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Inhibition of interleukin-12 production by auranofin, an

anti-rheumatic gold compound, deviates CD4™" T cells from the

Th1 to the Th2 pathway
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1 Interleukin-12 (IL-12) may play a central role in the development and progression of rheumatoid
arthritis by driving the immune response towards T helper 1 (Thl) type responses characterized by
high IFN-y and low IL-4 production. In this study we investigated the effect of auranofin (AF), an
anti-rheumatic gold compound, on IL-12 production in mouse macrophages and dendritic cells, and
studied whether AF-mediated inhibition of IL-12 production could regulate a cytokine profile of
antigen (Ag)-primed CD4" Th cells.

2 Treatment with AF significantly inhibited IL-12 production in lipopolysaccharide (LPS)-
stimulated macrophages and also in CD40L-stimulated dendritic cells. AF-pretreated macrophages
reduced their ability to induce IFN-y and increased the ability to induce IL-4 in Ag-primed CD4" T
cells. AF did not influence the cell surface expression of the class II MHC molecule and the
costimulatory molecules CD80 and CD86.

3 Addition of recombinant IL-12 to cultures of AF-pretreated macrophages and CD4" T cells
restored IFN-y production in Ag-primed CD4* T cells.

4 The in vivo administration of AF resulted in the inhibition of IL-12 production by macrophages
stimulated in vitro with LPS or heat-killed Listeria monocytogenes (HKL), leading to the inhibition
of Thl cytokine profile (decreased IFN-y and increased IL-4 production) in Ag-primed CD4" T
cells.

5 These findings may explain some known effects of AF including anti-rheumatic effects and the
inhibition of encephalitogenicity, and point to a possible therapeutic use of AF in the Thl-mediated
immune diseases such as autoimmune diseases.
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Introduction

The existence of Th1/Th2 subsets in Th lymphocytes that
differ in their cytokine secretion patterns and effector
functions provides a framework for understanding normal
and pathological immune responses (Mosmann, 1991). The
Thl subset of CD4" T cells secretes cytokines usually
associated with inflammation such as interferon-y (IFN-y)
and tumour necrosis factor-f (TNF-f), and induces cell-
mediated immune responses. The Th2 subset produces
cytokines such as IL-4 and IL-5 that help B cells to
proliferate and differentiate and is associated with humoral
immune responses (Seder & Paul, 1994; Constant &
Bottomly, 1997). Recent studies indicate that the ratio of
these two Th cell types, Thl and Th2, is closely correlated
with the outcome of many diseases (Romagnani, 1996;
D’Elios & Del Prete, 1998). Thl responses predominate in
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organ-specific autoimmune disorders, acute allograft rejec-
tion, and in some chronic inflammatory disorders (Hayashi et
al., 1995; Lafaille, 1998). In contrast, Th2 responses
predominate in Omenn’s syndrome, transplantation toler-
ance, chronic graft-versus-host disease, systemic sclerosis, and
allergic diseases (Grewe et al., 1998).

The nature of Thl or Th2 polarizing signals is not yet fully
understood. However, the cytokines that are present in the
environment of the CD4™" T cell at the time it encounters the
antigen significantly regulate the differentiation of Th cells
into either Thl or Th2 subsets (O’Garra, 1998). IL-12
promotes Thl differentiation, while IL-4 plays a key role in
the differentiation of the precursor CD4" T cells toward a
Th2 phenotype (Murphy et al., 2000). Recent evidence points
to a critical role for IL-12 in the pathogenesis of rodent
models of Thl-mediated autoimmune diseases such as type-1
diabetes, multiple sclerosis, rheumatoid arthritis (RA),
inflammatory bowel disease, and acute graft-versus-host
disease (Trinchieri, 1998; Adorini, 1999). For example, IL-
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12 was expressed by infiltrating macrophages and synovial
lining cells in RA (Sakkas et al., 1998). The median level of
circulating IL-12 was higher in patients with RA than in
normal healthy people, and the IL-12 levels in RA patients
were higher in the synovial fluid than in sera (Kim ez al.,
2000b). Exogenous administration of IL-12 exacerbated RA
(Peeva et al., 2000). Thus, pharmacological control of IL-12
production may be a key strategy in modulating specific
immune-mediated diseases dominated by type-1 cytokine
responses including RA (Hasko & Szabo, 1999).

Auranofin [AF; 2,3,4,6-tetra-O-acetyl-1-thio-f-glucopyra-
nosato-S-(triethylphosphosphine) gold] is a lipophilic gold
complex with immuno-suppressive and anti-inflammatory
properties (Blodgett et al., 1984). For a long time, AF has
been widely used for the treatment of RA (Lean et al., 1997;
Simon, 2000). A number of studies have demonstrated that
AF is a potent inhibitor of the phagocytic activity of
macrophages and neutrophils, suggesting that these cells
might be primary targets for this agent (Bondeson, 1997; Liu
et al., 2000).

In this study we have demonstrated that treatment with AF
significantly inhibited IL-12 production in LPS-stimulated
macrophages and in CD40L-stimulated dendritic cells.
Importantly, inhibition of IL-12 production in AF-pretreated
macrophages deviates CD4" T cells from the Thl to the Th2
pathway.

Methods

Preparation of splenic macrophages stimulated with either
lipopolysaccharide (LPS) or heat-killed Listeria
monocytogenes (HKL)

Splenic macrophages were isolated from DBA/2 mice and
stimulated, as previously described (Chung et al., 2000). In
brief, spleen cells were cultured at 10° cells ml~' for
approximately 3 h in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% foetal bovine serum at 37°C in a
5% CO, humidified air atmosphere. The non-adherent cells
were removed by washing with warm DMEM until visual
inspection revealed a lack of lymphocytes (>98% of the cell
population). The adherent cells were removed from plates by
incubating for 15 min with ice-cold phosphate-buffered saline
solution and rinsing repeatedly. The isolated adherent cell
population was stimulated with 5 ug ml~! LPS in the absence
or presence of AF at 0.01, 0.05, 0.1, 1.0 uyg m~" at 1x10°
cells per well in 96-well culture plates for 48 h. For some
experiments, the cells were stimulated with HKL at 2 x 10°
bacteria per well.

Preparation of splenic dendritic cells (DCs) stimulated
with CD40L-CHO

Mouse dendritic cells were prepared from spleens, as
previously described (Fuako & Koyasu, 2000). In brief, the
isolated adherent cells as mentioned above were incubated for
additional 18 h to allow DCs to detach. After this
incubation, floating cells were collected, and DCs were
positively purified using anti-CDIlc MicroBeads and an
MACS column (Miltenyl Biotech., Germany). Purified cells
were routinely >95% CD1l1c*. Freshly isolated DCs were

induced to maturate by cultivation in the culture medium
overnight. The isolated DCs were stimulated with 3 x 10* cells
per well fixed CD40L-CHO in the absence or presence of AF
at 0.01, 0.05, 0.1, 1.0 ug m~" at 1x 10° cells per well in 96-
well culture plates for 24 h.

Purification and induction of cytokine synthesis in
antigen-primed CD4™ T cells

Draining axillary, popliteal, and inguinal lymph nodes were
removed from mice 9 days after priming with 100 ug keyhole
limpet haemocyanin (KLH) in complete Freunds adjuvant
(CFA) in the footpads as previously described (Kim et al.,
1997). Lymph node cells were depleted of B cells by
adherence to goat anti-mouse immunoglobulin-coated dishes
for 1 h at 4°C. The non-adherent cells were depleted of
CD8" T cells and other antigen-presenting cells by treating
the cells with a mixture of anti-CDS8 and anti-class II MAbs
on ice for 30 min, followed by addition of low toxicity rabbit
complement (Pel Freeze, Rogers, AR, U.S.A.) and incubation
at 37°C for 45 min. More than 95% of the cells were CD4*
T cells, as demonstrated by cytofluorometric analysis using
anti-CD4 MADb (PharMingen). Purified CD4" T cells were
incubated in 96-well plates at 4x10° cells per well with
macrophages (1 x 10° cells per well) and KLH (10 ug ml~").
Culture supernatants were harvested after 2 days (for I1L-12
p70 and IL-12 p40) or after 4 days (for IFN-y and 1L-4), and
assayed by an enzyme-linked immunosorbent assay (ELISA).

Cytokine assays

The quantities of IFN-y, IL-4, 1L-10, IL-12 p40, and IL-12
p70 in culture supernatants were determined by a sandwich
ELISA using MADbs specific for each cytokine as previously
described (Na et al., 1999). The MAbs for coating the plates
and the biotinylated second MAbs were as follows: for IFN-
y, HB170 and XMGI1.2; for IL-4, BVD4-1D11 and BVD®;
for 1L-10, JES-2A5 and SXC-1; for IL-12 p40, C17.8 and
C15.6; for IL-12 p70, anti-mouse IL-12 (p35/p70) (Red-T/
G297-289) and rat anti-mouse IL-12 p40 (C17.8). Standard
curves were generated using recombinant cytokines (pur-
chased from the PharMingen). The lower limits of detection
were 125 pg ml~! for IFN-y, 3 pg ml~! for IL-4, 0.2 ng ml~!
for IL-10, 30 pg ml~' for IL-12 p40 and 50 pg ml~' for IL-12
p70, respectively.

Reverse transcription-polymerase chain reaction
(RT—-PCR)

Total RNA was prepared from the cells and reverse-
transcribed into cDNA, and then PCR amplification of the
cDNA was performed as previously described (Kim ez al.,
2000a). The sequences of PCR primers are as follows: mouse
IL-12 p40 (sense, S-CAGAAGCTAACCATCTCCTGGTT-
TG-3'; antisense, 5-TCCGGAGTAATTTGGTGCTTCAC-
AC-3), IL-6 (sense, 5-TGAACAACGATGATGCACTT-3';
antisense, 5-CGTAGAGAACAACATAAGTC-3), IL-10
(sense, 5-ATGCAGGACTTTAAGGGTTACTTGGGT-3';
antisense, 5-ATTTCGGAGAGAGGTACAAACGAGGT-
TT-3'), TNF-o (sense, 5-GGCAGGTCTACTTTGGAGTC-
ATTG-3; antisense, 5-ACATTCGAGGCTCCAGTGAAT-
TCGG-3') and f-actin (sense, 5'-TGGAATCCTGTGG-
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CATCCATGAAAC-3'; antisense, 5-TAAAACGCAGCTC-
AGTAACAGTCCG-3"). The PCR reactions were run for 35
cycles of 94°C (30 s), 58°C (45s), 72°C (30 s) using a MJ
Thermal Cycler (Watertown, MA, U.S.A.). After the
amplification, 6 ul of the RT—PCR products were separated
in 1.5% (w v~') agarose gels and stained with ethidium
bromide.

Immunofluorescent staining and cytofluorometric
measurements

Quantitative immunofluorescence measurements were per-
formed in an Epic V flow cytofluorograph equipped with a
multi-parameter data acquisition and display system
(MDADS), as previously described (Kang et al., 2001).
Briefly, single cell suspensions were collected from the various
cultures and washed twice with ice-cold phosphate buffered
saline (PBS, pH 7.4). Afterwards, fluorescein isothiocyanate-
conjugated anti-H-2I-A¢, anti-CD80, or anti-CD86 MADbs
were added and incubated at 4°C for 1 h. After incubation,
the cells were washed with PBS and were fixed in PBS
containing 1% paraformaldehyde, and cytofluorometric
analysis was performed. Background staining was determined
by staining cells with fluorescein isothiocyanate-conjugated
isotype control mAbs. One parameter fluorescence histo-
grams were generated by analysing at least 1 x 10* cells.

Statistical analysis

Student’s #-test and one-way analysis of variance (ANOVA)
were used to determine the statistical significance of
differences between values for various experimental and
control groups. P-values <0.05 were considered significant.

Materials

Auranofin (2,3,4,6-tetra-O-acetyl-1-thio-f-glucopyranosato-S-
[triethylphosphosphine] gold), LPS (from E. coli 0111:B4)
and KLH were purchased from the BIOMOL Research Lab.,
Inc. (Plymouth Meeting, PA, U.S.A.), Sigma Chemical Co.
(St. Louis, MO, U.S.A.) and Calbiochem (San Diego, CA,
U.S.A.), respectively. Anti-mIL-4 (BVD4 and BVD6) and
anti-mIFN-y MAbs (R46A2 and XMGI1.2) were purified
from ascitic fluids by ammonium sulphate precipitation
followed by diethylaminoethyl (DEAE)-Sephacel chromato-
graphy (Sigma). Anti-mouse IL-12 (p35/p70) (Red-T/G297-
289), anti-IL-10 MAbs JES-2A5 and SXC-1, anti-CDS80
MADb, anti-CD8 MADb, and anti-H-2I-AY MADb were
obtained from the PharMingen (San Diego, CA, U.S.A.),
and rat anti-mouse IL-12 p40 MAbs C17.8 and 15.6 were
kindly donated by Dr G. Trinchieri (Wistar Institute,
Philadelphia, PA, U.S.A.). MAb-secreting hybridomas were
obtained from the ATCC (American Type Culture Collec-
tion, Rockville, MD, U.S.A.). Chinese hamster ovary cells
transfected with murine CD40L (CD40L-CHO) (Inaba ef al.,
1995) were kindly provided by Dr H. Yagita (Tokyo, Japan),
and used after fixation with 1% paraformaldehyde in PBS.
The cells were maintained at 37°C in a humidified 5% CO, in
RPMI 1640 or Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% foetal bovine serum and anti-
biotics (Gibco BRL, Grand Island, NY, U.S.A.). Six- to
eight-week-old female DBA/2 mice were obtained from the

SLC Japan (Tokyo, Japan), and maintained in pathogen-
limited conditions. The mice were maintained and treated
according to National Institutes of Health Guidelines for the
Care and Use of Laboratory Animals.

Results

Treatment with AF inhibited IL-12 production from
LPS-stimulated mouse macrophages and
CD40L-stimulated dendritic cells in a dose-dependent
manner

To determine whether AF could affect the production of T
cell cytokine indirectly via an effect on IL-12 production by
antigen-presenting cells (APCs) such as macrophages and
dendritic cells, we first investigated the effect of AF on IL-12
production in mouse macrophages. As shown in Figure 1,
LPS readily induced production of IL-12 p70 heterodimer as
well as the p40 subunit, as expected. Treatment of
macrophages with AF significantly inhibited this induced
IL-12 production in a dose-dependent manner (Figure 1A)
(P<0.05 at 0.5 and 1.0 ug ml~" AF, relative to an untreated
group). In contrast, treatment with AF did not influence IL-
10 production from LPS-stimulated macrophages, suggesting
that the AF effects were not the result of a general
dampening of cellular activation.

We also investigated whether IL-12 production by in vitro-
generated dendritic cells (DCs) is affected by AF. DCs are the
professional effective APC and their secretion of immuno-
regulatory and proinflammatory cytokines plays a crucial role
during T cell priming (Peters et al., 1996). As shown in
Figure 1B, the stimulation of DCs with CD40L-CHO
induced production of IL-12 p70 heterodimer as well as the
p40 subunit. Treatment with AF resulted in a dose-dependent
inhibition of IL-12 production. The stimulation with
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Figure 1 Treatment with auranofin (AF) inhibits IL-12 production
in mouse macrophages and dendritic cells. Mouse macrophages were
stimulated with LPS (5 ug ml~") for 48 h in the absence or presence
of varying concentrations of AF (A). Mouse DCs (1x10° cells
well~") were stimulated with 3 x 10* cells well=' CD40L-CHO (B).
Culture supernatants were harvested and cytokine levels were
evaluated by ELISA. The results are presented as the meant+
s.e.mean (n=3) of the percentage response of cytokine production of
AF-treated cells compared with untreated control cells stimulated
with LPS for macrophages or CD40L-CHO for DCs. Mean cytokine
levels in the absence of AF were as follows: IL-12 p70, 650 pg ml ™!
for macrophages and 870 pg ml~' for DCs; IL-12 p40, 2.8 ng ml~'
for macrophages and 3.9 ng ml~' for DCs; IL-10, 1.2 ng ml~' for
macrophages. *P<0.05, relative to an untreated group.
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untransfected CHO as a control cell-line did not induce
detectable amounts of IL-12 production.

IL-12-inhibition by AF did not result from a general
cytotoxic effect since cells’ viability in all cultures remained
constant throughout the incubation period in the presence of
AF concentrations used in the experiment, as demonstrated
by trypan blue exclusion test (data not shown).

Furthermore, to determine whether the inhibition of 1L-12
production by AF is the results of decreased IL-12 mRNA
expression, the effect of AF on the expression of IL-12 p40 and
other cytokines (IL-6, IL-10, TNF-2) mRNA was analysed in
LPS-stimulated macrophages. An IL-12 p40 subunit was
known as the highly inducible and tightly regulated
component of IL-12 (Trinchieri, 1998). As shown in Figure
2A, AF significantly inhibited mRNA levels of 1L-12 p40 gene
in a dose-dependent manner, indicating that the inhibition of
IL-12 production by AF occurred at the transcriptional level.
In contrast, treatment with AF did not influence mRNA levels
of IL-6, IL-10, and TNF-« in LPS-stimulated macrophages,
suggesting that the inhibition of IL-12 production by AF was
not the result of a general dampening of cellular activation.

Pretreatment of macrophages with AF inhibited IFN-y
production and enhanced IL-4 production by
antigen-primed CD4" T cells

Since IL-12 has been known to potently enhance IFN-y and
inhibit IL-4 in CD4" T cells, we asked if the cytokine profiles
of CD4" T cells responding to Ag presented by AF-treated
macrophages would be altered. Direct effects of AF on CD4"
T cells were eliminated by pretreatment of macrophages in
vitro with AF for 4 h and washing them to remove AF,
before culture with syngeneic CD4" T cells purified from
lymph nodes of KLH-primed mice and the Ag KLH. Figure
3A shows that IL-12 production in cultures of AF-treated
macrophages was significantly decreased in comparison with
untreated macrophages. In the absence of AF treatment,
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Figure 2 Effect of AF on the expression of IL-12 gene at the
mRNA level. Macrophages were stimulated with LPS (5 ug ml~') in
the absence or presence of AF (0.1 and 1.0 ug ml~!) for 6 h and total
RNA was prepared from the cells. RT-PCR products for IL-12 p40
and f-actin (A), or for IL-6, IL-10, TNF-o, IL-12 p40 and f-actin (B)
were analysed in 1.5% agarose gels.

stimulation with KLH resulted in the development of T cells
producing high levels of IFN-y. However, pretreatment of
macrophages with AF for 4 h greatly inhibited their capacity
to induce IFN-y production by KLH-primed CD4" T cells
(Figure 3B) and significantly increased IL-4 production
(Figure 3C). No cytokine production by CD4" T cells was
detected in the absence of macrophages, demonstrating that
the AF-treated macrophages regulated the cytokine produc-
tion by KLH-primed CD4" T cells. Thus, pretreatment of
macrophages with AF enhances their capacity to inhibit Thl
and enhance Th2 cytokine synthesis.

Pretreatment with AF does not affect the expression of
surface molecules on macrophages

To determine whether pretreatment of macrophages with AF
affects their cell surface expression of the class II MHC
molecule H-2I-A¢ and the costimulatory molecules CD80 and
CD86, mouse macrophages were treated with medium alone
(control) or 1.0 ug ml~" AF for 24 h and the expression of
the cell surface molecules was determined by cytofluorometric
analysis. A shown in Figure 4, treatment with AF did not
affect the expression of surface molecules when compared
with the control cells.
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Figure 3 Macrophages pretreated with AF inhibit IFN-y and
enhance IL-4 production by Ag-primed CD4" T cells. Macrophages
(1x10° cells well™') were pretreated with medium alone or
1.0 ug ml~" AF. After 4 h, the cells were washed and incubated
with KLH-primed CD4" T cells (5x10° cells well™') and KLH
(10 ug ml~"). Supernatants were harvested after 2 days for IL-12 (A)
or after 4 days for IFN-y (B) and IL-4 (C), and assayed by cytokine-
specific ELISA. The results are presented as the meands.ec.mean
(n=3). *P<0.01, relative to an untreated group.
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Figure 4 Cytofluorometric analysis of cell surface molecules on AF-
treated macrophages. Mouse macrophages were treated for 24 h with
medium alone or 1.0 ug ml~' AF and analysed for the expression of
cell surface molecules by flow cytometry. Data are representative of
three independent experiments.
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Addition of recombinant IL-12 (rIL-12) to cultures of
AF-pretreated macrophages and CD4™" T cells restored
the levels of IFN-y production in CD4" T cells

To determine whether the reduced ability of AF-pretreated
macrophages to induce IFN-y synthesis in CD4" T cells was
a result of their diminished production of IL-12, we
reconstituted cultures of AF-pretreated macrophages and
CD4" T cells with rTL-12 (10 pg ml~"). Figure 5 shows that
addition of rIL-12 to cultures of AF-pretreated macrophage
and CD4" T cells significantly increased IFN-y and reduced
IL-4 production to levels seen in untreated control cultures.
These results suggest that reduction of IL-12 synthesis by
AF-treated macrophages was a major effect that affected the
ability of macrophages to regulate cytokine synthesis in
CD4" T cells.

Macrophages from mice treated in vivo with AF also
inhibited Thl cytokine profile by Ag-primed CD4™ T cells

To demonstrate that AF had a consequential effect on
macrophages in an in vivo system, mice were injected
intraperitoneally (i.p.) with 200 ug AF per mouse. After
24 h, splenic macrophages were purified from the AF-treated
mice, or from saline-injected control mice. Figure 6 shows
that macrophages from AF-treated mice induced significantly
lower amounts of IL-12 in response to either LPS or HKL
than macrophages from the control mice (P<0.001).

To determine whether cytokine production by Ag-primed
CD4" T cells would differ in the presence of Ag presented by
macrophages from mice treated in vivo with AF, splenic
macrophages were purified from DBA/2 mice 24 h following
i.p. injection with AF (200 pug per mouse), and cultured with
CD4" T cells from KLH-primed mice, and KLH. Figure 7
shows that production of IL-12 in cultures containing KLH-
primed CD4" T cells and macrophages from AF-treated mice
was greatly reduced compared with those from saline-injected
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Figure 5 Addition of recombinant IL-12 restores the decreased
IFN-y production of T cells in cultures of AF-pretreated macro-
phages and Ag-primed CD4" T cells. KLH-primed CD4" T cells
were cultured with AF (1.0 ug ml~")-pretreated macrophages in the
presence of rIL-12 (10 pgml~") and KLH (10 ug ml~"). Culture
supernatants were harvested 4 days later and assayed for IFN-y (A)
and IL-4 (B) levels by ELISA. The results are presented as the
mean +s.e.mean (n=3). *P<0.01, relative to each AF-treated group
in the absence of rIL-12.

control mice. Moreover, macrophages from mice injected
with AF significantly induced lower amounts of IFN-y and
higher amounts of IL-4 than macrophages from the control
mice. These results show that in vivo treatment with AF
regulates the ability of macrophages to control IFN-y and IL-
4 production in CD4" T cells.

Discussion

Inhibiting the action of IL-12 has been shown to prevent
development and progression of disease in experimental
models of autoimmunity (Caspi, 1998). These findings have
raised great interest in identifying inhibitors of IL-12
production for the treatment of Thl-mediated diseases such
as type-1 diabetes, multiple sclerosis, rheumatoid arthritis,

inflammatory bowel disease and acute graft-versus-host
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Figure 6 Macrophages exposed to AF in vivo decrease levels of IL-
12 production. Mice were injected in vivo with AF (200 ug per mouse,
i.p.). After 24 h, macrophages were purified and stimulated with
either LPS (5 ug ml~!) or HKL (2x 10° bacteria well~'). Culture
supernatants were harvested 48 h later and IL-12 levels were
determined by ELISA. The results are presented as the mean+
s.e.mean (n=4). ¥*P<0.001, relative to a saline-injected group.
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Figure 7 Macrophages purified from mice treated in vivo with AF
regulate cytokine production in Ag-primed CD4" T cells. DBA/2
mice were injected in vivo with either AF (200 ug per mouse, i.p.) or
saline. After 24 h, macrophages were purified and incubated with
KLH-primed CD4" T cells and KLH (10 ug ml~'). After 4 days,
culture supernatants were harvested and assayed for IL-12 (A), IFN-y
(B) and IL-4 (C) levels by ELISA. The results are presented as the
mean+s.e.mean (n=4). *P<0.001, relative to a saline-injected
group.
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disease. In this study we demonstrated that treatment of
macrophages with AF, an anti-rheumatic gold compound,
significantly inhibited IL-12 production from macrophages,
resulting in a reduced ability to induce IFN-y and an
increased ability to induce IL-4 in Ag-primed CD4* T cells.
These results suggest that AF-mediated inhibition of IL-12
production led to the inhibition of Thl and enhancement of
Th2 cytokine synthesis in CD4" T cells. Since the cytokine
profile of Th cells plays an important role to determine the
outcome of many diseases, AF may have therapeutic
potential to treat Thl-mediated diseases. Conversely, AF
may trigger or enhance Th2-mediated diseases because of
their ability to increase IL-4 production in CD4" T cells.

Cytokines from synovium and inflammatory cells are
thought to be important in the initiation and perpetuation
of RA. In particular, macrophage-derived cytokines, includ-
ing TNF-z and IL-1, have been detected at high levels and
many of these cytokines function as potent inflammatory
molecules in the joints, and reflect the disease activity (Maini
& Taylor, 2000). Recently IL-12 has been shown to play a
critical role in the regulation of autoimmune disease models
including RA and type 1 diabetes (Caspi, 1998). Administra-
tion of rIL-12 and type II collagen was reported to induce
severe arthritis in DBA/1 mice (Germann et al., 1995). In
patients with RA, IL-12 p70 induces IFN-y dominant
cytokine production by infiltrating T cells into chronic
arthritic joints, suggesting that IL-12 may play an important
role in a shift toward rheumatoid T cells with Thl cytokine
profiles in RA. Furthermore, IL-12 synergizes with IL-1 and
IL-18 in the production of IFN-y and other proinflammatory
cytokines (Skeen & Ziegler, 1995; Yoshimoto et al., 1998),
while IL-12-induced IFN-y production is down-regulated by
IL-4 and IL-10 (Lester et al., 1995). Recent report showed
that 3’ UTR alleles of the IL-12p40 gene in type 1 diabetic
patients led to variation in IL-12 p40 production which may
influence T-cell responses crucial for either mediating or
protecting against autoimmune diseases (Morahan et al.,
2001).

Although AF may affect cytokine production in CD4" T
cells in several ways, we believe that inhibition of IL-12
production in macrophages is a major mechanism by which
AF affects cytokine production in CD4" T cells, particularly
since IL-12 is extremely potent in enhancing IFN-y and
inhibiting IL-4 in CD4" T cells (Marshall et al., 1995; Gerosa
et al., 1996; Umetsu et al., 1996). In our cultures, the effect of
AF on cytokine production in CD4% T cells was indirect
since the CD4™ T cells in these cultures were never directly
exposed to the AF.

Similar studies showed that f,-adrenergic compounds
including salbutamol inhibited IL-12 production from human
monocytes or dendritic cells by increasing intracellular cyclic
AMP levels, leading to the inhibition of Thl development
while promoting Th2 cell differentiation (Panina-Bordignon
et al., 1997). Corticosteroids and retinoids have been known
to enhance the capacity of macrophages to induce IL-4
synthesis in CD4" T cells by inhibiting IL-12 production
(Dekruyff et al., 1998; Kang et al., 2000). 1,25-dihydroxy-
vitamin Dj inhibited IL-12 production and IL-12-dependent
Thl cell development without inducing a deviation to the
Th2 phenotype (Mattner et al., 2000). In this report, we
added AF to the lists of compounds that inhibit IL-12
production in macrophages and dendritic cells. However, AF

may also directly affect the cytokine production of CD4" T
cells. Harth er al. (1990) reported that AF inhibited IFN-y
production by concanavalin A-stimulated peripheral blood
mononuclear cells in human and suggested that gold therapy
might affect IFN-y production in RA.

Inhibition of IL-12 production in AF-treated macrophages
may be accompanied by a block of their maturation and
antigen-presenting capacity. Gold salts inhibited peptide-
induced responses of a peptide-specific T cell clone (Romag-
noli et al., 1992). Glucocorticoids and 1,25-dihydroxy-vitamin
D3 were known to interfere with the cell surface expression of
molecules involved in costimulation and antigen presentation
(Russo-Marie, 1992; Penna & Adorini, 2000). However, our
data show that the expression of the class I MHC molecule
H-2I-AY and the costimulatory molecules CD80 and CD86
remained unaffected after the preincubation of macrophages
with AF. In addition, AF may indirectly suppress IL-12
production via the up-regulation of IL-10, which is known to
reduce IL-12 synthesis (Aste-Amezaga et al., 1998). Although
this inhibitory pathway may be relevant, the levels of 1L-10
expression in AF-treated and untreated macrophages were
approximately the same (Figures 1 and 2B), suggesting that
the inhibitory effect of AF on IL-12 production by mouse
macrophages cannot be explained by the indirect effect of up-
regulation of IL-10.

In the reconstitution experiment of AF-treated macro-
phages with rIL-12, a small amount of rIL-12 (10 pg ml™")
could effectively reverse cytokine production by the activated
CD4" T cells if present at the initiation of cultures. Addition
of 5pgml' rIL-12 to cultures of dexamethasone-treated
macrophages was also known to restore the induction of
IFN-y and inhibit the induction of IL-4 synthesis by T cells
(Dekruyff et al., 1998). Delayed addition of rIL-12 to the
cultures was significantly less effective because the corre-
sponding T cells became more activated and the capacity to
produce IL-4 or IFN-y became more established in vitro
(Dekruyff et al., 1995). Early Th1 cells maintain the ability to
signal for some time after they have acquired high IFN-y
synthesis, and addition of IL-4 can reverse the development
of the Thl phenotype. Fully mature Thl effectors appear to
be irreversibly committed and cannot be switched away from
the Thl phenotype (Asnagli & Murphy, 2001). The apparent
irreversibility of the Th phenotype at the clonal level does not
necessarily, however, need this for immunotherapy ap-
proaches aimed at reversing the phenotype of the response
at the population level. Numerous studies have established
that the cytokine milieu can direct development of newly
recruited autoimmune cells to a nonpathogenic phenotype. In
chronic autoimmune disease new clones continue to be
primed and recruited into the antigen-specific effector pool,
and those newly emerging effectors could conceivably be
shifted away from the pathogenic phenotype by immunother-
apy designed to provide an appropriate cytokine milieu.

Addition of rIL-12 might enhance IL-4 production in
CD4" T cells by increasing IL-10 production in the cultures
of the AF-treated macrophages and T cells. IL-12 has been
reported to increase IL-10 production by T cells in systems
using established T cell lines (Jeannin et al., 1996). However,
IL-10 production increased by IL-12 appears to occur mainly
when very high concentrations of IL-12 (10 ng ml~', 1000
fold higher than the amount used in our study) are used
(Windhagen et al., 1996). Therefore, reduction of IL-12
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production by AF was a major immunoregulatory mechan-
ism that led to the inhibition of Thl cytokine profile in CD4*
T cells. Furthermore, AF-induced IL-12 inhibition may lead
to the reduction of the levels of TNF-o and/or IL-1, which
contribute the signs and symptoms of RA. Previous reports
showed that small amounts of IL-12 production could induce
the proinflammatory cytokines including TNF-o and IL-1
(Aste-Amezaga et al., 1994; Kim et al., 2000b). Conversely,
TNF-a and IL-1 were known to require for optimal IL-12-
induced development of Thl cells producing high levels of
IFN-y (Shibuya et al., 1998).

In contrast to the inhibitory effect of AF (0.1-1.0 ug ml—")
on IL-12 production as shown in this study, aurothioglucose,
a hydrophilic gold compound with anti-rheumatic activity,
did not inhibit IL-12 production in mouse macrophages
stimulated with LPS at the range of 0.1-20 ug ml~' (data
not shown). Although the reason is not clear, other reports
also showed that AF inhibited the induction of IL-1§ and
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