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ABSTRACT 

 

 Etiological agents causing autoimmune diseases largely remain unknown.  However, several 

lines of evidence suggest that environmental factors such as heavy metals (arsenic, lead and 

mercury) play a crucial role in the development of autoimmune disorders.  In our model of 

mercury-induced autoimmunity, administration of subtoxic doses of HgCl2 to genetically 

susceptible strains of mice result in an autoimmune disease characterized by the production of 

highly specific anti-nucleolar autoantibodies, hypergammaglobulinemia and nephritis.  However, 

mice can be tolerised to the disease by a single low dose administration of HgCl2 (tolerogenic 

dose).  Previous studies from our lab had demonstrated that CD4+ CD25+ Foxp3+ regulatory T 

cells (Tregs) control the induction and maintenance of tolerance to mercury.  We investigated the 

therapeutic role of Tregs in our model by utilizing agents that are known to stimulate in vivo 

expansion of Tregs.  We studied two such agents, CD3-specific non-Fc receptor-binding [(Fab’)2 

fragment] monoclonal antibody (Anti-CD3) and immune complexes containing recombinant IL-

2 and anti-IL-2 monoclonal antibody (IC).  

 

In our model, treatment of mice with Anti-CD3 had no effect on Treg population.  

Administration of Anti-CD3 with the tolerogenic dose prevented induction of tolerance and 

failed to improve the maintenance period of tolerance. Anti-CD3 in presence of mercury 

activated the immune-system causing splenomegaly and expansion of B cell population.  

Overall, in contrast to its protective role in other experimental autoimmune disease models, Anti-

CD3 exacerbated mercury-induced autoimmune syndrome.  Treatment of mice with IC resulted 
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in selective expansion of Tregs with a modest decrease in IgE levels and autoantibody 

production. Administration of IC with the tolerogenic dose led to a reduction in autoantibody 

response, thus IC was able to extend the maintenance period of tolerance to mercury.   

 

Lymphocyte Activation Gene-3 (LAG-3) is an inhibitory molecule that maintains lymphocyte 

homeostatic balance by controlling effector T cell expansion and contributing to the suppressive 

functions of Tregs.  Thus, with the goal to understand the impact of homeostatic balance on Hg-

induced autoimmunity, we investigated the role of LAG-3 in our model. Administration of an 

anti-LAG-3 monoclonal antibody broke tolerance to Hg resulting in autoantibody production and 

an increase in levels of serum IgE.  Additionally, LAG-3-deficient B6.SJL mice exhibited an 

increased susceptibility to mercury-induced autoimmunity whereas, wild type controls suffered 

only from a mild disease.  Moreover, adoptive transfer of wild-type CD4+ T cells protected 

LAG-3-deficient mice from mercury-induced autoimmunity.  Therefore, we conclude that LAG-

3 exerts an important regulatory effect on autoimmunity elicited by a common environmental 

pollutant. 
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CHAPTER 1 

INTRODUCTION 

Effect of environmental pollutants on autoimmune disease 

Autoimmune diseases are chronic and often life threatening conditions that strikes when the 

immune system of the body goes awry and attacks the body’s own tissues.  In United States 

alone 14 - 22 million people suffer from autoimmune diseases like rheumatoid arthritis, multiple 

sclerosis and SLE (Dooley and Hogan, 2003) .  Epidemic of an autoimmune disease is a result of 

complex interactions between genetic predispositions and environmental pollutants.  Heavy 

metals have adverse effect on cell physiology and they have the capacity to modulate the 

functions of immune system.  Although heavy metals such as copper, manganese and zinc are 

essential for normal physiological process, there are other heavy metals like arsenic, lead and 

mercury that are hazardous environmental pollutants. The focus of this study is to investigate the 

effects of mercury on immunological process. 

 

Sources and forms of mercury in the environment 

Mercury exists in the environment in three major forms metallic mercury or elemental mercury 

(Hg0), Inorganic mercury compounds (Hg+ or Hg++) and organic (ethyl, methyl and 

phenyl).Most of the mercury found in the environment is either elemental mercury or inorganic 

compounds of mercury.  Metallic and inorganic mercury enters the air from mining deposits of 

ores that contain mercury, from emissions of coal-fired power plants, from burning medical and 

municipal wastes, from the production of cement and from uncontrolled releases in factories that 
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use mercury of industrial waste. In air mercury vapors are converted to other forms of mercury 

and can be further transported to water or soil in rain or snow (Meili et al., 1991)  Other sources 

of release in to water bodies include local gold mining operations and or use of mercury-

containing fungicides. Inorganic mercury compounds in water, soils and aquatic sediments are 

than biomethylated by various microbes to generate methyl mercury which is one of the most 

hazardous forms of mercury (Clarkson, 2001).  Although, there are multiple ways in which one 

can be exposed to mercury in environment, methyl mercury in fish, mercury vapor from 

amalgam tooth fillings, and ethyl mercury in the form of thimerosal (preservative used in 

vaccines) are the most common ways of mercury exposure posing serious health risks (Clarkson, 

2001). 

 

Human populations are mainly exposed to organic and elemental mercury, which are then 

converted to the inorganic forms in vivo (Clarkson et al., 2007).  Elemental mercury is poorly 

absorbed via the skin and is not absorbed via the oral route but mercury vapor when inhaled can 

easily enter the blood stream directly from the lungs.  Elemental mercury being lipid soluble can 

traverse cell membranes with ease and thus can cross blood-brain barrier and placenta.  Once 

inside the cell it is converted to inorganic mercury via hydrogen-peroxidase-catalase pathway. 

 

Inorganic mercury compounds enter body following ingestion and generally less than 10% is 

absorbed through intestinal tract, however in some instances about 40% can be absorbed through 

stomach and intestines. Once in the blood stream, it disperses to all tissues mostly accumulating 

in the kidneys. Inorganic mercury dose not readily traverse blood-brain barrier or placental 
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barriers. It is excreted in urine and feces over a period of several weeks or months.  Organic 

mercury compounds can be readily absorbed through gastrointestinal tract and skin and they can 

easily cross the blood-brain barrier, hence they are the most detrimental forms of mercury.  

Organic mercury is converted to inorganic form in the body at various sites.  Humans are mostly 

exposed to methyl-mercury from fish and ethyl-mercury from thimerosal (Yess, 1993; Callahan 

et al., 1979). 

 

Toxic effects of mercury 

Minamata disease caused due to intoxication of methyl mercury released in waste waters of 

Minamata, Japan is one of the earliest reports of mercury intoxication (Elhassani, 1982).  Short 

chain alkyl mercury compounds were used as fungicides for seed grains of cereals, this lead to 

the major outbreak of mercury intoxication in rural Iraq (Jalili and Abbasi, 1961; Clarkson and 

Strain, 2003).  Organic mercury compounds may affect different areas of brain and their 

associated functions resulting in various symptoms. These symptoms include tremors, cerebral 

palsy, changes in vision (constriction or narrowing of the vision field), deafness, muscle in-

coordination, mental retardation and ultimately death ([WHO] World Health Organization, 

1990).  Inorganic mercury is primarily nephrotoxic.  Depending on the species of mercury, either 

immunosuppression (organic mercury) or immunostimulation (inorganic mercury) can occur 

following exposure to lower levels of mercury.  
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Significance of mercury-induced autoimmunity 

In addition to the devastating toxic effects of mercury discussed above, exposure to low levels of 

mercury can potentially modulate the immune system to cause autoimmune disease in 

individuals genetically predisposed to autoimmunity.  There are various reports of autoimmune 

dysfunction in occupationally-exposed humans.  T cell proliferation (Moszczynski et al., 1995) 

and anti-laminin autoantibodies (Lauwerys et al., 1983) were detected in some individuals 

occupationally exposed to mercury vapors.  Another study reported a correlation between urinary 

mercury levels, severity of the disease and the presence of anti-fibrillarin autoantibodies in 

scleroderma patients (Arnett et al., 1996).  Silbergeld and colleagues demonstrated that 

Amazonian populations exposed to mercury during gold mining exhibited antinuclear and 

antinucleolar autoantibodies (Silbergeld et al., 2005).  These studies prove that mercury can have 

profound and intricate effects on the immune system, however the exact mechanism by which 

mercury is able to modulate the immune is still unclear.  Investigation of these mechanisms is 

therefore needed to understand the influence of environmental factors in the development of 

autoimmune diseases. 
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Rodent models of inorganic mercury-induced autoimmunity 

The subtoxic doses (1 mg/kg body weight) of mercury when administered repeatedly in 

susceptible strains of rats induced an autoimmune syndrome with polyclonal T cell and B cell 

activation, increased serum immunoglobulin levels, production of autoantibody and deposition of 

immune complexes in kidneys.  The autoantibodies produced possess multiple specificities 

including anti-DNA, anti-phospholipid, anti-glomerular basement membrane, anti-laminin 1 and 

anti-thyroglobulin (Marriott et al., 1994; Pusey et al., 1990).  The mercury-induced autoimmune 

disease is self-limiting with most symptoms resolving after 4 to 5 weeks.  This attenuation of 

serological and clinical manifestations occurs even when HgCl2 injections are continued.  The 

resolution phase is followed by the resistance phase.  The resistance to Hg-induced 

autoimmunity is mediated by the suppressor CD8+ T cells (Bowman et al., 1984; Castedo et al., 

1993; Pelletier et al., 1994). 

 

HgCl2 also induces autoimmune manifestations in certain strains of mouse.  The autoimmune 

syndrome in mice includes lymphoproliferation with elevated levels of serum IgG1 and IgE, 

autoantibody production and a mild glomuerulonephritis associated with immune complex and 

complement deposition in the kidneys (Bagenstose et al., 1999; Hultman et al., 1992; Pollard et 

al., 2005).  An important difference between autoimmunity in mice and rats is that the 

autoantibody in mice is highly specific to nucleolar antigens (Hultman et al., 1992; Monestier et 

al., 1994; Pollard et al., 1997).  The polyclonal B cell activation with increase in serum 

immunoglobulins is transient and resolves in 4 weeks after the start of treatment.  However, 

antinucleolar autoantibodies (ANoA) can persist for months after the cessation of HgCl2 
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treatment.  Unlike rats which show a resistant phase, autoimmunity in mice can be re-induced by 

administration of HgCl2 (Hultman et al., 1996). 

 

HgCl2-induced autoimmunity in both rats and mice is under stringent genetic restriction and 

hence different rodent strains show varying degree of susceptibility.  The autoimmune syndrome 

in rats is dependent on MHC class II genes of the rat  RT-1 locus, inbred strains carrying the RT-

1n locus are highly susceptible, RT-1a,b,c,f, k haplotypes offer intermediate susceptibility, whereas 

the RT-II haplotype confers resistance (Druet et al., 1977; Dubey et al., 1991; Goldman et al., 

1991)    Mercury-induced autoantibody production in mice is also under stringent genetic control 

with susceptibility mapping to the I-A region of the MHC class II locus.  A number of 

investigators have extensively studied the effect of the H-2 haplotype on mercury-induced 

autoantibody production and have demonstrated that H-2s mice are more susceptible; H-2q and 

H-2r mice have intermediate susceptibility, while H-2a, H-2b and H-2d mice are resistant 

(Hansson and Abedi-Valugerdi, 2003; Hultman et al., 1992).  Non H-2 genes also control 

development of heavy metal–induced autoimmunity (Hansson and Abedi-Valugerdi, 2003; 

Hultman et al., 1992; Mirtcheva et al., 1989; Robinson et al., 1986) . Mouse strains bearing the 

same H-2 haplotype show varying degree of susceptibility to mercury.  For example the B6.SJL 

strain is a congenic strain of C57/BL6 strain with H-2s haplotype, this strain is only moderately 

susceptible to the autoimmune syndrome.  The H-2d mice do not develop autoantibodies 

following mercury administration, although different mouse strains bearing this haplotype elicit 

greatly varying susceptibility to mercury-induced autoimmunity. For example, BALB/c (H-2d) 

mice are highly susceptible to both lymphoproliferation and immune complex 

glomerulonephritis, B10.D2 (H-2d) mice are susceptible to lymphoproliferation but develop a 
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less severe immune complex glomerulonephritis than BALB/c mice, while DBA/2 (H-2d) mice 

are resistant to both lymphoproliferation and glomerulonephritis (Hultman et al., 1993; Hultman 

and Enestrom, 1992). 

 

Direct effects of mercury on cells 

Hg+2 is a very potent thiol binding agent and a significant part of the effect it induces is 

attributable to its ability to bind to thiol-containing molecules. Mercury also has substantial 

affinity for amines, phosphoryl, carboxyl and hydroxyl groups.  The overall affect of mercury on 

cells is both dose- and cell type-dependent.  Numerous groups (Araragi et al., 2003; Kim and 

Sharma, 2003; Kim and Sharma, 2004; Lash et al., 2007; Yole et al., 2007) have reported that 

mercury at higher concentrations induces cell death in various cell lines and primary cultures, by 

apoptosis or necrosis or a mixture of the two in a time and dose-dependent manner.  

Furthermore, mercury-induced cytotoxicity has been demonstrated in cells of the immune 

system, including B cells, T cells and monocytes (Kim and Sharma, 2004; Shenker et al., 1992).  

At lower concentrations mercury is no longer cytotoxic instead it can exert immunomodulatory, 

mitogenic and anti-apoptotic effects which all together culminates in to an autoimmune disease. 

 

Mercury and glutathione: 

The cytotoxic and immunomodulatory effects of mercury are significantly dictated by its 

property to bind an important and abundant cellular thiol glutathione (GSH).  Mercury uptake, 

accumulation and cytotoxicity are dependent on the cellular levels of GSH (Zalups and Lash, 

1997; Baggett and Berndt, 1986; Lash et al., 1999; Burton et al., 1995; De Ceaurriz et al., 1994).  
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Mercury effects the cellular levels of GSH, Hultberg and colleagues observed that at low 

concentrations Hg2+  (up to 50 µM) increased total cellular GSH levels in HeLa cell line 

suggesting that lower concentrations of mercury increased GSH synthesis (Hultberg et al., 1998).  

Another study reported an early upregulation of GSH following mercury exposure and 

suggesting that this enhancement was linked to generation of Hg2+-induced free radical.  In 

contrast to these studies demonstrating a low dose Hg2+-induced upregulation of GSH, the 

majority of reports have shown that Hg2+ exposure in time and dose dependent manner will 

deplete intracellular glutathione stores (Lash et al., 2007; Shenker et al., 1993b).  This effect has 

been illustrated in many cell types, including T cells, B cells and monocytes (Shenker et al., 

1993b). 

 

Tolerance disruption: 

Tolerance can be defined as the mechanism by which cells of the immune system become 

unresponsive to the self antigens.  Clonal deletion by apoptotic death is one of the important 

mechanisms by which immune system eliminates autoreactive lymphocytes. Thus defective 

apoptosis has been considered as a potential pathway to disrupt tolerance and a link to the 

development of autoimmunity.  CD95 (also called Fas) is a transmembrane death receptor 

belonging to the TNF/nerve growth factor family. CD95-CD95L signaling contributes 

significantly to the elimination of peripheral lymphocytes after an immune response by inducing 

a so-called ‘activation-induced cell death’ (ACID) (Sartorius et al., 2001; Alderson et al., 1995; 

Brunner et al., 1995).  Defects in this pathway can give rise to lupus-like and rheumatoid-like 

autoimmune disorders in mice and humans.  MaCabe and colleagues showed that low doses (in 

the range of 5 -10 µM) of mercury attenuated CD95-induced apoptosis (McCabe et al., 2003).  
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Jurkat T cells or Hut cells cultured in the presence of a CD95 agonist or CD95L demonstrated 

increased survival and continued to proliferate in presence of mercury (Whitekus et al., 1999; 

Ziemba et al., 2005). Mercury could block only CD95-induced cell death, but not TNF-α or 

ceramide-6-induced cell death. 

 

 

In addition to inhibitory effects on apoptosis, low doses of mercury can also promote cell 

proliferation.  In vitro studies have revealed that mercury elicits lymphoproliferation in a number 

of species including guinea pigs, rats, rabbits (Pauly et al., 1969), humans (Caron et al., 1970) 

and mice (Jiang and Moller, 1995; Pollard et al., 2005).  The process of mercury-induced 

lymphoproliferation is genetically restricted. A low concentration (10 µM) induced a strong in 

vitro proliferative response in splenocytes of mice strains susceptible to mercury-induced 

autoimmunity while inducing little or no proliferation in splenocytes of resistant mice (Jiang and 

Moller, 1995). Taken together, these studies suggest that following exposure to low doses of 

mercury, potentially autoreactive lymphocytes may escape the elimination processes that occur 

normally in peripheral lymphoid organs.  Disruption of apoptotic mechanisms that is necessary 

for the maintenance of lymphocyte homeostasis can then set a stage for the development of 

autoimmune disease in genetically predisposed individuals (Lenardo, 2003; Ziemba et al., 2005; 

Hayashi and Faustman, 2003). 
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Mechanisms of mercury-induced autoimmunity in mice 

Role of T cells: 

As mentioned earlier mercury induces a strong lymphoproliferation in splenocytes isolated from 

mice susceptible to autoimmunity, while inducing little or no proliferation in splenocytes from 

mercury-resistant mouse strains. Studies by Jiang and Pollard demonstrated that it was splenic T 

cells but not B cells that proliferate in response to mercury (Jiang and Moller, 1995; Pollard and 

Landberg, 2001).  Additionally, when splenocytes were taken from mercury-susceptible mouse 

strains, both CD8+ and CD4+ T cells proliferated in response to mercury, whereas only CD8+ T 

cells from mercury-resistant mouse strains proliferated in response to mercury.  Interestingly, the 

ability of T cells to respond to mercury showed T cell receptor restrictions; only T cells bearing 

certain Vβ chains such as Vβ6, 8, 10 and 14 in the BALB/c strain and Vβ6, 7 and 14 in the SJL 

strain could proliferate in response to mercury.  Furthermore, Pollard and colleagues showed that 

the proliferation response was costimulation-dependent, as it was inhibited by antibodies to IL-1 

and to a lesser extent by antibodies to CD40L, CD80 and CD86 (Pollard and Landberg, 2001).  

Also Hu and colleagues demonstrated that in the experiments where mercury exposure was 

limited and excess mercury was removed by washing before pulsing with [H+] thymidine, 

proliferation was increased in splenocytes from both high and low responder mice, with a greater 

activation of T cells in both groups (Hu et al., 1997).  This study suggests that although mercury 

can induce proliferation at a narrow low range of mercury concentrations, increasing 

concentrations have suppressive effect.   

 

10 
 



Hultman and colleagues observed that mercury susceptible athymic mice and mice that were 

depleted of CD4+ T cells did not develop the disease suggesting an essential role for T cells in 

mercury-induced autoimmunity (Hultman et al., 1995).  HgCl2 induces an increase in expression 

of activation and proliferation markers on T cells like CD25 (IL-2 receptor γ chain) and CD71 a 

transferrin receptor (Johansson et al., 1997).  Additionally, Layland and colleagues demonstrated 

that CD4+CD25- T cells from mercury-exposed mice could induce production of autoantibodies 

in naïve animals (Layland et al., 2004).  

 

One important factor determining susceptibility or resistance initially appeared to be T cell 

polarization towards either Th1 or Th2.  Van Vliet and colleagues suggested that polarization 

towards Th1 or Th2 in the mercury model may be controlled by the MHC haplotype.  Their 

study compared T cell responses in mercury-susceptible B10.S (H-2s) mice and mercury-

resistant B10.D2 (H-2d) mice, and showed that although CD4+ T cell activation occurred in both 

strains, a higher expression of IL-4 mRNA in T cells was observed in strain with susceptible H-

2s haplotype (van Vliet et al., 1993; Shenker et al., 1993a) and that mercury had an 

immunostimulatory effect in these mice.  The study further demonstrated that mercury induces a 

mild IFN-γ dependent immunosuppression of the antibody response following sheep erythrocyte 

injection only in resistant mouse.  Thus, HgCl2 appears to induce a stronger IL-4 response in 

susceptible mice whereas in resistant mice it induces an IFN-γ production. 

 

How does mercury modulate the Th-1/Th-2 balance?  Shenker and colleagues demonstrated that 

mercury depletes GSH in B cells, T cells and macrophages due to its high affinity for thiol 
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groups (Shenker et al., 1993b; Shenker et al., 1993a).  Sulfahydryl groups have important 

biological functions, including maintenance of intracellular redox balances (Meister and 

Anderson, 1983).  GSH is required for concanavalin A (Con A)- mediated induction of IFN-γ-

producing cells in vitro (Van der Meide et al., 1993).  Additionally, N-acetyl-L-cysteine, a GSH 

precursor, inhibits IL-4 and IgE production by human T cells in vitro whereas, in vivo depletion 

of GSH in mice results in decreased IFN-γ production and increased IL-4 production in vitro.  A 

recent study showed that biologically relevant concentrations of thimerosal inhibited LPS-

induced TNF-α, IL-6 and IL-12p70 secretion from human monocyte derived dendritic cells 

(DCs), while having no effect on IL-10 production.  The thimerosal-exposed DCs increased Th-2 

(IL-15 and IL-13) production and decreased Th1 (IFN-γ) secretion from T cells.  The authors 

further showed that thimerosal-induced glutathione depletion is responsible for these effects 

(Agrawal et al., 2007).  Thimerosal is rapidly broken down to yield inorganic Hg2+ in vivo.  

Therefore Hg2+ induced depletion of intracellular GSH in cells of the immune system might be 

responsible for the stronger Th2 response elicited in HgCl2-treated mice. 

 

Role of B cells: 

The immune responses induced by mercury (autoantibody production and increase in serum 

polyclonal IgE and IgG1 levels) are humoral, suggesting that mercury strongly effects B cells.  

Mercury induces B cell proliferation in mouse strains susceptible to mercury.  A.SW mice 

exposed to mercury exhibit a strong induction of germinal centers in the spleen.  Additionally, 

the mercury-induced increase in splenic B cells in H-2S mice is preceded by an upregulation of 

the proliferation marker CD71.  Although, the ability of B cells to proliferate in response to 
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mercury is controlled by both MHC and non-MHC genes, the B cell mediated autoantibody 

production strictly depends on the H-2 locus genes.  

 

The establishment and maintenance of B cell pool is controlled by an integrated signaling from 

both B cell receptor (BCR) and the members of B lymphocyte stimulator (BLyS, also called 

BAFF) family of cytokines and receptors (Thompson, 1995). The signaling mediated by the 

BAFF family of molecules determines the survival of newly formed B cells entering the 

premature B cell pool, life span of the mature B cells and actions of the antigen-experienced B 

cells.  The BAFF families of cytokines and their receptors have thus emerged as key players in 

the etiology and treatment of autoimmune diseases. Elevated levels of BAFF are observed in sera 

and target organs of mouse models that develop systemic lupus erythematosus (SLE) (Mackay et 

al., 2007).  Furthermore, blockade of BAFF using a fusion protein of one of its ligand, TACI 

ameliorated manifestations of SLE.  A study from our lab demonstrated that mercury induced 

increased levels of BAFF in susceptible A.SW mice, but not in resistant C57BL/6 and DBA/2 

mice (Zheng et al., 2005).  In normal individuals self reactive B cells that escape central-

tolerance mechanisms are silenced by induced state of unresponsiveness called anergy.  These 

anergic B cells have a very short life span because they compete with non-anergic B cells 

(apparently non-self reactive) for limited amounts of BAFF (Lesley et al., 2004).  The signal 

provided by BAFF is required to override high levels of pro-apoptotic protein BIM present in 

anergic B cells.  In this context, higher levels of mercury-induced BAFF in susceptible A.SW 

mice may be a key modulator in breakage of tolerance.  Indeed, blockade of BAFF (using TACI-

Ig) resulted in significantly reduced mercury-induced autoantibody response (Zheng et al., 2005). 
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Role of Costimulation:   

T cell activation is a tightly regulated process involving complex receptor-ligand interactions, 

ultimately leading to downstream signaling events.  The activation of the naïve T cells requires at 

least two signals antigen recognition and costimulation.  The nature of immune responses 

mediated by T cells is determined by combined effect of both negative and positive 

costimulatory signals.  A positive stimulus results in a proinflammatory response, while a 

negative stimulus may result in induction of tolerance toward the self antigen.  The B7 molecules 

B7-1 (CD80) and B7-2 (CD86) expressed on APCs (antigen presenting cells) and their ligands 

CD28 and CTLA4 present on T cells are major costimulatory molecules modulating the outcome 

of an immune response.  The ligation of CD28 to B7-1 or B7-2 results in signaling events that 

provides the essential positive stimulation for the initial activation of T cells (Chambers and 

Allison, 1999).   In contrast, the ligation of CTLA4 to B7-1 or B7-2 results in inhibitory 

signaling events which dampens the T cell activation (Krummel and Allison, 1995).  Numerous 

investigators have shown that both negative and positive costimulatory pathways play an 

important role in loss of immune tolerance induced by mercury.  An investigation carried out in 

our lab examined the role of B7-1 and B7-2 in mercury-induced autoimmunity (Bagenstose et 

al., 2002).  This study demonstrated that inhibition of B7-1 and B7-2 mediated signaling using 

monoclonal antibodies (mAb) to both B7-1 and B7-2 abrogated the autoimmune syndrome.  

Individual ligand blockade using either B7-1 or B7-2 mAb had no effect on IgG1 and IgE 

hypergammaglobulinaemia, suggesting redundancy between the two ligands for induction of 

polyclonal B cell activation.  However, blockade of B7-1 alone resulted in complete inhibition of 

antinucleolar autoantibody production, while B7-2 mAb exhibited only a partial inhibitory effect, 

indicating that B7-1 mediated signaling has a stronger influence on mercury-induced 
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autoimmunity.  On activation, CD4+ T cells express CD40L that interacts with CD40 present on 

B cells to promote antibody production, germinal center formation and isotype switching, thus 

CD40-CD40L interaction is an essential stimulatory signal for T cell-dependent B cell response 

(Durie et al., 1994; Snanoudj et al., 2006).  The blockade of this signaling pathway using anti-

CD40L monoclonal antibody (mAb) resulted in abrogation of mercury-induced autoimmune 

syndrome (Biancone et al., 1996). 

 

 

The B7-1/B7-2 and CD28 signaling pathways are essential for mercury-induced autoimmune 

disease in mice.  In addition to these pathways, other B7 family ligand-receptor pairs including 

B7 homologous protein (B7h)-inducible costimulatory molecule (ICOS) and PD1-PDL1/PDL2 

may be important in pathogenesis of systemic autoimmune diseases (Freeman et al., 2000).   

ICOS is expressed on activated T cells, but not on resting T cells (Hutloff et al., 1999), whereas 

B7h is expressed on un stimulated B cells and is inducible on macrophages and peripheral blood 

derived DCs (Swallow et al., 1999; Yoshinaga et al., 1999).  ICOS-deficient mice show defective 

T cell activation, proliferation and surprisingly, enhanced susceptibility to experimental 

autoimmune syndrome (Dong et al., 2001).  A loss of ICOS in mice results in severely defective 

T cell-dependent B cell responses, germinal center formation and Ig class switching, including 

IgE.  A study from our lab demonstrated that blockade of ICOS-B7h pathway by an anti-ICOS 

mAb resulted in suppression of mercury-induced autoimmune manifestations, as indicated by the 

almost complete abrogation of antinucleolar autoantibody production and a significant reduction 

in IgE production (Zheng et al., 2004). 
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4-1BB is a member of TNFR superfamily; it is expressed on activated T cells and non T cells 

involved in costimulation (Vinay and Kwon, 1998; Croft, 2003; Watts, 2005; Watts, 2005).  It 

binds to high affinity ligand 4-1BBL present on variety of APCs. 4-1BB-4-1BBL signaling 

pathway enhances CD8+ T cell expansion along with an upregulation of Th-1 type immunity 

characterized by increased levels of IFN-γ response.  Additionally 4-1BB mediated signaling 

effects the B cell function in a IFN-γ dependent manner (Sun et al., 2002).  Dass and colleagues 

demonstrated that administration of anti-4-1BB agonistic antibody resulted in complete 

resolution of mercury-induced autoimmunity (Vinay et al., 2006).  They further determined that 

this treatment lead to an up-regulation of Th-1 type immunity and down-regulation of TH-2 

cytokines, along with a  significant reduction in B1a, B1b, marginal zone B cells and follicular B 

cells. The decrease in B cell population can be attributed to increased levels of IFN-γ as 

administration antibody to IFN-γ restored B cell population in this model.  

 

 

The role of negative stimulatory signals in mercury-induced autoimmunity has also been 

explored.   CTLA-4, a molecule homologous to CD28, also binds to B7-1 and B7-2 but with a 

higher affinity.  The expression of CTLA-4 is induced on activated T cells and as mentioned 

earlier CTLA-4-B7-1/B7-2 mediated signaling pathway down-regulates T cell responses.  A 

previous study from our lab examined the effect of CTLA-4 blockade using anti-CTLA-4 mAb 

and demonstrated that this treatment exacerbated mercury-induced autoimmunity both in early 

and late phases of the disease in susceptible A.SW mice.  Furthermore, DBA/2, a mouse strain 

resistant to the disease, when exposed to mercury along with the anti-CTLA4 mAb, produced 

antinucleolar autoantibodies (Zheng and Monestier, 2003).  This study thus, proved that the 
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inhibitory signaling mediated by the CTLA-4-B7-1/B7-2 pathway is crucial in maintenance of 

immune tolerance toward mercury.  

 

 

In addition to the costimulatory signals discussed above, Fc gamma receptors (FcγRs) are also 

important in modulating adaptive immune responses by regulating B cells and DC activation.  

FcγRs are a family of hematopoietic cell surface molecules, which include receptors that can 

either stimulate (FcγRI, III and IV in mice) or inhibit (FcγRIIB in mice) responses upon the 

binding of the Fc region of the antibody-antigen immune complexes.  Stimulatory FcγR 

signaling up-regulates the immune responses by enhancing antigen presentation and immune 

complex induced maturation of DCs (Ravetch and Bolland, 2001).  Whereas, the inhibitory FcγR 

engagement inhibits B cell activation and plasma cell survival.   Deletion of inhibitory FcγRs 

leads to the loss of tolerance in humoral immune system and results in the development of 

autoimmune disease.  For example genetic ablation of FcγRIIB made resistant mice (H-2b) 

susceptible to collagen-induced autoimmunity.  Hultman and colleagues have demonstrated the 

regulatory roles for both inhibitory and stimulatory FcγRs in mercury-induced autoimmunity.  

Deficiency of FcγRIIB enhances hypergammaglobulinemia (Martinsson and Hultman, 2006; 

Zheng and Monestier, 2003; Martinsson et al., 2008), while mice deficient in stimulatory FcγR 

expression exhibited reduced autoantibody production and immune complex deposition 

(Martinsson and Hultman, 2006). 
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Model of tolerance induction to mercury 

The standard regimen of mercury administration [3 subcutaneous (s.c.) injections of 100 µg of 

HgCl2 per mouse per 100 µl of PBS given on days 0, 2 and 4] in susceptible A.SW mice results 

in the development of autoimmune responses accompanied by increase in the levels of non-

specific IgG1 and IgE along with a rise in the titers of anti-nucleolar autoantibodies (Figure 1A).  

In our lab we developed a tolerance induction model, in which naïve animals are given a single 

low dose of HgCl2 (3 µg of HgCl2 per mouse given intraperitoneally (i.p.) (tolerogenic dose) two 

days before they receive the standard regimen of HgCl2.  This treatment induces tolerance and 

prevents the autoimmune manifestations (Figure 1B).  
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A) Mercury-Induced Autoimmune Model in Mice

Challenge dose: HgCl2 (30 µg/mouse) injections
given subcutaneously (s.c) on days 0,2 and 4

14 days High levels of IgG1 and IgE antibodies
Appearance of antinucleolar autoantibodies
(ANoA) in serum

Normal levels of IgG1 and IgE antibodies and
increasing levels of ANoA in serum

28 days

Tolerogenic dose: HgCl2 (3 µg/mouse) injections given
intraperitoneally (i.p) on day -7

low levels of IgG1 and IgE antibodies
No appearance of ANoA in serum

Normal levels of IgG1 and IgE antibodies and
extremely low titers of ANoA in serum

28 days
Challenge dose of HgCl2 
starting on day 0

14 days

B)  Tolerance Induction model

 

Figure 1: Depiction of mercury-induced autoimmune model and tolerance-induction in 

                 mice.  
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Regulatory T cells: an essential peripheral regulator 

A key issue in immunology is to understand how our immune system is able to discriminate 

between self and non-self, inhibiting autoimmune responses, but allowing a destructive response 

against microbial agents.  The immune system has evolved several mechanisms to establish and 

sustain unresponsiveness to self-antigens (immunological self-tolerance), including physical 

elimination or functional inactivation of self-reactive lymphocytes (clonal deletion and anergy).   

In recent years, regulatory T cells (Tregs) have emerged as key players in maintenance of self-

tolerance and control of autoimmune diseases.  Tregs facilitate T cell mediated suppression of 

autoreactive T cells (Sakaguchi et al., 1995; Shevach, 2000).  Among the several types of Tregs 

so far reported, CD4+CD25+ Foxp3+ Tregs are the focus of current research.  Tregs are produced 

by thymus as functionally distinct and mature subpopulations of T cells and they persist in 

periphery with stable functions.  In addition to these naturally occurring ‘professional Tregs’, 

there are various other types of Tregs that can be produced by antigenic stimulation under special 

conditions in the periphery, these Tregs are collectively called adaptive Tregs (Levings et al., 

2001; Fehérvari and Sakaguchi, 2004; Bluestone and Abbas, 2003).  Additionally, there are 

several differences between Tregs in mice and in humans the Tregs I refer to from here on are 

the CD4+CD25+ Tregs in mice. 

 

Phenotypic characteristics of Tregs 

 Naturally occurring T cells constitutively express a variety of cell surface markers that are 

commonly associated with activated/memory T cells, these markers include CD25 (IL-2 receptor 

α chain), CD45RBlow, CD62L, CD103, CTLA-4 and gluococorticoid-induced TNF receptor 
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family related gene (Shimizu et al., 2002) and neuropilin-1. Even though none of these markers 

are expressed uniquely on Tregs, the level of their expression and constitutive nature still makes 

them a useful tool for functional delineation and isolation of Tregs.  CD25 for example is 

expressed on all activated T cells but because of its constitutive and high intensity expression on 

Tregs, it is still most commonly used as reliable marker for isolating Tregs. 

   

Foxp3 a unique marker and a master regulator of Tregs 

A deeper understanding of developmental process of Tregs originated from the studies on the 

scurfy mouse model and the human disease IPEX (immune dysregulation, polyendocrinopathy, 

enteropathy, X-linked syndrome) (Gmabineri et al., 2003).  IPEX is X-linked immunodeficiency 

syndrome associated with autoimmune diseases in multiple endocrine organs (Gmabineri et.al. 

2003). The scurfy mouse exhibits a fatal lymphoproliferative disease characterized by 

autoimmunity with multiorgan immunopathology similar to human disease IPEX (Fehérvari and 

Sakaguchi, 2004).  The causative gene foxp3 encodes a forkhead/winged-helix family 

transcription repressor called Scurfin.  The striking similarities between mutations in foxp3 and 

depletion of CD25+CD4+ Tregs lead several groups to investigate the relationship of this gene to 

Treg development and function.  Indeed, experiments in mice demonstrated that foxp3 mRNA 

and scurfin protein are expressed in Tregs.  In contrast to the other phenotypic markers on Tregs, 

Foxp3 is not expressed in non-Tregs following conventional activation or differentiation into 

Th1 and Th2, making it a unique marker for Tregs. (Khattri et al., 2003; Fontenot et al., 2003).  

Scurfy mutant mice or those with a targeted deletion of foxp3, were unable to support the 

development of Tregs, although, they contained a large number of chronically activated non-

regulatory CD25+ T cells (Khattri et al., 2003; Fontenot et al., 2003).  Additionally number of 
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Tregs increased significantly in transgenic mice over expressing the foxp3 gene (Khattri et al., 

2003).  The final piece of evidence originated from the experiments that illustrated the retroviral 

transduction of foxp3 in foxp3-CD25-CD4+ non-Tregs, bestowed on them a fully functional 

Treg phenotype, e.g., cotransfer of transduced Foxp3- T cells with CD25-CD4+ (also called 

effector T cells) prevented autoimmune disease in IBD and SCID mice (Sakaguchi, 2004).  Thus 

foxp3 appears to be a master control gene for the development and functions of Tregs. 

 

Generation and maintenance of Tregs 

CD25 is a useful molecular marker for isolation of Tregs as discussed above.  However, there is 

substantial evidence indicating that CD25 is not merely a marker for the Tregs but it is a crucial 

molecule for the generation, survival and function of Tregs.  For example, deficiency in IL2, IL-

2Rα (CD25) or IL-2Rβ (CD122) produce similar lymphoproliferative inflammatory disease with 

autoimmune components (such as inflammatory bowel disease, lymphoproliferation and 

lymphocytic infiltration in multiple organs), generally called IL-2 deficiency syndrome 

(Sakaguchi, 2005; Sadlack et al., 1994; Kramer et al., 1995). Notably, the number of Tregs is 

selectively reduced in thymus and periphery regardless of the normal numbers of other CD4+ and 

CD8+ T cells (Klebb et al., 1996).  This syndrome can be prevented by inoculation of 

splenocytes or thymocytes from wild-type mice capable of producing normal amounts of IL-2 

(Malek and Bayer, 2004).  Furthermore neutralization of IL-2 by IL-2 mAb reduces the numbers 

of Tregs in thymus and periphery and causes organ specific autoimmune diseases similar to those 

produced by depletion of Tregs (Setoguchi et al., 2005). 
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IL-2 is also required for the in vitro and in vivo activation of Tregs and for sustaining their CD25 

expression.  The main source of IL-2 required for the maintenance and activation of Tregs 

appears to be other T cells including self-reactive T cells, in the physiological steady state.  Thus 

IL-2 maintains a feedback control loop between Tregs and responder T cells, that is, IL-2 

produced by responder T cells activates and maintains Tregs, which in turn inhibits IL-2 

production in responder T cells.  Thus, IL-2 is an essential component required for the 

maintenance and development of Tregs.          

 

Mechanisms of Treg cell functions 

The various potential suppressive mechanisms used by Tregs can be grouped into four basic 

modes of action: suppression by inhibitory cytokines, suppression by cytolysis, suppression by 

metabolic disruption and suppression by modulation of DC function and maturation (Vignali et 

al., 2008). 

 

Suppression by cytokines:  

The inhibitory cytokines IL-10 and TGF-β are important molecules involved in the Treg induced 

suppressive mechanisms. In allergy and asthma disease models, evidence suggests that Tregs 

control the disease at least partially in IL-10 dependent (Hawrylowicz and Garra, 2005) and in 

some studies both IL-10 and TGF-β dependent manner (Joetham et al., 2007).  Following 

allergen challenge, effector T cells were stimulated to produce considerable amounts of IL-10 in 

the lungs by allergen specific Tregs, that had been adoptively transferred and therefore were able 

to control the disease.  This effect could be reversed by administration of an antibody specific for 
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IL-10 receptor (Kearley et al., 2005).   Additionally, Treg cell specific ablation of IL-10 

expression resulted in increased lung allergic inflammation and hyper-reactivity (Rubtsov et al., 

2008).  Moreover, recent studies indicate that IL-10 is a crucial molecule in control of various 

infectious diseases in which Tregs have been reported to be involved, including Mycobacterium 

tuberculosis (Kursar et al., 2007), Toxoplasma gondii (Jankovic et al., 2007), Leishmania major 

(Anderson et al., 2007) and Trichinella spirallis (Beiting et al., 2007).  It is interesting to note 

that Treg cell specific deletion of IL-10 did not result in development of spontaneous systemic 

autoimmunity, but it did result in enhanced pathology in the colon of older mice and in the lungs 

of mice with induced airway hypersensitivity suggesting that the function of Treg cell derived 

IL-10 is restricted to the control of inflammatory responses induced by infectious pathogen or 

environmental (Rubtsov et. al., 2008). 

 

TGF-β produced by Tregs may directly participate in suppression of effector T cells, for instance 

effector T cells resistant to TGF-β cannot be controlled by Tregs in mouse models of IBD 

(Fahlen et al., 2005).  In addition, Treg derived TGF-β is found to be important in control of host 

immune response against M.tuberculosis (Kursar et.al., 2007), suppression of allergic responses 

(Joetham et.al., 2007) and prevention of colitis in a mouse model of IBD (Li et al., 2007). 

Moreover, membrane tethered TGF-β can mediate suppression by Tregs in a cell to cell contact 

dependent manner; for example, Tregs can control the infiltration of CD8+ T cells in pancreatic 

islets and delay the progression of diabetes through membrane tethered TGF-β.  However, there 

are some early in vitro studies using neutralizing antibody specific for TGF-β and using Tregs 

deficient in TGF-β that suggest that TGF-β is not required for the functions of naturally 
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occurring Tregs (Piccirillo et al., 2002). Therefore, the role of TGF-β in suppressive mechanism 

mediated by Tregs remains a controversial issue. 

 

Recently, a new inhibitory cytokine IL-35 has been described that is preferentially expressed on 

Tregs and is required for maximal suppressive activity (Collison et al., 2007).  IL-35 is a new 

member of IL-12 heterodimeric cytokine family and is formed by pairing of Epstein-Barr virus-

induced gene-3(Ebi3) with p35 (also known as Il12a).  Both Il12a and Ebi3 are expressed 

preferentially on Foxp3+ mouse Tregs and is not expressed on resting or activated effector T 

cells also IL-35 is up-regulated on Tregs that are actively suppressing (Collison et al. 2007).  

Il12a-/- or p35-/- Tregs had significantly reduced suppressive activity in vitro and failed to control 

effector T cell proliferation to resolve IBD in vivo.  Importantly, IL-35 was sufficient for Treg 

cell activity as ectopic expression of IL-35 conferred regulatory properties on naïve T cells and 

recombinant IL-35 was able to suppress effector T cells in vitro (Collison et al. 2007).  Although, 

these studies demonstrated convincing evidence that support the significance of IL-35 in 

suppressive activity mediated by Tregs, there is much that remains to be defined about this 

cytokine and its role in Treg activity.  

 

Suppression by cytolysis:  

Cytolysis mediated by secretion of granzymes has long been considered to be a preferential 

function of NK cells and cytotoxic CD8+ T cells.  Therefore, it was surprising when early gene 

expression arrays demonstrated that granzyme B was up-regulated in mouse Tregs.  Noelle and 
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colleagues were first to report that granzyme-B-deficient mouse Tregs had significantly reduced 

suppressive activity in vitro and that this granzyme-B-dependent suppression was mediated by 

Tregs-induced perforin-independent apoptosis of effector T cells (Gondek et al., 2005).  The idea 

that Tregs possess cytolytic activity was further supported by the studies illustrating that Tregs 

can kill B cells in granzyme-B-dependent and partially perforin-independent manner that results 

in suppression of B cell functions (Zhao et al., 2006) . 

 

Although, majority of work regarding the Treg mediated cytolysis has been focused on 

granzyme-B, a recent study has suggested that Tregs induce apoptosis of effector T cells in a 

TRAIL-DR5 (tumor necrosis factor related apoptosis-inducing ligand-death-receptor 5) 

dependent pathway  (Ren et al., 2007).  In addition, galectin-1, which can induce apoptosis, has 

been shown to be up-regulated in human and mouse Tregs and galactin-1 deficient Tregs have 

reduced suppressive activity in vitro.  These studies emphasize a need for a further more detailed 

work on cytolytic characteristics of Tregs. 

 

Suppression by metabolic disruption:  

Recently, several intriguing suppressive mechanisms have been reported that could be 

collectively referred to as mechanisms that mediate ‘metabolic disruption’ of effector T cell 

target (Vignali, 2008).  In this regard two such Treg cell mechanisms have been studied that 

mediate induction of intracellular or extracellular release of adenosine nucleotides.  Concordant 

expression of ectoenzymes CD39 and CD73 was shown to generate pericellular adenosine that 
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suppressed effector T cell function through activation of the adenosine receptor 2A (A2AR) 

(Kobie et al., 2006; Deaglio et al., 2007; Borsellino et al., 2007).  Interestingly, binding of A2AR 

to adenosine appears to not only inhibit effector T cell function but also to enhance the 

generation of induced Tregs by inhibiting IL-6 while promoting production of TGF-β (Zarek et 

al., 2008).  Even though TGF-β induces Foxp3 expression and Treg cell differentiation, IL-6 

inhibits the generation of Tregs and promotes generation of proinflammatory TH-17 cells 

(Oukka M, 2007).  Thus, inhibition of IL-6 has important implications on maintenance of Tregs.  

Tregs were also shown to inhibit effector T cell function by transferring potent second messenger 

cyclic AMP (cAMP) to effector T cells through the membrane gap junctions (Bopp et al., 2007). 

Although these mechanisms are interesting addition to the list of potential mechanisms used by 

Tregs, further examinations are required to corroborate these exciting findings and to assess their 

relation to Treg mediated suppressive activity. 

 

Suppression by modulation of DC function and maturation: 

In addition to the direct effect of Tregs on effector T cell functions, Tregs might modulate the 

functions and /or maturation of DCs that are required for the activation of effector T cells.  The 

studies using intravital microscopy have revealed a direct interaction between Tregs and DCs in 

vivo.  These interactions were proposed to function in attenuating effector T cell activation by 

DCs in a process that involves CTLA-4, a molecule that is constitutively expressed on Tregs 

(Read et al., 2000).  More specifically, the blockade of CTLA-4 activity using antibodies specific 

for CTLA-4 or using Tregs deficient in CTLA-4 showed that inhibition of CTLA-4 signaling 

abrogates Treg mediated suppression of effector T cells via DCs.  Importantly, it was also shown 

27 
 



that Tregs could induce DCs to produce IDO (indolamine 2, 3 dioxygenase).  IDO is a potent 

regulatory molecule that is known to induce production of pro-apoptotic metabolites through 

catabolism of tryptophan, resulting in suppression of effector T cells, through a mechanism 

dependent on CTLA-4 and CD80/CD86 pathway (Fallarino et al., 2003; Mellor and Munn, 

2004). 

 

In addition to inducing DCs to produce immunosuppressive molecules, several studies have 

suggested that Tregs might also down modulate the capacity of DCs to activate effector T cells.  

Ivar and colleagues were first to report that Tregs can down regulate the expression of CD80 and 

CD86 by DCs in vitro (Lukas et al., 2000) .  Although, the exact mechanism by which this is 

orchestrated is not known, it is speculated that this modulation is mediated through surface 

molecules like CTLA-4 and/or cytokines such as IL-10 and TGF-β. 

 

A recent study indicates that LAG-3 (Lymphocyte activation gene-3) or CD223 may also block 

DC maturation (Liang et al., 2008).  LAG-3 is a CD4 homologue that binds to MHC-II with a 

higher affinity.  LAG-3 has a negative regulatory T cell intrinsic function and it is needed for 

maximal suppressive activity of Tregs (Huang et al., 2004) .  Functions of LAG-3 are discussed 

in details under the topic of LAG-3. 
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Role of Tregs in mercury-induced autoimmunity 

It is widely accepted that Tregs prevent autoimmune diseases by inhibiting self-reactivity and 

maintaining tolerance.  Tregs play an important role in our model of tolerance induction.  

Depletion of Tregs by administration of anti-CD25 monoclonal antibody resulted in both 

prevention of tolerance induction and inhibition of established tolerance.  Moreover, adoptive 

transfer of Tregs from tolerised and mercury-challenged mice induced tolerance in naïve 

recipients (Zheng Y., unpublished observation).  While, blockade of IL-10 functions using 

treatment of mice with anti-IL-10 and anti-IL-10 receptor monoclonal antibody resulted in 

moderate inhibition of tolerance induction, blockade of TGF-β did not abrogate tolerance 

induction (Li L., unpublished observation).  As both IL-10 and TGF-β are cytokines involved in 

the suppression activity of Tregs, it can be proposed that IL-10 might have a more important role 

in the tolerance induction mediated by Tregs in mercury-induced autoimmunity. 

 

CD3-specific non-Fc receptor-binding [(Fab’)2 fragment] monoclonal antibody 
(Anti-CD3) 

Overview 

Induction of immune tolerance by taking advantage of multiple immune pathways that are 

present in the periphery to avoid unwanted self-reactivity is the focus of current therapeutic 

approach for autoimmune diseases (Chatenoud and Bluestone, 2007) In 1960’s seminal work of 

A. Monaco and his group indicated that in addition to their immunosuppressive activity, 

lymphocyte specific polyclonal antibodies can induce specific immunological tolerance in mouse 

recipients resulting in prolonged engraftment of allogeneic organs (Monaco et al., 1966).  A 
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decade later, when T cell specific antibodies were discovered, much effort was devoted in search 

of the antibody that would replicate this tolerogenic effect.  This search ended with the discovery 

of CD3-specific antibodies.  OKT3, the first mouse monoclonal antibody specific for human 

CD3, was also the first monoclonal antibody used in clinical trials in the field of transplantation.  

However, clinical use of OKT3 was hampered by serious side effects linked to its immunogenic 

and mitogenic properties. 

 

The occurrence of anti-globulin (mostly IgG and IgM) response to the xenogeneic protein, 

despite the profound antibody-induced immunosuppression was one of the main drawbacks in 

early trials of OKT3, because it promoted the rapid clearance and neutralization of the antibody 

(Goldstein, 1987; Hirsch et al., 1988).  The anti-globulin response to OKT3 was shown to be 

oligoclonal as it recruits only a few specific B cell clones.  Therefore, its neutralizing potential is 

not only dependent on the titers of the antibodies produced but also on their fine specificities 

(Chatenoud et al., 1986).  This might explain why, in contrast to sensitization to polyclonal 

antisera, sensitization to OKT3 never led to a clinically overt immune-complex disease (serum 

sickness) - the amount of immune-complexes formed was probably insufficient to allow 

sustained tissue deposition (Chatenoud, 2003).  There are studies that demonstrate that, at least in 

experimental models, the non-Fc receptor (FcR)-binding CD3-specific antibodies are less 

immunogenic than their conventional FcR -binding counterparts (Alegre et al., 1995).  

 

Most of the CD3-specific monoclonal antibodies are mitogenic, in vitro they induce T cell 

proliferation and cytokine production (Van Wauwe et al., 1980) and in vivo this mitogenic 
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activity leads to large scale release of cytokines including macrophage/monocyte-dependent T 

cell derived cytokines such as TNF-α, IL-6 and IFN-γ (Hirsch et al., 1989; Ferran et al., 1989).  

Although it is transient this cytokine release leads to a flu-like syndrome with fever, headache, 

chills, vomiting, diarrhea, respiratory distress, septic meningitis and hypotension.  This syndrome 

is self-limiting and resolves within two to three days of the treatment.  The mitogenic activity of 

the CD3-specific antibody appears to be dependent on its capacity to bind FcRs present on 

phagocytes and natural killer cells. Both experimental and clinical data suggests that F(ab’)2 

fragments of anti-CD3-specific monoclonal antibodies that lack the Fc portion retain their 

potential therapeutic activity even after losing their mitogenic property (Johnson et al., 1995; 

Plain et al., 1999; Chatenoud et al., 1997; Hirsch et al., 1990).  Interestingly, although, non FcR-

binding antibodies do not induce large-scale systemic release of cytokines, they do transduce 

activation signals.  So, the messenger RNAs encoding various cytokines are readily detected in 

splenocytes of mouse treated with CD3-specific F(ab’)2 fragments and low levels of cytokines 

are detected in patients treated with non FcR-binding CD3-specific antibody (Anti-CD3) 

(Chatenoud et al., 1997).  Moreover, this partial activation seems to be essential for the 

therapeutic effect of these antibodies because, at least in some experimental models, calcineurin 

blockers such as cyclosporin, when administered in association with the Anti-CD3 antibody 

completely abrogates the therapeutic potential of Anti-CD3 antibodies (Chatenoud et al., 1997).  

So, there is a clear distinction between the mitogenic potential of CD3-specific antibodies, which 

is not required for the therapeutic activity and the partial signaling/activation capacity that seems 

to be essential for its therapeutic efficacy.  Thus Anti-CD3 antibodies provide a sophisticated 

approach to induce tolerance, as this strategy address two main hazards of the antibody treatment 

simultaneously – mitogenicity and immunogenicity. 
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Data from various experimental models provide strong evidence in favor of the capacity of Anti-

CD3 antibodies to induce operational tolerance.  In rats, treatment with Anti-CD3 induced 

permanent (>200 days) engraftment of histoincompatible vascularised heart grafts whereas 

control animals readily rejected such grafts within eight days.  During the tolerance phase (first 

12 days after transplantation), alloreactive cells were eliminated and a non-destructive infiltrate, 

composed mainly of CD4+ cells was present in the heart allografts of Anti-CD3 antibody-treated 

recipients (Plain et al., 1999).  

 

Application of Anti-CD3 in autoimmune diseases 

Treatment with Anti-CD3 prevented and more importantly reversed established diabetes in a 

model of virus induced autoimmune diabetes in RIP-LCMV-GP mice.  Destruction of β cells is 

initiated by GP specific CD8+ T cells.  Treatment with Anti-CD3 (on days 8 to 12 after infection 

with LCMV) completely prevented disease.  Reversion of established diabetes could be achieved 

when Anti-CD3 was administered to overtly diabetic mice (days 15-20 after infection).  This 

effect can be defined as operational tolerance as it was stable (mice were followed for 3 to 4 

months after treatment) and not linked to over all immunosuppression (as shown by the intact 

capacity of treated mice to clear infections not only with LCMV but also with pinchinde and 

vaccinia viruses).  In this model, the elimination and/or reduced clonal expansion of activated 

autoaggressive CD8+ T cells  was observed during the tolerance-induction phase (the first 2 

weeks after the infection) (Von Herrath et al., 2002). 
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The non-obese diabetic (NOD) mouse develops spontaneous autoimmune diabetes that closely 

resembles the human disease.  Studies conducted by L. Chatenoud and colleagues demonstrate 

that a short, 5 day treatment with Anti-CD3 at the time of diabetes onset was sufficient to reverse 

the disease, induce long-term remission and prevent recurrent immune responses towards 

transplanted syngeneic pancreatic islets (Chatenoud et al., 1994).  A few weeks after the end of 

the treatment these mice had a normal immune response to exogenous antigens, thus proving that 

immune tolerance to pancreatic islets antigens was selective (Chatenoud et al., 1994). 

   

 

Anti-CD3 monoclonal antibody is most effective when given to NOD mice once ongoing 

pancreatic-islet-cell destruction is apparent.  However, when Anti-CD3 is administered, a few 

weeks before the onset of diabetes, the therapeutic effect is significant but transient  (Chatenoud 

et al., 1997).  Thus more advanced the disease, the most effective is the treatment with Anti-

CD3, and this finding indicates that selective destruction of activated T cells might be a key 

protective mechanism.  The action of Anti-CD3 is associated initially with a preferential but 

transient polarization to Th2 cells with induction of IL-4.  These effects of Anti-CD3 cannot 

explain the long-term protection facilitated by this antibody.  Initial experiments showed that the 

immunological tolerance that is operational over the long-term is of the ‘active’ type, because 

diabetogenic cells could be isolated from the spleen of tolerant animals, tolerant animals had a 

non-aggressive peripheral T cell infiltrate of their islets and tolerance was broken by 

cyclophosphamide (Smith et al., 1998) (an alkylating agent that has been shown in various 

models to act selectively on Tregs).  These ‘protective’ T cells express L-selectin and are mostly 
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found in CD4+CD25+ lymphocyte compartment, thus these cells are similar to Tregs.  These data 

are in accordance with the observations made in CD80-, CD86- and CD28-deficient, NOD mice 

which lack CD25+ T cells and exhibit accelerated disease onset (Salomon et al., 2000).  The 

infusion of wild-type CD25+ T cells into CD28-deficient NOD recipients prevents the disease 

(Salomon et al., 2000).  The proportions of CD4+CD25+ T cells in the Anti-CD3 treated tolerant 

mice were increased in the pancreatic and mesenteric lymph nodes but not in the spleen, which 

emphasizes the compartmentalization of the phenomenon.  There are studies that provide 

evidence in favor of a central for TGF-β in the long-term active-tolerance phase.  CD4+ T cells 

and in particular CD4+CD25+ T cells from the  Anti-CD3 treated tolerant mice stably produce 

TGF-β.  Moreover, in vivo administration of a neutralizing antibody specific for TGF-β prevents 

Anti-CD3-induced disease remission or in the mice that are already showing disease remission, 

the neutralizing antibody precipitates relapse (You et al., 2007).  

 

 

Administration of Anti-CD3 during established experimental autoimmune encephalomyelitis 

conferred significant protection from clinical disease progression.  This protection was 

associated with decreased PLP139-151-specific T cell proliferation, cytokine production and CNS 

inflammation.  Importantly, like in NOD model, the timing of the Anti-CD3 therapy in relation 

to induction of EAE appears to be a critical determinant of the treatment efficacy.  While, the 

administration of Anti-CD3 at the time of PLP139-151/CFC priming failed to change the disease 

course, treatment at times following disease initiation corresponding to disease onset or peak 

clinical disease conferred significant protection from the disease.   However, unlike NOD model, 

the authors failed to detect a shift from Th1 like to Th2 like cytokine production by PLP-specific  
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T cells.  Interestingly, although, there was an increase in the numbers of Treg population in the 

lymph nodes of the Anti-CD3 treated mice, depletion of Tregs by anti-CD25 at the time of 

disease onset or anti-TGF-β treatment did not abrogate the protection conferred by Anti-CD3 .  

The therapeutic potential of Anti-CD3 in established EAE can be confirmed and the data 

indicates that protection can be mediated by induction of T cell tolerance/anergy (Kohm et al., 

2005). 

 

Mode of action of Anti-CD3 

L.Chatenoud and colleagues propose a working hypothesis according to which the tolerogenic 

capacity of Anti-CD3 develops in two consecutive phases (Figure 2). The first phase, which is 

concomitant with the antibody administration (short-term effect), is associated with complete 

blockade of the pathogenic immune response and the second phase evolves after the treatment 

ends (long-lasting effect) (Figure 2A).  During this phase the antibody modulates (TCR)-CD3 

complex resulting in cells becoming ‘blind’ to the antigen (a process also known as antigenic 

modulation).  In addition, Anti-CD3 induces anergy or apoptosis of activated T cells through 

alterations in TCR-mediated signal transduction.  TCR engagement by non-FcR-binding Anti-

CD3 antibody results in formation of an incomplete immunological synapse, which causes 

partial phosphorylation of the TCR complex and downstream targets resulting in blockade of IL-

2 production and the subsequent inactivation of Th-1 cells.  Moreover, ligation of TCR outside 

the immunological synapse leads to selective activation of the SRC-family kinase FYN but not 

synapse associated LCK, this might result in T cell anergy as FYN and CBL are implicated as 

crucial elements in induction of anergy (Figure 2B), (Smith et al., 1997) (Smith et al., 1998).  
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The hallmark of the second long-lasting phase which has been analyzed only in NOD-mouse 

model, is the co-existence of pathogenic T cells and TGF-β producing Tregs, with the later 

having the advantage when they are in the close proximity of the target organ (pancreatic islet 

and draining lymph nodes) (Figure 2B). 
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Figure 2. Postulated mode of action of Anti-CD3  
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The figure above represents the different immune mechanisms that have been proposed to 

explain the therapeutic effect of Anti-CD3.  Two phases can be distinguished:  A) the first phase 

covers the period of antibody administration (short-term effect).  Binding of Anti-CD3 to the 

TCR complex might result in:  1. capping of the TCR complex followed by internalization and or 

shedding of the TCR complex. 2. Upregulation of CD95 on autoreactive T cells which than 

interacts with CD95L on neighboring activated T cells causing apoptosis of the autoreactive T 

cells.  3.  Anergy of autoreactive T cells due formation of incomplete immunological synapse by 

bivalent nature of Anti-CD3.  These three different mechanisms can then lead to functional and 

physical destruction of the activated autoreactive T cells.  B) The second phase evolves after the 

end of treatment (long-term effect).  This effect is driven by generation of TGF-b dependent 

adaptive Tregs from CD4+ precursor T cells.  These Tregs either indirectly control autoreactive 

T cell via DCs or might have direct suppressive effect on autoreactive T cells (adapted from 

Chatenoud and Bluestone, 2007).    
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Immune complexes containing recombinant IL-2 and anti-IL-2 monoclonal 
antibody: A novel technique for enrichment of Tregs in vivo 

 

In vivo enrichment of Tregs is accepted to be the appropriate method to exploit the suppressive 

activity of Tregs for prevention of autoimmune diseases.  Recent studies claim that 

administration of immune complexes containing anti-IL-2 monoclonal antibody (mAb) and 

recombinant IL-2 (rmIL-2) results in a surge of Treg population (Boyman et al., 2006).  

However, this advantageous effect of immune complexes varies depending on the type of the 

mAb used to form the complex.  The anti-mouse IL-2 mAb S4B6-1 which has been widely used 

as a neutralizing antibody enhances the bioactivity of IL-2 in vivo.  Administration of rmIL-2 

with this anti-IL-2 mAb induces a substantial and preferential proliferation of CD44+ CD122hi 

(IL-2 receptor β chain) memory-phenotype (MP) CD8+ T cells and NK cells.  S4B6-1 and rmIL-

2 induces a mild expansion of Tregs which is mostly overshadowed by the massive expansion of 

MP CD8+ T cells (Boyman et al., 2006;(Kamimura and Bevan, 2007) Notably, this effect 

appears to be mostly specific for pre-existing MP CD8+ T cells as adoptively transferred MP 

CD8+ T cells did not expand in response to the immune complexes containing S4B6-1 mAb and 

is independent of IL-15.  Treatment of mice with immune complexes containing rmIL-2 and 

anti-mouse IL-2 mAb JES6-1A12 resulted in modest expansion (about 3 fold) of Tregs (Boyman 

et al., 2006).  These observations indicate that S4B6-1 and related antibodies may bind to 

different site on IL-2 than JES6-1A12.  As supported by the results of sandwich ELISA, JES6-

1A12 binds to an IL-2 site that is less crucial for interacting with CD25 but crucial for binding to 

CD122, thus beneficial to Tregs that express CD25 constitutively and depend strongly on IL-2 

for their proliferation.  In contrast, binding of S4B6-1 to IL-2 partly occludes its interaction with 
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CD25 but does not impede binding to CD122 (Boyman et al., 2006) therefore blocking the 

interaction of IL-2 with Tregs.  Additionally, when not complexed with IL-2, mixture of S4B6-1 

and JES6-1A12  caused nearly complete abolition of T cell proliferation in vivo both Tregs and 

CD8+ T cells, further suggesting that S4B6-1 and JES6-1A12  recognize different sites on IL-2.  

 

 

The mechanism behind the potent stimulatory effect of the cytokine-antibody immune 

complexes in vivo is unclear.  It was reported by earlier studies that interaction of cytokine with 

antibody might increase the half-life of the cytokine in vivo, but other than inducing a slight 

increase in NK cell mediated tumor rejection, the effect of anti-IL-2 mAb and IL-2 containing 

complexes on T cells was not mentioned (Sato et al., 1993; Finkelman et al., 1993).  Immune 

complexes containing F(ab)’2  fragments of the antibody had less stimulatory effect on MP CD8+ 

T cells, indicating that the complexes become bound to cells via the Fc regions of the antibodies.  

Such presentation might be unusually efficient and explain why the cytokine-antibody 

complexes are more stimulatory in vivo than in vitro.  The inefficient stimulatory effect of 

F(ab)’2 fragments of these IgG antibodies suggests the role for Fcγ receptors.  However, 

kamimura and Bevan reported that IL-2-anti-IL-2 complexes had similar potent effect in FcRγ-/- 

and FcγRII-/- mice as in B6 controls, concluding that presentation of IL-2–anti-IL-2 complexes 

via FcγRs might not be responsible for enhancement of IL-2 activity in vivo (Kamimura and 

Bevan, 2007)  
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Lymphocyte activation gene-3 (LAG-3): a negative regulator of T cell proliferation 
 

Lymphocyte Activation gene -3 (LAG-3) is a type I transmembrane protein expressed on 

activated  CD4 and CD8  T cells, a subset of γδ T cells , NK cells and Tregs.  LAG-3 has a 

similar genomic organization as CD4 and like CD4 it binds to MHC-II, albeit with a higher 

affinity.  LAG-3-deficient mice do not exhibit any adverse phenotype.  However, approximately 

16 week old LAG-deficient mice have increased numbers of T cells in their spleen and peyer’s 

patches. (Workman and Vignali, 2005).  LAG-3 maintains the homeostatic balance by negatively 

regulating the expansion of activated T cells and by optimizing the suppressive activities of 

Tregs.  LAG-3 influences homeostatic expansion of T cells both directly and indirectly.  LAG-3-

deficient mice had increased numbers of both CD4 and CD8 T cells in their spleen and LAG-3-

deficient T cells undergo a 2.6 fold increase in expansion as compared to the wild-type T cells in 

a lymphopenic environment.  Additionally, the LAG-3-/- mice have increased numbers of other 

cell-types that do not express LAG-3 such as B220+ B cells, Gr-1+ granulocytes, Mac-1+ 

macrophages and CD11c+ DCs (Workman and Vignali, 2005).  A real time PCR study 

demonstrated that antigen-specific CD4+ T cells of regulatory phenotype have higher expression 

of LAG-3 as compared to the antigen-specific effector CD4+ T cells.  Blockade of LAG-3 

mediated signaling events by administration of anti-LAG-3 mAb most nearly aborted the 

suppressive activity of Tregs both in vitro and in vivo.  Additionally, anti-LAG-3 mAb did not 

influence the stimulated proliferation of effector T cells in absence of Tregs in vitro, indicating 

that the antibody specifically inhibited the LAG-3 functions on Tregs.  Importantly, ectopic 

expression of LAG-3 imparts regulatory phenotype to CD4+CD25- T cells (Huang et al., 2004) 

therefore, up-regulated LAG-3 expression on induced Tregs is not merely a marker for Tregs but 
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it is important for maximal suppressive activity of Tregs.  The requirement of LAG-3 functions 

for suppressive mechanisms by Tregs suggests that LAG-3 might indirectly achieve the 

homeostatic balance via Treg mediated suppression of T cells.  

 

 

The inhibitory function of LAG-3 on CD4 T cells is dependent on its interaction with MHC-II 

and on a conserved KIEELE motif present in its cytoplasmic domain.  Recent studies have 

suggested that LAG-3 may block DC maturation (Liang et al., 2008).  Binding of LAG-3 to 

MHC class II molecules expressed by immature DCs induces an immunoreceptor tyrosine-based 

activation motif (ITAM)-mediated inhibitory signaling pathway - that suppresses DC maturation 

and their immunostimulatory capacity.  It is interesting to note that human MHC-II + Tregs are 

more effective than human MHC-II- Tregs raising the possibility that these cells suppress by 

ligating LAG-3 on effector T cells.  Although more work is required to elucidate how Tregs 

utilize LAG-3 functions to suppress effector T cells through DCs, this mode of action is a 

promising possibility to suppress effector T cells in vivo (Liang et al., 2008).   
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CHAPTER 2 

STATEMENT OF GOALS 

Regulation of homeostatic balance and maintenance of tolerance are two critical immunological 

processes that prevent the development of autoimmune diseases.  Tregs have the ability to 

actively suppress an immune response and stop an ongoing pathogenic autoimmunity by 

restoring self tolerance in patients suffering from autoimmune diseases.  Therefore, in recent 

years, Tregs have become one of the most studied therapeutic approaches for autoimmune 

diseases.  My goal was to examine the protective role of Tregs in mercury-induced autoimmunity 

by utilizing targets that would enhance functionally active populations of Tregs in vivo.  We 

decided to investigate the effects of two such agents in our model: CD3-specific non-Fc receptor-

binding monoclonal antibody (Anti-CD3) and immune complexes containing anti-IL-2 

monoclonal antibody (JES61-A12) and recombinant IL-2. 

 

To understand the impact of homeostatic balance on mercury-induced autoimmunity, we sought 

to investigate the role of LAG-3 in our model.  We have observed that mice exposed to Hg have 

higher expression of LAG-3 on both CD4 and CD8 T cells.  Also, abrogation of LAG-3 

functions, either by administering  anti-LAG-3 monoclonal antibody or by genetic ablation of 

LAG-3, resulted in an increased susceptibility to mercury-induced autoimmune disease.  Thus 

our data indicate that LAG-3 plays an important role in prevention of environmentally-induced 

autoimmunity.  
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CHAPTER 3 

MATERIAL AND METHODS 

Mice 
 

A.SW (H-2s) mice were obtained from The Jackson Laboratory and maintained in our animal 

facilities.  Congenic C57BL/6.SJL mice (H-2s) were originally obtained from the Jackson 

Laboratory and are bred and maintained in our animal facility.  LAG-3-deficient C57BL/6 mice 

were provided by Dr. Dario Vignali (St. Jude’s Children’s Research Hospital, Memphis, 

Tennessee).  LAG-3-/- C57BL/6 mice were backcrossed to C57BL/6.SJL mice for more than 

eight generations to obtain LAG-3 deficiency on C57BL/6.SJL background, there after they were 

bred and maintained in our animal facility.  All mice used in our experiments were at least 2 

months old.  

 

In vivo treatments 
 

Mercury chloride (HgCl2) administration and collection of serum 

Mice were injected 3 times a week subcutaneously (s.c.) with 30 µg HgCl2 (Sigma, St. Louis, 

MO) in 100 µl sterile PBS during the first week.  This dose of HgCl2 corresponds to 1 mg/Kg 

body weight of mice which is considered subtoxic to mice.  Mice were bled once a week retro-

orbitally for up to 4 weeks after the start of treatments.  The blood samples were incubated at 

37oC for 45 minutes, followed by incubation at 4oC for 2 hours.  Coagulated blood was removed 
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using a wood applicator.  Samples were then centrifuged at 8000 rpm for 5 minutes.  The 

separated serum was transferred to 0.65ml Eppendorf tubes at -20oC for future analysis. 

 

Antibody administration 

The blocking rat anti-mouse LAG-3 specific monoclonal antibody was provided by Dr. Dario 

Vignali (St. Jude’s Children’s Research Hospital, Memphis, Tennessee).  The CD-3 specific non-

Fc-receptor binding F(ab)’2 (Anti-CD3) fragments were obtained from BioXcell (West Lebanon, 

NH).  Both antibodies were administered intraperitoneally (i.p.) according to the amounts and 

injection schedule explained in the corresponding protocols.   The i.p. injections were prepared 

by suspending the required amounts of antibody solution in 250 µl of sterile PBS.  Rat IgG was 

isotype control used for anti-LAG-3 monoclonal antibody.  Rat IgG was purified in our 

laboratory from rat serum using protein G column.  Hamster IgG was isotype control used for 

Anti-CD3 antibody and was obtained from R and D incorporation.  All in vivo experiments were 

performed once unless otherwise specified.   

 

Immune complex preparation 

Mouse IL-2-specific rat monoclonal antibody (JES6-1A12) was purchased from BioXcell (West 

Lebanon, NH) and mouse recombinant IL-2 (rm-IL-2) was purchased from Biolegend.  50 µg of 

JES6-1A12 was mixed with 1.5 µg of rm-IL-2 and incubated at room temperature for 2 hours to 

form the immune complexes (IC); this was then suspended in 250 µl of sterile PBS to make one 

i.p. injection for one mouse.  Rat IgG was incubated with 1.5 µg of rm-IL-2 as explained above 

to be used as control.    
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Flow Cytometry 
 

Regulatory T cells (Tregs) 

Spleens were mashed in sterile PBS using nylon mesh bags.  Cells were then strained through a 

sterile 40 µm cell strainer (BD Falcon) to obtain a single cell suspension.  RBC lysis was 

performed by suspending cells in 5- 10 ml of sterile 0.165 M NH4Cl solution and incubating in 

water bath at 37oC for 2 minutes followed by 1in 9 dilution with cold sterile PBS.  Nonspecific 

staining was blocked using 1 µg anti-mouse CD16/32 (2.4G) (BD Biosciences, San Jose, CA).  

Splenocytes were incubated with fluorochrome-conjugated anti-mouse CD4 (GK1.5) (BD 

Biosciences, San Jose, CA) and fluorochrome-conjugated anti-mouse CD25 (3C7) (BD 

Biosciences, San Jose, CA) at 4oC, followed by 5-6 hours of permeabilization with 

permeabilization working solution obtained from  a Foxp3 staining kit (eBiosciences, San Deigo, 

CA).  After permeabilization cells were blocked for nonspecific staining as described above and 

stained with APC-conjugated Foxp3 (FJK-16s) (a Foxp3 staining kit, eBiosciences, San Deigo, 

CA) for 30 minutes at 4oC.  Stained cells were analyzed using a dual laser FACSCalibur or a 

FACSCanto (BD Biosciences, San Jose, CA).  Flow cytometry data were analyzed using FlowJo 

software (Treestar) or FACSDiva TM software (BD Biosciences, San Jose, CA). 

 

B cells  

Splenocytes were processed and blocked for non-specific binding as described above and 

incubated with APC-conjugated anti-mouse B220 (BD Biosciences, San Jose, CA), PE-

conjugated anti-mouse CD95 and FITC-conjugated anti-mouse GL7 at 4oC for 30 minutes to 
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detect germinal center B cells.  Splenocytes were also stained with FITC-conjugated anti-mouse 

B220, PE-conjugated anti-mouse CD24, APC-conjugated anti-mouse CD21 and PE-Cy7 

conjugated anti-mouse CD23 to detect marginal zone B cells, follicular B cells and activated B 

cells.  Cells were analyzed using a FACSCanto and data were analyzed as described above.    

 

Ex Vivo splenocyte stimulation 
 

Splenocytes were suspended at 2 x 106 cells/ml of RPMI 1640 (complete medium containing 

streptomycin and penicillin, sodium pyruvate and glutamate) in 24 well plates and stimulated 

with plate bound anti-CD3 monoclonal antibody (coated in PBS at 3 µg/ml incubated at 4oC 

overnight) and soluble anti-CD28 monoclonal antibody (suspended in culture media at 2 µg /ml).  

Anti-CD3 and anti-CD28 antibodies were purchased from BioXcell (West Lebanon, NH).  Cell 

culture supernatants were assayed at 24, 48 or 72 hours for cytokine release by sandwich ELISA. 

 

Isolation of CD4+ T cells from spleen 
 

Splenocytes were processed and RBC lysis was carried out as described under the topic Flow 

cytometry (Regulatory T cells).  Cells were then prepared for magnetic cell sorting following the 

protocol proposed by Miltenyi Biotech, Germany.  Briefly cells were counted and magnetically 

labeled with CD4 (clone L3T4) microbeads.  Then the cell suspension was loaded on to 

magnetically activated cell sorting (MACS) column of Auto MACS separator (Miltenyi Biotech, 

Germany).  The magnetically labeled CD4+ cells are retained on the column and collected and 

the fraction of unlabelled cells that were depleted of CD4+ cells run through.  After removal of 
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the column from magnetic field, magnetically retained CD4+ cells were eluted as the positively 

selected cell fraction.  

 

Immunofluorescence 

Detection of antinucleolar autoantibodies (ANoA)  

Serum ANoA titers were determined by indirect immunofluorescence.  Sera diluted in PBN 

(PBS containing 1% BSA and 0.02% sodium azide) were incubated with HEp-2 slides 

(Antibodies, Inc., Davis CA) for 30 minutes in a moist chamber at room temperature.  Sera were 

removed by rinsing in PBS.  Slides were washed twice for 5 minutes per wash in PBN.  ANoA 

were detected with FITC-conjugated anti-mouse IgG1 or IgG2a antibodies (Southern 

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

IgG1-FITC or 1:80 for IgG2a-FITC were added to each well (30 µl/well).  The slides were then 

incubated in the dark, in a moist chamber at room temperature for 30 minutes.  Slides were then 

washed as explained above and mounted with a glass cover slip using Fluoramount G (Southern 

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

nucleolar fluorescence could be detected was defined as the ANoA titer. 
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Detection of immune complex deposits in kidneys 

 Four weeks after the first HgCl2 injection, kidneys were harvested from mice and frozen 

instantly on dry ice.  Cryostat microtome was used to cut 4 µm sections. The sections were 

rehydrated with PBS for 30 minutes at room temperature and blocked with 5% FBS in PBS for 1 

hour at room temperature in a moist chamber.  They were then stained with IgG FITC  (Southern 

Biotechnology Associates, Birmingham, AL) diluted 1 in 200 in PBS + 1 % FBS to detect the 

IgG deposits in kidney.    

 

ELISA protocols 

ELISA for total serum IgG1 

Total serum IgG1 levels were determined using sandwich ELISA (enzyme-linked 

immunosorbant assay). For quantification of IgG1 levels, 96 well polyvinylchloride plates (BD 

Biosciences, San Jose, CA) were coated overnight at 4oC with goat anti-mouse Ig ĸ (Southern 

Biotechnology Associates, Birmingham, AL) diluted 2 µg/ml in carbonate buffer.  Following 

three washes with PT (PBS containing 0.05% Tween 20) buffer, wells were blocked with PBTN 

(PBS containing 1% BSA, 0.02% NaN3 and 0.05% Tween 20) buffer for 30 minutes at room 

temperature.  Sera dilute 1:50,000 in PBTN were added to the wells and incubated overnight at 

4oC. Samples were washed out 7X with PT and AP (Alakaline-Phosphatase)-coupled goat anti-

mouse IgG1 (Southern Biotechnology Associates, Birmingham, AL) diluted 1:4000 in PBTN 

were added.  After incubation for 1 hour at room temperature, plates were washed 6X with PT 

and 1X with AP buffer (10 nM diethanolamine + 0.05 mM MgCl2 in dH2O).  p-
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Nitrophenylphosphate (PNPP) solution in AP buffer (1 mg/ml) was then added and allowed to 

develop for 20 minutes at room temperature.  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 µg/ml) of ASWU1 (IgG1) previously purified in our laboratory 

(Monestier et al., 1994). 

    

ELISA for Total serum IgE 

96 well polyvinylchloride plates (BD Biosciences, San Jose, CA) were coated overnight at 4oC 

with rat anti-mouse IgE (Clone R35-72 BD Pharmingen, San Diego, CA) diluted 2 µg/ml in 

carbonate buffer.  Following three washes with PT buffer, wells were blocked with PBTN buffer 

for 120 minutes at room temperature.  Sera dilute 1:100 in PBTN were added to the wells and 

incubated overnight at 4oC.  Samples were washed out 7X with PT and a 2 µg/ml solution of 

biotinylated rat anti-mouse IgE (R35-72) (BD Pharmingen, San Deigo, CA) was 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 incubation for 1 hour at room temperature, plates were washed 6X with 

PT and 1X with AP buffer (10 nM diethanolamine + 0.05 mM MgCl2 in dH2O).  p-

Nitrophenylphosphate (PNPP) solution in AP buffer (1 mg/ml) was then added and allowed to 

develop for 60-120 minutes at room temperature. 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 µg/ml) of purified mouse IgE (IgE-3) (BD Biosciences, San Jose, CA). 
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ELISA for total IL-4, IFN-γ and IL-6 

Matched capture (clones 11B11 and AN-18) and biotinylated detection antibodies (clones 

BVD6-24G24 and XMG1.2) for IL-4, IFDN-γ and IL-6 respectively were obtained from BD 

biosciences (San Jose, CA). 96 well polystyrene MaxiSorp plates (Thermo Scientific Nunc-

ImmunoTM) were coated with a 2 µg/ml solution of capture antibody in carbonate buffer.  

Following three washes with PT buffer, wells were blocked with PFT (PBS + 10% Fetal Bovine 

Serum + 0.05% Tween 20) buffer for 1 hour at room temperature.  Following a 3X PT wash, 

undiluted supernatants or for some experiments 1 in 10 diluted supernatant for IFN-γ were added 

and plates were incubated overnight at 4oC.  Samples were washed 8X with PT, followed by 

addition of detection antibody (diluted to 1 µg/ml) in PFT.  After a 60 minute incubation at room 

temperature, plates were washed out 7X followed by addition of SAP (diluted 1in 3000 in PFT) 

and incubation for 60 minutes at room temperature.  Plates were then washed 6X with PT and 1X 

with AP buffer.  PNPP solution in AP buffer (1 mg/ml) was then added and allowed to develop 

for 60-120 minutes at room temperature. Absorbance values were then read at 405 nm.  Cytokine 

levels were extrapolated from the standard curve generated using varying concentrations (15.62-

4000 pg/ml) of recombinant cytokines (BD Biosciences, San Jose, CA). 

 

ELISA for total IL-10 and TNF-α 

Matched capture (clone JES5-2A5 for IL-10) and biotinylated detection antibody (clone JES5-

16E3 for IL-10) antibodies were obtained from BD Biosceinces (San Jose, CA).  96 well 

polystyrene MaxiSorp plates (Thermo Scientific Nunc-ImmunoTM) were coated with a 4 µg/ml 

solution of capture antibody in a 0.2 M Sodium Phosphate buffer (pH 6.5).  Following an 
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overnight incubation at 4oC Following three washes with PT buffer, wells were blocked with 

PFT (PBS + 10% Fetal Bovine Serum + 0.05% Tween 20) buffer for 1 hour at room temperature.  

Following a 3X PT wash, undiluted supernatants were added and plates were incubated 

overnight at 4oC.  Samples were washed 8X with PT, followed by addition of detection antibody 

(diluted to 1 µg/ml) in PFT.  After a 60 minute incubation at room temperature, plates were 

washed out 7X followed by addition of SAP (diluted 1in 3000 in PFT) and incubation for 60 

minutes at room temperature.  Plates were then washed 6X with PT and 1X with AP buffer.  

PNPP solution in AP buffer (1 mg/ml) was then added and allowed to develop for 180 minutes at 

room temperature. Absorbance values were then read at 405 nm.  Cytokine levels were 

extrapolated from the standard curve generated using varying concentrations (15.62-4000 pg/ml) 

of recombinant cytokines (BD Biosciences, San Jose, CA). 

 

ELISA for IL-2 

Matched capture (clone JES6-1A12) and biotinylated detection antibody (clone JES6-5H4) 

antibodies were obtained from BD Biosciences (San Jose, CA).  96 well polystyrene MaxiSorp 

plates (Thermo Scientific Nunc-ImmunoTM) were coated with a 4 µg/ml solution of capture 

antibody in carbonate buffer.  Following an overnight incubation at 4oC Following three washes 

with PT buffer, wells were blocked with PFT (PBS + 10% Fetal Bovine Serum + 0.05% Tween 

20) buffer for 1 hour at room temperature.  Following a 3X PT wash, undiluted supernatants 

were added and plates were incubated overnight at 4oC.  Samples were washed 8X with PT, 

followed by addition of detection antibody (diluted to 2 µg/ml) in PFT.  After a 60 minute 

incubation at room temperature, plates were washed out 7X followed by addition of SAP (diluted 

1in 3000 in PFT) and incubation for 60 minutes at room temperature.  Plates were then washed 
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6X with PT and 1X with AP buffer.  PNPP solution in AP buffer (1 mg/ml) was then added and 

allowed to develop for 180 minutes at room temperature. Absorbance values were then read at 

405 nm.  Cytokine levels were extrapolated from the standard curve generated using varying 

concentrations (78.125 to 10,000 pg/ml) of recombinant cytokines (BD Biosciences, San Jose, 

CA).  Samples were analyzed in duplicates for all ELISA protocols described above 
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CHAPTER 4 

RESULTS 

CD3-specific non-Fc receptor-binding [(Fab’)2 fragment] monoclonal antibody 

(Anti-CD3) exacerbates mercury-induced autoimmunity 

Anti-CD3 fails to protect mice from mercury-induced autoimmunity 

We examined whether an effective immunosuppressive agent such as Anti-CD3 is able to confer 

protection from autoimmune disease induced by subtoxic dose of HgCl2.  To determine the 

optimum schedule for Anti-CD3 administration, we gave five injections of Anti-CD3 to mice 

either simultaneously or starting seven days before HgCl2 injections (Figure 3, protocol 1).  

Treatment of mice with Anti-CD3 before induction or at the time of priming of disease was 

ineffective in changing the disease course.  Treatment of mice with Anti-CD3 simultaneously 

with HgCl2 led to a dramatic increase in levels of serum IgE and IgG2a autoantibodies along 

with a modest rise in concentration of serum IgG1 and titers of IgG1 autoantibodies, whereas 

administration of Anti-CD3 starting seven days before disease induction, resulted in elevated 

levels of serum IgG1 and autoantibody production of both IgG1 and IgG2a isotype (Figure 4). 

The control group that received the HgCl2 challenge dose alone had usual levels of non-specific 

immunoglobulins and autoantibodies.  L. Chatenoud and colleagues demonstrated that Anti-

CD3-induced tolerance was effective only in overtly diabetic NOD mice or in mice with recent 

onset of the disease and that the treatment failed to protect healthy and young NOD mice (4 to 8 

week old) from the ensuing disease (Chatenoud et al., 1997).  This observation suggested that 

Anti-CD3-mediated immunosuppressive activity works best when the antibody is administered at 

the time of active autoimmune conditions or during the priming of the disease.  However, in our 
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model treatment of mice with Anti-CD3 simultaneously with challenge dose of HgCl2 was 

unable to confer protection from the disease. 
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i.p. injection of Anti-CD3 (40 µg/mouse)

s.c. injection of HgCl2 (30 µg/mouse) given on days 0, 2 and 4
Serum was collected each week for 4 weeks

Day 0 to 
4

Day‐7 to 
‐2

Anti-CD3 (days 0 to 4) Hg Challenge alone 
(days 0, 2&4)Anti-CD3 (days –7 to –2)

00 0

‐1

Protocol 1:

‐1
‐1

 

Figure 3: Time course of Anti-CD3 and HgCl2 injections in non-tolerised A.SW mice. 
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Figure 4: Anti-CD3 fails to protect mice from mercury-induced autoimmunity.   

Groups of 5 A.SW mice were injected with Anti-CD3 antibody and HgCl2 a depicted in Figure 3, 

protocol1.  Animals were there after evaluated for ANoA and immunoglobulin levels in serum 

by immunofluorescence and ELISA respectively as described in the Material and Methods.  

Results were expressed as serum titers ± SEM for ANoA, mg/ml ± SEM for IgG1 and µg/ml ± 

SEM for IgE.  *p < 0.05, **p < 0.001, ***p < 0.0001 vs. the group that received HgCl2 alone 

analyzed by two way ANOVA using Prism software, n=5. 
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Anti-CD3 broke the tolerance induced by a single low dose of HgCl2 

           In 1990’s several groups reported that immunization with islet autoantigens such as proinsulin by 

various means and routes can induce islet-antigen specific Tregs and prevent type-1 diabetes 

(TID) (Mukherjee et al., 2005; Von Herrath et al., 1996)  As discussed earlier, we have observed 

that a single low dose of HgCl2 can induce a Treg-dependent tolerance and prevent mercury-

induced autoimmune disease.  Recently, Von-Herrath and colleagues demonstrated that a 

combination of Anti-CD3 and islet autoantigens such as proinsulin is more effective in 

protecting NOD mice from diabetes than the mice treated with Anti-CD3 or proinsulin alone.  

Importantly, the synergistic action of Anti-CD3 and a peptide derived from human proinsulin II 

strongly enhanced Treg induction and was found to be efficient in both NOD and RIP-LCMV-

GP models of diabetes.  We therefore hypothesized that Anti-CD3 in combination with a 

tolerogenic dose of HgCl2 might display a better and long term protective effect.  To test this 

idea, we administered five injections of Anti-CD3 starting two days after mice received the 

tolerogenic dose (Figure 5, protocol 2).  While, the tolerogenic dose protected mice from the 

disease, the group that received the combination of Anti-CD3 and a low dose of HgCl2 produced 

higher amounts of polyclonal antibodies IgG1 and IgE along with the increased titers of IgG2a 

autoantibodies.  The mice that received Anti-CD3 with the tolerogenic dose produced negligible 

amounts of autoantibody of IgG1 isotype.  However, the titers of IgG1 ANoA was similar to the 

group that received the tolerogenic dose alone, thus, abrogation of IgG1 ANoA response cannot 

be attributed to the protective effect of the combinatorial treatment.  As observed in the previous 

experiment, the treatment of non-tolerised mice with Anti-CD3 elevated various parameters of 

the disease (polyclonal IgG1, IgE and autoantibodies of both IgG1 and IgG2a isotype) (Figure 
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6).   Therefore, to our surprise, instead of displaying a protective effect, Anti-CD3 abrogated the 

tolerogenic effect of a single low dose of HgCl2 and aggravated the disease syndrome. 
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Protocol 2: 

Anti-CD3+Tolerised

i.p. injection of Anti-CD3 (40 µg /mouse)

s.c. injection  of 30 µg of HgCl2/mouse on days 0,2 and 4. 
Serum was collected each week for 4 weeks

Hg Challenge aloneTolerised alone Anti-CD3 alone
‐14

0

‐7

‐14

0

‐7

‐14

0

‐7

‐14

0

‐7

Day‐12 
to ‐7

Day‐12 
to ‐7

i.p. injection of low dose HgCl2 (3 µg /mouse)

 

Figure 5: Time course of Anti-CD3 antibody and HgCl2 injections in tolerised A.SW mice.  
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Figure 6: Anti-CD3 broke the tolerance induced by a single low dose of HgCl2.  

Groups of mice received five injections of Anti-CD3 with or without tolerogenic dose as 

described in Figure 5, protocol 2.  ANoA were detected by immunofluorescence as described in 

the Material and Methods section and are expressed as serum titers ± SEM.  Serum 

immunoglobulin levels were measured by ELISA as described in the Material and Method 

section and are expressed in mg/ml ± SEM (IgG1) or µg/ml ± SEM (IgE). **p < 0.001, ***p < 

0.0001 vs. Tolerised group, n=5.  
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Anti-CD3 fails to prolong the maintenance period of tolerance induced by tolerogenic dose 

Although, single low dose of HgCl2 induces an effective tolerance toward mercury-modified 

self-antigens, this tolerance lasts for approximately 4 to 5 weeks.  Moreover, it has been 

demonstrated in different animal models of diabetes and EAE that the therapeutic potential of 

Anti-CD3 is more effective when administered at the time of disease onset or when the disease is 

at its peak, therefore we proposed that treatment with Anti-CD3 in association with tolerogenic 

dose might prolong the maintenance of tolerance for more than 4 weeks if Anti-CD3 is given 

simultaneously with the immunogenic dose of HgCl2.  Briefly, mice were injected with the 

tolerogenic dose, 4 weeks before they were treated with Anti-CD3 and immunized with HgCl2 

(Figure 7, protocol 3).  The group that received the combination treatment responded with high 

levels of polyclonal immunoglobulins IgG1 and IgE, along with significant rise in titers of 

autoantibodies of both IgG1 and IgG2a isotype whereas, the group that received the tolerogenic 

dose alone produced much lower amounts of polyclonal IgG1, IgE and autoantibodies (Figure 8).  

Contrary to our expectations, these data indicated that Anti-CD3 failed to exhibit any protective 

effect and most importantly, it broke the tolerance established by a single low dose of HgCl2 and 

exacerbated the mercury-induced autoimmunity. 
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Experimental design:

Hamster IgG

i.p. injection  of Anti-CD3 or Hamster IgG (40 µg/mouse)

s.c. injection of 30 µg of HgCl2/mouse

‐4

0

Day 0 to 
4

i.p. injection of low dose HgCl2 (3 µg/mouse)

‐4

0

Anti-CD3

Serum was collected each week for 4 weeks

Day 0 to 
4

Protocol 3:

 

Figure 7: Time course of Anti-CD3 treatment to extend the period of tolerance induced by                 
tolerogenic dose.    
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Figure 8: Anti-CD3 fails to prolong the maintenance period of tolerance induced by a single 
low dose of HgCl2.   

Groups of mice received Anti-CD3 antibody with immunogenic dose of HgCl2 along with the 

tolerogenic dose as described in Figure 7, protocol 3.  Serum immunoglobulin levels were 

measured by ELISA as described in Material and Methods and are expressed as mg/ml (IgG1) 

and µg/ml (IgE) ± SEM.  ANoA were detected by immunofluorescence as explained in Material 

and Methods and are expressed as titers ± SEM.  *p < 0.05, **p < 0.001, ***p < 0.0001 vs. the 

group that received Hamster IgG, n=5.  
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Co-administration of Anti-CD3 with HgCl2 results in splenomegaly, reduction in the percentage 

of CD4+ T cells and decreased cytokine production 

To investigate the mechanisms driving the paradoxical effect of Anti-CD3 in our model, we 

purified CD4+ T cell population from spleen and analyzed the cytokine production by CD4+ T 

cells.  We treated mice with five injections of Anti-CD3 together with the three injections of 

immunogenic dose of HgCl2 (Figure 9, protocol 4).  Recipients of Anti-CD3 with HgCl2 had 

enlarged spleens with splenocyte numbers three times higher than the mice that received hamster 

IgG and HgCl2 this Anti-CD3-induced splenomegaly was observed in three different experiments 

(Figure 10A).  However, the enlarged spleen in the mice treated with Anti-CD3 could not be 

attributed to the CD4+ T cells as the mice suffered a major loss in the percentages of CD4+ T 

cells (Figure 10B).  Interestingly, most of the CD4+ T cells in the Anti-CD3 treated group were in 

activated state as percentage of CD4+ T cells expressing the activation markers inducible co-

stimulatory molecule (ICOS) and CD25 were significantly higher than the control groups (Figure 

10C and D).  Although, there was an increase in the absolute numbers of the Treg population, the 

percentage of Tregs and the ratio of Treg to effector T cells (CD4+CD25+Foxp3-) were similar to 

the control groups (Figure 11A-C), hence in contrast to the NOD and EAE model, treatment of 

mice with Anti-CD3 did not induce the increase in Treg population.  Increased apoptosis of T 

cells is one of the mechanisms utilized by Anti-CD3 to suppress the activated T cells (Chatenoud 

and Bluestone, 2007; Carpenter et al., 2000), this observation might explain the reduction in 

percentage of the CD4+ T cells.  CD4+ T cells produced negligible amounts of IL-2 and very low 

amounts of IL-4 and IFN-γ as compared to the control groups that received HgCl2 with hamster 

IgG or Anti-CD3 alone (Figure 12).  In contrary to the formation of active and complete 

immunological synapse by ligation of MHC-II with TCR, binding of Anti-CD3 to TCR results in 

65 
 



formation of incomplete immunological synapse which then causes abrogation of signaling 

events in T cells making them anergic (Chatenoud and Bluestone, 2007).  Anti-CD3-induced 

anergy of T cells might be responsible for the decreased production of cytokines.  This effect of 

Anti-CD3 has been reported by Chatenoud and colleagues in NOD model (Chatenoud et al., 

1997).  Thus, in our model of mercury-induced autoimmunity, administration of Anti-CD3 with 

HgCl2 resulted in activation of immune system with splenomegaly and increased percentages of 

activated T cells.  However, as the mice endured a massive decrease in the CD4+ T cells in 

spleen, other cell types such as B cells had to be analyzed to discern the reason behind 

immunomodulatory effects induced by Anti-CD3. 
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Anti-CD3 (days 0 to 4)  +  HgCl2 (days 0, 2 and 4)

Harvest splenocytes
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Figure 9: Time course of Anti-CD3 treatment for CD4+ T cell analysis by flow cytometry.  

 Groups of 3 or 4 A.SW mice were given i.p. injections of Anti-CD3 (40 µg/mouse) on days 0 to 

4 along with the HgCl2 s.c. injections (30 µg/mouse) on days 0, 2 and 4.  The control groups 

received Hamster IgG (i.p. injections of 40 µg/mouse) + HgCl2 or Anti-CD3 alone or were left 

untreated (Naïve).   
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Figure 10: Co-administration of Anti-CD3 with HgCl2 results in splenomegaly, decrease in 
the percentage of CD4+ T cells and an increase in the percentage of activated CD4+ T cells.   

Groups of 3 or 4 A.SW mice were treated with Anti-CD3 and HgCl2 as explained in Figure 9, 

protocol 4.   Splenocytes were then stained with antibodies to analyze the surface expression of 

CD4, CD25 and ICOS on T cells by flow cytometry.   * p < 0.05, ** p < 0.001 as analyzed by t 

test (unpaired Mann-Whitney test) using Prism software, n=3 or 4.     
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Figure 11: Co-administration of Anti-CD3 with HgCl2 does not affect the regulatory T cell 
profile.   

Groups of 3 or 4 A.SW mice were treated with Anti-CD3 as explained in protocol 4 (Figure 6).  

Splenocytes were stained with antibodies for analysis of surface expression of CD4 and CD25.  

eBioscience kit was used to carry out intracellular staining as explained in the Material and 

Methods for detection of Foxp3. Effector T cells in panel (C) represent CD4+ CD25+ Foxp3- T 

cells   * p < 0.05 as analyzed by t test (unpaired Mann-Whitney test) using prism software.     
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Figure 12: Co-administration of Anti-CD3 with HgCl2 results in reduced cytokine 
production by purified CD4+ T cells.   

Mice were treated with Anti-CD3 and HgCl2 as described in Figure 9, protocol 4.   Splenocytes 

were processed as described in Material and Methods and then CD4+ T cells were isolated using 

Auto Macs separator.  Purified CD4+ T cells were then stimulated ex vivo with plate bound anti-

CD3 and soluble anti-CD28 as explained in Material and Methods for 2 or 3 days.  Supernatant 

was collected and concentration of various cytokines was determined using ELISA. *p < 0.05 

and ***p < 0.0001 as analyzed by t test (unpaired Mann-Whitney test) using prism software, 

n=3 or 4.  
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Expansion in various subsets of B cells might be responsible for the splenomagaly observed as a 

result of Anti-CD3 with HgCl2 treatment 

To determine the factors accountable for the discrepant outcome of the Anti-CD3 treatment in 

our model, we performed the flow cytometric analysis of different subsets of B cells from spleen.  

We treated mice with five injections of Anti-CD3 and subtoxic doses of HgCl2 simultaneously 

following which mice were sacrificed to harvest their spleen (Figure 9, protocol 4).  There was 

an upsurge in the absolute numbers of B cells in the mice that received Anti-CD3 with HgCl2 

whereas, the groups that received Hamster IgG with HgCl2 or Anti-CD3 alone had B cell 

numbers similar to untreated mice (Figure 13B).  This enhancement in the B cell numbers 

included an increase in the absolute numbers of various subsets of B cell such as Germinal center 

B cells (GC B), marginal zone B cells (MZ B), follicular zone B cells (Fo B) and activated B 

cells (Act B) (Figure 13A and B).  Enhancement in Fo B cells, GC B cells and Act B cells 

corroborated the escalated response of both polyclonal and self-reactive nucleolar antibodies.  

Splenocytes were stimulated ex vivo to determine the cytokine concentrations.  As observed with 

the purified CD4+ T cells, splenocytes isolated from mice treated with Anti-CD3 and HgCl2 

produced lower amounts of cytokine including IL-2, IL-4 and IFN-γ where as the amounts of IL-

6, and TNF-α were similar to the levels of cytokine produced by the splenocytes isolated form 

mice belonging to the control groups (Figure 14). 
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Figure 13: Co-administration of Anti-CD3 and HgCl2 stimulated a rise in the numbers of 
various subsets of B cells.   

Groups of 3 or 4 A.SW mice received injections of Anti-CD3 and HgCl2 as described in the 

Figure 9, protocol 4.  Splenocytes were then stained with antibodies to surface antigens (B220, 

CD21, CD24, CD95 and CD23) to differentiate various populations of B cells.  Gates used to 

distinguish the various subsets is depicted in (A) (Act Activated B cells, FoB follicular B cells, 

GC germinal center B cells, and MZB marginal zone B cells), whereas the histograms in (B) 

describes the frequency of B cell populations per spleen in 3 or 4 mice of each group.  *p < 0.05 

and **p < 0.001 as analyzed by t test (unpaired Mann-Whitney test) using prism software.     
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Figure 14: Co-administration of Anti-CD3 and HgCl2 results in decrease in cytokine 
production by splenocytes.   

Splenocytes were isolated form mice receiving various treatments as described in Figure 9, 

protocol 4.  Splenocytes were stimulated ex vivo with anti-CD3 and anti-CD28, as described in 

Material and Methods.  Supernatants were collected after 40 and 72 hrs to measure the 

concentration of various cytokines using ELISA.  *p < 0.05 and ***p < 0.0001 as analyzed by t 

test (unpaired Mann-Whitney test) using prism software.     
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Mice treated with Anti-CD3 and HgCl2 produce higher amounts of BAFF and induce increased 

IgG deposits in kidneys 

The signaling mediated by the B lymphocyte stimulator family of cytokines (BAFF) and 

receptors determine the survival of newly formed B cells, life span of mature B cells, and actions 

of the antigen-experienced B cells, thus they have emerged to be important determinants in the 

etiology of autoimmune diseases.  In our model, A.SW mice immunized with HgCl2 produce 

higher amounts of BAFF and neutralization of BAFF by TACI-Ig results in abrogation of 

autoantibody and IgE production (Zheng, et. al., 2005).  Thus importance of BAFF in mercury-

induced autoimmunity and increase in the various B cell populations prompted us to test the 

level of BAFF in the serum of mice treated with Anti-CD3.  Briefly, mice received five 

injections of Anti-CD3 with standard dose of HgCl2 and serum was collected each week for four 

weeks to analyze the amounts of BAFF (protocol 5, Figure 15).  Mice treated with Anti-CD3 

elicited significantly higher amounts of BAFF in their serum along with an augmentation in the 

levels of polyclonal serum IgG1 and IgE with a modest increase in IgG1 autoantibodies (Figure 

16A).  The escalated BAFF response confirmed our observation of enhancement in the B cell 

population and heightened antibody production.  

 

Presence of immune complexes in kidney is one of the important characteristics of mercury-

induced autoimmunity disease.  To examine the effect of Anti-CD3 treatment on IgG deposits in 

kidney, we sacrificed the mice from the above experiments after four weeks and harvested their 

kidneys.  The 4 µm kidney sections were then stained with anti-IgG FITC to detect IgG deposits.  
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Anti-CD3 in combination with the standard dose of HgCl2 induced IgG deposits with titers 

higher than the control group (Figure 16B).  
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Figure 15: Time course of Anti-CD3 treatment for BAFF analysis.   

Groups of 3 or 4 A.SW mice were given i.p. injections of Anti-CD3 (40 µg/mouse) or Hamster 

IgG on days 0 to 4 along with the HgCl2 s.c. injections (30 µg/mouse) on days 0, 2 and 4.  Serum 

was collected each week for four weeks. 
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Figure 16: Mice treated with Anti-CD3 and HgCl2 produce higher amounts of BAFF.   

Serum was collected from mice receiving Anti-CD3 antibody and HgCl2 as described in the 

Figure 15, protocol 5.  Concentration of BAFF was detected in the serum using ELISA as 

depicted in (A).  Mice were sacrificed after four weeks and 4 um kidney sections were obtained 

using Microtome machine.  The sections were then stained with anti-mouse IgG FITC to detect 

IgG deposits using fluorescent microscope as depicted in (B).    
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Immune complexes (IC) containing IL-2-specific monoclonal antibody JES6-1A12 
and mouse recombinant IL-2 (IL-2) partially prevents mercury-induced 

autoimmunity 
 

Regulatory T cells are crucial for induction and maintenance of tolerance mediated by a single 

low dose of HgCl2.  Boyman and colleagues demonstrated that immune complexes containing 

anti-IL-2 antibody JES6-1A12 and IL-2 can stimulate preferential expansion of Tregs (Boyman 

et al., 2006).  Therefore, we decided to use IC containing anti-IL-2 antibody and IL-2 to 

investigate whether the expansion of regulatory T cells in vivo could facilitate an alternative 

method of tolerance induction against mercury. 

 

Immune complexes containing IL-2 and JES6-1A12 mAb induces enhancement in Treg cell 

numbers in spleen of A.SW mice 

To confirm the findings of Boyman and colleagues that IC containing JES6-1A12 and IL-2 result 

in preferential expansion of Tregs (Boyman et al., 2006), we injected A.SW mice with the IC 

(Figure 17) and harvested spleen to carry out flow cytometric analysis of T cells.  As mentioned 

earlier, IC containing S4B6-1 induces a massive proliferation of CD8+ T cells, whereas IC 

containing JES6-1A12 results in selective enlargement of Treg cell population without affecting 

CD8+ T cells.  Indeed, 3 injections of IC were sufficient to induce exclusive expansion of Tregs 

in A.SW mice (Figure 17).  This data indicated that enhancement of Treg in vivo mediated by 

JES6-1A12   containing IC was not strain dependent and a lower dose of IC (3 injections instead 

of seven) is equally efficient. 
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Figure 17: Administration of IC in A.SW mice stimulates exclusive proliferation of Tregs.   

A group of 3 or 4 A.SW mice were given three i.p. injections of IC containing anti-IL-2 (JES6-

1A12) (50 µg/ mouse per injection) + recombinant mouse IL-2 (rmIL-2) (1.5 µg /mouse per 

injection) on days 0, 1 and 2.  The control group received 50 µg / mouse / injection of Rat IgG.  

Splenocytes were harvested on day 7 to detect the Treg and CD8+ T cell populations.  

Splenocytes were processed and stained with antibodies specific for surface antigens CD3, CD8, 

CD4 and CD8.  eBioscience kit was used to carry out intracellular staining for Foxp3.  The 

figure depicts the absolute numbers of splenocytes, CD8+ T and regulatory T cells per spleen and 

the percentage of Tregs per spleen.     
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Mice treated with IC made up of IL-2 and JES6-1A12 produce significantly lower amounts of 

IgE  

 We examined whether the increase in Treg population in vivo induced by IL-2 and JES6-1A12  

containing IC can prevent mercury-induced autoimmunity.  Mice were treated with five 

injections of the IC with first injection starting one week before they were exposed to standard 

dose of HgCl2 (protocol 7, Figure 18).  Animals treated with the IC produced significantly lower 

concentrations of IgE and lower titers of autoantibodies of IgG1 isotype, but responded with 

increased levels of IgG1. Whereas, the control groups receiving Rat IgG + IL-2 suffered from 

usual autoimmune manifestations induced by HgCl2 (Figure 19) .  This experiment proved that 

the Tregs generated by the IC appeared to be functionally active and were effective in facilitating 

partial protection from the autoimmune disease.  
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Figure 18: Time course of immune complex treatment in non-tolerised A.SW mice.   

A group of 5 A.SW mice were given five i.p. injections of IC containing anti-IL-2 (JES6-1A12) 

or Rat IgG (50 µg/mouse per injection) + rmIL-2 (1.5 µg/mouse per injection) on days -7 to -3.  

Both groups received the challenge dose of HgCl2 (30 µg /mouse per s.c. injection).  Serum was 

collected each week for four weeks.   
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Figure 19: Mice treated with IC produce significantly lower concentrations of IgE.  

Groups of mice received IC treatment with immunogenic dose of HgCl2 as described in Figure 

18, protocol 6.  Serum immunoglobulin levels were measured by ELISA as described in Material 

and Methods and are expressed as mg/ml (IgG1) and µg/ml (IgE) ± SEM.  ANoA titers were 

detected by immunofluorescence as explained in Material and Methods and are expressed as 

titers ± SEM.   **p < 0.001, ***p < 0.0001 vs. the group that received Rat IgG + IL-2 as 

measured by two way ANOVA using prism software, n=5. 
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IC containing JES6-1A12 and IL-2 partially improves the maintenance of tolerance induced by 

the tolerogenic dose 

Tregs are crucial in induction of tolerance by a single low dose of HgCl2 (Zheng Y. and 

Monestier M. unpublished observation).  This tolerance usually lasts for approximately four 

weeks, thus the promising results obtained from the above experiment prompted us to test 

whether the IC would be effective in extending the tolerance for more than four weeks.  Briefly, 

mice were given five injections of IC either one week before or two weeks after administration 

of a tolerogenic dose (protocol 8, Figure 20).  Administration of IC at two different time points 

provided us with the opportunity to determine the most appropriate schedule for the treatment of 

mice with IC.  Treatment of mice with IC given at both the time points before and after the 

tolerance induction were efficient in extending the tolerance induced by a single low dose of 

HgCl2, as the mice elicited substantially low levels of autoantibodies of both IgG1 and IgG2a 

isotypes as compared to the control groups that received Rat IgG or tolerogenic dose alone.  

Interestingly, the IC administered two weeks after tolerance induction was more proficient as the 

animals treated with this schedule responded with autoantibody titers even lower than the group 

that received the tolerogenic dose alone (Figure 21).  However, animals treated with IC had 

similar levels of IgG1 and IgE antibodies as compared to the control groups.  Although, the 

results concerning the autoantibodies were quite favorable, the IC treatment was inadequate in 

supplementing the tolerogenic dose in controlling the non-specific polyclonal immunoglobulin 

response. 
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Protocol 7:

i.p. injection of Anti-IL-2 or Rat IgG (50 µg/mouse) + rmIL-2 (1.5 µg/mouse)

s.c. of 30 µg of HgCl2/mouse

RatIgG+IL-2 
(wk-2)

-5

-4

0

-4

0

‐2

-4

0

-5

-4

0

-4

0

JES6-1A12+IL-2 
(wk-2)

Tolerised only 
(wk-4)

RatIgG+IL-2 
(wk-5)

JES6-1A12+IL-2 
(wk-5)

i.p injection of low dose HgCl2 (3 µg/mouse)

-2‐2

Serum was collected each week

-2-2

-5 -5 -5

 

Figure 20: Time course of immune complex treatment in tolerised A.SW mice.  
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3 weeks after Hg challenge2 weeks after Hg challenge

 

Figure 21: Mice treated with IC and tolerogenic dose exhibit lower titers of autoantibodies.   

Groups of mice received five injections of IC with tolerogenic dose as described in protocol 7 

(Figure 17).  ANoA  were detected by immunofluorescence as described in the Material and 

Methods section and are expressed as serum titers ± SEM, n=5.     
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Lymphocyte activation gene-3 (LAG-3) negatively regulates mercury-induced 
autoimmune disease 

 

Exposure to Hg results in higher expression of LAG-3 on T cells and in an increased amount of 

soluble LAG-3 in serum. 

Exposure of susceptible strains of mice to sub-toxic levels of mercury induces proliferation and 

activation of CD4+ T cells (Pollard and Landberg, 2001; Johansson et al., 1997).  Because LAG-

3 is expressed on activated T cells we decided to investigate the effect of HgCl2 treatment on 

expression of LAG-3 on T cells.  A group of 4 B6.SJL mice were either given three injections of 

HgCl2 on days 0, 2 and 4 or were left untreated.  On day 8 splenocytes were stained with anti-

CD4 and anti-LAG-3 monoclonal antibodies.  Exposure of mice to HgCl2 resulted in two fold 

increase in the percentage of CD4+ T cells expressing LAG-3 as compared to the untreated 

control, suggesting that LAG-3 might have a role in mercury-induced modulations of immune 

reactions (Figure 22A and B). 

 

 Li and colleagues reported that T cell hybridomas expressing LAG-3 and splenocytes from OT-

II transgenic mice stimulated ex vivo produced soluble LAG-3 (sLAG-3).  Additionally, wild-

type CD57BL/6 had approximately 80 ng/ml of sLAG-3 in serum.  Thus LAG-3 on activated T 

cells was cleaved to generate sLAG-3 (Li et al., 2004).  This prompted us to check the level of 

serum sLAG-3 in mice challenged with HgCl2.  A group of 5 A.SW mice were challenged with 3 

injections of HgCl2 on days 0, 2 and 4.  Serum was collected weekly for four weeks to measure 

the amount of sLAG-3.  Serum sLAG-3 concentration increased from ~ 0.5 µg/ml to ~1.5 µg/ml 

one week after 1st injection of HgCl2 (Figure 22C).  These experiments illustrate that exposure of 
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mice to HgCl2 causes up regulation of LAG-3 on T cells with an increase in the concentration of 

sLAG-3 in serum. 
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Figure 22: Exposure to Hg results in higher expression of LAG-3 on CD4+ T cells and in an 
increased amount of soluble LAG-3 in serum.   

A) B6.SJL mice were left untreated or given 3 injections of HgCl2 s.c. on days 0, 2 and 4.   

Splenocytes were harvested on day 8 and analyzed by flow cytometry.   B) Percentage of CD4+ 

T cells expressing LAG-3 in the spleen of mice from experiment (A), n=4.   C) A.SW mice were 

treated as described above and serum was collected every week.  Levels of soluble LAG-3 

(sLAG-3) were measured by ELISA performed by Dr. C. Workman (St. Jude’s Children’s 

Research Hospital, Memphis, Tennessee).  Serum from untreated C57/BL6 mouse was used as a 

positive control (sLAG-3=1.84 µg/ml), n=4. 
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Anti-LAG-3 monoclonal antibody breaks established tolerance against mercury-induced 

autoimmunity 

To examine the role of LAG-3 in maintenance of tolerance induced by a single low dose of 

HgCl2, we decided to use anti-LAG-3 monoclonal antibody (mAb) to block the functional 

activity of LAG-3.  After following the schedule of injections as described in protocol 8, Figure 

23, we observed that there was a significant rise in serum concentration of both IgE and IgG1 

immunoglobulins in mice that received anti-LAG-3 mAb, whereas the tolerance was maintained 

in the control group that received rat IgG.  Also, inhibition of LAG-3 functions resulted in an 

increased titers of antigen specific autoantibodies (Figure 24), thus implying that the homeostatic 

balance maintained by LAG-3 is important for the continued sustenance of tolerance induced by 

a low dose of HgCl2.  However, it appeared that LAG-3 was not critical for the induction of 

tolerance as anti-LAG-3 antibody given 1 week before the tolerogenic dose did not prevent 

initiation of tolerance (data not shown).  
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Figure 23: Time course of administration of anti-LAG-3 antibody in A.SW mice. 
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Figure 24: Anti-LAG-3 monoclonal antibody breaks established tolerance against mercury-
induced autoimmunity.   

Protocol 8 describes the schedule of injections administered in the experiment.   Serum IgG1 and 

IgE levels were measured by ELISA and expressed as mg/ml (IgG1) ± SEM or µg/ml (IgE) ± 

SEM. Autoantibodies in serum were detected by immunofluorescence (IF) assay and expressed 

as titers ± SEM.    **p < 0.001, *p < 0.05 as analyzed by two way ANOVA using Prism software, 

n=5.  
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LAG-3-deficient B6.SJL mice display an increased susceptibility to mercury-induced 

autoimmunity. 

 Because B6.SJL mice are partially resistant to HgCl2-induced autoimmunity and given that anti-

LAG-3 (mAb) was able to break tolerance in completely susceptible A.SW mice, we 

hypothesized that LAG-3 might be an important regulator of the disease in B6.SJL mice.  Thus 

we conducted experiments with LAG-3-deficient B6.SJL mice.  Group of 5 or 6 wild-type or 

LAG-3-/- B6.SJL mice were given 3 weekly s.c. injections of HgCl2 for 4 weeks to make a total 

of 12 injections.  LAG-3-/- B6.SJL mice had significantly higher levels of both serum IgG1 and 

IgE antibodies on day 14 and they developed higher titers of IgG1 ANoA and IgG2a ANoA.  

The wild-type mice displayed a milder disease with low levels of serum polyclonal IgG1, IgE 

and lower titers of ANoA as compared to LAG-3-/- mice (Figure 25).  

 

Deposition of immune complexes in kidneys is one of the cardinal characteristics defining Hg-

induced autoimmune disease, so in order to detect IgG deposits in kidney we performed 

immunofluorescence staining of kidney sections with IgG FITC.   The staining revealed that the 

LAG-3 -/- mice had significantly increased immune complex deposits in their kidney as 

compared to the wild-type (Figure 26).  This experiment assured that LAG-3 does modulate 

immunological reactions controlling mercury-induced autoimmunity and absence of LAG-3 

therefore resulted in exacerbation of disease even in partially resistant strain of B6.SJL mice. 
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Figure 25: LAG-3-deficient B6.SJL mice display an increased susceptibility to mercury- 
induced autoimmunity.    

Wild-type or LAG-3-/- B6.SJL mice were challenged with 3 weekly s.c. injections of 30 µg 

HgCl2 /mouse during four weeks for a total of 12 injections.    Serum IgG1 and IgE levels were 

measured by ELISA and expressed as mg/ml (IgG1) ± SEM or µg/ml (IgE) ± SEM. 

Autoantibodies in serum were detected by immunofluorescence (IF) assay and expressed as titers 

± SEM.    **p < 0.001, and *p < 0.05 as analyzed by two way ANOVA using Prism software, 

n=5 or 6. 
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Figure 26: LAG-3-deficient mice exhibit higher amounts of IgG deposits in kidney after 
they are exposed to HgCl2.   

Mice from the above experiment were sacrificed after four weeks to harvest their kidneys.  

Negative control was made form kidney section of a 3 week old untreated LAG-3-deficient mice.   

4 µm sections of kidney were stained with IgG FITC as described in Material and Methods and 

fluorescent microscopy was used to detect IgG deposits, disease score was determined by Dr 

McGaha depending on both the intensity of the staining and the region of the glomerulii showing 

the IgG deposits.  The figure depicts the IgG deposits in glomeruli, n=5.  
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A short course of HgCl2 injections is sufficient to induce mercury-induced autoimmune disease 

in LAG-3-deficient B6.SJL mice. 

B6.SJL mice being partially resistant strain, requires a continuous exposure to HgCl2 in order to 

develop the disease, especially for production of autoantibodies.  Unlike B6.SJL mice, 

susceptible strain of A.SW mice need only 3 injections to develop an autoimmune response.  

Hence, we believed that genetic ablation of LAG-3 in B6.SJL mice would trigger a disease with 

just 3 injections of HgCl2.  To evaluate our proposition we performed an experiment where 

groups of 5 to 6 LAG-3-/- or wild-type B6.SJL mice were given a challenge dose of HgCl2 on 

days 0, 2 and 4.  We noticed that LAG-3-/-mice had developed a disease with increased 

concentration of polyclonal nonspecific IgG1 and IgE antibodies where as the wild-type controls 

had very low levels of both IgG1 and IgE in their system.  LAG-3-deficient mice exhibited a 

significantly higher titer of antigen specific ANoA of both IgG1 and IgG2a isotype, where as 

wild-type mice had barely detectable titers of ANoA (Figure 27).  Also, LAG-3-/- mice had 

increased amount of immune complex deposits in their kidney while the wild-type mice had 

minimal levels of immune complex deposits (Figure 28).  Since, only a short course of HgCl2 

injections was sufficient to initiate an autoimmune response in LAG-3-deficient B6.SJL mice it 

was confirmed that negative regulation mediated by LAG-3 is critical for regulating mercury-

induced autoimmunity. 
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Figure 27: A short course of HgCl2 injections is sufficient to induce mercury-induced 
autoimmunity in LAG-3-deficient B6.SJL mice.  

Wild-type or LAG-3-/- B6.SJL mice were challenged with HgCl2 (30 µg/mouse s.c.) on days 0, 2 

and 4.    Serum IgG1 and IgE levels were measured by ELISA and expressed as mg/ml (IgG1) ± 

SEM or µg/ml (IgE) ± SEM. Autoantibodies in serum were detected by immunofluorescence 

(IF) assay and expressed as titers ± SEM.    ***p < 0.0001 and *p < 0.05 as analyzed by two way 

ANOVA using Prism software, n=5 or 6. 
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Figure 28: A short-course of HgCl2 injections is sufficient to induce increased levels of IgG 
deposits in kidney of LAG-3-deficient mice. 

 Mice from the above experiment were sacrificed after four weeks to harvest their kidneys.  

Negative control was made form kidney section of 3 week old untreated LAG-3-deficient mice.   

4 µm sections of kidney were stained with IgG FITC as described in Material and Methods and 

fluorescent microscopy was used to detect IgG deposits.  The figure depicts the IgG deposits in 

glomeruli, n=5 or 6. 
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LAG-3-deficient mice cannot be tolerised to mercury 

The intervention using anti-LAG-3 monoclonal antibody that blocks LAG-3 function could 

break tolerance induced by a low dose of HgCl2.  Therefore, we wanted to ascertain whether it 

would be possible to induce tolerance in LAG-3-deficient B6.SJL mice.  We gave a tolerogenic 

dose of HgCl2 (3 µg/mouse) to groups of 5 or 6 LAG-3-/- or wild-type B6.SJL mice 1 week 

before they were challenged with 3 s.c. injections of HgCl2 on days 0, 2 and 4.  We observed that 

tolerance was established in wild-type mice since they had extremely low level of IgG1 and IgE 

antibodies also they produced very low titers of IgG1 ANoA.  Whereas the LAG-3-/- mice 

produced increased amounts of both IgG1 and IgE antibodies, moreover they responded with a 

high titer of IgG1 ANoA (Figure 29).  Hence, absence of LAG-3 mediated signaling events lead 

to abrogation of tolerance induction by a single low dose of HgCl2. 
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Figure 29: LAG-3-deficient mice cannot be tolerised to mercury.   

Wild-type or LAG-3 deficient mice were given a tolerogenic dose of HgCl2 (3 µg/mouse given 

i.p.) on day -7.  Mice were then exposed to 3 injections of HgCl2 (30 µg/mouse given s.c.) on 

days 0, 2 and 4. Serum IgG1 and IgE levels were measured by ELISA and expressed as mg/ml 

(IgG1) ± SD or µg /ml (IgE) ± SD. Autoantibodies in serum were detected by 

immunofluorescence (IF) assay and expressed as titers +/- SD.    *p < 0.05 as analyzed by two 

way ANOVA using Prism software, n=5 or 6. 
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LAG-3-deficient mice produced higher amounts of cytokine following mercury treatment 

It is established from the above experiments that LAG-3 is one of the important players involved 

in regulation of mercury-induced autoimmunity.  To investigate the mechanisms by which LAG-

3 influences the autoimmune disease, we decided to compare the cytokine profile of LAG-3-

deficient and wild-type mice.  Groups of 3 or 4 wild-type or LAG-3-/- B6.SJL mice were either 

given 3 s.c. injections of HgCl2 on days 0, 2 and 4 or were left untreated.  Splenocytes were 

harvested on day 8 and stimulated with anti-CD3 and anti-CD28 antibodies for various time 

points following which supernatant was collected to carry out cytokine ELISA.  The LAG-3-/- 

mice exposed to HgCl2 produced significantly higher concentrations of IFN-γ, IL-4, IL-6 and IL-

10 as compared to both untreated LAG-3-/- mice and wild-type mice challenged with HgCl2 

(Figure 30). There was no difference in the concentration of IL-12 between the groups (data not 

shown).  IFN-γ deficient mice of H-2s strain dose not elicit ANoA, thus IFN-γ plays an 

important, albeit an unidentified role in loss of tolerance against nucleolar antigens in mercury-

induced autoimmunity (Kono et al., 1998).  IL-4 and IL-6 deficient mice have reduction in IgG1 

and IgE hyperglobulinemia but there is no effect on ANoA titers (Pollard et al., 2005; 

Bagenstose et al., 1998).  In all, these studies illustrate that IFN-γ, IL-4 and IL-6 are cytokines 

that modulate the immunological reactions in response to HgCl2 to cause the autoimmune 

disease.  Thus deficiency of LAG-3 resulted in deviation of immune system to produce higher 

amounts of cytokines which then resulted in exacerbation of the disease parameters.  Although, 

IL-10 produced by Tregs has been established to be an immunosuppressive cytokine, role of IL-

10 as a negative regulatory agent in murine mercury-induced autoimmunity cannot be confirmed 

(Haggqvist and Hultman, 2005).  In our system the increased IL-10 production in LAG-3-/- mice 

may not be enough to neutralize the immunomodulatory effects of IFN-γ, IL-4 and IL-6. 
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Figure 30: LAG-3-deficient mice produce higher amounts of cytokine following mercury 
treatment.  

 Wild-type and LAG-3-/- mice were either given a challenge dose of HgCl2 (30 µg/mouse s.c. on 

days 0, 2 and 4) or were left untreated.  Splenocytes were harvested on day 8 and then stimulated 

in vitro with plate bound anti-CD3 and anti-CD28 antibodies.  Supernatant were collected at 

various time points to determine the levels of cytokine by ELISA as explained in Material and 

Methods.  *p < 0.05, **p < 0.001, ***p < 0.0001 vs. the group that received HgCl2 alone 

analyzed by two way ANOVA using Prism software, n=3 or 4. 
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Transfer of wild-type CD4+ T cells decreases autoimmunity in LAG-3-deficient mice. 

The increased susceptibility of LAG-3-/- mice to mercury-induced autoimmune disease prompted 

us to hypothesize that replenishment of LAG-3-/- mice with wild-type CD4+ T cells might protect 

mice from the disease.  We conducted an adoptive transfer experiment as described in protocol 9, 

Figure 31.  The wild-type CD4+  cells were able to partially prevent the induction of disease as 

there was reduction in titers of IgG1 and IgG2a ANoA, also there was decrease in IgG 

hyperglobulinemia in mice that received LAG-3+/+ CD4+  cells as compared to the mice that 

received LAG-3-/- CD4+ cells (Figure 32).  However, there was no difference in concentration of 

IgE antibody between the groups (data not shown).  The resident LAG-3-/- CD4+ T cells present 

in recipients appeared to influence the disease parameters and this could probably explain why 

there is only a partial protection granted by wild-type CD4+  cells instead of complete alleviation 

the disease in LAG-3-/- recipients. 
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Figure 31: Time course and protocol for adoptive transfer of wild-type T cells in LAG-3-
deficient mice. 
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Figure 32: Transfer of the wild-type CD4+ T cells decreases autoimmunity in LAG-3-
deficient mice.   

CD4+ cells were sorted using fluorescent activated cell sorter and then transferred to LAG-3-

deficient mice as depicted in protocol 9, Figure 31.    Serum IgG1 levels were measured by 

ELISA and expressed as mg/ml (IgG1) ± SEM.  Autoantibodies in serum were detected by 

immunofluorescence (IF) assay and expressed as titers ± SEM.    *p < 0.05, **p < 0.001 as 

analyzed by two way ANOVA using Prism software, n=6. 
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CHAPTER 5 

DISCUSSION 

CD3-specific non-Fc receptor-binding [(Fab’)2 fragment] monoclonal antibody 

(Anti-CD3) exacerbates mercury-induced autoimmunity 

Anti-CD3 has been used as a successful therapeutic agent to prevent and cure diabetes in animal 

models and is currently being tested in phase two clinic trials.  We examined the therapeutic role 

of Anti-CD3 in mercury-induced autoimmunity.  Although, in autoimmune diabetes model of 

NOD mice Anti-CD3 acted as an immunosuppressive agent, in our model it had a strong 

immunostimulatory effect.  Administration of Anti-CD3 in mice exposed to mercury challenge 

resulted in dramatic exacerbation of disease manifestations with rise in levels of non-specific 

total serum IgG1 and IgE along with an increase in the titers of nucleolar-specific autoantibodies.  

The activation of immune system mediated by Anti-CD3 was dependent on the presence of 

HgCl2 as Anti-CD3 by itself had no effect on A.SW mice.  Interestingly, Anti-CD3 delivers a 

long lasting protective effect, only when it is administered during the ongoing course of disease 

manifestations.  However, in our model Anti-CD3 failed to protect mice from the autoimmune 

disease even when given simultaneously with HgCl2 injections.  

    

Recent reports indicate that Anti-CD3 induces a population of adaptive Tregs in mesenteric 

lymph nodes and pancreas but not in the spleen which emphasizes the compartmentalization of 

the phenomenon.  Indeed, there was no increase in Treg population in spleen in our model, and 
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unlike diabetes or EAE disease models, which are dependent on pathogenesis in a particular 

organ; mercury-induced autoimmunity is a systemic disease that does not involve a specific 

organ.  The inefficiency of Anti-CD3 in our model, therefore, could be explained by its inability 

to induce protective Tregs that could suppress effector T cells systemically rather than having a 

localized action.  However, further analysis of lymph nodes for Treg population will be needed 

to confirm this speculation. 

 

The selective and robust depletion of effector T cells mediated by Anti-CD3 at the site of 

inflammation is dependent on dosage of the antibody.  According to the unpublished observation 

by Q. Tang from Bluestone’s lab (Chatenoud and Bluestone, 2007) the lower doses of Anti-CD3 

(10 µg/injection) selectively depletes the effector T cells whereas, the higher doses of Anti-CD3 

(100 µg/injection) destroys both effector T cells and Tregs.  However, the moderate doses of 

Anti-CD3 (50 µg/injection) used by us, still resulted in an unfavorable outcome.  

 

Anti-CD3 is proven to be effective in diabetes and in EAE animal models.  Both diabetes and 

EAE are T cell mediated diseases with little or no role for humoral immunity.  Pathogenesis of 

pancreas and CNS are driven by autoreactive CD4+ Th1 population.  Thus Th1 cytokines like 

IFN-γ or IL-2 are pathogenic where as Th2 cytokines such as IL-4 or IL-10 have protective roles 

in these disease models.  Anti-CD3 induces a remarkable decrease in IL-2 and a preferential 

although, a short-term deviation toward IL-4 secreting Th2 cells.  A combined action of both 

localized increase in Tregs and skewing of T cell response toward a Th2 phenotype might 

facilitate the protective effect mediated by Anti-CD3 in these disease models.  Unlike diabetes or 
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EAE, mercury-induced autoimmunity is not solely dependent on T cells as humoral immunity 

plays a key role in driving various manifestations of the disease.  Additionally, both Th1 and Th2 

T cells are responsible for various modulations of the disease.  IL-4 plays an important role in 

mercury-induced rise in serum IgG1, IgE and autoantibodies of IgG1 isotype (Bagenstose et al., 

1998; Kono et al., 1998) whereas, IFN-γ is critical for the production of mercury-induced 

autoantibodies of IgG2a and IgG2b isotype.  Treatment with Anti-CD3 might have failed in our 

model because of these basic differences in immunological reactions between disease models of 

diabetes or EAE and mercury-induced autoimmunity. 

 

Anti-CD3 in presence of mercury results in significant decrease in percentages of CD4+ T cells 

and a dramatic decrease in the production of cytokines (IL-2, IFN-γ, IL-4 and IL-10).  

Interestingly, there was a modest increase in the percentages of CD4+ T cell expressing 

activation markers ICOS and CD25 with in the CD4+ T cell compartment.  In addition to 

increase in activated T cells, Anti-CD3 administered with mercury resulted in expansion of B 

cell population which was responsible for enlargement of spleen.  This observation was 

corroborated by the fact that there was a significant surge in amounts of BAFF in serum of mice 

treated with Anti-CD3.  The mechanism by which Anti-CD3 in presence of mercury stimulates 

the immune system to produce more BAFF is unclear to us.  However, this finding does reveal 

an unknown yet an important effect of Anti-CD3 on the immune system.  Examination of various 

subsets of B cells revealed that Anti-CD3 treatment in mice exposed to mercury lead to an 

expansion of Fo B cells, GC B cells, Act B cells and MZ B cells.   MZ B cells are very early 

participants in immune responses and they have a lower threshold than recirculating immature B 

cells for activation, proliferation and differentiation into antibody secreting plasma cells, thus 
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they are the potential targets for regulatory and effector manipulations (Flavius Martin and John 

F.Kearney, 2002).  Moreover, MZ B cells have been shown to accumulate self-reactive B cell 

clones of lesser reactivity that might not survive optimally in other compartments, suggesting 

that rise in MZ B cells might have important implications in Anti-CD3 mediated activation of 

immune system in presence of mercury.  Although, Anti-CD3 in presence of mercury reduced 

the total numbers of CD4+ T cells, it stimulated the expansion of activated T cells and B cells.  

Because B cells are crucial in orchestrating the mercury-induced immune responses and 

therefore inability of Anti-CD3 to inhibit B cell proliferation culminated in failure of Anti-CD3 

to act as an immunosuppressive agent in our model. 

 

Many lines of evidence indicate that Anti-CD3 is a good immunosuppressive agent and provides 

a long lasting protection from diabetes.  Surprisingly, in our model Anti-CD3 acted as an 

immunostimulatory agent and administration of Anti-CD3 with mercury using various time 

schedules of treatments resulted in exacerbation of mercury-induced autoimmunity.  A deeper 

insight is needed to answer many intriguing questions to understand the mechanisms driving this 

paradoxical effect of Anti-CD3.  Nevertheless, our finding should be perceived as a cautionary 

note to the further therapeutic use of Anti-CD3 in other autoimmune diseases.  

 

Immune complexes containing IL-2-specific monoclonal antibody JES6-1A12 and 
mouse recombinant IL-2 (IC) partially prevents mercury-induced autoimmunity 

 

Tregs have a crucial role in induction and maintenance of tolerance toward quasi-self antigens 

induced by exposure to mercury.   As discussed earlier depletion of Tregs by using anti-CD25 

109 
 



monoclonal antibody causes both prevention of tolerance induction and abrogation of established 

tolerance (Y. Zheng, unpublished observation).  In this study we examined the effect of therapies 

that would increase the in vivo Treg population.  Boyman and colleagues reported that the 

treatment of mice with immune complexes containing anti-IL-2 (JES6-1A12) and rmIL-2 led to 

a selective boost in the population of Tregs.  In our model, this treatment significantly reduced 

the amounts of IgE in non-tolerised mice.  Additionally, the IC treatment worked in synergy with 

tolerogenic dose to induce a modest decrease in autoantibody levels.  Although, the IC treatment 

did not provide an ideal and desired outcome, the treatment did facilitate partial protection from 

mercury-induced autoimmunity. 

 

There are several unanswered questions in this project that need to be answered by further in 

depth study of this treatment.  It is important to understand whether the Tregs induced by the IC 

are functionally active and efficient in suppressing the autoreactive T cells.  This can be 

determined by performing suppressive assay with Tregs isolated from IC treated mice and 

autoreactive T cells from mercury exposed mice not treated with IC.  Recently, Q. Tang and 

colleagues reported that imbalance in Treg to effector T cell ratio in the inflamed islets was the 

root cause of development of diabetes in NOD mice (Tang et al., 2008).  It will be interesting to 

observe how the IC treatment influence the ratio between effector T cells (CD4+CD25+Foxp3-) 

and Tregs in our model.  It is reasonable to believe that IC treatment is not able to induce the 

right balance between the Tregs and effector T cells; this is responsible for the inefficiency of IC 

treatment to completely protect mice from the autoimmune condition.  Additionally, it is possible 

that Tregs induced by the IC do not have a good survival period and are undergoing apoptosis at 
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a higher rate, which is then affecting the Treg to effector T cell ratio, thus it will be important to 

examine the apoptosis profile of IC-induced Tregs.     

 

Detection of various cytokines modulating the immune responses induced by IC treatment is 

crucial in revealing the mechanisms and drawbacks of IC treatment.  Anti-inflammatory 

cytokines such as IL-10 and TGF-β produced by Tregs or effector T cells attenuated by Tregs 

play a key role in suppressive mechanisms of Tregs (‘Suppression mediated by cytokine’ under 

Introduction), therefore it is important to examine the cytokines produced by IC-induced Tregs.  

A study conducted by J. Sprent’s lab illustrated that Tregs stimulated by IC produced higher 

amounts of IL-10 than the control groups while there was no difference in the levels of TGF-β 

(Webster et al., 2009).  In our model, IL-10 is more important in induction of tolerance than 

TGF-β, thus it will be interesting to detect the levels of these two cytokines produced by Tregs 

induced by IC. 

 

Although, IL-2 has indispensible role in Treg homeostasis, it was originally discovered as a T 

cell growth factor and activator of cytotoxic lymphocytes and therefore high and low doses of 

IL-2 therapy can have polarizing effects on an autoimmune response.  A recent study by Q.Tang 

and colleagues reported that the treatment of diabetic mice with IC containing high doses of 

rmIL-2 (5 µg) led to a rapid expansion of effector T cells and disease onset while, a regimen of 

IC consisting of low dose of rmIL-2 (0.5 µg) favored Tregs over effector T cells and protected 

mice from diabetes (Tang et al., 2008) Therefore in our model, IC treatment containing a low 

dose of rmIL-2 might result in a better outcome.  The study discussed above also indicates that in 
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vivo effect of IL-2 may vary depending on the amounts of endogenous IL-2 and the numbers of 

activated effector T cells present in the host at the time of the treatment.  Thus optimal IC 

regimen for a particular autoimmune disease and in a particular strain of mice will be difficult to 

predict.   

 

An adjunct therapy will be needed to ensure a desired outcome.  For example combining IC 

treatment with rapamycin may prevent potential disease exacerbation and help to restore a long-

term tolerance in an autoimmune disease setting (Rabinovitch et al., 2002).  Rapamycin is an 

effective immunosuppressive agent which inhibits the growth of T cells.  Recently, a report by 

Webster K. and colleagues demonstrated that pretreatment with IC renders mice resistant to 

induction of EAE and when used in combination with rapamycin, the complexes can also cure 

the ongoing disease.  It will be interesting to investigate the effect of combined treatment of 

rapamycin with IC in our model (Webster et al., 2009). 

 

Lymphocyte activation gene-3 (LAG-3) negatively regulates mercury-induced 
autoimmune disease 

 

Maintenance of tolerance toward self-antigen is an immunological event essential for preventing 

autoimmune diseases.  Regulation of lymphocyte homeostasis and suppression of autoreactive T 

cells are critical processes controlling the peripheral tolerance.  As LAG-3 is involved in 

regulation of T cell homeostasis and in maximizing suppressive functions of Tregs, it is 

reasonable to believe that LAG-3 has an essential role to play in molecular events that prevent 

autoimmune diseases.   In our model, exposure of mice to HgCl2 resulted in higher expression of 
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LAG-3 on both CD4+ and CD8+ T cells; this suggested that LAG-3 might be a part of immuno-

regulatory mechanisms that are stimulated by exposure to HgCl2.   Blockade of LAG-3 functions 

by anti-LAG-3 mAb resulted in abrogation of tolerance in A.SW mice induced by a single low 

dose of HgCl2.   Previous data from our lab implicate that Tregs are essential for both induction 

and sustenance of tolerance hence, we speculate that impairment of LAG-3 functions probably 

led to the inability of Tregs to function optimally which then resulted in loss of tolerance.  

However, administration of anti-LAG-3 mAb before mice were tolerised with the tolerogenic 

dose had no effect in tolerance model, this could be because LAG-3 is expressed only on 

activated T cells and thus blockade of LAG-3 functions worked only after T cells were activated 

by the challenge dose of HgCl2.  

 

LAG-3 maintains homeostatic balance by negatively regulating proliferation of T cells therefore; 

uncontrolled expansion of autoreactive T cells in absence of LAG-3 would result in an 

autoimmune syndrome.  Indeed, genetic ablation of LAG-3 resulted in an exacerbation of HgCl2-

induced autoimmune disease in B6.SJL mice with significantly increased concentrations of 

IgG1, IgE and nucleolar-specific autoantibodies.  Furthermore, these mice had significantly 

higher levels of immunoglobulin deposits in their kidney.  After exposure to HgCl2 LAG-

deficient mice had increased numbers of splenocytes which reflected the increase in total 

numbers of T cells (data not shown).  The increased degree of disease parameters in LAG-3 

deficient mice could be because there was an up-regulated proliferation of autoreactive T cells in 

absence of negative regulation mediated by LAG-3.   As distinct antigen responsible for the 

autoimmune syndrome induced by HgCl2 is yet to be discovered we were unable to depict the 

increase in antigen specific autoreactive T cell population in LAG-3 deficient mice. 
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LAG-3 expressed on Tregs interacts with MHC-II on DCs and this interaction causes inhibition 

of DC maturation which is dependent on cell to cell contact between DCs and Tregs.  Interaction 

of LAG-3 with MHC-II induces ITAM-mediated inhibitory signal in DCs that is dependent on 

the adaptor protein FcγRγ associated with ITAM.  These anergic DCs would be unable to present 

autoantigens for the expansion of autoreactive effector T cells (Liang et al., 2008).  Absence of 

LAG-3 would abrogate this Treg mediated inhibition of DC maturation, eventually culminating 

in loss of tolerance toward self-antigens.  In support of this study we observed that a single low 

dose of HgCl2 was unable to induce tolerance in LAG-3-deficient B6.SJL mice, as they had 

increased levels of immunoglobulins and IgG1 ANoA titers in there serum while, the wild-type 

mice were tolerised against subsequent challenge of HgCl2.  This experiment indicated that Tregs 

rely on LAG-3 for their optimal suppressive function in order to induce and maintain tolerance 

toward self-antigens in presence of HgCl2. 

   

Mechanistic investigation of the disease syndrome in LAG-3-deficient B6.SJL mice revealed that 

they produced significantly higher amounts of IFN-γ, IL-4 and IL-6 as compared to the naive 

LAG-3-deficient mice and wild-type mice exposed to HgCl2.  These cytokines are considered to 

be the immunological modulators of the disease with IFN-γ responsible for the production of 

antinucleolar antibodies as IFN-γ-deficient mice fail to produce antinucleolar antibodies in 

response to HgCl2 (Kono et.al., 1998) whereas loss of IFN-γ has no effect on 

hypergammaglobulinemia.  Furthermore abrogation of IL-4 functions by genetic deletion of IL-4 

gene and by in vivo administration of anti-IL-4 results in significant decrease in production of 
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IgG1 and IgE polyclonal antibodies without affecting the ANoA titers.  Additionally, absence of 

LAG-3-mediated modulation of DC function via Tregs might result in increased production of 

IFN-γ by autoreactive T cells (Liang et al, 2008).    Thus impairment of LAG-3 mediated 

negative regulation of lymphocyte homeostasis and inefficient suppressive functions of Tregs in 

LAG-3 deficient mice might be responsible for the increased concentrations of IFN-γ, IL-4 and 

IL-6.  

 

To protect LAG-3-deficient B6.SJL mice from mercury-induced autoimmunity, we performed 

adoptive transfer of 4 million wild-type CD4+ T cells to LAG-3-deficient mice.  The wild-type 

CD4+ T cells provided only a partial protection to LAG-3-deficient mice from mercury-induced 

autoimmunity as they had decreased levels of total serum IgG1 and reduced titer of IgG1 and 

IgG2a ANoA but the IgE concentration remained similar to control groups.  This might be due to 

inefficiency of the wild-type CD4+ T cells to completely regulate the resident LAG-3-deficient 

CD4+ T cells.  Transfer of wild-type CD4+ T + LAG-3-deficient CD4+ T cells to TCRα/β-

deficient, LAG-3-deficient B6.SJL mice would provide a clear information about weather LAG-

3-sufficient CD4+ T cells are able to neutralize the autoimmune manifestations instigated by 

LAG-3-deficient T cells.  In summary, our experiments establish that the negative regulation of 

lymphocyte proliferation mediated by LAG-3 is an essential immunological mechanism 

preventing the mercury-induced autoimmune disease.  
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