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Abstract
IFN-γ is essential for idiopathic and murine mercury-induced systemic autoimmunity (mHgIA),
and heterozygous IFN-γ+/− mice also exhibit reduced disease. This suggests that blocking specific
IFN-γ-related pathways that may only partially inhibit IFN-γ production or function will also
suppress autoimmunity. To test this hypothesis, mice deficient in genes regulating IFN-γ
expression (Casp1, Nlrp3, Il12a, Il12b, Stat4) or function (Ifngr1, Irf1) were examined for mHgIA
susceptibility. Absence of either Ifngr1 or Irf1 resulted in a striking reduction of disease, while
deficiency of genes promoting IFN-γ expression had modest to no effect. Furthermore, both Irf1–
and Ifng-deficiency only modestly reduced the expansion of CD44hi and CD44hiCD55lo CD4+ T
cells, indicating that they are not absolutely required for T cell activation. Thus, there is
substantial redundancy in genes that regulate IFN-γ expression in contrast to those that mediate
later signaling events. These findings have implications for the therapeutic targeting of IFN-γ
pathways in systemic autoimmunity.
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1. Introduction
The sole type II interferon, IFN-γ, is secreted predominantly by CD4+ and CD8+ T cells and
natural killer (NK) cells [1] and, to a lesser extent, by other cell types such as macrophages,
dendritic cells and B cells [2,3]. It exhibits a broad array of effects mediated by cell-specific
expression of over 300 IFN-γ-regulated genes [4,5], for which functional classification
encompasses inflammatory mediators, signaling molecules, transcriptional activators,
mediators of apoptosis and immune modulators [6]. The variety of cell types that possess the
IFN-γ receptor (IFN-γR) and the molecular events that constitute IFN-γ-dependent
signaling pathways have been described [2,7–9].

Notably, IFN-γ production by the CD4+ T helper 1 (Th1) subset promotes inflammatory
responses, clearance of intracellular pathogens and class-switching to IgG2a, IgG2b and
IgG3 [2,10], and is one of the main cytokines that distinguishes Th1 from other CD4+

subsets, including Th2, Th17, TFH and Treg cells [11]. Differentiation of CD4+ T cells to the
Th1 subset is driven primarily by IL-12 in the absence of IL-4 and TGF-β [11,12].
Subsequently, IFN-γ production in this subset is sustained by many factors, including IL-12,
IL-18, IL-27, and Stat4 [2,12,13].

Studies of lupus-prone strains have amply documented the importance of IFN-γ in systemic
autoimmunity [14]. RNA and protein measurements have repeatedly demonstrated increased
expression of IFN-γ in lupus-prone mice, including NZBWF1, BXSB and MRL-Faslpr mice
[15–17]. Furthermore, in NZBWF1 mice, administration of IFN-γ exacerbated lupus, while
IFN-γ blockade or deletion of the IFN-γ or IFN-γ receptor genes in lupus-prone strains
ameliorated disease, directly demonstrating the dependence of SLE pathogenesis on IFN-γ
[18–23]. In addition, knockout of T-box transcription factor TBX21 (T-bet), required for the
generation of Th1 cells, abrogated IFN-γ-mediated production of IgG2a as well as both
humoral and pathologic manifestations of lupus in MRL-Faslpr mice [24]. Interestingly,
hemizygous deletion of the IFN-γ gene in MRL-Faslpr mice was sufficient to significantly
reduce glomerular damage and increase survival, indicating a dose-dependent effect of IFN-
γ on disease expression [20]. A similar IFN-γ dose effect was also observed in murine
mercury-induced autoimmunity (mHgIA) [25].

MHgIA is a T cell-dependent systemic autoimmune disease associated with the production
of anti-nuclear autoAbs and immune complex-deposits. It is dependent on IFN-γ and
exacerbated by exogenous administration of this cytokine [25–27]. To more fully define the
characteristics of IFN-γ dependency in chemically-induced systemic autoimmunity, the
present study examined the role of genes that contribute to the production and function of
IFN-γ. Consistent with the dependence of mHgIA on IFN-γ, absence of the IFN-γ receptor
(Ifngr1) also inhibited mHgIA. Deficiency of genes that promote IFN-γ production,
including interleukin-12 (Il12), Stat4, caspase-1 (Casp1) and NLR family, pyrin domain
containing 3 (Nlrp3), however, had only minor, if any, effects. In contrast, lack of interferon
regulatory factor-1 (Irf1), a critical component in IFN-γ-mediated signaling [28],
significantly reduced mHgIA severity to a similar degree as Ifngr1 deficiency. Reduced
disease in Ifng– and Irf1-deficient mice, however, only modestly reduced the formation of
activated/memory CD4+ T cells, arguing that the requirement for IFN-γ in mHgIA occurs
subsequent to T cell activation. These studies demonstrate redundancy in genes involved in
the induction of IFN-γ production in chemically-induced systemic autoimmunity, whereas
Irf1, involved in the IFN-γ signaling pathway, contributes significantly to all aspects of
disease.
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2. Material and methods
2.1. Mice

C57BL/6 mice with targeted disruption of Ifng, Ifngr1, Il12a, Il12b, Stat4, and Irf1 were
obtained from The Jackson Laboratory (Bar Harbor, ME). C57BL/6-Nlrp3−/− mice were as
previously described [29]. Casp1-deficient mice were obtained from Lili Feng (The Scripps
Research Institute). C57BL/6 mice were from The Scripps Research Institute Animal
Facility. Breeding and maintenance were performed under specific-pathogen-free conditions
at The Scripps Research Institute Animal Facility (La Jolla, CA). Gene-deficient mice on the
B10.S-H2s/SgMcdJ background were produced as previously described [25,30]. Wildtype
and knockout genes were typed by PCR of genomic DNA using protocols described by The
Jackson Laboratory. All procedures were approved by The Scripps Research Institute
Institutional Animal Care and Use Committee.

2.2. Mercury exposure
Mice were injected subcutaneously twice per week for 4 weeks with 40 ug HgCl2
(Mallinckrodt Baker Inc, Phillipsburg NJ) in PBS as previously described [25], unless noted
otherwise. Controls received PBS alone. Use of mercuric chloride was approved by The
Scripps Research Institute Department of Environmental Health and Safety.

2.3. Serology
Serum IgG, IgG1, and IgG2a levels were quantified by ELISA as previously described
[27,30].

Anti-nuclear antibodies (ANA) were detected as previously described [27,30] using HEp-2
cell slides (Bion Enterprises, Park Ridge, IL or INOVA Diagnostics, San Diego, CA) and
goat anti-mouse IgG-FITC (Invitrogen Corporation, Grand Island, NY). Immunofluorescent
staining of the nucleus was identified as either nucleolar (ANoA) or other nuclear structures
(ANA) and the intensity of fluorescence recorded on a scale of 0–4. Fluorescence intensities
of 1, which indicates a clearly discernable staining pattern, or greater were called positive.
Sera were scored by an experienced observer (K.M.P.) blinded to the identity of the
samples. Anti-chromatin antibodies were detected by ELISA as previously described [27,31]
with HRP-conjugated goat anti-mouse IgG (Caltag Laboratories, South San Francisco, CA)
diluted 2000 fold. Anti-chromatin monoclonal antibody 1D12 [32] was used as positive
control. Serum levels of B cell activating factor (BAFF) were determined by ELISA (R&D
Systems, Minneapolis, MN) according to the manufacturer’s instructions.

2.4. Immunopathology
Sections of kidney were prepared and stained for direct immunofluorescence as previously
described [25] using serial dilutions of FITC-conjugated goat antibodies to IgG (gamma
chain specific) and C3 (Southern Biotechnology Associates, Birmingham, AL). The end-
point titer of the glomerular immune deposits was defined as the highest dilution of antibody
at which specific fluorescence could be detected. A score of 0 was recorded when no
specific fluorescence was detected at a dilution of 1/40. The slides were examined by an
experienced pathologist (P.H.) without knowledge of treatment or other results.

2.5. Flow cytometry
Flow cytometry was performed as previously described [27,33] with the following
antibodies: FITC-conjugated anti-CD44 (IM7, Pharmingen, San Diego, CA); PerCP-
conjugated anti-CD4 (RM4-5, eBioscience, San Diego, CA); PE-conjugated anti-CD55
(RIKO-5, Pharmingen); APC-conjugated anti-CD3ε (145-2C11, Pharmingen); APC-
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conjugated anti-CD62L (MEL-14, eBioscience); APC-conjugated anti-CD25 (PC61,
Pharmingen); biotinylated anti-CD69 (H1.2F3, Pharmingen) and APC-conjugated
streptavidin (eBioscience). Fluorescence analysis was done using a dual laser FACSCalibur
flow cytometer with CELLQuest Pro software (BD biosciences, San Jose, CA). Dead cells
were excluded on the basis of forward and side light scatter.

2.6. Statistics
Unless otherwise noted, all data is expressed as mean and standard error. Statistical analysis
was done using GraphPad Software, San Diego, CA. Mann–Whitney U test was used for
comparisons between PBS and HgCl2 exposed groups. Analysis of variance (ANOVA) was
used for comparisons between wildtype, heterozygous and homozygous mice. P < 0.05 was
considered significant.

3. Results
3.1. Effects of Casp1 deficiency on mHgIA

The previous finding that heterozygous-deficiency of IFN-γ reduced the severity of mHgIA
[25] suggested that genes influencing the expression of IFN-γ would also affect the
development of mHgIA. We therefore investigated whether deficiency of genes known to
promote IFN-γ production, including Casp1, Nlrp3, IL-12a (Il12a, p35), IL-12b (IL-12b,
p40) and signal transducer and activator of transcription 4 (Stat4), could reduce
susceptibility to mHgIA.

Caspase 1, which cleaves promolecules of IL-1 and IL-18 to their bioactive forms and,
through activation of IL-18, promotes IFN-γ production [34] was examined first. In both
wildtype (wt) and heterozygous (Casp1+/−) littermates, exposure to mercury induced
increases in total IgG with elevations in both IgG1 and IgG2a subclasses (Table 1). In
contrast, Casp1−/− mice developed elevations in serum IgG and IgG1, but not IgG2a,
following mercury exposure, consistent with reduced IFN-γ. Mercury-induced ANoA and
ANA, however, were found in all groups (Table 1), and the staining intensities were similar
(Fig. 1). Anti-chromatin antibodies were also substantially elevated in all mercury-exposed
groups compared with PBS-treated mice, but were not significantly different among the
three genotypes (Table 1).

Mercury exposure resulted in significant glomerular deposits of IgG and C3 in wt, Casp1+/−

and Casp1−/− mice (Table 1). However, heterozygous and homozygous deficiency of Casp1
resulted in a progressive reduction in glomerular deposits of IgG and C3 that were
significantly less in Casp1-deficient than in wt mice. Taken together, the absence of Casp1
resulted in a reduction in immune complex deposits, but no detectable effects on
autoantibody production.

3.2. Effects of Nlrp3 deficiency on mHgIA
Activation of caspase-1 is achieved by cleavage of its pro-form by the inflammasome, a
macromolecular complex that includes NLRP3 [35]. Lack of NLRP3 has been shown to
reduce Th1 differentiation and IFN-γ expression in autoimmunity [36,37]. To determine if
the NLRP3 inflammasome is required for mHgIA, C57BL/6-Nlrp3−/− mice were exposed to
HgCl2 for 4 weeks (Fig. 2). Compared with wildtype C57BL/6 mice, Nlrp3–deficient mice
had elevated total IgG (Fig. 2A) and increased anti-chromatin autoantiAbs (Fig. 2C)
following HgCl2 exposure. Serum IgG1, IgG2a and ANA in mercury-exposed C57BL/6 and
C57BL/6-Nlrp3−/− mice were not different. These observations show that the NLRP3
inflammasome is not required for autoAb production, supporting the findings with Casp1-
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deficient mice, but also suggest NLRP3 partially suppresses the induction of IgG and anti-
chromatin by mercury.

3.3. Effects of IL-12 deficiency on mHgIA
The heterodimeric IL-12p70, consisting of p35 and p40 subunits encoded by Il12a and
IL12b, signals through the IL-12R and then Stat4 to induce the production of IFN-γ by NK
and T cells, and in CD4+ T cells promote the differentiation of Th1 cells [38,39]. To
determine the role of IL-12 in mHgIA, B10.S mice deficient for either Il12a or Il12b genes
were exposed to HgCl2 for 4 weeks. Il12a–deficient mice do not express IL-12p70, but can
express IL-12p40 and the homodimeric IL-12p80, which may have IL-12 agonist and
antagonist activity [40]. When compared with PBS controls, mercury exposure significantly
increased total IgG and the IgG2a and IgG1 subclasses in wt and Il12a+/−, but not in Il12a−/−

(Table 1). Furthermore, when comparing the mercury-exposed groups, levels of IgG1 in
both Il12a+/− and Il12−/− mice were lower than in wt littermates. Nevertheless, Il12a+/− and
Il12a−/− mice developed ANoA and ANA with frequencies and elevated levels that were not
significantly different from wt mice (Table 1, Fig. 1). Anti-chromatin Abs in homozygous
Il12a-knockout mice, however, were elevated above PBS controls, but lower than wt mice.
Despite this, significant glomerular IgG and C3 deposits were observed in all groups.
However, in contrast to wt and heterozygous mice, which had greater intensity of both IgG
and C3 compared to PBS controls, Il12a−/− mice had significant increases in IgG deposits
and not C3, but this was because PBS-treated controls developed significant deposits of C3
(Table 1). Thus, the effects of IL-12p35-deficiency on HgIA were limited to partially
reducing the severity of antibody production in mHgIA.

Mice deficient in Il12b lack not only IL-12p70, IL-12p40, and IL-12p80, but also IL-23
[40]. When wt, Il12b+/−, and Il12b−/− mice were exposed to mercury, IgG levels among the
three groups exhibited substantial variability, however, while the characteristic increase in
IgG1 was observed in wt and Il12+/− mice, in Il12b−/− littermates this did not reach
statistical significance because of higher levels of IgG1 in the PBS-treated Il12b−/− controls.
However, there were no significant differences in the ANoA and ANA or intensity of
fluorescence among the three genotypes (Table 1, Fig. 1). All three groups produced levels
of anti-chromatin Abs that were significantly higher than corresponding PBS controls.
Mercury exposure resulted in significant glomerular deposits of IgG in all groups compared
with PBS controls that were similar in severity (Table 1). Collectively, despite the lack of
both IL-12 and IL-23, deletion of IL-12p40 had no effect on mHgIA.

3.4. Effects of Stat4 deficiency on mHgIA
Stat4 transduces IL-12 signaling in T cells, leading to Th1 differentiation and IFN-γ
production, but can also be activated by IL-23, IL-27, type I IFN and other cytokines
[38,41]. Although this suggested that Stat4 deficiency would have a significant effect on
HgIA, when Stat4+/− and Stat4−/− mice were exposed to mercury increased IgG1 was
observed, and levels of total IgG, IgG1 and IgG2a were similar to those in wt mice given
mercury (Table 1). Mercury-induced ANoA, ANA, anti-chromatin Ab levels and glomerular
deposits were also not affected by the absence of Stat4 (Table 1, Fig. 1). Collectively, the
data indicate that mHgIA is not dependent on Stat4.

3.5. MHgIA is reduced in IFN-γ receptor (Ifngr1) knockout mice
To confirm the dependence of mHgIA on IFN-γ [25], B10.S mice with a targeted disruption
of IFN-γR, the sole receptor for IFN-γ, were examined. Consistent with deficiency of IFN-
γ signaling, Ifngr1−/− mice exposed to mercury failed to develop elevations in serum IgG or
IgG2a, yet exhibited increased levels of IgG1 (Table 2). Importantly, mercury-induced IgG
ANoA was present in only two of eight Ifngr1−/− mice in contrast to all of the wt (8/8) and
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heterozygous (8/8) mice (p = 0.007, Table 2), and the intensity of nucleolar staining was
significantly reduced (Fig. 3). Mercury exposure also induced IgG ANA in a similar fraction
of mice irrespective of their genotype, but the intensity of ANA fluorescence in Ifngr1−/−

mice was significantly reduced compared to wt (Fig. 3). Accordingly, although anti-
chromatin Abs were significantly elevated in all three mercury-exposed genotypes compared
with corresponding PBS controls, levels were significantly lower in Ifngr1-deficient mice
(Table 2). Strikingly, however, despite the production of autoAbs, Ifngr1−/− mice had
essentially no glomerular deposits of IgG or C3 after mercury exposure (Table 2). These
observations demonstrate a significant, but not absolute, requirement for IFN-γR signaling
in the humoral and immunopathological aspects of mHgIA.

3.6. Interferon regulatory factor 1 (Irf1) deficiency dramatically reduces mHgIA
To begin to define the IFN-γ signaling pathways critical for mHgIA, we examined the role
of Irf1, which functions as a transcription factor for a variety of immunologically important
target genes [28]. Irf1-deficient mice given PBS alone had lower levels of total IgG and
IgG2a than wt and Irf1+/− mice and, after exposure to mercury, showed no significant
increase in total IgG or IgG1 or IgG2a subclasses (Table 2). In contrast, Irf1+/− littermates
had the expected increases in IgG, IgG1 and IgG2a following mercury exposure, similar to
wt mice (Table 2). AutoAbs were significantly reduced with Irf1 deficiency, and notably
none of the Irf1−/− mice developed ANoA (Table 2). ANAs were also affected, but to a
lesser degree, with significantly less intensity of ANA staining in both heterozygous and
homozygous Irf1 knockout mice, but with over half of Irf1−/− and Irf1+/− mice developing
ANAs (Table 2, Fig. 3). Correspondingly, anti-chromatin Ab levels were elevated in all
mercury-treated groups except wt > Irf+/− > Irf1−/− mice, suggestive of a gene dosage effect.

In accordance with the serological findings, mercury exposure resulted in virtually no
deposits of IgG or C3 in Irf1−/− kidneys, while heterozygous mice had deposits of IgG, but
not C3 (Table 2). Thus, absence of Irf1 significantly reduces major humoral and
immunopathological measures of mHgIA to a similar extent as deficiency in IFN-γR.

3.7. Serum BAFF in the absence of IFN-γ and IRF-1
Another gene induced by IFN-γ is B cell activating factor (BAFF) [42]. BAFF plays an
essential role in B cell survival, homeostasis and self-tolerance [43] and has been reported to
be elevated in after mercury exposure [44] and idiopathic autoimmunity [45]. To determine
if BAFF expression in mHgIA is dependent on IFN-γ, BAFF levels were examined in
Ifng−/− and Irf1−/− mice exposed to HgCl2. In wt mice, exposure to mercury did not affect
BAFF levels but, in sharp contrast, significantly lowered BAFF concentrations in Ifng−/−

mice (Fig. 4). Interestingly, serum BAFF levels in Irf1−/− mice were lower than wt when
comparing the PBS- and mercury-exposed groups, suggesting a modest role for IRF-1 in
BAFF production (Fig. 4). Thus, while absence of IFN-γ or Irf1 had minor effects on BAFF
levels, HgCl2 exposure did not increase BAFF expression in the B10.S background.

3.8. T cell activation in the absence of IFN-γ and IRF-1
T cell activation is essential for mHgIA [30,33] and is associated with a reduction of CD55
(decay accelerating factor 1), which promotes cytokine production, including IFN-γ [27,33].
To determine if inhibition of mHgIA in IFN-γ- and IRF-1-deficient mice could be caused by
impaired mercury-induced T cell activation or CD55 downregulation, the expression levels
of CD44 (activation/effector subset marker) and CD55 were assessed on splenic CD4+ T
cells from wt, Ifng−/−, and Irf1−/− mice treated with HgCl2 for 4 weeks (Fig. 5). Mercury
exposure increased the percentages of CD44hi, CD55lo and CD44hiCD55lo subsets of CD4+

T cells compared with PBS controls in all three genotypes (Table 3). However, the increases
of CD44hi and CD44hiCD55lo CD4+ T cells in Irf1−/− and Ifng−/− mice were less than wt.

Pollard et al. Page 6

J Autoimmun. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CD55lo CD4+ T cells showed no difference in wt and Irf1−/− and Ifng−/− mice, but were
increased in Irf1−/− compared to Ifng−/− mice. These results show that T cell activation is
augmented by, but not solely dependent upon, IFN-γ in mHgIA.

4. Discussion
In this study, we used gene knockout mice to define the role of several IFN-γ pathways in
the pathophysiology of mHgIA. First, we found that genes that promote IFN-γ expression,
including Casp1, Nlrp3, Il12a, Il12b and Stat4, were not absolutely required for the
development of mHgIA, although a modest reduction in certain disease manifestations were
evident in Casp1−/− and Il12a−/− mice. Second, mHgIA was dependent on the IFN-γR and
this primarily affected the production of ANoAs. Third, mHgIA was dramatically reduced in
the absence of one of the main IFN-induced genes, IRF-1. These findings provide new
insights into the role of IFN-γ promoting and signaling molecules in mHgIA.

Of the IFN-γ-promoting genes, caspase-1 (also known as IL-1β converting enzyme or ICE)
cleaves and activates precursor forms of IL-1β and IL-18 following its activation by
inflammasomes, leading to inflammation and enhanced IFN-γ production [35]. In the case
of IL-18, induction of IFN-γ production by activated T cells occurs in synergy with IL-12
[46]. Casp1 is not required for type 1 diabetes [47], but its inhibition does attenuate EAE
[37]. A role for IL-18 is lupus is unclear, with one study reporting that IL-18 receptor
signaling is not required [48] while others report that exogenous IL-18 exacerbates disease
[49] and that IL-18 cDNA vaccination reduces IFN-γ and disease severity [50]. The other
main target of caspase 1, IL-1β, is elevated in idiopathic murine lupus [17], but it is not
known if this plays a significant role in disease. Deficiency of IL-1β does, however,
ameloriate the lupus-like disease produced by injection of the anti-DNA idiotype 16/6Id
[51]. The requirement for IL-1 or IL-18 in mHgIA has not been directly examined, but
HgCl2 does stimulate IL-1 production [52] and IL-1 is required for ex vivo mercury-induced
T cell proliferation [53]. In the present study, absence of Casp1 had a moderate impact on
the severity of immune deposits, suggesting that caspase-1 cleavage of IL-1β and/or IL-18
might influence pathology, but not humoral autoimmunity. Moreover, the latter is supported
by our studies showing that Nlrp3-deficient C57BL/6 mice developed mercury-induced
hyper-gammaglobulinemia and autoAbs. Given the importance of Casp1 and Nlrp3 to
immune responses [35] it will be important for future studies to determine if either
contributes to disease in idiopathic models of lupus.

IL-12, a heterodimeric cytokine composed of two subunits encoded by Il12a (IL-12p35) and
Il12b (IL-12p40) [13], signals through Stat4 to induce IFN-γ in NK and T cells [54].
Absence of IL-12p35 has been shown to reduce proteinuria, nephritis and autoAbs to
ribonucleoprotein antigens, but not DNA and chromatin in pristane-induced lupus [55],
while lack of IL-12p40 delayed nephritis and reduced systemic pathology in lupus-prone
MRL-Faslpr mice without effect on autoAbs [56]. Our results showed that lack of either
IL-12 subunits had only modest, if any, effects on disease, with reduction of anti-chromatin
only with Il12a-, not Il12b, deficiencies. This difference might have been due to the absence
of IL-35 in mice lacking Il12a, an essential subunit of this immunoregulatory cytokine [57],
or possibly homodimers of IL-12p40 (IL-12p80) that signal through NF-κB/p38 MAPK
rather than Stat4 [40]. It should also be noted that the p40 subunit (Il12b) is required not
only for IL-12, but also IL-23. Therefore, our finding that Il12b deficiency does not reduce
mHgIA indicates that IL-23 is not required.

Stat4 is a transcription factor that transduces IL-12, IL-23 and type 1 interferon cytokine
signals in T cells and monocytes, leading to Th1 and Th17 differentiation and monocyte
activation [38]. Stat4 is required for several organ-specific autoimmune diseases, including
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EAE and diabetes [58], however its role is systemic autoimmunity is ambiguous. Absence of
Stat4 did not affect disease development in MRL-Faslpr mice [59], but reduced disease in
B6. TC mice, a congenic derivative of lupus-prone NZM2410 mice [60]. Other studies using
the NZM strains 2410 and 2328 found that Stat4 deficiency resulted in accelerated nephritis
and increased mortality [61,62]. These studies suggest that genetic background influences
disease phenotype in Stat4- deficient mice and will require further study to identify the
controlling factors. In this study the failure of Stat4 deficiency to impact severity of mHgIA
further supports our argument that IL-12 and IL-23 are not required for mHgIA.

The requirement for IFN-γ regulated gene expression in the development of mHgIA could
involve scores of genes [4,5], which is beyond the scope of the present study. However, one
potential candidate is B cell activating factor (BAFF). BAFF is induced by IFN-γ [42] and
can itself directly act on T cells to further stimulate IFN-γ production, thereby creating an
inflammatory loop shown to exacerbate autoimmunity [63]. Significantly, BAFF was also
reported to be elevated in a model of mHgIA using A.SW mice [44], but when we exposed
B10.S mice to mercury, we detected no significant increase in BAFF levels. The reason for
this discrepancy might be differences in the mouse strain or the HgCl2 exposure protocol (30
µgs on days 0, 2, and 4 versus 40 ug twice weekly for 4 wks), but our finding nevertheless
suggests that mHgIA is not dependent on the induction of excess BAFF. We also observed
that BAFF levels in IFN-γ-deficient mice were lower after mercury exposure, which could
be a consequence of the competing activities of IFN-γ and IL-4 that respectively promote or
inhibit BAFF expression [42], while IL-4 induced by HgCl2 [25,64,65] inhibits BAFF
expression to a greater degree in the absence of IFN-γ.

Our observation that deficiency of Irf1, which is induced by IFN-γ, leads to reduction in all
aspects of disease suggests that it might mediate a significant portion of the mHgIA-
promoting activity of IFN-γ. Indeed, Irf1 regulates a large number of genes critical for
innate and adaptive immunity, including several involved in antigen presentation and
cytokine production [66]. Irf1 was also shown to contribute to spontaneous systemic
autoimmunity in lupus-prone MRL-Faslpr mice [67] and several organ-specific autoimmune
diseases, including type 1 diabetes mellitus [68], autoimmune prostatitis [69] and
experimental autoimmune encephalomyelitis [70].

IFN-γ is produced by cells of the innate and adaptive immune systems [1], but it is unclear
which IFN-γ+ cells are essential for mHgIA. Both T cells [71] and T cell costimulation [30]
are required for mHgIA. Activated/memory (CD44hi) CD4+ T cells in mHgIA have reduced
expression of CD55 [33]. Increased CD44hi, CD55lo and CD44hiCD55lo CD4+ cells were
found in both mercury-exposed Irf1−/− and Ifng−/− mice, and any differences between
mercury-treated mice were modest. This finding demonstrates that absence of IFN-γ and
IFN-γ regulated gene expression does not suppress mercury-induced CD4+ T cell activation
and argues that IFN-γ production by innate immune cells is not required for T cell
activation in mHgIA.

The reduction in IFN-γ expression necessary to ameliorate mHgIA is unknown. IFN-γ
deficiency dramatically reduces mHgIA and heterozygous IFN-γ mice have significantly
reduced disease [25] suggesting that IFN-γ needs to be below endogenous levels to impact
disease. This is supported by studies with β2-microglobulin deficient mice which lack the
increase in IFN-γ necessary for full expression of disease but still have features of disease
with levels of IFN-γ no different than PBS controls [65]. Basal IFN-γ may be sufficient for
disease expression because IL-1α is known to enhance the expression of IFN-γ dependent
genes including Irf1 via NF-κB activation [72]. In vitro studies demonstrate that mercury-
induced T cell proliferation requires IL-1α [53] and IL-1α can promote Th1 differentiation
[73]. It is therefore possible that mercury-induced IL-1α leads to T cell activation, including
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Th1 differentiation, IFN-γ production and Ifr1 expression. This can be examined by
determining if the presence of IFN-γ+ CD4+ T cells in mHgIA requires IL-1α. This scenario
also predicts that IL-1α deficiency should ameliorate mHgIA.

5. Conclusion
In summary, we dissected pathways related to the mHgIA-promoting IFN-γ, a cytokine
required for idiopathic lupus in mouse models, and documented that genes that promote
IFN-γ are not required for disease development, whereas crucial steps included the
interaction of IFN-γ with its receptor, and also IFN-γ-induced Irf1. These results suggest
that targeting of the pathways involved in the induction of IFN-γ may be less effective than
those mediating function.
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Fig. 1.
Mercury-induced ANoA and ANA are not reduced in Casp1–, Stat4–, Il12a– or Il12b–
deficient mice. Three genotypes of mice, wildtype (+/+), heterozygous knockout (+/−), and
homozygous knockout (−/−) for each gene, received subcutaneous injections of PBS or
HgCl2 (40 µgs) in PBS twice/week for 4 weeks before serum was collected and assayed for
autoantibodies as described in Materials and Methods. N = 8–9/genotype. Results are
expressed as mean ± 1 SEM of fluorescence intensity at a serum dilution of 1/100. Only
results for HgCl2-treated mice are shown. Fluorescence intensity of ANoA for all PBS
treated mice was 0. Fluorescence intensity of ANA for PBS-treated Casp1−/− mice was 0.06
± 0.18. Fluorescence intensity of ANA for all PBS-treated IL-12p35 mice was 0.
Fluorescence intensity of ANA for PBS-treated IL-12p40 mice was 0.06 ± 0.18 for wildtype
and heterozygous mice. Fluorescence intensity of ANA for PBS-treated Stat4 mice was 0.06
± 0.18 for wildtype and 0.25 ± 0.46 for heterozygous mice.
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Fig. 2.
Mercury-induced autoimmunity is not reduced in Nlrp3 deficient mice. Mice received
subcutaneous injections of HgCl2 (40 µgs) in PBS twice/week for 4 weeks before serum was
collected and assayed for immunoglobulins (A), ANA (B) and anti-chromatin antibodies (C)
as described in Materials and Methods. N = 9/group. Results are shown for individual mice
together with mean ± 1 SEM. Only results for HgCl2-treated mice are shown.
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Fig. 3.
Mercury-induced ANoA and ANA are reduced in Ifngr1– and Irf1–deficient mice. Three
genotypes of mice, wild-type (+/+), heterozygous knockout (+/−), and homozygous
knockout (−/−) for each gene, received subcutaneous injections of PBS (open circles) or
HgCl2 (40 µgs) in PBS (closed circles) twice/week for 4 weeks before serum was collected
and assayed for autoantibodies as described in Materials and Methods. N = 8/genotype.
Results are expressed as mean ± 1 SEM of fluorescence intensity at a serum dilution of
1/100. Only results for HgCl2-treated mice are shown. Fluorescence intensity of ANoA for
all PBS-treated mice was 0. Fluorescence intensity of ANA for PBS-treated IFN-γR mice
was 0 except for Ifnar−/−, which was 0.06 ± 0.18. Fluorescence intensity of ANA for PBS-
treated IRF-1 mice was 0.06 ± 0.18 for wildtype, heterozygous and homozygous mice.
Columns are as identified in Fig. 1.
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Fig. 4.
Mercury exposure does not increase serum BAFF in wt, Ifng−/− or Irf1−/− mice. Groups of
wt, Ifng−/− and Irf1−/− mice received subcutaneous injections of PBS (open circles) or HgCl2
(40 µgs) in PBS (closed circles) twice/week for 4 weeks before serum was collected and
assayed for BAFF as described in Materials and Methods. Results are expressed as mean ± 1
SEM.
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Fig. 5.
Representative density plot profiles of CD55 and CD44 expression on CD4± T cells in
HgCl2 and PBS treated mice. B10. S mice received twice per week subcutaneous (s.c.)
injections of HgCl2 for 4 weeks. Control mice received s.c. injections of PBS. Mice were
killed and single-cell suspensions of splenocytes were prepared for flow cytometry analysis
as described in material and methods. A) Gated CD3±CD4± cells, B) CD44hi gate on
CD3±CD4± cells, C) CD55lo gate on CD3±CD4± cells, and D) CD44hi, CD55lo gate on
CD3±CD4± cells.
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