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ABSTRACT 

TIM-3 AND CELL DEATH IN MURINE MERCURY INDUCED AUTOIMMUNITY 

Michael Schiraldi 

Doctor of Philosophy 

Temple University, 2011 

 Doctoral Advisory Committee Chair: Marc Monestier, MD, PhD 

 

 There is a role for environmental factors in the pathogenesis of autoimmune 

diseases in humans and animals.  Correlations have been made between mercury (Hg) 

exposure and the prevalence human autoimmune diseases.  The rodent model of Hg-

induced autoimmunity is useful for the analysis of systemic autoimmunity that is both 

environmentally and genetically modulated.  In susceptible mice, Hg treatment induces 

both polyclonal activation of B cells, as well as the production of highly specific 

autoantibodies targeting the nucleolar protein fibrillarin. 

Tim proteins are a family of immune cell surface molecules that have been 

implicated in modulation of autoimmune diseases in both humans and animals.  Tim-3, 

originally reported as a Th1 specific molecule, is expressed on T cells of various subsets, 

as well as antigen presenting cells and granulocytes.  Tim-3 and its known ligand 

galectin-9 play a role in the down-regulation of immune responses, including 

experimental autoimmune encephalomyelitis and autoimmune conjunctivitis. 

 Tim-3-Ig fusion protein, as well as blocking and stimulating anti-Tim-3 

antibodies, were employed in vivo to modulate the Tim-3-galectin-9 pathway during Hg-

induced autoimmunity.  Results have shown an increase in Th1 manifestations and 

decrease in Th2 manifestations when the pathway is inhibited by Tim-3-Ig.  Blockade of 

the pathway using a Tim-3 directed antibody resulted in an increase of all disease 
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manifestations, including Th2-driven IgE production; a stimulating antibody had the 

opposite effect on IgG and no effect on IgE.   

In addition to studying the regulation of Hg-induced autoimmunity, a goal of 

immunologists is to understand the genesis of this disease model.  Apoptosis, although 

anti-inflammatory, has been proposed as a source of autoantigen in autoimmune diseases.  

Interest in events occurring at the site of Hg injection has prompted us to perform in vitro 

studies of Hg-induced cell death.  Treatment of murine lung epithelial cells or Jurkat T 

cells with doses of Hg similar to those present at the injection site results in a death 

process that is morphologically and biochemically distinct from apoptosis.  We have 

observed peripheral movement of the nucleolar protein fibrillarin via confocal 

microscopic study of Hg-induced cell death.  As cells die, there is extrusion of fibrillarin 

from the nucleus and exposure at the cell surface.  Such cell death may allow recognition 

of fibrillarin by the immune system thereby promoting the formation of anti-nucleolar 

antibodies.   
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CHAPTER 1 

INTRODUCTION 

Since Hoffman reported the first case of drug-induced lupus in 1945 (Hoffman, 

1945), many small molecules, including pharmacologic agents and environmental toxins, 

have been implicated in the induction of autoimmune responses (immune reactions 

directed against self without associated symptoms) as well as clinical autoimmune 

disease.  Murine mercury-induced autoimmunity (HgIA) is the prototypic model of such 

manifestations, serving as a tool for the study of regulatory and pathogenic mechanisms 

of disease (Schiraldi, et al., 2009).  This work will review the relevance of small 

molecules to autoimmunity in humans and animals, with an emphasis on the heavy metal 

mercury.  Employing HgIA, the role of the immunomodulatory molecule T-cell-

immunoglobulin-and-mucin-domain-containing-molecule (Tim)-3 in chemically-induced 

autoimmunity will be examined.  The remainder of the dissertation will examine the role 

of cell death in the genesis of HgIA.    

 

Chemically-induced autoimmunity: an overview 

Over 80 therapeutic agents have been reported to cause drug-induced SLE 

(Vasoo, 2006).  Drug-induced immune hemolytic anemia (DIIHA) has been linked to use 

of non-steroidal anti-inflammatory drugs (NSAIDs), anti-malarial agents (quinine and 

quinidine), cephalosporins, penicillin and its derivatives as well as several other agents 

(Johnson, et al., 2007).  The chelating agent penicillamine can cause a disease clinically 

identical to myasthenia gravis (MG) in up to 0.5% of patients treated; this same agent 

results in pemphigus in another subset of patients.  Similarly, environmental agents such 
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as mercury, cigarette smoke, and pesticides have been linked to the induction of 

autoimmune processes ranging from subclinical autoantibody production to severe 

disease (Bigazzi, 1988).   

The immune system is generally regarded as a protection from disease-causing 

pathogens.  It is the system of organs, cells and cellular products responsible for 

distinguishing non-self molecules from self molecules and those belonging to commensal 

microbes and ridding the organism of non-self.  Non-self molecules include those 

belonging to bacteria, viruses as well as neoantigens on the surface of genetically 

aberrant cancer cells.  Autoimmunity results when tolerance for self is broken and a 

reaction directed against self ensues.  For example, in patients with SLE, antibodies 

directed against nuclear antigens are produced (anti-nuclear antibodies or ANA).  

Autoimmune disease occurs when such reactions to self result in clinically relevant signs 

and symptoms.   

 Autoimmune diseases are a heterogenous group including systemic responses 

(e.g. SLE) and tissue or organ specific reactions (e.g. multiple sclerosis).  These 

processes can be mediated by antibodies directed against specific self molecules 

(autoantigens), immune complexes as well as cell-mediated cytotoxicity.  Chemically-

induced autoimmunity (CIA) includes both system and tissue specific responses and can 

range from subclinical autoantibody formation to severe disease with manifestations 

similar to naturally-occurring autoimmunity.  Classically, remission of autoimmune 

manifestations upon withdrawal of the inciting agent is a requirement for the diagnosis of 

chemically-induced autoimmunity, but persistent manifestations in a subset of patients do 

occur.   
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Human Disease 

Drug-induced Lupus  

 Systemic Lupus Erythematosus (SLE) is a relatively common multisystem disease 

marked by the presence of ANA specific for various antigens including native DNA, and 

extensive inflammatory lesions.  Acute cases, although rare, may precipitate death within 

weeks to months, but more commonly the disease is characterized by flare-ups and 

remissions over years or decades with disease management.  A role for genetic 

predisposition is supported by many studies, but incomplete concordance amongst 

identical twins (as is the case with autoimmune disease in general) points to the 

multifactorial nature of this disease.   

Cigarette smoke is reported as a risk factor for SLE, but in both humans and 

rodents the agent decreases the manifestations of disease.  This apparent discrepancy is 

reconciled by a report that the immunosuppressive effects of cigarette smoke are abated 

with smoking cessation and such patients or animals reach autoantibody levels higher 

than still-smoking and non-smoking controls (Rubin, et al., 2005).  That smoking 

contributes to autoimmunity is supported by evidence that anti-elastin autoimmune 

responses occur in patients with smoking-induced emphysema (Lee, et al., 2007).  

 Drug-induced lupus (DIL) has been correlated with the use of over 80 

pharmacologic agents spanning at least ten major categories of drugs; the prototypic SLE 

inducing drugs are hydralazine and procainamide.  While these two drugs each induce 

lupus in 7-13% and 15-20% of patients taking them respectively, the many others 

reported to cause lupus do so at rates less than 1%.  Still, between 15,000 and 30,000 
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cases of DIL are estimated to occur each year in the United States.  Lupus-like signs such 

as fever, weight loss, fatigue, and musculoskeletal symptoms are present in about half of 

affected patients.  Hydralazine in particular is associated with skin rashes, but not the 

malar rashes typical of SLE.  Also in contrast to naturally occurring SLE, DIL rarely 

includes renal involvement.  The autoantibodies of naturally occurring SLE fix 

complement, while those produced in DIL do not.  DIL resolves within days to weeks of 

discontinuing the drug.  Serologic testing reveals ANA which target the histone-(H2A-

H2B)-DNA subnucleosome particle but not native DNA. In naturally occurring disease, 

native DNA may be targeted in addition to the subnucleosome (Vasoo, 2006;Rubin, 

2005;Borchers, et al., 2007).   

 Therapeutics known to cause DIL are diverse in molecular structure and 

pharmacodynamics, yet each results in the same clinical and laboratory features.  In most 

cases, months or years of continuous treatment with the inciting agent precede DIL; this 

point suggests a role for drug metabolism in these untoward effects.  Activated 

neutrophils oxidize all classes of lupus-inducing drugs by enzymatic action of 

myeloperoxidase (MPO).  Within each class there are chemical analogues of lupus-

inducing drugs which are not substrates for MPO (Rubin, et al., 1989).  Patients who are 

phenotypically rapid acetylators of hydralazine and procainamide are less likely to 

develop DIL because N-acetylation of these drugs competes with N-oxidation (Rubin, 

1994).   

 The formation of stable drug- or metabolite-self molecule complexes is one 

possible mechanism for breakage of tolerance to self.  Drugs may serve as haptens for 

drug-specific T cells (Goebel, et al., 1999) or non-covalent interactions with the T cell 
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receptor can promote activation (Engler, et al., 2004).  Activated T cells can augment 

autoimmune responses that may have remained subclinical prior to pharmacotherapy, or 

those arising de novo because of the drug.   The cytotoxicity of certain metabolites may 

also contribute to DIL; the metabolism by neutrophils of amodiaquine, carbamazapine, 

chlorpromazine, clozapine, hydralazine, isoniazid, procainamide, propylthiouracil, 

quinidine and sulfonamides yields cytotoxic agents (Rubin, 2005).  Experimental 

evidence is lacking in regard to connecting drug cytotoxicity to autoimmunity, but 

possible mechanisms include the production of cryptic T cell autoepitopes or release of 

nuclear antigens from dying cells capable of eliciting autoimmune responses.   

 Both procainamide and hydralazine can non-specifically activate splenocytes 

(Zhou, et al., 2008).  Inhibition of DNA methyltransferase by these agents results in 

hypomethylation of promoter sequences in T cells contributing to their activation; 

increased expression of lymphocyte function antigen-1 (LFA-1), a cell adhesion molecule 

is one example of this phenomenon.  Overexpression of LFA-1 will promote contact 

between T cells and antigen presenting cells (APCs) and may lead to activation by 

normally low-affinity interactions with TCR-self-antigen complexes (Cornacchia, et al., 

1988).  Lupus inducing drugs also induce hypomethylation of the CD70 promoter and 

subsequent overexpression.  Binding of CD70 to CD28 activates the immune system via 

NF-kB and MAPK8/JNK.  The same region is hypomethylated in patients with SLE (Lu, 

et al., 2005).  In both DIL and SLE, hypomethylation of the CD70 promoter is correlated 

with impaired T cell protein kinase C delta activation (Gorelik, et al., 2007).   

Intrathymic injection of procainamide results in anti-chromatin autoantibodies 

under experimental conditions, supporting a role for perturbations of central immune 
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tolerance in the onset of DIL (Kretz-Rommel, et al., 1999).  B cell receptor editing is 

essential for preventing maturing cells whose surface immunoglobulin targets 

autoantigen from entering the periphery.  A potential mechanism by which hydralazine 

induces lupus is disruption of this process, as suggested by Mazari et al (Mazari, et al., 

2007).  

 Research in the area of DIL is important for two clear reasons: the development of 

drugs without DIL inducing effects would be beneficial; and the recognition of this 

clinical entity has fueled decades of studies aimed at understanding not only immune 

system-environment interactions, but the mechanisms behind naturally occurring 

autoimmune diseases.   

 

Drug-induced Immune Hemolytic Anemia 

 Immune hemolytic anemias (IHA) are a group of disorders clinically suggested by 

recent onset hemolytic anemia. The onset of IHA is a relatively common form of 

chemically-induced autoimmunity.  Fulminant hemolysis with resultant death is rare, but 

many patients develop subclinical manifestations made evident only by a positive direct 

Coombs‟ test which detects binding of antibody to the red cell surface.  When a patient is 

found to develop a positive Coombs‟ test, it must be determined whether overt hemolysis 

is also present.  In such cases, the hemolysis is rapid and death may ensue (DeLoughery, 

1998).   

 The first confirmed report of drug induced-IHA (DIIHA) described a patient 

treated for schistosomiasis with stibophen in 1954 (Harris, 1956).  By 1975, the list of 

agents implicated in DIIHA included 22 pharmacologics as well as insecticides 
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(chlorinated hydrocarbons) (Garratty, et al., 1975).   The number of agents today known 

to cause DIIHA is over 50 and at least three separate mechanisms can work to yield 

autoimmunity depending on the agent (DeLoughery, 1998).  A recent report stressed the 

importance of recognizing NSAIDs as a class of drug capable of inducing drug-

dependent antibodies.  Indeed, a single-center study has demonstrated that seven different 

NSAIDs can yield DIIHA (Johnson, et al., 2007). 

 Several mechanisms may be involved in the onset of DIIHA.  Quinidine and the 

analgesic phenacetin bind to cell membranes and act as haptens to which antibodies are 

formed.  These antibodies interact with free drug and form immune complexes that 

interact with the surface of red blood cells (RBCs) where complement activation leads to 

hemolysis.  In this way, an adaptive immune response to a foreign molecule leads to an 

inadvertently autoimmune response by components of the innate system.  Penicillins as 

well as cephalosporins interact directly with red cell membranes and promote the binding 

of anti-drug antibodies to RBCs (Garratty, 1972).  Cephalosporins can also chemically 

modify the membranes of RBCs which leads to nonspecific protein adsorption by these 

cells; the binding of complement proteins promotes hemolysis while antibody binding 

provides a positive direct Coomb‟s test.  Other drugs, such as α-methyldopa, induce anti-

RBC antibodies by still unknown mechanisms (Gralnick, et al., 1967;Molthan, et al., 

1967).   

 DIIHA presents a challenge because manifestations are rarely clinically evident.    

The number of drugs capable of inducing immune mediated hemolysis should be 

appreciated by prescribing physicians and efforts to identify DIIHA as a possible side 

effect of new drugs is warranted. 
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  Primary Biliary Cirrhosis 

 Primary Biliary Cirrhosis (PBC) is a chronic cholestatic liver disease mediated by 

autoreactive T cells and anti-mitochondrial autoantibodies (AMA).  A role for chemicals 

in the onset of PBC has been proposed and is supported by epidemiologic and laboratory 

data (Aftab, et al., 2006).  AMA from PBC patients bind autoepitopes modified by 

various organic chemicals with greater affinity than the native structures (Long, et al., 

2001).  In rabbits and guinea pigs, AMA as well as anti-lipoic acid (LA) antibodies have 

been induced by treatment with 6-bromohexanoate (Amano, et al., 2004;Leung, et al., 

2007). 

 The targeting of LA suggests that chemicals similar in structure serve to trigger 

AMA in PBC.  The binding of AMA from PBC patients to various structures mimicking 

LA have been quantified and results suggest 2-octynoic acid and 2-nonynoic acid 

contribute to disease onset.  Both of these chemicals are additives in cosmetic products 

(Amano, et al., 2005;Rieger, et al., 2006).  In C57Bl/6 mice, treatment with 2-octynoic 

acid leads to the development of AMA and biliary ductular disease (Kanji, et al., 2008).    

  

D-Penicillamine-induced Myasthenia Gravis 

 D-penicillamine is a chelating agent used to treat patients with Wilson‟s disease (a 

genetic disorder resulting in the accumulation of toxic levels of copper), and cysteinuria.  

Long-term use of this agent can result in a syndrome clinically identical to Myasthenia 

Gravis (MG), an autoimmune disease targeting the neuromuscular junction (d'Angeljean, 

et al., 1985).  Autoantibodies to the acetylcholine (ACh) receptor are detected in 0.5% of 

individuals treated with D-penicillamine, but titers decrease once the drug is withdrawn.  
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Rare cases are not reversed by cessation of the therapy, but such in such cases it is 

possible that MG would have developed in these patients without D-penicillamine 

treatment (Smith, et al., 1985;Howard-Lock, et al., 1986).  The onset of D-penicillamine-

induced MG has a strong correlation with the DR1 major histocompatibility complex 

(MHC)-II haplotype (Hill, et al., 1999). 

 T cell clones from DR1+ patients with D-penicillamine-induced MG responded to 

drug-treated mononuclear cells, but not to drug-treated autologous B cells.  It has been 

postulated that T cells recognize DR1:peptide complexes that are modified by D-

penicillamine and that such T cells drive the disease (Hill, et al., 1999). 

 

Hydrocarbon Exposure and Goodpasture‟s Syndrome 

 Goodpasture‟s syndrome (GS) is a tissue specific autoimmune disease wherein 

autoantibody targeting of the noncollagenous domain of the alpha-3 chain of type IV 

collagen results in inflammatory damage of kidney glomeruli and lung alveoli.  Unlike 

the majority of autoimmune diseases, men are affected more frequently than women; 

most cases occur in the second or third decade of life.  Presenting signs usually include 

hemoptysis and evidence of focal pulmonary consolidations, but this can soon be 

followed by rapidly progressive glomerulonephritis and subsequent death.   

A long proposed mechanism for the development of GS is exposure to 

hydrocarbon solvents.  Indeed, a case report from 1979 states factually the association 

between volatile hydrocarbons and this disease while reporting on a 22-year-old female 

recreational drug user who developed GS following prolonged solvent abuse (Nathan, et 

al., 1979).  Yet even a decade later, there remained no evidence to support the hypothesis 
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of hydrocarbon involvement in the induction of GS (Bigazzi, 1988).  Proponents of the 

hydrocarbon exposure theory cite consistency among case reports implicating the 

chemicals (Bombassei, et al., 1992).  On the other hand, a large scale review of 700 GS 

cases over a 31 year period revealed only a 6% incidence of confirmed associations with 

exposure (Shah, 2002).  There is no laboratory evidence that hydrocarbons can induce 

Goodpasture‟s de novo, but a role for disease propagation by chemical exposure has been 

demonstrated in rabbits.  In naïve rabbits treated with anti-basement membrane 

antibodies, the immunoglobulins did not bind to the alveolar basement membrane.  The 

same antibodies did bind the alveolar basement membranes of rabbits subjected to 

intrathecal administration of gasoline, secondary to damage to the pulmonary barrier 

normally preventing such interactions.  This study supports the hypothesis that 

hydrocarbon exposure can precipitate pulmonary hemorrhage in Goodpasture‟s patients 

by intermittently allowing autoantibody binding with the alveolar basement membrane, 

but the incidence of confirmed hydrocarbon exposure in GS is only 6% (Yamamoto, et 

al., 1987). 

Renewed interest in the relationship between hydrocarbons and autoimmunity has 

been fueled by the discovery that the aryl hydrocarbon receptor (AhR) modulates the 

differentiation of pro-inflammatory IL-17 producing T helper (Th17) cells and regulatory 

T cells (Treg).  This receptor is expressed in most cells and binds promiscuously to both 

naturally occurring and synthetic hydrocarbon ligands (Ho, et al., 2008).  In CD4+ T cells 

from mice, receptor expression is limited to Th17 cells where it is also expressed in 

humans.  Activation of AhR by 6-formoindolo[3,2-b]carbazole (FICZ), a naturally 

occurring ligand, during Th17 cell development increased cell numbers and promoted 
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cytokine development.  By binding to AhR, hydrocarbons may serve as cofactors during 

the development of autoimmune disease (Veldhoen, et al., 2008).  In the mouse model of 

MS, Experimental Autoimmune Encephalomyelitis (EAE), AhR ligation by 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD), a synthetic dioxin pollutant, induced Treg 

development and decreased severity of disease.  In contrast, ligation of AhR with FICZ 

prevented Treg development and promoted pathogenesis by increasing Th17 cell 

numbers (Quintana, et al., 2008). 

 

Pesticide Exposure and Autoimmunity 

 Between 1955 and 1959, over 3,000 people were exposed to the fungicide 

hexachlorobenzene (HCB) via ingestion of contaminated seed grain.  Individuals 

developed hepatic porphyria (porphyria turcica) with cutaneous manifestations including 

bullous lesions that healed with severe scarring.  Other symptoms included 

splenomegaly, enlarged lymph nodes and painless arthritis (Cam, 1958).  The hypothesis 

that the disease resulting from HCB exposure was of autoimmune etiology is supported 

by a report of elevated serum IgM and IgG levels in individuals occupationally exposed 

to the pesticide (Queiroz, et al., 1998).  The mechanism by which HCB induces 

autoimmunity remains unknown, but recent work implicates tetrachlorobenzoquinone, a 

reactive metabolite of HCB in disease onset (Ezendam, et al., 2003). 

 Epidemiologic evidence suggests that farmers are at an increased risk of 

developing autoimmunity and exposure to pesticides plays a likely role.  In 2007, a study 

of a rural population concluded that ANA levels were higher in farmers than control 
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subjects living in urban settings.  The prevalence of ANA was also higher during the 

spring (herbicide application season) than during winter months (Semchuk, et al., 2007). 

 Despite epidemiologic and animal model evidence that HCB and other pesticides 

can cause a syndrome of suspected autoimmune etiology, the body of literature 

addressing the role of pesticides in autoimmune disease has remained small.  Emphasis 

has instead been placed on the immunosuppressive effects of pesticides, as well as their 

ability to evoke hypersensitivity and allergic reactions (Holsapple, 2002). 

 

Eosinophilic Pneumonia 

 At least 49 pharmacologic agents, as well as pollutants such as cigarette smoke, 

nickel dust, and World Trade Center dust have been implicated in the onset of 

eosinophilic pneumonia (EP).  The diagnosis of EP is based on an elevation of peripheral 

eosinophils in the setting of pulmonary consolidations (Solomon, et al., 2006).  Notable 

outbreaks of EP have occurred on two occasions.  

In 1981 in Spain, food-grade rapeseed oil that had been denatured with aniline 

was sold by street vendors leading to an epidemic of what is now known as „toxic oil 

syndrome‟ (TOS) (Kilbourne, et al., 1983).  Over 20,000 individuals in Madrid and 

northwest Spain who ingested the oil developed an acute illness including myalgias, 

peripheral eosinophilia and pulmonary infiltrates.  More than 300 deaths resulted during 

the first 20 months of the epidemic, most often from pulmonary hypertension and 

vascular thrombosis.  Severe cases included proliferation of vessel intima with fibrosis 

and thrombosis (Borda, et al., 1993;Borda, et al., 1998).  Eight years after the epidemic it 

became evident that 20% of affected individuals developed chronic lung disease (Alonso-
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Ruiz, et al., 1993).  Patients in the chronic phase of TOS developed autoantibodies to 

acute phase reactants including C-reactive protein, α1-antitrypsin, fibrinogen and 

ceruloplasmin (Bell, et al., 1995). 

A model of TOS has been induced in B10.S mice by intraperitoneal injection of 

oleic acid.  Treatment leads to IL-1 and IL-6 increases with associated polyclonal 

activation of B cells.  Elevations of serum IgM, IgE and IgG1 occur and these antibodies 

target histones, denatured DNA and rheumatoid factor (Bell, et al., 1992). 

The second notable epidemic was in 1989 when more than 1400 cases of 

eosinophilia-myalgia were recognized in New Mexico (up to 60,000 total cases in the 

U.S.).  The causal agent of this outbreak was use of the amino acid L-tryptophan that had 

been manufactured in Japan as a food supplement (Silver, et al., 1990).  The clinical 

manifestations of this syndrome are strikingly similar to TOS, thus a shared etiology has 

been postulated (Mayeno, et al., 1995;Philen, et al., 1993).   Samples of L-tryptophan 

responsible for eosinophilia-myalgia contained 3-(phenylamino)-alanine (PAA) while so 

called „toxic oil‟ contained 3-phenylamino-1,2-propanediol (PAP).  Research aimed at 

determining if these two compounds are converted to one another have not been fruitful, 

but a plausible theory is that both compounds belong to a group of chemically related 

structures capable of inducing disease (de la Paz, et al., 2001).  In 2007 Martinez-Cabot 

and Messeguer reported on the generation of quinoneimine intermediates by liver 

metabolism of both PAA and PAP, suggesting that such metabolites are capable of 

inducing disease (nez-Cabot, et al., 2007). 
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Mercury and Systemic Autoimmune Disease 

 Mercury release from natural degassing of the Earth‟s crust, its release as an 

environmental pollutant and its presence in man made products, make human exposure 

unavoidable (Clarkson, et al., 2007).  The toxic effects of mercury (Hg) on the kidney 

and central nervous system have been extensively studied (Sager, et al., 1984;Hammond, 

1971;Daston, et al., 1984), while the ability of Hg to induce or exacerbate human 

autoimmune disease is less understood.  Mercury containing skin-lightening cream has 

been a known cause of nephrotic syndrome since 1972 (Barr, et al., 1972).   The sale of 

such creams is restricted in many countries, but the use of this product remains a reported 

cause of membranous nephropathy and minimal change disease (nephrotic syndrome due 

to podocyte effacement visible only with electron microscopy) in some parts of the 

world.  In such cases, immunoglobulin and complement deposits are detected in the 

glomerulus (Soo, et al., 2003;Tang, et al., 2006). 

Occupational exposure to Hg vapors has been linked to T-cell 

lymphoproliferation (Moszczynski, et al., 1995) and the production of anti-laminin 

autoantibodies (Lauwerys, et al., 1983).  A recent retrospective study revealed a positive 

association between exposure to mercury and the development of Wegener‟s 

Granulomatosis, an autoimmune necrotizing granulomatous vasculitis associated with the 

presence of cytoplasm targeting anti-neutrophil antibodies (Daniel, et al., 2004). 

 Dental amalgam contains elemental mercury and continuously releases small 

amounts of mercury vapor.  Amalgam implantation in SJL mice induces a state of 

chronic immunostimulation including increased T and B cell proliferation and 

autoantibodies to the nucleolar protein fibrillarin (Hultman, et al., 1994b).  In humans, the 
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controversy about the safety of dental amalgam is a lengthy and contentious issue.   The 

vast majority of individuals with mercury-containing dental amalgams do not develop 

any complications, but certain studies have suggested that mercury vapor can be 

neurotoxic and could contribute to the pathogenesis of multiple sclerosis (Mutter, et al., 

2005).  A study reported that the removal of dental amalgam from patients with SLE, 

autoimmune thyroiditis, or multiple sclerosis led to clinical improvements (Prochazkova, 

et al., 2004).  It would however be premature to advocate this approach in the treatment 

of autoimmune diseases. 

  

Animal Models of Chemically-induced Autoimmunity 

Pristane 

 Pristane (2,6,10,14-tetramethylpentadecane) is a hydrocarbon component of 

mineral oil that has been used to induce models of both arthritis and SLE (Anderson, et 

al., 1969).  In 1994 it was serendipitously discovered that a single intraperitoneal 

injection of pristane alone resulted in the production of IgG autoantibodies targeting 

SLE-associated nuclear antigens in BALB/c mice.  The high IgG titer results in immune 

complex glomerulosclerosis, similar to that seen in SLE patients.  The mouse strain SJL/J 

is also susceptible to pristane-induced lupus, but the cytokine profile differs in these 

animals (Satoh, et al., 1994;Satoh, et al., 1995a;Satoh, et al., 1995b). 

 Pristane treatment results in local production of the proinflammatory cytokine 

interleukin-12 (IL-12) by antigen presenting cells (APC).  The production of 

autoantibodies in these mice correlates with the ability to produce IL-12.  Tumor necrosis 

factor alpha (TNFα) and IL-6 are increased to a lesser extent (Satoh, et al., 2003).  There 
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is expansion of marginal zone B cells, but a decrease in the number of CD1d-expressing 

Natural Killer T (NKT) cells and dendritic cells (DCs).  CD1d is a MHC-I-like molecule; 

its deficiency exacerbates pristane-induced lupus in BALB/c mice.  The role of CD1d in 

this animal model suggests that it may play a regulatory role in SLE (Yang, et al., 2003).  

Interestingly, NKT cell stimulation with the ligand alpha-galactosylceramide prevents 

disease in BALB/c mice but exacerbates kidney manifestations in SJL/J mice (Avneesh, 

et al., 2005).   

 That IL-12 is normally secreted in response to antigen presentation, and bacterial 

stimulation acts synergistically with pristane, indicates that the mechanism of disease 

onset may be increased exposure to microbial products by the oil.  In 2005 Mizutani and 

colleagues explored this hypothesis by injecting germ-free mice with pristane.  

Autoantibodies developed in over 40% of treated mice which indicates a pathogen-

independent mechanism can result in pristane-induced lupus (Mizutani, et al., 2005).  

This mechanism most likely involves the induction of apoptosis within the peritoneal 

cavity and subsequent release of (possibly chemically-altered) nuclear antigens (Calvani, 

et al., 2005).  Components of this nuclear material likely interacts with the nucleic acid 

receptor Toll-like receptor-7 (TLR-7) which is required for pristane-induced 

autoantibody production and glomerular disease (Savarese, et al., 2008). 

 One third of BALB/c mice treated with a single injection of pristane develop joint 

disease similar to rheumatoid arthritis (RA).  Pristane also induces arthritis in the DA and 

LEW rat strains (Joe, et al., 1999).  In mice there is a reaction to heat-shock proteins, 

which also occurs in humans with RA (Thompson, et al., 1990;Sharif, et al., 1992;van 

Eden, 2008).  Patients with RA also often produce antibodies to the heterogenous nuclear 
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ribonucleoprotein (hnRNP)-A2, also known as the RA33 antigen.  Autoantibodies in rats 

with pristane-induced arthritis also target hnRNP-A2, an antigen considered a primary 

inducer of the disease (Hoffmann, et al., 2007).  

 

Phthalate-induced autoimmunity 

 Phthalates (o-benzene dicarboxylates) are a group of chemicals widely used in 

plastic containing products including medical devices, children‟s toys and cosmetics.  

Study of an anti-phthalate antibody (2C3-Ig) revealed significant homology with the anti-

DNA autoantibody BV04-01 from the autoimmune prone NZB/W F1 mice.  The 

homology is 98% for the kappa light chain and 70% for the gamma heavy chain.    In 

rodents, repeated exposure of phthalate-conjugated keyhole limpet haemocyanin induces 

activation of autoreactive B cells and the production of antibodies capable of binding 

both DNA and phthalate.  Although such immune responses occur in BALB/c, NZB, and 

NZB/W F1 mice, they lead to increased mortality only in the latter (Lim, et al., 2003).  

Because NZB/W F1 mice are naturally prone to lupus, these results suggest that 

phthalates act by worsening a pre-existing autoimmune condition. 

 In a subsequent study the same authors found that BALB/c and DBA/2 mice 

overcome phthalate-induced autoimmune reactions by the induction of CD8+ T 

suppressor cells.  By depleting CD8+ cells with antibody treatment, these strains of mice 

are rendered susceptible to the autoimmune manifestations induced by phthalate.  Further 

attention to this model is warranted as it is valuable for the study of both mechanisms of 

molecular mimicry as well as strain specific differences in susceptibility to chemically-

induced autoimmunity (Lim, et al., 2005).  
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D-penicillamine-induced autoimmunity 

 As previously noted, D-penicillamine can produce autoimmune reactions in 

humans.  Strain specific susceptibility to D-penicillamine-induced autoimmunity (DIA), a 

model of systemic autoimmune disease, has been observed in mice including A/WySn 

and A.SW strains (Robinson, et al., 1986b).  Upon intraperitoneal injection, D-

penicillamine reacts directly with cell surface molecules to generate antigenic 

determinants (O'Donnell, et al., 1991).  In Brown-Norway (BN) rats D-penicillamine 

administration results in dermatitis, ANA, circulating immune-complexes, and linear IgG 

deposits at the glomerular basement membrane (Tournade, et al., 1990).   

The immunoglobulin heavy chain variable regions of antibodies created by A.SW 

mice during DIA are structurally similar to those from mice with HgIA (Monestier, et al., 

1994a).  Additionally, disease can be prevented by pre-challenge injection with a low 

dose of the inciting chemical, also a feature of HgIA (Masson, et al., 2004).  Transfer of 

this tolerance is mediated by both T and non-T cells (Seguin, et al., 2004). 

 The relevance of animal models to the study of human chemically-induced 

autoimmunity is exemplified by recent work demonstrating that NSAIDs can modulate 

DIA in a drug-dependent fashion.  Non-selective cyclooxygenase inhibitors increased the 

manifestations of DIA, but the selective COX-2 inhibitor rofecoxib decreased the 

incidence of disease (Seguin, et al., 2003).  As noted, NSAIDs have been added to the list 

of drugs capable of inducing DIIHA in humans.  This animal model may prove useful in 

dissecting the mechanisms by which a class of drugs considered anti-inflammatory 

causes or promotes autoimmune reactions.  
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Mercury-induced autoimmunity 

 The heavy metals mercury, gold, silver, cadmium and platinum can all induce 

autoimmunity in susceptible animals.  Cadmium administration results in antinuclear 

antibody production in outbred ICR mice (Ohsawa, et al., 1988) and platinum induces 

antibodies to several nucleoplasmic antigens (Chen, et al., 2002a).  Gold, silver and 

mercury induce autoantibodies specific for the nucleolar protein fibrillarin in a 

genetically restricted manner (Hultman, et al., 1994a;Hultman, et al., 1995b;Johansson, et 

al., 1992).  Mercury-induced autoimmunity (HgIA) is the most widely studied model of 

heavy metal-induced autoimmunity and will be the focus of this section. 

 The first reports of HgIA showed that repeated subtoxic doses of HgCl2 resulted 

in membranous glomerulonephritis in Wistar rats.  Susceptibility to HgIA in rats maps to 

the RT-1 locus of the MHC class II genes.  Inbred rats with the RT-1
n
 haplotype are 

highly susceptible, RT-1
a,c,b,f,k 

haplotypes confer intermediate susceptibility and the RT-1
l 

haplotype confers resistance (Goldman, et al., 1991;Elvira, et al., 1977).   In susceptible 

rats, HgCl2 leads to polyclonal B and T cell activation, increased serum immunoglobulin 

levels, autoantibody production and glomerulonephritis with immune complex deposition 

(Druet, et al., 1978;Druet, et al., 1988).  The autoantibodies target a variety of antigens 

including DNA, phospholipids, glomerular basement membrane proteins, laminin-1 and 

thyroglobulin (Pusey, et al., 1990;Marriott, et al., 1994).  Disease manifestations are self-

limiting, and resolve in 4 to 5 weeks, even if HgCl2 injections are continued.  After 

disease resolution, animals are resistant to further HgCl2 challenge, a phenomenon 

mediated by CD8+ T cells (Mathieson, et al., 1991;Bowman, et al., 1984;Castedo, et al., 

1993;Pelletier, et al., 1990). 
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 In mice, HgIA is also a genetically restricted disease with susceptibility mapping 

to the I-A region of the MHC class II locus. The H-2
s
 haplotype confers the greatest 

susceptibility, H-2
q
 and H-2

f
 mice are less susceptible while H-2

a
, H-2

b
 and H-2

d
 mice 

are resistant (Hultman, et al., 1992;Mirtcheva, et al., 1989;Robinson, et al., 

1986a;Hansson, et al., 2003).  The syndrome induced by mercury in mice includes a Th2 

biased polyclonal expansion of T and B lymphocytes, increased serum IgG1 and IgE, 

mild glomerulonephritis and the production of highly specific autoantibodies targeting 

fibrillarin (Bagentose, et al., 1999b;Hultman, et al., 1993;Pollard, et al., 2005;Monestier, 

et al., 1994b).  As in rats, the polyclonal activation and serum antibody levels decrease 

within four weeks, but anti-fibrillarin autoantibodies persist for months after cessation of 

treatment.   In contrast to the rat model of HgIA, mice do not become resistant to 

subsequent mercury challenge (Hultman, et al., 1996). 

 Mercury ions (Hg
2+

) bind thiol, amine, phosphoryl, carboxyl and hydroxyl groups 

(Oram, et al., 1996;Passow, et al., 1961).  These affinities allow mercury to interact with 

numerous biological molecules and affect their function.  An example is the ability of 

mercury to bind cell surface molecules and cause receptor aggregation.  On T cells, 

mercury-induced aggregation of CD3, CD4, CD45 and Thy-I results in deregulation of 

signal transductions pathways; such an effect has also been observed with a B cell 

lymphoma line (Nakashima, et al., 1994;McCabe, et al., 1999). 

 Tolerance to self antigens may be overcome in part by the effects of mercury on 

specific biologic processes functioning to limit autoimmune manifestations.  Lymphocyte 

depletion via CD95 (also known as Fas)-mediated apoptosis is attenuated by 

concentrations of mercury known to induce proliferation of splenocytes from susceptible 
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strains of mice (5-10 μM).  Aggregation of the CD95 receptor on the cell surface is not 

affected, but recruitment of the adaptor protein Fas-associated protein with a death 

domain (FADD) into the death-inducing signaling complex (DISC) is disrupted 

(Whitekus, et al., 1999;Ziemba, et al., 2005;Jiang, et al., 1995).  Such inhibition can 

prevent the proper removal of autoreactive T cells that normally occurs in peripheral 

lymphoid organs.  In both rodents and humans, improper CD95 signaling gives rise to 

autoimmune disorders with features of lupus and rheumatoid arthritis (Watanabe-

Fukunaga, et al., 1992;Zhang, et al., 2001;Martin, et al., 1999).   Mercury-induced 

proliferation of human lymphocytes has also been reported (Caron, et al., 1970). 

   The mechanism by which mercury induces polyclonal activation is even less 

understood than the disruption of tolerance to self.  As stated, mercury has a strong 

affinity for thiol-containing molecules and likely alters the availability of such species in 

immune cells (Bagentose, et al., 1999a).  Patterns of cytokine expression are partially 

dependent on glutathione (GSH), the largest source of intracellular thiols.  Interferon 

gamma induction by concavalin A in vivo requires GSH and mercury results in 

suppression of this cytokine in susceptible rats (Peter, et al., 1993).  When GSH is 

depleted in mice, T cells stimulated in vitro produce decreased interferon gamma and 

increased IL-4 (Peterson, et al., 1998).  The cytokine profile of HgIA is Th2 biased and 

the depletion of GSH likely contributes to this phenotype. 
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T-cell-immunoglobulin-and-mucin-domain-containing-molecule-3 

Tim molecules are a family of T-cell surface molecules that have been implicated 

in modulation of both Th1 and Th2 responses.  The family contains 4 molecules in 

rodents and 3 in humans, who lack Tim-2.  Each Tim molecule possesses a 

phosphatidylserine binding pocket, an IgV domain, a mucin domain, a transmembrane 

domain and an intracellular domain (Freeman, et al., 2010).  Tim-3 is expressed on Th1 

cells and negatively regulates their responses.  Tim-2 is found predominantly on Th2 

cells.  Tim-1 co-stimulates T cell expansion and the production of cytokines; this 

molecule binds phosphatidylserine on apoptotic cells.  Tim-4, found on mature dendritic 

cells was reported as a ligand for Tim-1 (Meyers, et al., 2005), but this has since been 

disputed.  Tim-4 does bind phosphatidylserine and plays a role in the uptake of apoptotic 

cells.  The Tim family of proteins has been implicated in autoimmunity.  Polymorphisms 

in the Tim-1 gene are associated with rheumatoid arthritis and Tim-1 and Tim-3 are 

aberrantly expressed on T cells in CSF of multiple sclerosis patients (Chae, et al., 

2004a;Chae, et al., 2004b;Khademi, et al., 2004).   

 

 

 

 

 

 

 



 23 

 

 

Table 1.  The Tim family of molecules. 

 Cell type Ligand(s) Functions 

Tim-1 Activated Th2 CD4+ T cells Phosphatidylserine  T-cell expansion 

and IL-4 production. 

Tim-2 Activated Th2 cells and splenic B 

cells 

H-ferritin Ferritin uptake and 

negative regulation 

of Th2 responses 

Tim-3 Activated Th1 CD4+ T cells, 

peritoneal macrophages, mast 

cells and splenic DCs 

Galectin-9, 

phosphatidylserine 

Downregulation of 

Th1 responses, 

uptake of apoptotic 

cells and 

maintenance of 

peripheral tolerance 

Tim-4 Mature DCs Phosphatidylserine Engulfment of 

apoptotic cells. 
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Tim-3 is a transmembrane receptor expressed by mice and humans that regulates 

immune responses (Seki, et al., 2008;Sanchez-Fueyo, et al., 2003;Oikawa, et al., 2006).  

Initial excitement surrounding Tim-3 was fueled by the molecule‟s expression on Th1, 

but not Th2 CD4
+
 T cells (Monney, et al., 2002), however the molecule is also expressed 

on CD8
+
 T cells and cells of the innate immune system (Gielen, et al., 2005;Anderson, et 

al., 2007).  The earliest known ligand of Tim-3 was galectin-9, a widely expressed 

cytoplasmic protein that is secreted under pro-inflammatory conditions.  Several reports 

confirm that Tim-3 signaling initiated by binding to galectin-9 inhibits T cell responses 

via the induction of apoptosis (Wang, et al., 2008;Zhu, et al., 2005;Wang, et al., 2009).  

On dendritic cells (DC), Tim-3 ligation promotes NFκB activity and the production of 

TNFα (Anderson, et al., 2007), and Nakayama et al. recently reported that the molecule 

serves as a receptor on DCs for the phagocytosis of apoptotic cells and may promote 

peripheral tolerance (Nakayama, et al., 2009). 

 Experimental blockade of Tim-3 exacerbates Th1 driven manifestations in vivo 

and in vitro; a decrease in T regulatory (Treg) function correlates with in vivo findings 

(Monney, et al., 2002;Sanchez-Fueyo, et al., 2003). The Tim-3 ligand galectin-9 

selectively eliminates IFNγ-producing Th1 cells in vivo (Zhu, et al., 2005), and a 

reduction of signaling through this pathway reduces CTLA-4 levels in CD4
+
 T cells 

(Frisancho-Kiss, et al., 2006).  The role of Tregs in Tim-3 signaling is better understood 

since the report by Wang et al. that these cells express galectin-9 (Wang, et al., 2009). 

 The rodent model of mercury-induced autoimmunity (HgIA) is a valuable tool for 

the study of environment-immune system interactions.  The dependence of HgIA on 

costimulatory interactions as well as its mixed Th1-Th2 phenotype makes it an ideal 
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model for the study of Tim-3.  Additionally, study of Tim-3 in this context will shed 

greater light on the mechanisms governing chemically-induced autoimmune processes.  

In the present study we examined the expression of Tim-3 in HgIA as well as its role in 

regulating the disease.  The results indicate that the highest levels of Tim-3 expression 

are detected on DCs, but that these levels are not affected by HgIA.  Tim-3 is also 

expressed on CD4
+
 and CD8

+
 T cells, where tolerance induction increases surface levels.  

Overall, Tim-3 serves to downmodulate HgIA, including Th2 mediated events.  

 

Cell death in HgIA 

 In addition to studying the regulation of Hg-induced autoimmunity, a goal of 

immunologists is to understand the genesis of this disease model.  Cell death and the 

clearance of dead cells are processes which play roles in autoimmune disease (Munoz, et 

al., 2010;Cohen, et al., 2002).  Mechanisms of cell death are summarized in Table 2. 

   Apoptosis is a controlled process of cell death used by organisms for the normal 

turnover of renewable cells such as neutrophils and hepatocytes (Kerr, et al., 1972).  

There are intrinsic and extrinsic pathways by which apoptosis may be induced (Danial, et 

al., 2004).  In either case, a cascade of caspases is activated secondary to cytochrome c 

release from mitochondria.  Caspases cleave over 300 specific substrates yielding 

morphologic changes including DNA fragmentation, plasma membrane blebbing and 

exposure of phosphatidylserine on the cell surface (Luthi, et al., 2007;Timmer, et al., 

2006).  Phosphatidylserine, which is usually kept on the inner leaflet of the plasma 

membrane, serves as a substrate for receptors on phagocytes once exposed (Yoshida, et 

al., 2005;Leventis, et al., 2010;Hanayama, et al., 2002).  The resultant apoptotic bodies 
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and cellular fragments contain the components of the cell which do not enter the 

extracellular space (Kerr, et al., 1972).  The products of apoptosis are phagocytosed and 

degraded (Nagata, et al., 2010).  Tim-3 and Tim-4 serve as receptors for apoptotic cells 

on professional phagocytes; on these cells, Tim-3 signaling promotes peripheral tolerance 

(Nakayama, et al., 2009). 

 

 

Table 2.  Features of apoptosis, necrosis, autophagy and NETosis. 

Apoptosis Necrosis Autophagy NETosis 

Physiologic Pathologic Physiologic Response to 

pathogens 

Genetically 

controlled 

Not genetically 

controlled 

Genetically 

controlled 

Genetically 

controlled 

Energy dependent Energy 

independent 

Energy dependent Energy dependent 

Plasma membrane 

integrity 

conserved 

Loss of membrane 

integrity 

Plasma membrane 

integrity 

conserved 

Chromatin 

externalized 

beyond membrane 

Anti-inflammatory 

clearance 

Inflammatory 

clearance 

Anti-inflammatory 

clearance 

Inflammatory 

clearance 
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 In contrast to apoptosis, necrosis is unintended cell death resulting from loss of 

ATP stores required to maintain cell integrity.  The nucleus, organelles and plasma 

membrane swell until ultimately the cell ruptures.  Though classically described as an 

unregulated process, molecular pathways have been identified that mediate necrotic cell 

death in a controlled fashion.  One such molecule is poly-(ADP-ribose)-polymerase-1 

(PARP1).  This molecule is activated in response to DNA damage leading to loss of 

NAD+, energy collapse and necrotic death. Inhibition of PARP1 can prevent necrosis and 

promote apoptosis (Degterev, et al., 2008).  During necrosis, membrane bound organelles 

swell and the plasma membrane ruptures, releasing potential autoantigens into the 

extracellular space.  Unlike apoptosis, necrosis is generally pro-inflammatory (Nagata, 

2010).  

 A third type of cell death is autophagy, a process of self-digestion in response to 

nutrient deficiency.  This mechanism allows a cell to recycle non-essential components to 

sustain growth in the face of starvation.  Autophagy also plays roles in genomic stability, 

intracellular pathogen removal and the prevention of protein aggregate accumulation.  

The term autophagy refers to several distinct processes involving the movement of 

cellular components to the lysosome for degradation.  Autophagy begins with vesicle or 

“phagophore” formation.  The vesicle elongates and closes, finally fusing with the 

lysosome to form the autophagosome (Van Limbergen, et al., 2009). 

 Neutrophils are capable of undergoing another type of intentional cell death 

known as NETosis, a named derived from neutrophil extracellular trap (NET) 

(Guimartúes-Costa, et al., 2009).  During this process, chromatin is reorganized and 

externalized, creating a physical trap for pathogens, such as the mold Aspergillus 
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fumigatus (McCormick, et al., 2010).  The neutrophil ultimately produces superoxide and 

undergoes autophagy, in order to clear the microbe (Remijsen, et al., 2011).  This process 

is unique from both apoptosis and necrosis in that it is a programmed process, yet occurs 

in a proinflammatory state. 

 In all cases, dead cells must be removed by phagocytes to prevent the release of 

autoantigens and proinflammatory intracellular components.  Macrophages present in 

secondary lymphoid organs as well as the peritoneal cavity of mice and humans are 

responsible for removal of apoptotic cells and debris.  In the spleen and lymph nodes, 

macrophages bind apoptotic cells which have been opsonized by milk fat globule EGF 

factor VIII (MFG-E8) (Hanayama, et al., 2004;Miyasaka, et al., 2004).  Integrins on the 

surface of the phagocytes bind the MFG-E8, the first step in cell clearance.  Peritoneal 

macrophages recognize dead cells via surface receptors Tim-3 and Tim-4 which bind 

phosphatidylserine (Miyanishi, et al., 2007;Rodriguez-Manzanet, et al., 2010;Wong, et 

al., 2010;Nakayama, et al., 2009).   

 Defects in both cell death pathways as well as phagocytic processing of apoptotic 

cells have been identified in patients with the autoimmune disease SLE (Munoz, et al., 

2008;Nagata, 2010).  In mouse models, inhibition of apoptotic cell clearance by 

phagocytes (Nakayama, et al., 2009), as well as genetic defects in phagocytic pathways, 

promote autoimmune manifestations (Hanayama, et al., 2004). 

 The reason for the highly specific response to fibrillarin observed in HgIA has not 

been fully explained.  The cytotoxic potential of mercury makes cell death a probable 

factor promoting the targeting of self-antigens.  Either necrosis induced by mercury, or 

aberrant clearing of apoptotic cells in the presence of mercury are potential mechanisms 
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by which fibrillarin could ultimately become targets of the immune system.  It is herein 

reported that cytotoxic doses of HgCl2, similar to that present at the injection site in the 

murine model, results in extrusion of fibrillarin from the nucleus, and ultimately from the 

cell.  This may represent an event preceding phagocytosis and processing by MHC class 

II expressing APCs. 
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CHAPTER 2 

 

MATERIALS AND METHODS 

 

 

Mice 

 

Female A.SW (H-2
s
) and C57BL/6 (H-2

b
) mice were obtained from The Jackson 

Laboratory and maintained in our animal facilities.  PARP1 knockout mice on a C57BL/6 

background (H-2
b
) (Wang, et al., 1995) were provided by Roberto Caricchio, MD 

(Temple University, Philadelphia, PA).  All mice used in our experiments were at least 2 

months old. 

 

Induction of HgIA 

 

Mice were injected 3 times weekly subcutaneously (s.c.) with 30 g HgCl2   

(Sigma, St. Louis, MO) in 100 l sterile PBS during the first week as depicted in Figure 

1.  This dose of HgCl2 corresponds to approximately 1.0 mg/kg body weight of mice, and 

represents the standard protocol used in the field (Hultman, et al., 1996;Goldman, et al., 

1991).  Mice were bled once a week retro-orbitally for up to 4 weeks after the start of 

treatments.  The blood samples were incubated at 37C for 40 minutes, followed by 

incubation at 4C for 1.5 hours.  Coagulated blood was removed using a wood applicator.  

Samples were then centrifuged at 8000 rpm for 5 minutes.  Serum was transferred to 0.65 

ml Eppendorf tubes and stored at -20C for analysis. 

 

Antibody and fusion protein treatments 

In addition to HgCl2, some groups received injections of Tim-3-Ig fusion protein, 

anti-Tim-3 blocking antibody (clone 8B.2C12), anti-Tim-3 stimulating antibody (clone 
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5D12) or controls (human IgG as fusion protein control, rat IgG for antibody control) as 

shown in Figure 1.  Tim-3 antibodies and fusion proteins were provided by Vijay 

Kuchroo, D.V.M., Ph.D (Brigham and Women‟s Hospital, Harvard University, Boston 

MA).  In all cases, fusion proteins or antibodies were injected intraperitoneally (i.p.) at a 

dose of 500 μg on day 0 and 100 μg on days 5, 7 and 10.  Serum was collected via retro-

orbital bleeding once a week beginning on day 0.  Mice were sacrificed on day 8 for flow 

cytometry or day 28 for final serum analyses.   

 

 

Figure 1.  Time course of HgCl2 and Tim-3 reagent injection protocols.  Mice were given 

subcutaneous injections of 30 μg HgCl2 in 100 μl sterile PBS three times weekly.  On days 0, 5, 7 

and 10, Tim-3-Ig Fusion proteins, anti-Tim-3 antibodies or control antibodies (Human or Rat IgG 

isotype controls) were administered intraperitoneally; these reagents were given at doses of 500 

μg on day 0 and 100 μg thereafter, each in 500 μl sterile PBS. 
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Tolerance induction 

Previous studies in our laboratory demonstrated that genetically susceptible mice 

can be rendered tolerant to mercury by a single pre-injection of a lower dose of HgCl2   

(Vas, et al., 2008).  For tolerance induction, mice were injected i.p. with 3 μg HgCl2 in 

100 μl PBS on day -7 followed one week later by the standard HgIA induction protocol 

of three 30 μg doses on days 0, 2 and 4 (Figure 2).  Fusion protein or antibody treatments 

were given as a single 500 μg dose in sterile PBS i.p. 6 hours prior to tolerance induction 

on day -7. 

 

Antinucleolar antibody titers by immunofluorescence 

Serum ANoA titers were determined by indirect immunofluorescence (Zheng, et 

al., 2003).  Sera diluted in PBN (PBS containing 1% BSA and 0.02% sodium azide) were 

incubated with HEp-2 slides (Antibodies, Inc., Davies CA) for 30 minutes in a moist 

chamber at room temperature.  Sera were removed by rinsing with PBS.  Slides were 

washed twice with PBS followed by two 5 minute washes in PBN.  ANoA were detected 

with FITC-conjugated goat anti-mouse IgG, IgG1 or IgG2a antibodies (Southern 

Biotechnology Associates, Birmingham, AL).  FITC-conjugated antibodies diluted 1:40 

in PBN were added to each well (30 l/well).  The slides were then incubated for 30 

minutes in the dark, in a moist chamber at room temperature.  Slides were washed as 

above and mounted with a glass coverslip using Fluoromount-G (Southern Biotechnology 

Associates, Birmingham AL).  The inverse of the highest serum dilution at which 

nucleolar fluorescence could be detected was defined as the ANoA titer. 
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Figure 2.  Time course of tolerance injection protocol.  Mice were given 3 μg of HgCl2 sterile 

PBS vehicle control intraperitoneally on day -7 followed by the standard treatment protocol.  On 

the day of tolerance induction, 500 μg doses of Tim-3-Ig, anti-Tim-3 antibody or control antibody 

were administered intraperitoneally in 500 μl sterile PBS.  

 

 

 

Serum Antibody levels by ELISA 

ELISA for Total Serum IgG1 and IgG2a 

Total serum IgG1 and IgG2a levels were determined using a sandwich ELISA ( 

enzyme-linked immunosorbant assay) (Silva, et al., 2004).  For quantification of IgG1 

and IgG2a levels, 96 well polyvinylchloride plates (BD Biosciences San Jose, CA) were 

coated overnight with goat anti-mouse Ig  (Southern Biotechnology associates, 

Birmingham, AL) diluted 2 g/ml in carbonate buffer.  Following 3 washes with PT 

(PBS 0.05 % Tween 20) buffer, wells were blocked with PBTN (PBS 1% BSA + 0.02 % 

NaN3 + 0.05 % Tween 20) for 30 mins.  Sera diluted 1/50,000 in PBTN were added to the 

wells and incubated overnight at 4C.  Samples were washed out 7X with PT and AP 
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(Alkaline Phosphatase)-coupled goat anti-mouse IgG1 or IgG2a (Southern Biotechnology 

associates, Birmingham AL) diluted 1/4000 in PBTN was added.  After incubation for 1 

hour at room temperature, plates were washed 6X with PT and 1X with AP buffer 

(10mM diethanolamine + 0.05 mM MgCl2 in dH20).  p-Nitrophenylphosphate (PNPP) 

solution  in AP buffer (1 mg/ml) was then added and allowed to develop for 20 minutes.  

Absorbance values were read at 405 nm.  Antibody levels in the samples were 

extrapolated from a standard curve generated using varying concentrations (3.15-400 

ng/ml) of ASWU1 (IgG1) or ASWA3 (IgG2a) previously purified in our laboratory 

(Monestier, et al., 1994b). 

 

ELISA for Serum IgE 

96 well polyvinylchloride plates (BD Biosciences San Jose, CA) were coated 

overnight with a rat anti-mouse IgE (Clone R35-72 BD Pharmingen, San Diego, CA) 

diluted 2 g/ml in carbonate buffer (Silva, et al., 2004).  Following 3 washes with PT 

buffer, wells were blocked with PBTN for 120 minutes.  Sera diluted 1/100 in PBN were 

added to the wells and incubated overnight at 4C.  Samples were washed out 7X with PT 

and a 2 g/ml solution of a biotinylated rat-anti mouse IgE (R35-72) (BD Pharmingen, 

San Diego, CA) added.  After incubation for 60 minutes at room temperature, plates were 

washed 7X with PT and streptavidin-AP (SAP) (Southern Biotechnology Associates, 

Birmingham AL) diluted 1:2000 in PBTN was added to the wells.  After a 30 minute 

incubation at room temperature, plates were washed out 6X with PT and 1X with AP 

buffer (10 mM diethanolamine + 0.05 mM MgCl2 in dH20).   p-Nitrophenylphosphate 

(PNPP) solution  in AP buffer (1mg/ml) was then added and allowed to develop for 60-
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120 minutes.  Absorbance values were then read at 405 nm.  Antibody levels in the 

samples were extrapolated from a standard curve generated using varying concentrations 

(3.15-400 ng/ml) of purified mouse IgE (IgE-3) (BD Biosciences, San Diego CA). 

 

Tim-3 expression by flow cytometry 

 Mice were sacrificed by approved protocols and spleens were excised.  Spleens 

were homogenized in sterile PBS using nylon mesh bags and mechanical disruption. 

Cells were then passed through a sterile 40 m cell strainer (BD Falcon) to obtain a 

single cell suspension.  RBC lysis was performed using a sterile 0.165 M NH4Cl for 2-5 

minutes at RT.  Nonspecific staining was blocked using 10 ug/ml rat anti-mouse 

CD16/32 (2.4G2; BD Biosciences).  For staining T cell populations, splenocytes were 

incubated with FITC-conjugated anti-mouse CD3 (145-2C11, eBioscience), APC-

conjugated anti-mouse CD4, Percp-Cy5.5-conjugated anti-mouse CD8 (53-6.7, 

eBioscience) and PE-conjugated anti-mouse Tim-3 (8B.2C12, eBioscience) in PBS-based 

buffer followed by formaldehyde fixation as previously described (Zheng, et al., 2005a).  

For DC populations, splenocytes were incubated with FITC-conjugated anti-mouse 

CD11b, APC conjugated anti-mouse CD11c and PE-conjugated anti-mouse Tim-3 

(8B.2C12, eBioscience).  Data were collected with a FACSCanto flow cytometer (BD 

Biosciences) and analyzed using FlowJo software (Tree Star). 
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Injection site histology 

For skin pathology, 8-12 week old female A.SW mice (Jackson Laboratories) 

were housed in the Temple animal facility.  Mice were injected subcutaneously with 30 

μg HgCl2 in 100 μl PBS or PBS alone.  After 24 hours, tissue samples were harvested, 

frozen, processed for hematoxylin and eosin (H&E) staining.  Samples were then imaged 

by light microscopy. 

 

Morphology of Hg-induced cell death by confocal microscopy 

 Confocal studies employed murine lung epithelial (MLE-12, ATCC) cells 

cultured on glass coverslips in DMEM.  These cells were chosen for their prior use in 

confocal microscopy studies for comparison.  Additionally, lung epithelia are a suitable 

alternative to cells present at the s.c. injection site because the inhalation of mercury 

vapors can also induce HgIA.  If cells at the mercury injection site are susceptible to 

autoimmunity-promoting cell death, similar phenomena must too occur at the 

environment-lung interface.  Cells were grown to confluence and treated with 90 μM 

HgCl2 in PBS or vehicle alone for 60 minutes, fixed with 4% paraformaldehyde and 

stained using standard indirect immunofluorescence techniques with the anti-fibrillarin 

monoclonal antibody A.SWA2 and cytox orange counterstain.  As a control, apoptosis 

was induced with 2 μM Camptothecin (Alexis USA, San Diego, CA) for 24 hours.  

Changes to nucleoli were quantified using Leica imaging software. 
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Fibrillarin-GFP transfection 

 A fibrillarin-GFP construct was the generous gift of Mirek Dundr, PhD (The 

Chicago Medical School, North Chicago, IL) (Dundr, et al., 2000).  Cultured MLE-12 

cells were transfected with this construct using the Superfect® reagent (QIAGEN) 

according to the manufacturers protocol.   

 

DNA fragmentation assay 

 MLE-12 cells were cultured and treated as described above.  Following treatment, 

cells were harvested by mechanical disruption.  Samples containing 1 million cells were 

centrifuged at 300 x g and resuspended in 200 μl PBS.  The DNeasy® blood and tissue 

kit (QIAGEN) was then used to isolate DNA according to the manufacturer‟s protocol. 

 Purified DNA samples were then subjected to electrophoresis using a 1% agarose 

gel with 0.5 μg/ml ethidium bromide for visualization.  The gel was run at 35 volts in 

standard TBE buffer for 6 hours.  A UV light source was employed to visualize the 

presence or absence of DNA laddering following electrophoresis. 

 

Flow cytometric analysis of Hg-induced cell death 

 Jurkat T cells or splenocytes harvested from A.SW, C57BL/6 or C57BL/6 PARP1 

knockout mice were cultured in RPMI and treated with mercury as above.  Cells were 

collected at various time points and analyzed for cell death by flow cytometry using the 

DNA stain 7-AAD and the apoptotic marker Annexin-V conjugated to FITC.  

Camptothecin treated cells were used as an apoptotic control.  To determine if mercury-
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induced cell death is caspase-mediated, the pan-caspase inhibitor zVAD (R&D Systems, 

Minneapolis, MN) was added to cultures 6 hours before subsequent treatments. 

Statistical Analyses 

For all experiments, analyses were conducted using the GraphPad Prism Software 

(Version 5.0, GraphPad Software Inc, San Diego, CA).  All groups were compared using 

a two-way ANOVA (without repeated measures) with the Bonferroni post-tests to 

compare replicate means by row. 
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CHAPTER 3 

 

RESULTS 

 

Tim-3 in HgIA 

 

HgCl2 alters Tim-3 expression on T cells but not dendritic cells 

Because Tim-3 expression has been reported on T cells and CD11c
+
 dendritic 

cells (Sanchez-Fueyo, et al., 2003;Monney, et al., 2002;Nakayama, et al., 2009), we 

examined surface levels of this protein on both cell types in the spleens of mercury-

treated mice by flow cytometry (Figure 3A).  Expression levels of Tim-3 were highest on 

CD11b
+
CD11c

+
 dendritic cells, but were not affected by mercury.   

Tolerizing or disease-inducing doses of HgCl2 alone did not increase the 

percentage of Tim-3
+
 T cells while administration of both doses at days -7 and 0 

respectively, doubled the percentage of CD3
+
 cells expressing the marker from 4 to 8 (p < 

0.05, two-way ANOVA) (Figure 3B).   

 Tim-3 is expressed on both CD4
+
 and CD8

+
 T cell populations, so we examined 

these subsets individually on day 8 following treatment with disease inducing mercury 

doses alone or following tolerizing injections administered on day -7.  Untreated mice, 

mice tolerized but not mercury challenged, and mice immunostimulated with i.p. CFA in 

place of HgCl2 injections served as controls (Figure 3C).  While none of the treatment 

regimens affected the absolute number of Tim-3
+
CD3

+
CD4

+
 cells, disease inducing doses 

of HgCl2 resulted in a loss of Tim-3
+
CD3

+
CD8

+
 cells from a mean of 162,000 to 102,000 

per spleen.  The proportion of CD3
+
CD4

+
 cells expressing Tim-3 did not increase with 

tolerizing or disease inducing doses alone, but the combination of tolerizing and 

challenging mice with HgCl2 doubles the proportion Tim-3
+
CD3

+
CD4

+
 cells from a mean 
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of 7.0% to 14.0% (p < 0.01, two-wayANOVA), leaving this population susceptible to 

deletion by Tim-3 mediated apoptosis.  Similarly, the proportion of CD3
+
CD8

+
 

expressing Tim-3 was increased in tolerized mice from a mean of 8.9% to 16.1%, but this 

effect did not require the challenge dose (p < 0.05, two-wayANOVA).  
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Figure 3.  Tim-3 is expressed on T cells and dendritic cells during HgIA.  Female A.SW mice 

were treated as indicated and described in materials and methods (n=3 per group) and splenocytes 

were analyzed on day 8 by flow cytometry.  Dendritic cells were detected with antibodies to 

CD11b and CD11c (A).  T cell populations were detected with antibodies to CD3, CD4 and CD8 

(B).  Histograms depict Tim-3 expression levels on populations gated as indicated by graphs.  

Filled histograms are antibody isotype controls.  The percentage of Tim-3 expressing T cells and 

DCs increased significantly when mice received both tolerizing and disease inducing doses of 

HgCl2.  *, p < .05; **, p < .01 vs untreated group (two-way ANOVA). 
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Tim-3-Ig and anti-Tim-3 blocking antibody exacerbate HgIA 

Available reagents for functional studies of Tim-3 include a Tim-3-Ig fusion 

protein containing the extracellular domain of Tim-3 fused to the human Ig heavy chain 

and rat anti-mouse Tim-3 antibodies (clones 8B.2C12 and 5D12, blocking and 

stimulating, respectively).  Blocking reagents exacerbate Th1 biased autoimmune 

diseases and down-modulate Th2 driven responses (Sanchez-Fueyo, et al., 2003;Monney, 

et al., 2002).  Treatment with Tim-3-Ig produced a result consistent with reports that 

Tim-3 serves as a down-regulator of Th1 responses.  Indeed, mice receiving the fusion 

protein developed significantly increased levels of the Th1-associated IgG2a ANoA (p < 

0.001, two-wayANOVA) from a mean titer of 1000 to over 3000, while the production of 

Th2-associated serum IgE was decreased from 39.3 to 23.4 μg/ml at week 2.  Serum 

IgG1, serum IgG2a and IgG1 ANoA levels were not affected (Figure 4A).  Because Tim-

3-Ig functions by blocking Tim-3 at the level of its ligands, and promiscuous binding has 

been proposed for these molecules, a more direct way to study the function of this protein 

itself is to block it directly with an antibody.  Blocking Tim-3 in this way not only 

exacerbated the Th1-driven IgG2a ANoA response to a degree similar to Tim-3-Ig 

treatment, but also significantly increased Th2-driven IgG1 and IgE production (p < 

0.001, two-wayANOVA) (Figure 4B).  Therefore, in the context of HgIA, directly 

blocking Tim-3 resulted in an increase of some, but not all, Th1 and Th2 related 

autoimmune manifestations. 
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Figure 4.  Blocking Tim-3 exacerbates HgIA.  Female A.SW mice received HgCl2 (30μg) on days 

0, 2 and 4 with or without Tim-3-Ig (A) or anti-Tim-3 blocking antibody (8B.2C12) (B).  

Animals were evaluated weekly for serum Ig levels by sandwich ELISA and ANoA production 

by immunofluorescence on HEp-2 cells using isotype-specific FITC conjugates.  The titer is the 

inverse of the highest serum dilution that yielded nucleolar fluorescence +/-SD.  *, p < .05; **, p 

< .01; ***, p < .001 vs group treated with HgCl2 and isotype controls (two-way ANOVA).   
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Stimulation of Tim-3 selectively down-regulates Th1 manifestations of HgIA 

To further study the function of Tim-3 during HgIA, mice were treated with a 

stimulating anti-Tim-3 antibody (clone 5D12) during disease induction at doses of 500 μg 

on day 0 and 100 μg on days 5, 7 and 10.  Both serum IgG2a and IgG2a ANoA were 

reduced in these mice (p < 0.001, two-way ANOVA) while IgG1 ANoA, serum IgG1 and 

serum IgE were not affected to statistically significant degrees (Figure 5).  Serum 

concentrations of IgG2a in antibody treated mice remained unchanged compared to 

controls receiving no mercury.  

 

 

Figure 5.  Stimulating Tim-3 selectively decreases Th1 manifestations of HgIA. Female A.SW 

mice received HgCl2 (30μg) on days 0, 2 and 4 with or without anti-Tim-3 stimulating antibody 

(5D12) (B).  Animals were evaluated weekly for serum Ig levels by sandwich ELISA and ANoA 

production by immunofluorescence on HEp-2 cells using isotype-specific FITC conjugates.  The 

titer is the inverse of the highest serum dilution that yielded nucleolar fluorescence +/-SD.  *, p < 

.05; ***, p < .001 vs HgCl2-treated group (two-way ANOVA).    
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Tim-3 ligands are involved in the induction of tolerance to HgIA 

Inducing tolerance to HgIA with a single i.p dose of 3 μg HgCl2 results in 

increased Tim-3 expression by T cells (Figure 3) possibly leaving them susceptible to 

deletion by galectin-9-induced apoptosis, but it is unknown whether Tim-3 plays a role in 

the induction of tolerance itself.  Six hours prior to injection with tolerizing doses of 

HgCl2 on day -7, experimental animals were treated with 500 μg Tim-3-Ig or anti-Tim-3 

blocking antibody (8B.2C12) given i.p.  Tolerance to mercury challenge was partially 

prevented by Tim-3-Ig (as indicated by the production of serum IgE, p < 0.01, two-

wayANOVA) (Figure 6A) although tolerance was maintained for ANoA, serum IgG1 

and IgG2a.  In contrast, antibody blockade did not affect the induction of tolerance 

(Figure 6B).   
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Figure 6.  Blocking Tim-3 ligands partially prevents tolerance induction.  Seven days prior to the 

standard HgIA induction protocol, female A.SW mice reveived a tolerogenic (3 μg) dose of 

HgCl2 via i.p. injection.  Experimental groups received a single (500 μg) dose of Tim-3-Ig (A) or 

anti-Tim-3 (8B.2C12) (B) 6 hours prior to tolerance induction.  Animals were evaluated weekly 

for serum Ig levels by sandwich ELISA +/-SD.  *, p < .05 vs Control Ig treated group (two-way 

ANOVA).  ANoA were not observed in any groups (Data not shown).   
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Tim-3 stimulation decreases T cell numbers but has little effect on dendritic cells 

In an effort to further understand how manipulation of Tim-3 signaling yielded 

the above results, we subjected mice to standard treatment protocols of 30 μg mercury 

challenge on days 0, 2 and 4, with or without stimulating antibody treatments on days 0, 

5 and 7.  Spleens were harvested from sacrificed mice and homogenized in a sterile 

fashion on day 8.  We next analyzed splenocyte populations by flow cytometry following 

initial mercury challenge.  Total splenocyte, T cell and dendritic cell numbers were not 

affected at this time point by HgCl2 challenge, with or without Tim-3 antibody blockade.  

In contrast, antibody stimulation of Tim-3 resulted in decreased T cell numbers (Figure 

7).  The number of CD4+ T cells decreased from 7.97 million cells to 4.54 million (p < 

0.05, two-way ANOVA.   CD8+ cell numbers decreased from 3.33 million to 2.17 

million (not significant). 
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Figure 7.  Tim-3 stimulation leads to decreased T cell numbers.  Female A.SW mice (n=3 per 

group) received HgCl2 (30 μg) on days 0, 2 and 4 with or without anti-Tim-3 blocking or 

stimulating antibody.  Splenocytes were harvested on day 8 and analyzed by flow cytometry.  *, p 

< .05 vs untreated group (two-way ANOVA). 
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Figure 8.  Mercury Induces Local Cell Death when Injected Subcutaneously.  One hour following 

standard HgCl2 injection, skin overlying the site was harvested, fixed and stained with H&E for 

histologic analysis.  Mercury results in tissue destruction including the loss of cells and 

connective tissue components. 

 

 

 

 

Cell death in HgIA 

 

HgCl2 induces local cell death when injected subcutaneously 

 To determine the significance of cell death in HgIA, we first observed the effects 

of standard injections of HgCl2 on the local cell population.  Mice were injected 

subcutaneously with either 100 μl of sterile PBS containing 30 μg of HgCl2 or the vehicle 

alone.  Within 24 hours of injection, histologic analaysis with H&E stain reveals a loss of 

hair follicles, epithelial cells and connective tissue cells and matrix (Figure 8).  Because 

the loss of cells was induced by pathologic stress, it is likely that the mechanism is 

necrotic in nature.  This experiment confirms the presence of rapidly inducedcell death at 
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the Hg injection site but an in vivo system is suboptimal for studying the cell death 

process itself, for which reason a cell culture system was employed. 

 

 

HgCl2 induces rapid morphologic changes to cells resulting in exposure of fibrillarin 

at the cell surface 

 In order to elucidate the type of cell death occurring at our subcutaneous 

injections sites, a cell culture system using murine lung epithelial (MLE-12) cells was 

established to study the process in vitro.  These cells were chosen for their prior use in 

confocal microscopy studies for comparison.  Additionally, lung epithelia are a suitable 

alternative to cells present at the s.c. injection site because the inhalation of mercury 

vapors can also induce HgIA.  If cells at the mercury injection site are susceptible to 

autoimmunity-promoting cell death, similar phenomena must too occur at the 

environment-lung interface.  Although mercury iduces apoptosis at concentrations less 

than 30 μM (Shenker, et al., 1993), elements of necrosis have also been observed when 

cells are treated with doses 30 μM and above, and the mechanism of death is cell type 

dependent (Goering, et al., 1999;Carranza-Rosales, et al., 2005;Shenker, et al., 2000).  

The concentration of the dose injected in this model is over 1 mM.  To better replicate 

these conditions, a concentration of 90 μM HgCl2 was used to treat cell cultures.  Figure 9 

reveals that within 1 hour of treatment, cells undergo morphologic changes to nuclei 

including peripheral movement of fibrillarin, and many cells detach from their substrate.  

Repeat studies employing cells transfected with a fibrillarin-GFP construct confirm that 

fibrillarin is moving toward the periphery as opposed to anti-fibrillarin antibodies binding 

neoepitopes resulting from the death process (Figure 10).   
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Figure 9.  90 µM Hg Induces Rapid Nuclear Changes and Cell Detachment.  Cultures of MLE-12 

cells grown on coverslips were subjected to mercury treatment for various timepoints, stained 

with antifibrillarin antibodies and observed via confocal microscopy.  Within one hour there is a 

large loss of cell number and morphologic changes to nuclei including the movement of fibrillarin 

towards the nuclear periphery. 
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Figure 10.  Fibrillarin-GFP Transfected Cells Confirm Movement of Fibrillarin During Mercury-

induced Death.  Cells transfected to express a Fibrillarin-GFP fusion protein were subjected to 

treatments as above.  Confocal micrographs confirm that the staining pattern observed with 

indirect immunofluoresence is secondary to movement of fibrillarin. 
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When imaging software is used to view cells in a transverse plane, the movement of 

fibrillarin to the apical surface of cells is observed (Figure 11).  When fibrillarin 

fluorescence is overlayed with a light microscopic image, the exposure of the nucleolar 

antigen at the cell surface is appreciated (Figure 12).  In contrast to mercury-induced 

death, apoptosis is a process that protects fibrillarin within apoptotic blebs (Figure 13).    

 

 

 

 

 

 

Figure 11.  Fibrillarin moves to the apical surface of mercury-killed cells.  Software was 

employed to create confocal microscope images of cells in the transverse plane.  Fibrillarin 

moves to the apical surface of epithelial cells when treated with HgCl2. 
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Figure 12.  Fibrillarin is exposed at the cell surface during mercury-induced death.  To visualize 

fibrillarin relative to the cell membrane, fluorescent micrographs of mercury treated cells were 

overlayed with light microscope images revealing that fibrillarin moving beyond the nucleus is 

exposed to the extracellular compartment at the cell surface. 
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Figure 13.  Fibrillarin is protected during apoptosis.  Cells induced to undergo apoptosis by 

treatment with 2 μM Camptothecin for 24 hours were stained with anti-fibrillarin antibodies and 

counterstained with sytox orange nuclear stain.  The images reveal that fibrillarin remains 

compartmentalized during apoptosis allowing for proper phagocytic removal. 
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The changes observed at the microscope are measurable using the associated 

software.  As shown in Figure 14, cells lose fibrillarin as measured by loss of number of 

nuclei and total cross sectional nucleolar area.  The distance between the edge of nucleoli 

and the closest section of nuclear membrane was also quantified.  Nucleoli, as defined as 

fibrillarin-positive regions, move closer to, and beyond, the nuclear periphery following 

one hour of treatment with 90 μM HgCl2. 

 

 

 
 

Figure 14.  Nucleolar changes observed by microscopy are measurable.  Leica confocal 

microscopy imaging software was used to quantify changes to nucleoli observed with mercury 

treatment.  After 1 hour of treatment with 90 μM HgCl2 the number of nucleoli and the total cross 

sectional area of nucleoli per cell decreases.  The shortest distance of nucleoli to the edge of 

nuclear staining was also quantified.  Following treatment, fibrillarin staining moves peripherally 

and in some cells can be observed beyond  the edge of nuclear stain. 
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Mercury induces cell death distinct from apoptosis 

 To confirm that the process induced by mercury observed by microscopy is 

distinct from apoptosis, cells were assayed for DNA fragmentation, a hallmark of 

programmed cell death.  Cells were treated as above and harvested rather than fixed.  The  

DNA was isolated from cells and subjected to electrophoresis to assay for DNA 

laddering.  Mercury-killed cells do not undergo DNA fragmentation as do control cells 

induced to undergo apoptosis with Camptothecin (Figure 15).   
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Figure 15.  Mercury induced cell death is not associated with DNA fragmentation.  Cultured 

MLE-12 cells were treated as in imaging studies.  Following treatment, DNA was isolated from 

cells and subjected to electorphoresis.  While the induction of apoptosis with Camptothecin 

induces clear DNA fragmentation, mercury had no such effect.  U – untreated, C – Camptothecin.  
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 To determine whether caspases play a role in mercury-induced cell death, the pan-

caspase inhibitor zVAD was employed.  For these assays, Jurkat cells were used allowing 

for convenient flow cytometric analysis of cell death.  Live cells are negative for both 

Annexin V and 7-AAD indicating phosphatidylserine is not externalized and the 

membrane is intact.  Cells in early apoptosis will stain positively for Annexin V but 

remain 7-AAD negative.  Late apoptosis and necrosis render cells both Annexin V and 7-

AAD positive.  While apoptosis is inhibited by this reagent, zVAD had no effect on 

mercury-induced cell death, consistent with the observation that this is a distinct process 

(Figure 16). 

 

 
 

Figure 16.  Mercury-induced cell death is caspase-independent in Jurkat T cells.  Jurkat T cells 

were cultured and treated with the concentrations of mercury depicted or Camptothecin as an 

apoptotic control.  Cells were stained with FITC-conjugated Annexin-V and 7-AAD to assay for 

membrane flipping and cell permeablization respectively via flow cytometry.  While the addition 

of the pan-caspase inhibitor zVAD to cultures inhibited apoptosis, this reagent had no effect on 

mercury induced death when either 60 or 90 μM concentrations of the metal was used. 
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Absence of PARP1 imparts partial resistance to mercury induced cell death 

 Because PARP1 is a known mediator of necrotic cell death, we aimed to 

determine if this protein plays a role in the mercury induced process.  Splenocytes from 

both wild type and PARP1 knockout B6 mice were cultured and treated with 

concentration of mercury ranging from 100 nM to 90 μM.  Splenocytes from A.SW mice 

were analyzed concurrently.  Although the absence of PARP1 did impart a modest 

resistance to mercury induced cell death, it is most striking that splenocytes from A.SW 

mice have the greatest survival in the presence of mercury (Figure 17).  While less than 

25% of wild-type B6 cells survived 10 μM treatment, the PARP1 knockouts displayed 

over 29% survival.  A.SW cells displayed an even greater survival percentage of over 45.  

Even at concentrations of 90 μM Hg, 2% of A.SW cells survive, while B6 cells with or 

without PARP1 die at a rate near 100%.  The reason for this increased resistance cannot 

be deduced from these studies, but this property of A.SW splenocytes is likely a factor 

contributing to this strain‟s susceptibility to the disease model.    
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Figure 17.  Susceptibility of splenocytes to mercury induced cell death is strain dependent.  

Splenocytes were cultured and treated with the concentrations of mercury depicted.  Cells were 

stained with Annexin-V and 7-AAD to assay for membrane flipping and cell permeablization 

respectively via flow cytometry.  Splenocytes from PARP1 knockout mice show a modest 

survival advantage when challenged with 10 μM Hg, but most striking is the enhanced survival of 

A.SW cells at concentrations between 10 and 60 μM. 
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CHAPTER 4 

 

DISCUSSION 

 

The importance of mercury 

Reports of heavy metal-induced autoimmunity in humans including gold-, 

cadmium- and mercury-induced glomerulonephritis began to emerge over four decades 

ago (Barr, et al., 1972;Silva, et al., 2004;Carey, et al., 2006).  Mercury-induced 

autoimmunity (HgIA) is the prototypic heavy metal-induced autoimmune disease model.  

The model is reliable and reproducible, and mercury exposure is unavoidable (Clarkson, 

et al., 2007).  The neurotoxicity and nephrotoxicity of mercury is well studied and will 

not be covered. 

 Sources of mercury contributing to human exposure range from man-made 

products such as dental amalgam to the Earth‟s crust, which releases the metal via natural 

degassing (Clarkson, et al., 2007).  In the 1960‟s it was noted that topically applied 

mercury for the treatment of psoriasis leads to nephrotic syndrome (Turk, et al., 1968), 

and a similar pathology was observed in women using mercury-containing skin-

lightening cream shortly thereafter (Barr, et al., 1972).  Many countries restrict the sale of 

creams containing the heavy metal, but their use leading to membranous nephropathy and 

minimal change disease, both associated with immunoglobulin and complement deposits 

in the glomerulus, is still reported in some areas (Soo, et al., 2003;Tang, et al., 2006). 

 A retrospective study published in 2004 concludes that a positive correlation 

exists between exposure to mercury and the autoimmune necrotizing vasculitis 

Wegener‟s Granulomatosis (Daniel, et al., 2004).  The proliferation of T lymphocytes and 

the development of anti-laminin autoantibodies have been observed in individuals 
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exposed to mercury vapors as an occupational hazard (Moszczynski, et al., 

1995;Lauwerys, et al., 1983).  Additionally, urinary mercury levels of scleroderma 

patients correlate with disease severity and levels of anti-fibrillarin autoantibodies 

(Arnett, et al., 2000).  The anti-fibrillarin response seen in this subset of scleroderma 

patients is also found in the murine model of HgIA and is associated with MHC class II 

restricted susceptibility in both humans and rodents (Kinds-Mngge, 1989;Frank, et al., 

1996).  It is noteworthy that gold and silver can also induce anti-fibrillarin 

autoantibodies; here again, susceptibility is MHC class II dependent (Hultman, et al., 

1994a;Hultman, et al., 1995a; Havarinasab, S., et al., 2007). 

 Another prominent source of human heavy metal exposure is dental amalgam, 

which continuously releases small amounts of mercury vapor.  The safety of mercury-

containing dental amalgams is a controversial topic.  The lack of autoimmune 

manifestations in the great majority of patients with mercury-containing amalgam argues 

strongly in favor of its continued use, but studies suggesting a role for this product in the 

onset of diseases such as multiple sclerosis (MS) have been published (Mutter, et al., 

2005).  Indeed, clinical improvements in patients with systemic lupus erythematosus 

(SLE), autoimmune thyroiditis or MS upon removal of mercury-based amalgam was 

reported by Prochazkova et. al. in 2004 (Prochazkova, et al., 2004).  However, there is 

not enough evidence to support the recommendation of amalgam removal in patients with 

autoimmune disease. 
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Disease course 

Subtoxic doses of inorganic mercury (HgCl2) administered repeatedly to Wistar 

rats lead to the first report of HgIA in animals.  A reproducible membranous 

glomerulonephritis is induced by mercury in rats possessing major histocompatibility 

(MHC) class II susceptibility alleles mapping to the RT-1 locus.  In male Brown Norway 

(BN) rats, HgCl2 leads to polyclonal B and T cell activation, increased serum 

immunoglobulin levels, autoantibody production and glomerulonephritis with immune 

complex deposition (Druet, et al., 1978;Druet, et al., 1988).    

 Polyclonal activation of T and B cells, elevated serum immunoglobulin levels, 

autoantibody production and immune-complex glomerulonephritis are observed in rats 

susceptible to HgIA (Druet, et al., 1978;Druet, et al., 1988).  The autoantibodies 

generated are capable of binding phospholipids, DNA, glomerular basement membrane 

proteins, laminin-1 and thyroglobulin (Pusey, et al., 1990;Marriott, et al., 1994).  Within 

4 to 5 weeks, manifestations of HgIA resolve in treated rats whether or not mercury 

dosing continues.  Once the disease resolves, CD8+ T cells mediate permanent resistance 

to subsequent mercury challenge (Mathieson, et al., 1991;Bowman, et al., 1984;Castedo, 

et al., 1993;Pelletier, et al., 1990).   

In the murine model, susceptible mice treated with HgCl2 develop a T-helper 2 

(Th2) biased polyclonal expansion of T and B cells accompanies a rise in serum IgG1 

and IgE, the generation of highly specific anti-fibrillarin autoantibodies and 

glomerulonephritis of limited severity (Bagentose, et al., 1999b;Hultman, et al., 

1993;Pollard, et al., 2005;Monestier, et al., 1994b).  Anti-chromatin as well as anti-

histone autoantibodies also appear, although at very low titers (Hultman, et al., 1992).  
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Anti-fibrillarin autoantibodies persist for months following withdrawal of mercury while 

the polyclonal activation and serum immunoglobulin levels decrease within 4 to 5 weeks.  

Unlike rats, mice do not develop resistance to mercury challenge at later time points 

(Hultman, et al., 1996).  

 

A spectrum of genetic susceptibility 

 In both mice and rats, mercury‟s ability to induce autoimmune manifestations is 

dependent upon MHC class II susceptibility genes.  As stated, the RT-1 locus at least 

partially controls susceptibility in rats.  While RT-1
l
 rats do not develop autoimmunity 

when treated with mercury, inbred rats with the RT-1
n
 haplotype are quite susceptible to 

disease induction.  Moderate susceptibility to HgIA is associated with RT-
1a,b,c,f,k

 

haplotypes (Goldman, et al., 1991;Elvira, et al., 1977).   

 Genetic disposition to HgIA in the murine system maps to the I-A region of the 

MHC class II locus.  The H-2
a
, H-2

b
 and H-2

d
 I-A haplotypes render mice resistant to the 

disease while H-2
s
 mice are highly susceptible.  Intermediate susceptibility to the disease 

is observed in H-2
q
 and H-2

f
 expressing mice (Hultman, et al., 1992;Robinson, et al., 

1986a;Mirtcheva, et al., 1989;Hansson, et al., 2003).  Studies aimed at characterizing the 

mechanisms by which the H-2 alleles control susceptibility to disease demonstrated that 

H-2
s
/H-2

b
 F1 offspring co-dominantly expressing both I-A

s
 and I-A

b 
genes are resistant to 

mercury induced autoantibody production, in contrast to other autoimmune diseases 

where MHC class II heterozygous expression increases or has little effect on disease 

manifestations (Hanley, et al., 1997;Hanley, et al., 1998;Nygard, et al., 1993;Short, et al., 
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1986).  It has been determined that resistance is due not to decreased levels of I-A
s
, but to 

co-expression of I-A
b
 on B cells (Hanley, et al., 1997).   

 Mouse strains bearing the same H-2 haplotype display variable susceptibility to 

HgIA, so clearly other genes are involved.  BALB/c, B10.D2 and DBA/2 mice all express 

H-2
d
 gene products, but differ widely in their reaction to mercury challenge.  BALB/c 

display marked lymphoproliferation and immune complex deposition in glomeruli while 

B10.D2 mice display lymphoproliferation with very mild glomerulonephritis; DBA/2 

mice are completely resistant (Hultman, et al., 1992;Hultman, et al., 1993;Stiller-

Winkler, et al., 1988). 

 

T cells 

 Although no unifying molecular or cellular model exists to explain HgIA, several 

factors contributing to the disease process have been suggested and are summarized in 

Figure 18.  Mercury ions exert effects on many biological molecules and their associated 

functional pathways via high-affinity interactions with amine, carboxyl, hydroxyl and 

thiol groups (Oram, et al., 1996;Passow, et al., 1961).  For example, aggregation of cell 

surface receptors such as CD3, CD4 and other T cell receptor (TCR)-associated proteins 

can be promoted by mercury binding with resultant protein tyrosine kinase (PTK) 

activation and signal deregulation.  A similar phenomenon has been reported for B cells 

(Nakashima, et al., 1994;McCabe, et al., 1999).   

 The lymphoproliferation observed in the murine model has been attributed by 

Pollard et. al. to an expansion of T cells rather than B cells (Pollard, et al., 2001).  This 

group demonstrated that it is mature T cells that are capable of proliferation in response 
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to heavy metal while thymocytes are not.  This proliferation is under the control of non-

MHC class II genes; BALB/c and DBA/2 mice both express H-2
d
, but display opposing 

responses to mercury (Jiang, et al., 1995).  When splenocytes from the highly susceptible 

strain were treated with mercury, both CD4+ and CD8+ subsets proliferated; only CD8+ 

cells proliferated when splenocytes came from the resistant DBA/2 strain.  The 

proliferative response of T cells to mercury actually appears to be TCR-dependent.  Only 

cells bearing certain Vβ chains proliferate in response to mercury; in BALB/c mice these 

include Vβ6, 8, 10 and 14, and in SJL mice Vβ6, 7 and 14 confer responsiveness (Jiang, 

et al., 1996).   

 The importance of T cell proliferation in disease onset and course has been 

demonstrated by studies using BN rats deficient in T cells as well as athymic or T cell-

depleted mice.  Autoimmunity did not develop in these rodents, further providing 

evidence of a crucial role for T cells in the disease model.  Indeed, markers of T cell 

activation such as CD25 and CD71 are rapidly upregulated upon exposure to HgCl2 

(Johansson, et al., 1997).  Adoptive transfer of T cells from HgCl2 treated rats or mice to 

naïve recipients results in autoimmune manifestations in the recipients (Pelletier, et al., 

1988;Layland, L. E., et al., 2004).  The specificity of autoreactive T cells in this model is 

not fully understood, but is directed towards not only fibrillarin but other nucleolar 

molecules as well (Kubicka-Muranyi, et al., 1995). 
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Figure 18.  Putative mechanisms of mercury-induced autoimmunity.  

(1) Mercury induces cytotoxicity of somatic cells at the injection site resulting in 

proteasomal processing of the nucleoprotein fibrillarin and its subsequent release as 

immunogenic peptides. (2) These peptides are then processed by antigen presenting cells 

(APCs) and presented to T cells in the context of MHC class II molecules. (3) 

Additionally, Hg results in the clustering of T cell receptors via a novel redox mechanism 

with subsequent protein tyrosine kinase (PTK) activation.  The high affinity IL-2 receptor 

(CD25) and the transferrin receptor (CD71) are also upregulated by mercury.  (4) 

Mercury binds to T cell intracellular proteins, affecting their function. Mercury binding to 

glutathione (GSH) promotes a Th2 phenotype resulting in the secretion of IL-4. (5) 

Recruitment of Fas-associated protein with a death domain (FADD) to the death-inducing 

signaling complex (DISC) during Fas signaling is also impaired, allowing escape of 

autoreactive T cells. (6) Serum B cell activation factor of the tumor necrosis family 

(BAFF) secretion by APCs is increased by mercury exposure and leads to proliferation of 

both T and B lymphocytes. (7)  B cells are also polyclonally activated in the presence of 

mercury with upregulation of CD71 and CD23, differentiation into antibody-secreting 

plasma cells and consequently elevated serum immunoglobulin levels (8).  
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B cells 

The marked polyclonal increase in serum IgG1 and IgE along with the production 

of autoantibodies seems to suggest an important role for B cells in HgIA, but there does 

not appear to be a direct effect of HgCl2 on these lymphocytes.  It has been reported that 

B cell populations do not expand in vitro when treated with HgCl2, but in some mouse 

strains mercury treatment does yield B cell proliferation in vivo (Pollard, et al., 

2001;Johansson, et al., 1998).  This expansion follows a measurable upregulation of the 

proliferation marker CD71.  In A.SW mice (the H-2
s
 strain exhibiting the highest 

susceptibility to HgIA), there is also an increase in expression of the low-affinity IgE 

receptor (CD23) after 7-14 days of mercury administration.  This is in agreement with 

observations of increased IL-4 reported in this model (Johansson, et al., 1998).  

Upregulation of CD23 driven by IL-4 has also been measured in mercury treated rats 

(Prigent, et al., 1995). 

 B cells require B cell activation factor of the tumor necrosis family (BAFF) for 

maturation in secondary lymphoid organs.  This protein is elevated in the sera and 

parenchyma of mice genetically susceptible to spontaneous systemic lupus erythematosus 

(SLE) (Mackay, et al., 2007).  Work in our lab has revealed that mercury treatment also 

leads to increased serum levels of BAFF, but only in susceptible A.SW mice, not 

resistant C57BL/6 or DBA/2 mice (Zheng, et al., 2005a).  Because BAFF inhibits 

programmed cell death and promotes B cell survival, this protein may be responsible for 

the rescue of anergic self-targeting B cells.  This argument is supported by the 

observation that BAFF blockade reduces mercury-induced autoimmune responses 

(Zheng, et al., 2005a). 
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The role of cytokines 

 Cytokines levels are both affected by mercury and necessary for its autoimmune 

inducing potential.  Blockage of IL-1 inhibits T cell proliferation in response to mercury 

to an even greater degree than co-stimulatory modulation (Pollard, et al., 2001).  In 

addition to T cell proliferation, the polarization towards Th1 or Th2 phenotypes also 

plays a role in disease course.  An effort to address this issue demonstrated that although 

CD4+ T cells are activated in both resistant and susceptible strains of mice (B10.D2 and 

B10.S, respectively), cells from susceptible strains produced a greater proportion of IL-4.  

Resistant strains produced more interferon gamma (IFN-γ) (van Vliet, et al., 1993).  The 

results of a similar study using rats support this finding (Kathleen, et al., 1996;Mathieson, 

et al., 1996), as do the results of a study utilizing an antibody to the Th1 associated 

OX221.  Antibody blockade of OX221 leads to exacerbation of disease manifestations in 

BN rats.  Interestingly, Th1 cytokines are in fact required for HgIA though full Th1 

polarization imparts resistance (Kono, et al., 1998).  A role for mast cells in the Th2 

polarity of HgIA was shown by in vitro treatment with HgCl2.  Mast cells from BN rats 

produced IL-4 in response to HgCl2 while those from resistant LEW rats did not (David, 

et al., 1995). 

The biologic events behind mercury-induced polyclonal T and B cell activation 

are poorly understood.  The metal‟s high affinity for thiol-containing molecules can alter 

the availability of such species to immune cells (Bagentose, et al., 1999a).  Glutathione 

(GSH), which is the most abundant source of intracellular thiols, imparts changes in 

patterns of cytokine expression.  Cellular levels of GSH impact mercury uptake, 

accumulation and toxicity (Baggett, et al., 1986).  This molecule is required for induction 
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of IFN-γ by concavalin A in vivo (Peterson, et al., 1998).  The suppression of IFN-γ 

production by mercury in susceptible rats may be due to interactions with GSH (Peter, et 

al., 1993).  Some studies conclude that mercury actually increases GSH levels, possibly 

by free radical-induced synthesis (Woods, et al., 1995).  Interestingly, however mercury-

induced decreases in GSH levels have been demonstrated in lymphocytes and monocytes 

(Shenker, et al., 1993).  Depletion of GSH in mice leads to decreased IFN-γ and 

increased IL-4 production by ex vivo stimulated T cells isolated from these animals 

(Peterson, et al., 1998).  Mercury modulated decreases in GSH likely contribute to the 

Th2 cytokine profile of the disease model. 

 Although there is a strong argument for the role of Th2 polarization in rendering 

rodents susceptible to HgIA, IL-4 knockout mice do develop antinucleolar autoantibodies 

(IgG2a and IgG2b) in response to mercury.  While IL-4 is not required for breakage of 

tolerance to self, it is required for immunoglobulin class switch to IgG1 and IgE 

(Bagenstose, et al., 1998).  IFN-γ does play a role in breakage of tolerance to self, a point 

demonstrated by the drastically reduced levels of antinucleolar autoantibodies in mercury 

treated mice lacking the gene for this cytokine (Kono, et al., 1998). 

 Nitric oxide (NO) production induced by LPS, TNFα or IFN-γ is inhibited by 

levels of mercury too small to induce cytotoxicity (Kim, et al., 2002;Tian, et al., 1996).  

This effect is due to a decrease in NF-κB trafficking to the nucleus secondary to impaired 

proteolytic cleavage of IκBα  (Kim, et al., 2002;Dieguez-Acuta, et al., 2001).  Though 

mercury decreases NF-κB activation, it increases activation of p38 mitogen-activated 

protein kinase (p38MAPK) as well as LPS-induced phosphorylation of this enzyme.  

Protein kinase C is also activated in the presence of mercury, which may play a role in 
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increasing intracellular calcium (Ca
2+

) concentrations.  The increase in Ca
2+

 

concentration leads to elevated reactive oxygen species (ROS) levels and enhanced lipid 

peroxidation of mitochondrial membranes (McCabe, et al., 1999;Yeh, et al., 2004;Badou, 

et al., 1997). 

 

The requirement for co-stimulatory molecules 

Proliferation in response to mercury is dependent on co-stimulatory molecules such as 

CD40L, CD80 and CD86.  When these molecules are blocked by antibodies, mercury-

induced T cell proliferation is impaired (Pollard, et al., 2001).   

 The role of co-stimulatory pathways in disease development has also been 

extensively studied in vivo.  Systemic blockade of CD40-CD40L or B7-CD28 

interactions abate the manifestations of HgIA.  Our own lab has reported that blockade of 

B7.1 or B7.2 specifically has differing effects.  Blocking B7.1 inhibits formation of 

antinucleolar antibodies completely while simply blocking B7.2 only partially inhibits 

this manifestation (Bagenstose, et al., 2002).  The inducible costimulator molecule 

(ICOS) also promotes HgIA and its blockade decreases manifestations of the disease 

(Zheng, et al., 2005b). 

 Co-stimulatory receptors which function to downregulate immune responses also 

play a role in HgIA.  Antibody stimulation of 4-1BB, a molecule belonging to the tumor 

necrosis factor receptor (TNFR) superfamily, downregulates disease manifestations 

significantly (Vinay, et al., 2006).  Similarly, blockage of CTLA-4 signaling both 

increases disease severity in susceptible rodents and results in antinucleolar autoantibody 

production in resistant DBA/2 mice (Zheng, et al., 2003). 



 73 

Tim-3 in HgIA 

 

One of the earliest studies to elucidate the role of Tim-3 in modulating T cell 

responses demonstrated that blocking this molecule exacerbates the Th1-mediated 

autoimmune disease experimental autoimmune encephalomyelitis (Monney, et al., 2002).  

Blocking Tim-3 also exacerbates diabetes in nonobese diabetic mice and prevents 

induction of transplantation tolerance by costimulatory blockade; a decrease in T 

regulatory (Treg) cell function correlates with these findings (Sanchez-Fueyo, et al., 

2003).   

A role for Tim-3 in immune tolerance is suggested by the finding that inhibition 

of this molecule prevents costimulatory blockade-induced transplant tolerance (Sanchez-

Fueyo, et al., 2003), and is further confirmed by reports that stimulating the pathway 

improves skin graft survival in an animal model (Wang, et al., 2008;Wang, et al., 2007).  

The authors of these studies further demonstrated that galectin-9 negatively regulates 

alloreactive CD8
+
 T cells (Wang, et al., 2007).  In a mouse model of primed allo-

tolerance, blockade of the Tim-3 pathway with a Tim-3-Ig fusion protein suppresses 

production of TGFβ (Muthukumarana, et al., 2008). 

The importance of Tim-3 in maintaining tolerance to self is further supported by 

studies of the molecule in patients with multiple sclerosis (MS).  T cells from MS patients 

secrete higher levels of IFNγ than those from control subjects (indicating a Th1 

phenotype) but express lower levels of Tim-3 (Koguchi, et al., 2006).   Moreover, a 

functional deficit in Tim-3 signaling has been implicated in MS by experiments utilizing 

T cells from patients and healthy controls (Yang, et al., 2008;Khademi, et al., 2004).  The 
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blockade of Tim-3 with antibody during ex vivo T cell stimulation assays resulted in 

increased IFNγ secretion by cells from MS patients but not healthy controls.   

The majority of Tim-3 studies have focused on the molecule‟s role in modulating 

T-cell responses (Monney, et al., 2002;Sanchez-Fueyo, et al., 2003;Zhu, et al., 

2005;Gielen, et al., 2005;Frisancho-Kiss, et al., 2006;Wang, et al., 2009), but it is also 

highly expressed on cells of the innate immune system (Anderson, et al., 2007).  On DCs, 

Tim-3 serves to promote immune activation as well as peripheral tolerance by serving as 

a receptor for the phagocytosis of apoptotic debris (Nakayama, et al., 2009).  The 

expression patterns observed in the present study support the consensus that Tim-3 is 

expressed by both CD4+ and CD8+ T cells, as well as CD11c+ dendritic cells.  The 

functional outcomes observed here also support claims that Tim-3 negatively regulates T-

cell responses and plays a role in peripheral tolerance induction by DCs. 

That the expression pattern of Tim-3 is little affected by disease inducing doses of 

HgCl2 early in HgIA is not surprising because the time point observed is during active 

disease.  Later in the course of HgIA, Tim-3 may be expressed at higher levels serving to 

promote the known resolution that occurs after several weeks of disease (Hultman, et al., 

1996).  The experiment demonstrating increased expression of Tim-3 by both CD4+ and 

CD8+ T cells is consistent with the theory that tolerance to HgIA is modulated by 

Tregs(Vas, et al., 2008), particularly in light of the discovery that they express galectin-9 

(Wang, et al., 2009).  The early increase in Tim-3 expression in mice both tolerized and 

challenged with HgCl2 likely contributes to disease prevention by facilitating T cell 

apoptosis, a known result of Tim-3 ligation (Zhu, et al., 2005).   
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 Modulation of the Tim-3 pathway during HgIA using either Tim-3-Ig fusion 

protein or stimulating antibodies provided results consistent with prior studies employing 

these reagents that support this molecule‟s role in downregulating Th1 responses 

(Monney, et al., 2002;Sanchez-Fueyo, et al., 2003).  That blocking Tim-3 via antibody 

administration exacerbated both the Th1 and Th2 manifestations of HgIA was surprising 

until the discovery that the molecule serves to promote peripheral tolerance via its 

expression on DCs (Nakayama, et al., 2009).  In addition to blocking downmodulation of 

Th1 phenomena late in disease course, anti-Tim-3 antibodies may also block DC 

activities early that would usually promote general tolerance to HgIA.  That stimulation 

of Tim-3 resulted in decreased disease manifestations is consistent with reports that 

ligation of this molecule leads to T cell apoptosis, an observation also consistent with our 

flow cytometry experiments. 

 Because treatment with Tim-3-Ig fusion protein partially prevented the induction 

of tolerance to HgIA, we expected a similar result using the blocking antibody.  The 

ineffectiveness of the antibody at preventing tolerance may have been due simply to 

insufficient dosage (i.e. the fusion protein is more potent) or the induction of tolerance to 

HgIA may depend more on Tim-3 ligands than Tim-3 itself.  Additionally, it is possible 

that since Tim-3 recognizes multiple ligands (at least galectin-9 and phosphtidylserine) 

that the antibody does not block the effect of all ligation.   

 Tim-3 is expressed by a variety of cell types and serves multiple functions.  Our 

data are consistent with reports of Tim-3 as an inducer of apoptosis on T cells (Zhu, et al., 

2005); indeed, antibody stimulation of the molecule selectively decreased CD3+ cell 

numbers.  There was no loss of Tim3+ DCs as a result of antibody stimulation, and our in 
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vivo data support the theory that Tim3+ DCs maintain peripheral tolerance (Nakayama, et 

al., 2009). 

 Mercury-induced autoimmunity is modulated by Tim-3 governed processes in a 

manner consistent with published studies.  Tim-3 ligation dampens HgIA manifestations 

partially via the elimination of T cells.  Additional studies will be required to fully 

elucidate the function of Tim-3+ DCs during HgIA but it is likely that these cells promote 

tolerance to the disease during the clearance of dead cells and cellular debris. 

 

Cell death and autoimmunity 

 Mercury induces autoimmune manifestations in this disease model by a 

multifactorial process.  Though several autoimmunity promoting events occur secondary 

to mercury treatment, the reason for the highly specific response to fibrillarin has not 

been fully explained.  Evidence has been offered suggesting that mercury directly targets 

fibrillarin revealing cryptic epitopes via chemical modification which are capable of 

activating T cells (Pollard, et al., 1997;Chen, et al., 2002b;Kubicka-Muranyi, et al., 

1995;Kubicka-Muranyi, et al., 1996).  Co-localization of fibrillarin with proteasomes 

upon treatment with subtoxic levels of mercury has also been demonstrated in vitro and 

in vivo; other nucleolar proteins did not traffic to the proteasome in this study (Chen, et 

al., 2002b).  Cytotoxic levels of mercury (40 uM) result in molecular modification of 

fibrillarin giving rise to novel antigenic properties; this chemical conversion is dependent 

on cysteine residues in the protein (Pollard, et al., 1997).  A 19 kDa fragment of 

fibrillarin is produced during mercury-induced death of macrophages but not during 

death induced by other stimuli; this novel peptide is immunogenic while intact fibrillarin 
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is not (Pollard, et al., 2000).  Although mercury induced modifications to fibrillarin 

structure and processing likely play a role in breaking tolerance to this self molecule, the 

exact mechanism by which fibrillarin is targeted with high avidity remains to be 

characterized.  For example, proteasomal processing of a self protein presumably results 

in presentation by MHC class I molecules, but susceptibility to HgIA maps to the class II 

locus.  Mechanisms by which cross-presentation of self antigens with MHC class II and 

exogenous antigens with MHC class I can occur have been proposed with heat shock 

proteins being implicated in these processes (Albert, et al., 1998;Guermonprez, et al., 

2003;Malnati, et al., 1992;Munz, et al., 2000;MIN, et al., 2005).  Mercury does increase 

the levels of heat shock proteins in treated cells (Jelena, et al., 2007;Goering, et al., 

2000;Goering, et al., 1992;Bauman, et al., 1993), but it remains a possibility that 

modified fibrillarin is recognized as foreign by antigen-presenting cells (APCs), 

processed via the exogenous pathway and presented in the context of MHC class II 

molecules.   

 The importance of cell death and the proper clearance of dead cells to the 

maintenance of self-tolerance has become apparent in both human disease and animal 

models of autoimmunity (Nagata, 2010).  Apoptosis, although anti-inflammatory, is a 

source of autoantigen in autoimmune diseases (Munoz, et al., 2008).  Defects in both cell 

death pathways as well as phagocytic processing of apoptotic cells have been identified 

in patients with SLE (Munoz, et al., 2008;Nagata, 2010).  In mouse models, inhibition of 

apoptotic cell clearance with antibodies to Tim-3 and Tim4 (Nakayama, et al., 2009), as 

well as genetic defects in phagocytic pathways, promotes autoimmune manifestations 

(Cohen, et al., 2002;Hanayama, et al., 2004). 
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The cytotoxic properties of mercury and the multifactorial nature of HgIA make it 

probable that cell death is one component of this disease model.  Should mercury cause 

dysregulation of apoptotic cell clearance or directly cause necrosis, such mechanisms 

could act synergistically with the many immune-modifying properties of mercury to 

promote untoward effects.  

Although mercury does induce apoptosis at concentrations less than 30 μM 

(Shenker, et al., 1993), as this concentration is exceeded, elements of necrosis occur 

(Goering, et al., 1999;Carranza-Rosales, et al., 2005;Shenker, et al., 2000).  The studies 

herein indicate that at the site of injection, mice are subjected to local cell death that is 

distinct from apoptosis.  A large amount of unregulated cell death results locally, while it 

is likely that as the chemical dissipates throughout the organism mercury induces a 

spectrum of death processes ranging from apoptosis to the cytotoxicity observed in these 

experiments. 

 Observations of cell death induced by high concentrations of mercury, such as 

those injected subcutaneously to induce HgIA, are consistent with a necrotic process.  

Mercury killed cells are morphologically distinct form apoptotic cells, and they do not 

undergo membrane bleb formation.  While DNA is fragmented during apoptosis, it is not 

during mercury-induced death.  Mercury-induced cell death is caspase independent, and 

PARP1 does not seem to play a role under our conditions.   

 Unregulated cell death is a potential source of autoantigen by the release of cell 

components into the extracellular space (Munoz, et al., 2010;Cohen, et al., 2002).   Such 

a process induced by a chemical agent like mercury could also be coupled with 

modification of epitopes within the cell making them more immunogenic; mercury has 
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already been shown to promote such modifications to fibrillarin and this modified protein 

is immunogenic (Pollard, et al., 2000).  These studies have revealed that during apoptosis, 

the autoantigen fibrillarin is protected from the extracellular compartment allowing 

proper processing by phagocytes.  Contrary to this, when cells die via treatment with high 

dose mercury, normal compartmentalization is not visualized and fibrillarin is exposed 

extracellularly.  Because it is known that the disease model is MHC class II dependent, it 

is reasonable to speculate that mercury-modified fibrillarin, released from dying cells, 

may be processed and presented by APCs at the time of disease induction.  The 

confirmation of such an event would for the first time explain why fibrillarin is targeted 

with antibodies of high specificity and affinity in mice susceptible to HgIA.   

 

Conclusion and future directions 

 Autoimmune processes are multifactorial and chemical agents are often at play in 

the pathogenesis.  The autoimmunity inducing potential of mercury has been identified in 

both humans and rodents and serves as a prototype for chemically-induced autoimmunity.  

This work demonstrates that Tim-3 acts during HgIA in a manner consistent with the 

molecule‟s known functions, which is the case with many immune co-stimulatory 

molecules in this disease model (Zheng, et al., 2003;Zheng, et al., 2005b).  The 

expression of Tim-3 on multiple cell types and its multiple functions could make it a 

problematic therapeutic target for systemic autoimmunity, unless specific targeting 

mechanisms can be engineered as well. 

 The importance of Tim-3 to HgIA supports the role of cell death in the disease 

model, which is also supported by the experiments described here.  A more complete 
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understanding of these phenomena in the context of murine HgIA will be attained by 

future experiments.  By crossing Tim-3 knockout mice onto an A.SW background, both 

in vivo and in vitro effects of mercury in the absence of this molecule will be elucidated.  

Ex vivo splenocyte culture systems utilizing these mice will reveal the role of Tim-3 in 

cytokine production in response to immunostimulatory conditions. 

In HgIA, and likely in human mercury-associated autoimmune manifestations, 

aberrant release of autoantigens from killed cells contribute to disease promotion.  It will 

now be necessary to show that elements released from mercury killed cells have 

immunostimmulatory or immunomodulatory effects in the context of the disease model.  

The injection of such materials into experimental mice presents several challenges, 

including exact replication of experimental conditions, but such experiments may  reveal 

useful information.  More basic questions will be answered with in vitro experiments 

wherein cultured phagocytes such as peritoneal macrophages are stimulated with mercury 

killed cells, or elements of their culture supernatant.   

Although the Tim-3 and cell death experiments described here were performed 

concurrently, it was not yet reported that the former plays a role in the latter until 

completion of the bench work.  In order to reconcile the findings of this work, 

manipulations of Tim-3 in the context of in vitro phagocytosis assays utilizing anti-Tim-3 

antibodies, Tim-3-Ig or galectin-9 will be completed. 

While the teaching of factors leading to a propensity for autoimmunity remains 

focused largely on genetics, the lack of complete concordance amongst identical twins 

with autoimmunity makes it very clear that environmental factors are at play.  Many 

small molecules have been identified that lead to autoimmune reactions in humans and 
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animals.  Indeed, the large number of pharmacologic agents capable of inducing CIA 

makes a statistically rare phenomenon something all physicians will face.  More 

importantly, environmental pollutants capable of inducing autoimmunity in humans must 

be indentified and understood because, unlike drugs, exposure cannot be promptly ceased 

at the onset of pathology.  The increasing body of knowledge on HgIA is one of the 

richest sources of information available to those wishing to understand and develop 

treatments for such manifestations in humans.  The continued study of this disease model 

is warranted. 
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