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Summary

Natrium aurothiomaleate (GSTM) is a useful disease-modifying anti-
rheumatic drug, but causes a variety of immune-mediated adverse effects in
many patients. A murine model was used to study further the interaction
of GSTM with the immune system, including induction of systemic
autoimmunity. Mice were given weekly intramuscular injections of GSTM
and controls equimolar amounts of sodium thiomaleate. The effects of gold
on lymphocyte subpopulations were determined by flow cytometry. Humoral
autoimmunity was measured by indirect immunofluorescence and immuno-
blotting, and deposition of immunoglobulin and C3 used to assess
immunopathology. Gold, in the form of GSTM, stimulated the murine
immune system causing strain-dependent lymphoproliferation and autoim-
munity, including a major histocompatibility complex (MHC)-restricted
autoantibody response against the nucleolar protein fibrillarin. GSTM did not
cause glomerular or vessel wall IgG deposits. However, it did elicit a strong B
cell-stimulating effect, including both T helper 1 (Th1)- and Th2-dependent
isotypes. All these effects on the immune system were dependent on the MHC
genotype, emphasizing the clinical observations of a strong genetic linkage for
the major adverse immune reactions seen with GSTM treatment.
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Introduction

Autoimmune diseases are controlled both by genetic predis-
position and environmental factors which may influence the
immune system as well as self-epitopes. Epidemiological and
experimental studies have lent support for the role of envi-
ronmental factors, including microbial agents and xenobiot-
ics in human autoimmune diseases [1]. A good example of
the former is coxsackie-virus-induced myocarditis [2]. A
recent example underscoring the importance of the latter is
primary biliary cirrhosis, characterized by antibodies to E2
subunits of the mitochondrial 2-oxo-acid dehydrogenase
complexes (2-OADC-E2). The anti-mitochondrial antibod-
ies in these patients react strongly with peptide antigens of
2-OADC-E2 modified by 2-nonyoic acid, a component in
cosmetics [3], which has been suggested to be able to break T
cell tolerance to the native autoantigen [4]. Other well-
known examples of xenobiotic-associated autoimmune dis-
eases are scleroderma with the organic solvent vinyl chloride,
silica, and the drug bleomycin [1], as well as the connective
tissue type of disease in the ‘toxic oil syndrome’ [5,6].

Another class of xenobiotics with autoimmune effects is
metals, with mercury as a prime example [7,8]. Gold (Au) is
another metal with well-known and diverse interactions
with the immune system, resulting in stimulatory and sup-
pressive responses. Gold is one of the most prevalent (15%)
skin sensitizers in humans, although clinical relevance is
observed in less than 1% of cases [9]. In contrast to this
immunostimulatory effect, gold has been successfully used
for more than 70 years as an immunosuppressive in patients
with rheumatoid arthritis [10,11].

The immunosuppressive effect of gold(I) compounds,
such as natrium aurothiomaleate (GSTM) and auranofin,
has been explained by inhibition of the release of proinflam-
matory cytokines such as interleukin (IL)-1b, IL-6 and
tumour necrosis factor (TNF)-a [12,13]. However, recent
studies have revealed a much more complex effect, resulting
in up- or down-regulation of cytokine production, especially
when gold is present in conjunction with cell activators such
as TNF-a or lipopolysaccharide (LPS) [14–16]. B cells are
more susceptible than T cells to the direct suppressive effect
of gold(I) [17]. Gold may inhibit T cell activation efficiently
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in vitro by interfering with IL-2-mediated proliferation
[18,19], but also indirectly by binding to cysteine residues in
the target antigen prohibiting its presentation to T cells
[20,21].

The use of gold as a therapeutic agent is often compli-
cated by the development of adverse immune reactions
including glomerulonephritis, cytopenias and hypoglobuli-
naemia with relative sparing of Th2 isotypes [22], hepatitis
and pneumonitis, as well as systemic reactions with skin
rash, fever and lymphadenopathy [23]. The thrombocy-
topenia is caused by anti-platelet antibodies [24], and
membranous glomerulonephritis is immune-complex-
mediated [25]. Susceptibility to many of these adverse
effects is linked to genes within the major histocompatibil-
ity complex (MHC) [26–28], and these effects necessitate
discontinuation of gold therapy in up to one-third of the
patients [23].

These clinical observations have stimulated studies with
gold(I) compounds in rodents as a model of human immune
responses. Brown Norway rats develop, during gold treat-
ment, an autoimmune syndrome with Th2-restricted hyper-
immunoglobulinaemia, anti-laminin and anti-DNA
antibodies, vessel wall immune deposits and a biphasic
immune-mediated glomerulonephritis [29], features identi-
cal to those induced by mercury in the same strain. In con-
trast, the Lewis strain is resistant to the effect of both gold
and mercury [30]. Recently, quantitative trait factors for the
gold-induced increase in IgE, development of autoanti-
bodies and renal immune deposits were localized to chro-
mosomes 9, 10 and 20 of the rat [31,32].

Gold-induced antinuclear antibodies were first described
in mice [33], and considerable effort was focused on the T
cell mechanisms involved [34,35]. While autoimmune
manifestations in gold-treated mice have often been
alluded to in review articles, the numbers of original pub-
lications are few. This study aimed at assessing the autoim-
mune syndrome induced by gold in mice in order to make
a comparison with the syndrome induced by mercury and
silver, and to increase the understanding of adverse
immune-mediated effects observed after anti-rheumatic
treatment with gold.

Materials and methods

Mice

Female mice, aged 8–12 weeks at the beginning of the
experiment, were used throughout the study. SJL/N and
A.SW (H-2s) mice were obtained from Bomholtgaard
Breeding and Research Centre (Ry, Denmark), A.TH
(H-2t2) and A.TL (H-2t1) mice from Harlan Ltd (Bicester,
Oxon, UK). Mice were kept in steel-wire cages in a high
barrier unit under 12-h dark-12-h light cycles and given
sterilized food pellets (type R36; Lactamin, Vadstena,
Sweden) and water ad libitum.

Treatment protocol

Sodium aurothiomaleate (GSTM) was a gift from
Rhone-Poulenc Rorer (Dagenham, Essex, UK), and sodium
thiomaleate (TM) was obtained from Sigma Chemical Co.
(St Louis, MO, USA). The substances were diluted in
phosphate-buffered saline (PBS), and each mouse received
weekly intramuscular injections of 0·1 ml containing
0·45 mg GSTM/mouse [about 22·5 mg/kg body weight
(bw)], or an equimolar dose of TM corresponding 0·21 mg
TM/mouse (about 10·6 mg/kg bw) for 12 weeks.

Blood sampling

Blood was obtained from the retro-orbital plexus during the
week before onset of treatment, after 5 weeks treatment and
at sacrifice after 12 weeks’ treatment. The collected blood
was allowed to clot, centrifuged at 500 g for 10 min, and the
serum stored at -70°C.

Analysis of anti-nuclear antibodies by IF

The presence, pattern and titre of serum anti-nuclear anti-
bodies of the IgG class were determined by indirect immu-
nofluorescence using HEp-2 cells as a substrate [36].

Analysis of anti-nuclear antibodies by immunoblotting

The specificity of the anti-nuclear antibodies in the serum
was assessed by immunoblotting as described previously
[37], with minor modifications. Briefly, mouse liver nuclei
were isolated [38], and aliquots of boiled nuclei were sodium
dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-
PAGE) separated using a 12·5% gel. The electrophoretic
transfer to 0·45-mm nitrocellulose membranes (Bio-Rad
Laboratory, Hercules, CA, USA) was performed for 1 h at
0·8 mA/cm2 under water cooling (Criterion Blotter; Bio-Rad
Laboratory). Nitrocellulose strips were blocked in a Tris-
buffered solution (TBS)-5% non-fat dry milk (blotting
grade; Bio-Rad Laboratory)-0·05% Tween 20 overnight at
4°C before being incubated with sera diluted 200-fold in
TBS-Tween. Bound murine IgG antibody was detected with
horseradish peroxidase (HRP)-conjugated goat anti-mouse
IgG (Southern Biotechnology, Birmingham, AL, USA)
diluted 1 : 5000, followed by enhanced chemiluminescence
(ECL Western blotting detection reagents; Amersham, Stock-
holm, Sweden). For human sera bound IgG was detected
with appropriately diluted HRP-conjugated goat anti-mouse
IgG, followed by ECL as above. Human reference sera spe-
cific for RNP/Sm, Sm or fibrillarin were used (Binding Site,
Birmingham, UK).

Protocol for cell preparation

The spleen was removed at sacrifice after 12 weeks’ treat-
ment in A.SW and A.TL mice, and single-cell suspensions
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prepared in RPMI-1640 (Gibco, Paisley, UK) by teasing the
spleen through a mesh wire followed by repeated pipetting
and centrifugation at 300 g for 10 min. All preparation steps
were performed on ice using media containing 0·01% NaN3.

Preparation of cells for flow cytometry

The single-cell suspensions of splenocytes from A.SW and
A.TL mice were subjected to lysis of erythrocytes by resus-
pending the cells in 1 ml 0·84% NH4Cl for 2 min, followed
by the immediate addition of 10 volumes of RPMI-1640, two
washings in RPMI-1640 and finally resuspension in RPMI-
1640 containing 10% fetal calf serum (FCS) (Myoclone;
Gibco). The cells were then counted in a haematocytometer,
and the cell count adjusted to 10–20 ¥ 106 mononuclear
cells/ml 100 ml of the cell suspension was incubated with
100 ml of appropriately diluted monoclonal antibodies
(mAb) conjugated with fluorescein isothiocyanate (FITC) or
phycoerythrin (PE) or biotin targeting pan-T cells CD3
(clone 145–2C11), T helper cells CD4 (RM4-5), cytotoxic T
cells CD8a (53–6·7), or pan-B cell marker B220 (RA3–6B2)
or isotype controls for 30 min. When biotin-conjugated
mAbs were used, streptavidin-FITC or streptavidin-PE was
added for 30 min after a single wash in RPMI-1640 FCS.
After a final wash in RPMI-1640 FCS, the cells were resus-
pended in 1 ml PBS and analysed using a FACScan (BD,
Mountain View, CA, USA) equipped with a 488-nm argon
laser. Only living cells were acquired, dead cells gated away
using propidium iodide. After acquisition in list mode,
analysis was performed with the lysys ii program.

Cytospin preparation and immunofluorescence

A fraction of the single-cell splenocyte suspensions from
A.SW and A.TL mice was subjected to separation by density
centrifugation using Lympholyte-M (Cedarlane, Ontario,
Canada), and the mononuclear cell population was centri-
fuged onto glass slides at 80 g for 7 min (Cytospin; Shandon,
Cheshire, UK) and allowed to dry at room temperature. The
slides were then fixed in absolute ethanol containing 5%
glacial acetic acid at -20°C for 20 min and stored in PBS at 4°
until further analysed. The cells were incubated subsequently
with biotin-conjugated rat mAb anti-mouse IgG1, IgG2a,
IgG2b, IgE, IgM (Pharmingen) or FITC-conjugated goat
anti-mouse IgG3 Ab (Southern Biotechnology, Birmingham,
AL, USA) diluted with Hank’s balanced salt solution con-
taining 2% FCS for 20 min, washed in PBS and viewed in a
fluorescence microscope. The number of brightly stained
cells among the first 200 counted lymphocytes was noted for
each slide.

Tissue immune deposits

Pieces of the left kidney and the spleen were examined by
immunofluorescence as described before [39], using
FITC-conjugated goat anti-mouse IgG and IgM antibodies

(Southern Biotechnology) and anti-C3c antibodies
(Organon-Technica, West Chester, PA, USA). The titre was
determined by serial dilution of the antibodies to 1 : 5120.
The end-point titre of the deposits was defined as the highest
dilution of antibody at which a specific fluorescence could be
detected. When no specific fluorescence was detected at a
dilution of 1 : 40, the result was recorded as ‘0’.

Statistics

Statistical analyses were performed using GraphPad software
(GraphPad Software Inc.; San Diego, CA, USA). The Mann–
Whitney U-test was used to study differences in parameters
between GSTM- and TM-treated mice. The difference
between the numbers of ANoA-positive mice in the different
strains was tested by Fisher’s exact test.

Results

Anti-nuclear serum autoantibodies of the IgG isotype

Before onset of treatment with TM or GSTM none of the
mice showed ANoA. After 5 weeks’ treatment with GSTM,
55% of SJL, 91% of A.SW and 83% of A.TH mice (Table 1)
showed a modest titre of IgG antibodies fulfilling the criteria
for a clumpy nucleolar pattern (Fig. 1), which often included
a weak homogeneous staining of the nucleoplasm and weak
staining of the condensed chromosomes [40]. GSTM-treated
A.TL mice did not develop any ANoA.

Fig. 1. Serum from an A.SW mouse treated with natrium

aurothiomaleate (GSTM) for 12 weeks incubated on HEp-2

cells, followed by incubation with fluorescein isothiocyanate

(FITC)-conjugated anti-mouse IgG antibodies. Strong nucleolar

staining with nuclear dots.

Murine gold-induced autoimmunity
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After 12 weeks’ GSTM treatment the fraction of ANoA-
positive mice was 82% in the A.SW strain and unchanged in
the SJL and A.TH strains compared with the situation after
5 weeks (Table 1). A.TL mice remained negative. Nine per
cent of A.TH mice treated with GSTM had a combined
speckled, nucleolar and nucleoplasmic staining (Fig. 2).

Immunoblotting of serum autoantibodies

Sera from mice with the H-2As haplotype (SJL, A.SW, A.TH),
treated with GSTM for 12 weeks and showing ANoA, reacted
with a 34-kDa nuclear protein (Fig. 3, lanes 7–17), corre-
sponding to the reactivity of a human AFA reference serum
(Fig. 2, lane 2). Serum from a single SJL mouse treated with
GSTM reacted with the 34-kDa and additional proteins of
approximately 45 and 16 kDa (Fig. 3, lane 7). The single
GSTM-treated A.TH mouse with a combined nucleolar,
nucleoplasmic and speckled anti-nuclear antibody (ANA)
pattern reacted with proteins of an apparent molecular
weight of 28–30 kDa (double band), 16 kDa and 34 kDa
(Fig. 3, lane 16). TM-treated H-2As mice lacked ANoA and

did not react with any protein in the immunoblot (Fig. 3,
lanes 3–6, 18).

Tissue immune deposits

Only marginal titres of IgG were seen in the renal glomerular
mesangium of mice from the three different strains, whereas
mesangial IgM and C3 deposits were seen in mice treated
both with GSTM and TM (Table 2). The only significant
increase in titre was seen for mesangial IgM and C3 deposits
in GSTM-treated A.SW mice. Neither GSTM- nor
TM-treated mice showed immune deposits in the vessel
walls of the kidney or spleen (data not shown).

Number and phenotype of splenocytes

A.SW mice showed a significant, 50% increase in the number
of splenocytes after 12 weeks GSTM treatment compared
with TM-treated mice (Table 3). The fraction of B cells
remained unchanged, while the fraction of CD3+ and CD4+

cells declined. Due to the increase in the total number of

Table 1. Serum IgG anti-nucleolar antibodies (ANoA).

Strain H-2 Treatment

Treatment

time

(weeks)

ANoA

Fraction

(pos./total)

Titrea

(mean � s.e.m.)

SJL s TM 0 0/6 0

5b 0/5 0

12 0/5 0

GSTM 0 0/11 0

5 6/11c 310 � 119

12 6/11c 187 � 92

A.SW s TM 0 0/8 0

5 0/8 0

12 0/8 0

GSTM 0 0/11 0

5 10/11d 184 � 32e

12 9/11d 604 � 273e

A.TH t2 TM 0 0/7 0

5 0/7 0

12 0/7 0

GSTM 0 0/6 0

5 5/6c 192 � 54f

12 5/6c 272 � 100f

A.TL t1 TM 0 0/7 0

5 0/7 0

12 0/7 0

GSTM 0 0/7 0

5 0/7 0

12 0/7 0

aTitre in positive mice. bOne mouse died after 3 weeks. cP < 0·05 significantly different from pretreated (0) mice (Fisher’s exact test). dP < 0·001

significantly different from pretreated (0) mice (Fisher’s exact test). eP < 0·005 significantly different from pretreated (0) mice (Mann–Whitney U-test).
fP < 0·05 significantly different from pretreated (0) mice (Mann–Whitney U-test). TM, treatment with a weekly intramuscular (i.m.) injection of

10·6 mg sodium thiomaleate/kg body weight (bw). Natrium aurothiomaleate (GSTM), treatment with a weekly i.m. injection of 22·5 mg sodium

aurothiomaleate/kg bw.
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splenocytes, the number of B cells in the spleen increased by
approximately 50% in the GSTM-treated mice, while the
number of T cells (CD3+, CD4+, CD8+) did not differ signifi-
cantly between mice treated with GSTM and TM (Table 3).
There was no significant increase in the total number of
splenocytes in A.TL mice after 12 weeks’ GSTM treatment,
or an increase of T or B cells (Table 3).

Immunoglobulin-producing splenocytes

The fraction of splenocytes producing IgG1, IgG2a, IgG3 or
IgM was increased significantly, and in the case of IgG2a and
IgG3, markedly so in GSTM-treated A.SW mice compared
with mice given TM (Table 4). In contrast, A.TL mice treated
with GSTM showed no increase in Ig-producing splenocytes
of any isotype compared with TM-treated controls. Age- and
strain-matched A.SW and A.TL mice treated with NaCl did
not differ significantly from the TM-treated mice with
regard to the number of Ig-producing cells (data not
shown), indicating no effect of treatment with TM.

Discussion

In 1986 Goter-Robinson reported that mice of the H-2s hap-
lotype developed ANoA during treatment with mercury or
gold [33]. The target of the mercury-induced ANoA was later
identified as the 34-kDa nucleolar protein fibrillarin [41,42],
while the specificity of the gold-induced ANoA has remained
unidentified. We show in this study that the gold-induced
ANoA in the H-2As strains SJL, A.SW and A.TH target
fibrillarin. The susceptibility to develop gold-induced
ANoA/anti-fibrillarin antibodies (AFA) is linked to H-2A in
mice with the A background, as the lack of AFA response in
A.TL mice localizes the susceptibility to the right of the H-2K
locus, while the positive AFA response in the A.TH mice
restricts susceptibility to the left of the H-2D locus, i.e. in
either the H-2A or H-2E loci. Because the A.TH strain does
not express H-2E, the genetic susceptibility must reside in
the H-2 A locus. The genetic susceptibility for induction of
AFA with gold is therefore identical with that of mercury
[39,43] and silver [44] in mice on the A background.

Fig. 2. Serum from an A.TH mouse treated with natrium

aurothiomaleate (GSTM) for 12 weeks incubated on HEp-2

cells, followed by incubation with fluorescein isothiocyanate

(FITC)-conjugated anti-mouse IgG antibodies. Combined speckled,

nucleolar and nucleoplasmic staining.

Fig. 3. Immunoblotting of sera using sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) separated mouse liver nuclei. Lane

1: molecular weight markers (kDa). Lane 2: human reference serum blotting the 34-kDa protein fibrillarin (arrow). Lanes 3–4 and 5–6: anti-nuclear

antibody (ANA)-negative SJL and A.SW mice treated with sodium thiomaleate (TM) for 12 weeks, respectively. No blotting. Lanes 7–12 and

13–15: anti-nucleolar antibodies (ANoA)-positive SJL and A.SW mice, respectively, treated with natrium aurothiomaleate (GSTM) for 12 weeks,

respectively. Strong blotting of a 34-kDa protein. Lane 16: A.TH mouse treated with GSTM for 12 weeks showing a combined speckled,

nucleoplasmic and nucleolar ANA pattern. Multiple staining bands (see Results). Lane 17: A.TH mouse treated with GSTM for 12 weeks showing a

strong nucleolar staining. Blotting of a 34-kDa protein. Lane 18: A.TH mouse treated with TM for 12 weeks, ANA-negative. No blotting.

Murine gold-induced autoimmunity
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While mercury, silver and gold share a genetically
restricted autoantibody response, other features of the
metal-induced autoimmune syndrome in H-2As mice differ
between the three metals. Induction of AFA with gold
requires a longer induction phase, with substantially lower
titres of ANoA after 5 weeks’ treatment with GSTM (present
study) [35,45] already compared with the high titre after
4–5 weeks’ treatment with mercury [46] or silver [47]. As the
titre of mercury-induced AFA is dose-dependent [48], we
examined if this might also be the case for the gold-induced
response. However, doubling the dose of GSTM did not
shorten the induction time significantly or increase the AFA
titre (Hultman et al., unpublished observation). Schumann
et al., who also noted the prolonged induction time [35],
showed that the anamnestic T cell response in mice treated
with gold(I) substances for 12 weeks is not directed against
gold(I), but against gold(III), which is a metabolite thought
to be generated in vivo by oxidation of gold(I) [49]. At
present, the mechanism for induction of AFA by gold has not
been established, but requires T cells because SJL-nu/+ but

not SJL-nu/nu mice treated with GSTM develop AFA
(Hultman et al., unpublished observations), which is analo-
gous to findings for mercury- [50] and silver [44]-induced
AFA. Studies with mercury have indicated that alteration of
the autoantigen by binding the metal, possibly causing an
altered cleavage pattern (revealing cryptic peptides) [51] will
activate T cells not tolerant to these neoantigens [52]. The
time needed for metabolizing Au(I) ions to Au(III) ions
might partly explain the prolonged induction time when
compared with the immediate formation of Hg2+ and Ag+

ions in the body after exposure. Furthermore, the gold con-
centration in the liver and spleen of mice given the same dose
of intramuscular (i.m.) GSTM injections increases slowly
[53] compared with treatment using silver and mercury
[54], which may also explain the delayed development of
high AFA titres.

The autoimmune murine syndrome induced by mercury,
silver and gold in H-2As mice also differed with regard
to immunopathology. While mercury treatment of H-2As

strains induces extensive immune-complex deposits domi-

Table 2. Renal mesangial immune deposits in gold-treated mice and controls after 12 weeks.

Strain

TM GSTM

H-2 No.a IgGb IgMb C3cb No.a IgGb IgMb C3cb

A.SW s 6 27 � 8 640 � 0 160 � 0 6 20 � 14 1280 � 0c 747 � 107c

A.TH t2 6 13 � 8 400 � 80 240 � 36 6 13 � 8 667 � 204 320 � 72

A.TL t1 7 11 � 7 640 � 171 320 � 60 9 49 � 23 604 � 99 204 � 30

aNumber of animals examined. bReciprocal titre � s.e.m. cP < 0·05 significantly different compared with animals given TM (Mann–Whitney U-test).

TM, treatment with a weekly intramuscular (i.m.) injection of 10·6 mg sodium thiomaleate/kg bw. GSTM, treatment with a weekly i.m. injection of

22·5 mg sodium aurothiomaleate/kg bw. GSTM: natrium aurothiomaleate.

Table 3. The fraction and total number of splenocytes with B and T cell markers in gold-treated mice and controls after 12 weeks.

Strain Treatment No.

No. spleen

cellsa

B220

(%) B220a

CD3

(%) CD3a

CD4

(%) CD4a

CD8

(%) CD8a

A.SW TM 4 68 � 0·82 27 � 2·8 14·9 � 1·4 32 � 1·5 16·8 � 0·8 23 � 1·7 12·1 � 0·9 9 � 0·5 4·9 � 0·2

GSTM 4 102 � 8·2b 27 � 2·3 22·1 � 2·9 22 � 2·4b 17·3 � 1·8 16 � 1·3b 12·9 � 1·4 8·0 � 0·9 5·9 � 0·8

A.TL TM 4 58 � 5·7 25 � 0·6 11·4 � 1·5 23 � 3·0 10·1 � 1·8 15 � 2·0 6·7 � 1·3 8·0 � 0·9 3·4 � 0·6

GSTM 4 69 � 9·9 24 � 1·1 13·3 � 2·3 17 � 1·5 9·4 � 2·0 11 � 1·8 6·1 � 1·8 7·0 � 0·8 3·9 � 0·9

aNumbers are mean � SEM (¥ 106). bP < 0·05 significantly different from mice treated with TM (Mann–Whitney U-test). TM, treatment with a

weekly intramuscular (i.m.) injection of 10·6 mg sodium thiomaleate/kg bw. Natrium aurothiomaleate (GSTM), treatment with a weekly i.m. injection

of 22·5 mg sodium aurothiomaleate/kg bw.

Table 4. Fraction of cytoplasmic Ig-positive splenocytes in mice treated with gold and controls after 12 weeks.

Strain Treatment

No. of pos. cIg/2 ¥ 105 splenocytes

No. IgG1a IgG2a IgG2b IgG3 IgM IgE

A.SW TM 4 3·5 � 1·0 3·0 � 0·7 3·5 � 0·6 9·5 � 1·0 132 � 5·6 0·3 � 0·3

GSTM 4 14 � 2·4b 46 � 5·5b 7·3 � 1·5 48 � 5·2b 328 � 17b 0·5 � 0·3

A.TL TM 4 0·8 � 0·3 0·5 � 0·3 0·8 � 0·3 11 � 1·3 100 � 2·5 0·5 � 0·3

GSTM 4 1·5 � 0·3 0·3 � 0·3 1·8 � 0·3 6·5 � 1·0 100 � 4·1 0·3 � 0·3

aNumbers are mean � s.e.m. bP < 0·05 significantly different from mice treated with TM (Mann-Whiney U-test). TM, treatment with a weekly

intramuscular (i.m.) injection of 10·6 mg sodium thiomaleate/kg bw. Natrium aurothiomaleate (GSTM), treatment with a weekly i.m. injection of

22·5 mg sodium aurothiomaleate/kg bw.
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nated by IgG and C3c in the glomerular mesangium, as well
as systemically in vessel walls [39,55], gold-treated H-2As

strains showed only a slight increase of IgM and C3c deposits
in the mesangium. The lack of increased mesangial and
vessel wall IgG deposits in gold-treated H-2As mice is in
agreement with findings in silver-treated H-2As mice
[44,55]. Schuhmann et al. [35] reported focal mesangial IgG
deposits and occasional deposits of IgG in the capillaries and
blood vessels after 8 weeks’ gold treatment in ANoA resistant
H-2b and H-2d mice (C57BL/6 J and DBA/2, respectively).
This does not constitute the type of immune deposits seen in
H-2As mice after mercury treatment [39,55], and we are not
aware of any other study which has examined gold-treated
H-2As mice in this respect.

Another feature of the mercury- and silver-induced
autoimmune syndrome in H-2As mice is lymphoprolifera-
tion including T as well as B cells, accompanied by a sub-
stantial increase in the number of Ig-producing cells and
serum immunoglobulin levels [46,47,50]. In gold-treated
A.SW mice the number of splenocytes was increased sub-
stantially after 12 weeks, which resulted in an increased
number of B cells, although the fraction of B cells remained
constant. Due to the increase in total number of splenocytes
the total number of the different T cell subsets was preserved,
although the fraction of CD3+ and CD4+ cells declined. As we
examined the lymphocyte status after 12 weeks’ treatment
only, it cannot be excluded that an increase in T cells took
place at an earlier point in time, although 12 weeks’ treat-
ment resulted in the strongest AFA response. There may be
multiple explanations for the large increase in splenocytes
compared with the modest increase of the lymphocytes
assessed, mainly B220+ cells. As shown by the increase in cIg+

cells (present study), and the large increase of serum Igs
described in GSTM-treated A.SW mice [45], there must be
an increased number of plasma cells, which are B220– [56].
Other B cell subpopulations may also be B220–, for example
preplasma memory cells [57]. However, we cannot rule out
that increase in other, mononuclear non-lymphoid cell
populations make up for part of the large increase in the total
number of splenocytes.

The increased number of B cells in GSTM-treated A.SW
mice was also reflected in the increased number of
Ig-producing splenocytes of the IgM, IgG1, IgG2a and IgG3
isotypes, but not the IgG2b or IgE isotype. Therefore, the
increase of the different IgG isotypes included Th1- (IgG2a)
as well as Th2 (IgG1)-associated Ig isotypes, although the
increase in IgG2a-producing cells was 15-fold but only four-
fold for IgG1. Previous studies have shown an increase of
serum Ig in gold-treated brown Norway rats [29] and A.SW
mice [45]. The A.SW (H-2s) mice showed a six- and seven-
fold increase in IgM and IgG, respectively, in C57BL/6 J
(H-2b) mice a fourfold increase of IgM only, while there was
no increase of either IgG or IgM in the DBA/2 (H-2d) strain
[45]. Pietsch et al. observed a substantial increase of serum
IgE in A. SW mice after 6–8 weeks of GSTM treatment [45],

but we found no increase of IgE-producing splenocytes after
12 weeks’ treatment. While the serum Ig concentration is
dependent upon other factors in addition to the number of
Ig-producing cells such as catabolism of Igs, a rough corre-
lation is expected. Because splenocytes from mercury-
treated A.SW mice showed the previously reported [47]
increase in IgE-producing splenocytes (data not shown), we
are confident that the difference observed is not due to tech-
nical problems in identifying IgE-producing cells. However,
we studied the IgE-production after 12 weeks and Pietsch
et al. after 8 weeks, and as the IgE response after treatment
with mercury is strikingly transient, reaching a maximum
with a ‘window’ of only a single week and then returning to
a level close to the controls [45,46], a probable explanation is
that the increase in IgE observed by Pietsch et al. after
8 weeks’ gold treatment had disappeared 4 weeks later.

The lack of any significant splenic lymphoproliferation
including B cells and Ig-producing cells in A.TL mice com-
pared with A.SW mice indicates that this trait is localized to
the H-2 region, which is in accordance with the findings after
mercury treatment [46].

What are the implications of these observations with
regard to the use of GSTM as a disease-modifying anti-
rheumatic drug in humans? With regard to lymphoprolif-
eration, most in vitro studies have shown a direct
immunosuppressive effect of GSTM on T [18,19] and B [17]
cells. However, recent in vitro studies indicated that GSTM
may stimulate human peripheral blood lymphocytes
(PBMC) [14], and an in vivo study using PBMC from patients
treated with GSTM for 3 months showed an increased spon-
taneous production not only of IL-10 but also IL-6 and
interferon (IFN)-g [58]. Taken together, these reports indicate
a large individual variability in the immunological response
to GSTM, similar to the variations observed in therapeutic
and adverse effects [59].The adverse immunological effects of
GSTM are linked to certain MHC haplotypes [26–28,60], but
also to non-MHC genes causing slow sulphoxidizer status
[61]. The importance of MHC for adverse effects to develop
in humans treated with GSTM concurs with the present
observation that a mouse strain with a certain H-2 haplotype
(A.TL) showed neither lymphoproliferation nor autoanti-
bodies (AFA), while a non-H-2 congenic strain with another
H-2 haplotype (A.SW) showed both (present study). The
present study therefore confirms the observation in humans
of GSTM as an immunologically potent substance, and rein-
forces the importance of genetic factors, especially MHC, in
regulating susceptibility.

The dose used in the present study was 22·5 mg/kg
bw/week, allowing a direct comparison with the doses used
in previous experimental studies on gold-induced autoim-
munity in mice: 22·5 mg/kg bw/week [35] and 10 mg/kg
bw/week [33]. While the efficient dose of GSTM used in
anti-rheumatic therapy may vary, weekly doses up to 200 mg
(approximately 2·8 mg/kg bw) have been advocated [59].
The currently recommended weekly maintenance dose is
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50 mg, which is approximately 0·7 mg/kg bw. The several-
fold higher dose given to mice (present study) should have
caused a substantially higher concentration in the murine
organs compared with humans under treatment with
GSTM. The kinetics and accumulation of gold in organs
during GSTM treatment is highly dependent on genetic
factors, as shown by the differences between inbred strains of
mice [53], while there is no systematic study on the distri-
bution of gold in the tissues of humans under chronic treat-
ment with GSTM, let alone any correlation with the
genotype. This makes it difficult to compare the organ con-
centrations attained in humans and mice after a certain dose.
Furthermore, while adverse effects of GSTM have been
reported to increased with a higher dose (150 mg/kg
bw/week) compared with a lower dose (50 mg/kg bw/week)
[62], the influence of different genotypes has not been
studied.

In conclusion, we have shown that treatment with gold in
the form of GSTM, a disease-modifying anti-rheumatic
drug, induces autoantibodies reacting with the nucleolar
protein fibrillarin in genetically susceptible mice. This under-
lines the potential of GSTM to cause adverse immunological
effects, and its dependency on genotype, as observed in the
use of GSTM in humans. The MHC-dependent lymphopro-
liferation observed in the mice concurs with recent studies
indicating that GSTM may have an immunostimulating
effect in patients during the first 3 months of GSTM treat-
ment [58], although the genetic dependency of these reac-
tions has not been studied in humans.

Finally, our study underscores that gold is a potent inter-
actor with the immune system, which is also interesting in
view of the ability of gold ions to be liberated in substantial
quantities from metallic gold implanted in the body [63].
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