. 7E). Moreover, HGF significantly suppressed DC
production of TL-23 (Fig. 3C), which is now recognized as a very
important cytokine for IL-17 secretion from activated CD4™ T
cells (57, 59). These results indicated that HGF would be benefi-
cial in treating autoimmune arthritis.

TGF-B is an immunosuppressive growth factor. Some phe-
notypes of T cells function as Treg cells by producing TGF-8.
In contrast, the role of TGF-8 in the induction of the Th17 cell
lineage to promote an autoimmune response has been recently
highlighted (52, 60, 61). Generally, HGF counteracts the bio-
logical functions of TGF-8 such as promoting fibrosis (13, 14).
In the immune response, however, the relation between HGF
and TGF-B differs among experimental systems. HGF sup-
presses acute and chronic rejection in a mouse model of cardiac
allograft transplantation with unexpectedly enhanced expres-
sion of TGF-8 mRNA (22). In contrast, in allergic airway in-
flammation HGF did not up-regulate TGF-$ production in the
lung (24). In the present study on arthritis, HGF reduced mRNA
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expression of TGF-B in CD4* T cells at both early and chronic
phases (data not shown).

Generally, exogenously administered HGF proteins vanish
from organs within several hours (44). In a preliminary study,
we confirmed that s.c. injection of HGF protein (10 pg per
mouse) once daily failed to suppress the Ag-induced T cell
priming and development of Cll-induced arthritis (data not
shown). Previously, we used a hydrodynamic-based transfer
system to deliver HGF effectively and confirmed that a slight
but continuous up-regulation of HGF protein in the sera po-
tently suppressed OVA/alum-induced T cell priming and aller-
gic airway inflammation (24). However, this delivery system
could not be applied to an experimental model of arthritis due
to an anatomical narrowing of the tail vein provoked by injec-
tion of CII/CFA into the subcutis of the tail. Thus, to achieve a
controlled relcase of HGF, we adopted bicdegradable gelatin
hydrogels as carriers of HGF. We previously confirmed thai
when this gelatin/HGF complex was s.c. injected into mice,
HGF was delivered under a controlled release based on hydro-
gel degradation and that the degradation occurred over 10 days
(37). We reconfirmed that controlled release of HGF was
achieved using a gelatin/rhHGF complex by examining the time
course of concentration of HGF in the sera (Table I). In this
study, the controlled release of BGF potently suppressed Ag-
induced T cell priming and development of Cli-induced arthri-
tis. Thus, gelatin hydrogels would be an ideal carrier for HGF
to exhibit its biological effects, and further application in var-
ious models can be expected.

Pulmonary fibrosis is often associated with RA and is one of the
major causes of death in RA patients (62). To date, several articles,
including our own, reported that HGF inhibits the progression of
experimental pulmonary fibrosis (15, 63, 64). Considering the si-
multaneous effect on pulmonary fibrosis and arthritis, HGF could
be an attractive tool in treating RA with pulmonary involvement in
a clinical situation. In contrast, in the clinical use of HGF the
possibility of promoting tumor progression should be considered.
Therefore, for practical usage of HGF in clinical situations further
studies should be performed.

In summary, our results in the present study indicated that HGF
could exhibit its immunosuppressive effects in different manners at
different stages of immune response. In the early phase of Ag-
induced immune responses HGF potently suppressed DC function,
thus inhibiting T cell priming by Ag. In contrast, during chronic
inflammation HGF gradually increased TL-10 production by DCs,
which subsequently induced IL-10 producing T cells and Th2-type
immune responses. The precise mechanism should be further in-
vestigated in detail.
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ABSTRACT: The current quality of autoimmune disease treatments is
not satisfactory in regard to efficacy and safety. Antigen-specific im-
munotherapy is a future therapy that could achieve maximal efficacy
with minimal adverse effects. T cells are essential components in antigen-
specific immunity. However, we do not have a sufficient strategy for ma-
nipulating antigen-specific T cells. We propose that T cell receptor (TCR)
gene transfer is a hopeful approach for antigen-specific immunother-
apy. We confirmed the efficacy of TCR gene therapy in animal models
of systemic autoimmune disease and arthritis. In lupus-prone NZB/W
F1 mice, nucleosome-specific TCR and CTLA4Ig transduced cells sup-
pressed autoantibody production and nephritis development. In the ther-
apeutic experiment of collagen-induced arthritis (CIA), arthritis-related
TCRs were isolated from single T cells accumulating in the arthritis site.
Arthritis-related TCR and TNFRIg transduced cells or TCR and Foxp3
transduced cells suppressed arthritis progression and bone destruction.
Therefore, engineered antigen-specific cells manipulated to express ap-
propriate functional genes could be applied to specific immunotherapy.

KEYwWORDs: autoimmune diseases; antigen-specific T cells; gene trans-

fer; T cell receptor

INTRODUCTION

Rheumatoid arthritis, systemic lupus erythematosus, multiple sclerosis, and
type 1 diabetes are regarded as diseases associated with autoimmunity. These
autoimmune diseases are relatively common disorders affecting about 5% of
the population, predominantly women.! Current treatment of the autoimmune
diseases is composed of nonspecific immunosuppressive drugs, such as cor-
ticosteroids and cytotoxic reagents. Though nonspecific immunosuppressive
therapy has improved clinical outcome of patients in autoimmune diseases, it is
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accompanied by several serious adverse effects. Since cytokines play a pivotal
role in immune reactions, application of cytokines has been extensively stud-
ied to control autoimmune diseases. Systemic administration of suppressive
cytokines, such as transforming growth factor (TGF)-beta, interleukin (IL)-4,
and IL-10 showed a significant efficacy in models of autoimmune diseases.
Some of these agents seem to work by shifting the balance of immune de-
viation. However, systemic cytokine therapy potentially leads to deleterious
side effects, as in the case of recombinant human IL-4.2 On the other hand,
cytokine-blocking therapies have been successful and will continue to serve
as important strategies in many autoimmune diseases. However, because such
strategies still have important drawbacks, including severe infections,’ it will
also be necessary to explore other specific immunotherapies.

Autoantigens for autoreactive T cells and autoantibodies have been exten-
sively explored in various autoimmune diseases. These explorations are im-
portant not only for understanding the pathogeneses of autoimmune diseases,
but also for establishing antigen-specific immunotherapies. If possible, sup-
pression of the initial activation of antigen-specific T cells is feasible because
intervention appears to be less effective on established pathogenic T cells.
However, the majority of patients who require clinical treatment have full-
blown autoimmune disease, and this approach would not be adequate. In ad-
vanced autoimmune diseases, an immune response to a single epitope on a
self-antigen at the start of the disorder can trigger immune responses to adja-
cent epitopes on the same molecule or to other epitopes on related molecules.
This phenomenon is called “epitope spreading.” Although the precise impact
of the epitope spreading is not evident in the entire autoimmune process, some
researchers argue against antigen-specific immunotherapy because of the dif-
ficulties of predicting such expanding autoimmune reactions. However, we
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 autoimmunity. In this context, antigen-specific im-
munotherapy would be feasible, even for established autoimmune diseases.
T cell receptor (TCR) gene transfer could be one of the possible strategies.

EVALUATION OF ANTIGEN-SPECIFIC T CELLS
IN AUTOIMMUNE DISEASES

The model of epitope spreading or determinant spreading has been generally
accepted in autoimmunity.*> With respect to T cells, this is a diversification
of specificity from the initial limited epitope-specific immune response to
a hierarchical cascade of autoreactive T cell specificities. This model could
explain the pathway of infection-induced autoimmunity. On the basis of this
idea, the initial phase of the autoimmune reaction might be invoked by a
few activated T cells against limited numbers of epitopes. These T cells may
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be cross-reactive to both microbial epitopes and self-epitopes. On the other
hand, in the late phase of the disorders, the reactive epitopes might spread
and T cells recognizing a variety of different epitopes on the 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,
because 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.

To verify the presence of epitope spreading throughout the autoimmune pro-
cess, it is important to detect how specific T cells behave within the lympho-
cyte population in the pathological lesions. Previously, our group established a
method to analyze accumulated T cell clones using RT-PCR and single-strand
conformation polymorphism (SSCP) on TCR messages.® With this method, the
same clones were found to exist in different joints, of an RA patient.>-¢ These
results clearly suggested the uniformity of immune responses in RA through-
out the arthritic lesions. In the case of HTLV-1 env-pX transgenic mice, which
exhibit spontaneous symmetrical arthritis similar to human RA,’ there were
vigorous accumulations of T cells in the joints, but they were different among
the different lesions in the early stage.? In the middle stage, several identical
clones were accumulated in the different lesions. In the late stage, the major-
ity of the accumulated clones exist uniformly in several arthritic lesions. The
number of the dominant clones did not necessarily increase. These results in
mice also suggested the relative uniformity of autoimmune responses in the
pathological lesions. ’

We have observed similar clonal restriction in several spontaneous autoim-
mune animal models.>!® Moreover, oligoclonally expanded insulin-reactive
T cells were identified in the pancreatic draining lymph nodes from type 1
diabetes patients with prolonged disease durations.!' A limited T cell oligo-
clonality as a “driver clone” in autoimmunity was described in experimental
autoimmune encephalomyelitis (EAE).!2!? In polymyositis patients, several T
cell clones persisted for several years in blood T lymphocytes and consecutive
muscle biopsy specimens.!* On the basis of these observations, we now spec-
ulate that epitope spreading does not necessarily work in the late phase of the
disease progression, and it is possible that some form of clonal restriction of T
" cells occurs in autoimmune disorders. Some restricted T cell clones directed
toward certain target self-antigens might be sustained. Avidity maturation of
a pathogenic T cell population may be the decisive event in the progression
of benign inflammation to full-blown autoimmune disease.!> Therefore, it is
feasible to suppress sustained pathologic responses without global immuosup-
pression.

In immune responses to foreign antigens, T cell responses are dominated
by few clonotypes.'® This clonal selection and dominance may be due to the
competitive advantages of higher-affinity receptor, duration of TCR-pMHC
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interaction, or affinity threshold.!” In viral infections, clonal T cell “immuno-
domination” occurs in CD8+ T cells, probably because of proliferation ad-
vantages, differences of TCR affinity, or co-signal requirements.'® Hence, the
clonal restriction of T cells is not a behavior specific to these diseases, but can
be considered as an universal phenomenon.

TCR GENE TRANSFER FOR CONTROLLING
AUTOIMMUNE DISEASES

In the application of T cell targeted antigen-specific immunotherapy, there
are several technical difficulties in the establishment of autoantigen-specific
T cells. Usually the culture should be performed without the information of
appropriate autoantigens. We have to select a candidate autoantigen in cloning
culture of autoantigen-specific T cells based on the limited information. More-
over, 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 activation-induced cell death. Therefore, we attempted to
produce inflammation-associated T cells by gene transfer of TCRs obtained in
vivo.

Reconstitution of Antigen-Specific T Cells By TCR Gene Transfer

TCRs of the accumulated T cell clones in the inflammatory lesions can be
visualized by RT-PCR/SSCP analysis. We attempted to obtain a pair of full-
length cDNAs encoding alpha and beta chains of TCR expressed in a single
cell in the lesion. We can reconstitute TCR function by expressing them with
gene transfer to self T cells. For the gene transfer to lymphocytes, we have
established a highly efficient retrovirus vector system with PLAT-E and pMX.
PLAT-E is a packaging cell transfected gag—pol and env segment separately.
Two independent monocistronic retrovirus vectors harboring alpha and beta
" TCR cDNAs were generated. For the first study, the class II MHC-restricted
alpha and beta TCR genes specific for chicken 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 alpha and beta TCR gene transfer into peripheral T cells reconstituted
the antigen-specific immunity.!” The amount of TCR expression and both
the in vitro and in vivo antigen-specific functions were comparable to those
obtained with splenocytes from DO11.10 transgenic mice. Moreover, DO11.10
TCR and IL-10-co-transduced CD4-positive T cells suppressed delayed type
hypersensitivity to OVA, strongly compared to IL-10-transduced polyclonal
CD4-positive T cells (Okamura e al., unpublished observation).
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Gene Therapy of a Model of Systemic Autoimmune Disease

We next attempted to use this TCR gene transfer to control autoimmune
disorders. The target was lupus-prone NZB/W F1 mice, which spontaneously
develop a lupus-like syndrome and nephritis. Anti-DNA antibodies are be-
lieved to be one of the major pathogenic autoantibodies for the nephritis.
Datta and others have pointed out that nucleosome is a major immunogen in
SLE.?0?! Since DNA and nucleosome are physically associated, it is speculated
that nucleosome-reactive T cells help the activation of anti-DNA-specific B
cells as the hapten-carrier model. Therefore, we tried to generate nucleosome-
specific T cells with an immunosuppressive function.?? We selected CTLA4Ig
as a suppressive molecule. TCR cDNAs were engineered on the basis of the
published sequence of nucleosome-specific TCRs by fusing TCR V region
sequence, synthesized CDR3 sequence, and TCR J-C region sequence. They
were V alpha 13 and V beta 4. This TCR recognizes the immunodominant
I-Ad-restricted nucleosomal epitope.

In our usual experimental protocol, the proportion of clonotypic TCR ex-
pression cells with two transferred TCR genes was estimated to be about 25%
in CD4 + T cells. The introduction of TCR was found to reconstitute the speci-
ficity for the nucleosome. We then performed triple gene transfer together with
CTLAA4Ig to generate regulatory T cells (F1G. 1). Our calculations showed that
approximately 10% of the total CD4-positive cells expressed all three genes.
The CTLA4Ig secreted from transduced T cells blocked the proliferation of the
polyclonal T cell population. The TCR and CTLA4Ig transduced cells showed
the increase of CTLA4Ig 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 had received
~ PBS, cells transferred with mock vectors, TCR alone, and CTLA4Ig started

to develop severe nephritis diagnosed by the presence of persistent proteinuria
of more than 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 TCRs and CTLA4Ig showed excess proteinuria. The kidneys
of the control mice showed severe glomerulonephritis with membranoprolif-
eration, glomerular sclerosis, and tubular casts. The treated mice had mild
glomerular disease with less deposition of IgG and complement, 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 anti-dsDNA and
anti-histone antibodies were suppressed at 22 weeks of age in the TCR and
CTLA4Ig-treated mice. The T cell-dependent humoral response to active im-
munization of OVA was also analyzed. The level of anti-OVA IgG antibody
titer was not significantly different from those of the control mice, indicating
there was not an overt systemic immunosuppression of the triple gene-treated
Inice.
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FIGURE 1. Experimental outlines of TCR gene transfer for systemic autoimmune
diseases. Therapeutic effect of nucleosome-specific CTLA4Ig-producing T cells in lupus-
prone NZB/W F1 mice is shown.

Gene Therapy of Arthritis with Inflamed Paw Homing
TNFRIg-Producing T Cells

In order to obtain the whole TCR information from pathological lesions,
we developed a method to clone a pair of full-length TCR ¢cDNAs from a
single cell accumulated in the inflamed joints of DBA/1 mice with collagen-
induced arthritis.2> Cloning of full-length cDNA encoding TCR was already
established.?* Single cell sorting with CD4+ and V beta 8.1/8.2-positive cells
was performed and TCR messages were amplified with 3-step nested PCR
using a fixed V beta primer and multiple V alpha primers. We then compared the
clones obtained from the single cells with accumulated clones observed in the
arthritic joints using the RT-PCR/SSCP method. Some TCRs from sorted single
cells were actually identical to major accumulated clones in the joints. The full-
length TCR ¢cDNAs were subcloned into retrovirus vectors and transferred to
DBA/1 splenocytes. Interestingly, some of the pairs of TCR were found to be
not specific to immunized type II collagen, but reactive to self-antigen, because
TCR-transferred cells proliferated in the culture with DCs from normal and
arthritic mice. The carboxyfluorescein diacetate succinimidyl ester (CFSE)-
labeling experiments showed that such TCR-transduced cells accumulated and
proliferated in the arthritic joints. We next performed a therapeutic experiment
using the triple gene-engineered T cells. In this experiment, soluble fusion
protein of TNF receptor p75 and Fc domain of IgG2a (TNFRIg) was used as a
regulatory molecule. We selected one of the TCR pairs, B47, which expanded
in the arthritic paws. Control cells were transduced with either B47 alone or
TNFRIg alone. In terms of the arthritis score as well as the incidence of severe
arthritis, only B47 plus TNFRIg-transduced cells significantly suppressed the
arthritis (FI1G. 2A). Interestingly, the serum concentration of TNFRIg was not
the main determinant of arthritis suppression in the B474-TNFRIg group,
because the serum concentrations of TNFRIg protein in the B474+TNFRIg
group were equivalent to those in the TNFRIg group. In contrast, the amount
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FIGURE 2. Experimental outlines of TCR gene transfer for collagen-induced arthritis.
(A) and (B) illustrate therapeutic effect of paw-directed TNFRIg-producing T cells and paw-
directed Foxp3-expressing T cells.

of TNFRIg in the paws of the B474+TNFRIg group was significantly higher
than that in the paws of the TNFRIg group. Therefore, local accumulation
of the TNFRIg transcript suppressed arthritis in the B47+TNFRIg group,
and so biological agents producing T cells may have the advantage over the
conventional biological agents that depend on serum concentration. A reduced
serum concentration may be associated with less systemic immunosuppression.

Gene Therapy of Arthritis with Inflamed Paw Homing
Foxp3-Expressing T Cells

Fopx3 is reported to be the key regulator for regulatory T cells. Several
groups have reported that regulatory T cells are accumulated in the joints of
arthritis patients.?>2¢ Joint accumulating CD4+CD25% T cells displayed an
increased suppressive capacity compared with blood CD4+CD25% T cells.
However, the precise role of these accumnulating regulatory T cells was not
clarified in arthritis pathology. We generated B47+Foxp3 transduced cells
and three groups of controlled gene transfer, Mcok, B47 alone and Foxp3
alone. The reconstituted regulatory T cell group, B47+Foxp3, significantly



