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 ABSTRACT 

 

Metal-induced autoimmunity is an experimental model of environmentally induced 

autoimmune syndrome. Subtoxic doses of heavy metals administered to genetically 

susceptible mice result in the production of highly specific IgG antinucleolar antibodies 

(ANoA) accompanied by lymphoproliferation and serum increases in IgG1 and IgE. In this 

study, the induction of tolerance to mercuric chloride (HgCl2)-induced autoimmunity by pre-

exposure to low-dose mercury was reported. The ultimate mechanisms through which the 

immune system obtains the tolerance to a low dose of heavy metals remain unknown. The 

previous experiment showed that CD4+CD25+ regulatory T cells (Tregs) contributed to the 

maintenance of immunological self-tolerance and to the prevention of autoimmune diseases. 

The tolerized mice had a higher percentage of Tregs and ICOS+ regulatory T cells than the 

nontolerized mice. ICOS (Inducible T-cell COStimulator) is a costimulatory receptor 

homologous to CD28 and CTLA-4. The expression of ICOS occurs on activated T cells and 

is dependent upon TCR and CD28 signals. The anti-ICOS blockade restored the ability of 

tolerized mice to produce elevated amounts of IgG1, IgE and anti-nucleolar antibodies. The 

ICOS expression on Tregs and T effectors cells increased after the mercury challenge. Mice 

that received anti-ICOS had a low percentage of Tregs and showed increased production of 

several cytokines. Taken together, these results suggested that Tregs maintained immune 

tolerance in response to chemical challenges. The ICOS pathway is important for the 

differentiation of Tregs and blocking this pathway could prevent peripheral tolerance to low 

dose mercury. The results also showed the splenocytes from the tolerized group produced a 



  

higher amount of IL-10 than the nontolerized group. This promoted us to study the role of 

IL-10 in tolerance induction. To validate the role of Interleukin-10 in tolerance maintenance, 

tolerized mice were treated with blocking anti-IL-10 and anti-IL-10 receptor mAb. Those 

tolerized mice treated with IL10 blocking antibodies produce higher amount of serum IgG1, 

IgE and anti-nucleolar antibodies compared with the group treated with control antibodies. 

Therefore, this suggested IL10 is critical in maintaining the peripheral tolerance in a mercury 

treated mouse model.  

 All Trans retinoic acid (ATRA) is the metabolically active derivatives of vitamin A 

and function as potent regulators of gene expression. Vitamin A and RA (retinoic acid) play 

vital roles in the homeostatic control of the immune system because vitamin A–deficient 

individuals are incapable of controlling bacterial, viral, and protozoan diseases. In this study, 

the role of RA was reported in the first time in mercuric chloride (HgCl2)-induced 

autoimmunity by feeding the ASW mice ATRA. The results showed that retinoid acid 

exacerbated the mercury-induced autoimmunity. To study whether retinoic acid plays a role 

in low dose mercury induced tolerance, three groups of tolerized ASW mice were treated 

with either RA, mercury or both. The results show retinoic acid can break low-dose mercury-

induced tolerance. The splenocytes from the group that received both mercury and RA 

treatment produce much more IL-2 and IFN-γ. This group had the lowest percentage of 

IL10+ cells. The group that received RA had lower percentage of early apoptosis cells. To 

further studying the mechanism, PCR array that includes 84 genes, involved in T cells and B 

cells activation, was used to study four groups of mice treated with mercury, RA, both or 

neither. 10 candidate genes were selected and will be analyzed by Real-Time PCR to validate 
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the PCR array results. Further study is needed to characterize the expression and the role of 

molecules that are upregulated by mercury and RA.
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1. INTRODUCTION 

The purpose of this study is to describe the possible methods of solving autoimmune problems. 

The studies concentrated on several subtypes of T cells, costimulatory pathway and immune 

suppressive cytokines as well as retinoid. First, the model system that was used to study these 

issues will be introduced and the reason why this model system were interesting. Then subtypes 

of T cells, costimulatory pathway and immune suppressive cytokines as well as retinoid will be 

described in details. 

1.1 The effect of Mercury in Autoimmunity: 

1.1.1 Chemical and Autoimmunity in human 

Autoimmune diseases are one of the leading causes of death in all ages of women, yet how it is 

triggered is very complicated and remains unknown. Therefore, it is very hard to find a valid 

treatment for these diseases. Aside from the genetic factors, many autoimmune diseases are 

associated with chemical exposures. For instance, some medicine like isoniazid, procainamide, 

hydralazine, penicillamine etc. could induce antinuclear antibodies and lupus-like syndrome in 

patients (Pramatarov et al., 1998). Gold salts that are rarely used now for rheumatoid arthritis 

were found in rare cases related to nephrotic syndrome, immune thrombocytopenia and other 

autoimmune manifestations (Qasim et al., 1997). The titer of antinuclear antibodies (ANA), anti-

DNA antibodies and rheumatoid factors increased in scleroderma patients compared with the 

normal donors. A certain percentage of scleroderma patients had a history of exposure to 

chemical agents such as plastic materials and solvent in the past (Serup et al., 1986, Biasi et al., 

1995). Broughton et al. reported that autoantibodies were detected in the residents who were 
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exposed to the organophosphate pesticide chlordane. Most of residents exposed to 

chlordane/heptachlor had at least one of anti-myelin, anti-smooth muscle, anti-parietal cell and 

anti-brush border as well as ANA autoantibodies. Two out of 24 patients were diagnosed with 

Guillain-Barre syndrome (Broughton et al., 1990). A later study showed that in eight of thirty-

eight pentachlorophenol exposed subjects, ANA or anti-smooth muscle autoantibodies was 

detected in their serum (McConnachie et al., 1991). Then the same authors reported that 11 of 12 

patients exposed to chlordane in the last 10 years demonstrated at least one of autoantibody like 

ANA or anti-smooth muscle autoantibodies or anti-DNA antibody (McConnachie et al., 1992).  

1.1.2 Mercury and Autoimmunity in humans 

Mercury can trigger immune dysfunction and autoimmune disease in humans. Mercury exposure 

is associated with the presence of antinuclear antibodies. Silva et al. studied three communities 

with different levels of exposure to mercury. There was a quantitative correlation between the 

autoantibody and the mercury exposure. The higher the exposures to mercury, the higher level of 

antibodies were detected. The production of ANA (Anti-Nuclear Antibody) or ANoA (Anti-

Nucleolar Antibody) antibodies in Brazilian Amazon populations which was one of the three 

communities occurred in a dose dependent manner in relation to exposure to environmental 

mercury (Silva et al., 2004). Aymaz et al. reported that two patients exposed to mercury had a 

diagnosis of membranous glomerulonephratis and proteinuria (Aymaz et al 2001). Cooper et al. 

reported that there was a strong and significant increase of risk factors for lupus as the results of 

exposure to mercury during work and contact pesticides mixture in agricultural work (Cooper et 

al, 2004).  

 

http://en.wikipedia.org/wiki/Pentachlorophenol�
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Primary sources of human exposure to mercury are: methyl mercury in seafood, elemental 

mercury in dental amalgams, and thimerosal (ethyl mercury) in vaccine preparations. Fish and 

shellfish with highest levels of mercury are: mackerel king, shark, swordfish and tilefish. A small 

number of human being exposed to Hg vapor in dental amalgams fillings had decreased serum 

IgE levels and increased complement (C3d) levels (Bencko et al, 1990). Now in the United 

States, hepatitis B vaccines and immune globulin preparations including hepatitis B immune 

globulin, and Rho (D) immune globulin are free of or contain low amounts of thimerosal (FDA, 

2009).The FDA is working on decreasing or getting rid of the thimerosal in influenza virus 

vaccines and other vaccines. 

 

It is not practical to study mercury-induced autoimmune disease in human. So researcher setup 

the animal model system to study this disease. 

1.1.3 Mercury model in rat 

Mercury-induced autoimmune disease model was first setup by Bariety in 1971 in Wistar male 

rats. Approximately three out of seven rats injected with mercury had membranous 

glomerulonephritis and proteinuria. These rats had a diffuse thickening of glomerular capillary 

walls and diffuse subepithelial nonargyrophilic deposits (Bariety et al., 1971). A similar model 

was later developed in inbred rats. In mercury-treated BN (Brown-Norway) rats, they produced 

autoantibodies to the renal GBM (glomerular basement membrane) (Sapin et al., 1977, Druet et 

al., 1977). It has been discovered that mercury-induced autoimmune disease are different 

between rats and mice. Rats had more widely produced autoantibodies including anti-

phospholipid, anti-collagen IV and II, anti-GBM, anti-laminin 1, anti-thryroglobulin and anti-

DNA while mice had more limited autoantibodies productions. Transferring CD8 T cells may 
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protect rats from the disease but that was not seen in the mice model (Pusey et al., 1990, Marriott 

et al., 1994). In rats, the susceptibility to HgCl2 is controlled by MHC class II genes. Rats with 

RT-1n (Brown-Norway) locus; or derived haplotype, MAXX, and Dorus Zadel Black (DZB) 

were highly susceptible, RT-1c, b, a, f, k haplotypes (August (AUG, H-lC), PVG/c (H-1 c)) 

showed intermediate susceptibility, while the RT-1l haplotype (LEW) was resistant to mercury 

(Goldman et al., 1991; Druet, 1977). Rats that were injected with HgCl2 developed autoimmune 

disease showed post disease resistance. They were resistant to the second round of the mercury 

challenge after they had recovered from the disease. 

   

1.1.4 Mercury model in mice 

 

The researchers started to use mice strain from 1980’s because the mice strain was a rapid, 

reproducible and an easy to handle model in exploring the roles of various components of the 

immune system after chemical challenges (Goldman, et al., 1991, Griem, et al., 1995, Eneström 

et al.1995). Mercury-induced autoimmune disease has strong association with genetic factor. 

Autoantibody production is controlled by the MHC class II (I-A) genes. The susceptibility to 

mercury, the B cells activation and renal immune complex deposition was regulated by non-I-A 

genes (Abedi-Valugerdi et al., 2000). H-2s mice (A.SW) are susceptible to mercury-induced 

autoimmune disease. H-2b or H-2d mice strains are resistant to mercury. In susceptible H-2s 

mice treated with subtoxic doses of mercury (1mg/Kg), the mice developed autoimmune 

syndromes including autoantibodies to nucleolar antigens such as fibrillarin, 

lymphoproliferation , an increase in serum levels of IgG1 and IgE and glomerulanephratis 

(Rowley et al. 2005).  
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The complex syndrome elicited by mercury could be detected as early as one week which 

showed the level of polyclonal immunoglobulin (Ig) increased in serum. The peak time was 2-3 

weeks after the three injections of HgCl2 began. A glomerulonephritis with immunoglobulin 

deposits and the production of autoantibodies was seen in 7-10 days in those susceptible mice. 

The autoantibodies peaked at 4-5 weeks after the beginning of HgCl2 injections and at that time 

serum IgE and IgG1 levels returned to the normal level. Anti-nucleolar antibodies (ANoA) could 

last for couple of months after the mercury treatment (Rowley et al., 2005). In rats, regulatory 

CD8+ T cells may mediate resistance of the animals to additional mercury injections and could 

transfer resistance to naïve animals, while these could not be seen in mice (Mathieson, et al., 

1991). For mice, Tregs may be involved in transferring tolerance instead of CD8 T cells (Yan 

Zheng, unpublished data).  

 

Mercury can not only induce autoimmune disease, but can also exacerbate other autoimmune 

diseases. Via et al. reported that low levels of inorganic mercury exposure before the 

transplantation or the development of lupus could accelerate and make the symptoms of GVHD 

(graft-versus-host disease) worse and trigger lupus-like disease in mice (Via et al., 2003). Pollard 

et al. reported that mercury exacerbated the natural course of lupus prone mice. NZBW F1 mice 

exposed to mercury had an increase of antichromatin antibodies, high titers of IgG and C3 

deposits in glomeruli and an increase in wet weight of spleen and cervical lymph nodes. When 

they were exposed to mercury, they had larger mesenteric lymph nodes, an increase incidence of 

glomerular, mesangial IgG deposits and a hyperplasia of endocapillary cells. AKR mice (non 

lupus prone mice) developed hypergammaglobulinemia with increases in IgG and IgG2a levels 

following HgCl2 exposure and had a less severe immune dysfunction than MRL/Ipr mice 
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(Pollard et al., 1999). Inorganic Hg treatment prior to coxsackievirus B3 infection increased the 

incidence and severity of myocarditis in mice (Silbergeld et al., 2005). 

 

Our research showed that several subsets of cells and molecules may be involved in ameliorating 

or exacerbating the mercury-induced autoimmune disease in this model system. The following 

sections will describe these components one after the other. 

  

1.2 T cell Costimulatory pathways 

1.2.1 Costimulatory molecules in immune response 

T cells requires two signals for developing of immune responses to antigens, one signal goes 

through antigen-MHC-T cell receptor pathway, and the other is antigen non-specific 

costimulatory signals as B7-1 (CD80) and B7-2 (CD86) interacted with CD28. If the T-cells only 

have one signal from the MHC pathway without co-stimulatory molecules, they will show 

anergy meaning that T-cells are non-responsive to the presented antigens. Havarinasab and 

Pollard reported that knockout in either CD40L or CD28 significantly relieve the development of 

mercury-induced autoimmunity in mice. Knockout CD28 interrupted the development of both 

antifibrillarin antibodies (AFA) and immune complex deposits (Havarinasab et al, 2009).CD40L 

heterozygous mice showed a less production of autoantibody and immunopathology than wild 

type mice (Pollard et al., 2004). 

 

The costimulatory signaling was studied in Monestier’ lab by blocking costimulartory molecules 

B7.1 and B7.2 in mice. The blockade of both B7 ligands relieved the disease. Single antibody 
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treatment did not affect serum IgG1 or IgE levels. However, the blockade B7.1 dramatically 

inhibited antinucleolar autoantibodies (ANoA) and anti-B7-2 antibody treatment resulted in a 

partial reduction of ANoA titres (Bagenstose et al., 1998). Zheng et al from Monestier lab 

examined the effect of CTLA-4 by using an anti-CTLA-4 mAb. His results showed that blocking 

CTLA-4 increased anti-nucleolar autoantibodies and serum IgG1 levels in susceptible A.SW 

mice. The CTLA-4 blockade in some of the mercury-resistant DBA/2 mice showed the 

antinucleolar antibody (Zheng et al., 2003 Eduardo Piaggia studied other costimulatory 

molecules PD-1 and its ligands PDL-1 and PDL-2 in the mercury-induced autoimmunity. His 

results showed that blocking this pathway could exacerbate disease and break tolerance induction 

(Eduardo Piaggia, unpublished data).  

1.2.2The role of ICOS in immune response 

The Inducible Costimulator molecule (ICOS), CD278, is a stimulatory receptor and a member of 

the CD28 family. The expression of ICOS upregulated on activated T cells (Hutloff et al., 1999). 

The ligand for ICOS, B7h (ICOSL), was expressed on professional APC and even non-

professional APC, such as alveolar epithelial cells (Swallow et al., 1999, Ling et al., 2000, 

Yoshinaga et al., 1999, Qian et al., 2006). The ICOS knockout mice had a defection in T cell 

proliferation, cytokine production and germinal center formation as well as reduced antibody 

production (McAdam et al., 2001, Tafuri et al., 2001). Warnatz et al reported that four patients 

with the diagnosis of CVID (Common Variable Immunedeficiency) had a homozygous genomic 

deletion of exons 2 and 3 of ICOS. All four patients were presented with a remarkable decrease 

of B cells and memory B cells (Warnatz et al., 2006). In the past ten years, researchers studied 

the costimulatory pathways in allograft tolerance. In transplant models, the ICOS–B7h pathway 

blockade resulted in significantly prolonged graft survival. Pan et al. found that the combined 
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treatment of CTLA-4Ig with anti-ICOS antibodies dramatically reduced the percentage of 

affected vessels and decreased ICOS-positive mononuclear cell infiltration in perivascular and 

interstitial in heart graft than in the control group (Pan et al., 2008). 

 1.2.3The role of ICOS in Autoimmune disease 

In most models, ICOS increased the autoimmune response. Therefore, blocking this pathway can 

relieve the disease. This will be shown in the following two model system. 

 

1.2.3.1 The role of ICOS in Experimental autoimmune myocarditis (EAM) 

ICOS pathway is involved in the progression of EAM. In Lewis rats with EAM, blocking of 

ICOS pathway by ICOSIg decreased inflammatory damage and ameliorated cardiac function (Li 

et al., 2007). In the rats with EAM, ICOS expressed on infiltrating T cells. Anti-ICOS mAb 

treatment decreased the incidence and severity of disease (Katsumata et al., 2007). Blocking of 

this pathway is considered a potential therapy for autoimmune myocarditis (Liu et al., 2008).  

 

1.2.3.2 The role of ICOS in mercury-induced autoimmunity 

A study from Monestier lab showed that blocking of the ICOS-ICOSL (ICOS ligand) pathway 

by an anti-ICOS mAb suppressed antinucleolar autoantibody production and IgE production in 

mercury-induced autoimmunity (Zheng et al., 2005). 

 

However, in some studies, blocking ICOS could worsen autoimmunity. This will be shown in the 

following two model system. 
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1.2.3.3 The role of ICOS in diabetes 

The blockade of ICOS rapidly converted early insulitis to diabetes. This treatment disrupted the 

balance between T effectors and Tregs and broadly shifted the expression of the T regulatory 

cells specific genes (Herman et al., 2004). The susceptibility locus for diabetes -Idd5.1 is on 

mice chromosome 1 that was associated with a higher expression of ICOS on T cells and less 

severe diabetes (Greve et al., 2004). 

1.2.3.4The role of ICOS in EAE (experimental allergic/ autoimmune encephalomyelitis) 

ICOS mRNA and protein were up-regulated on infiltrating T cells in SJL mice brain before 

experimental allergic encephalomyelitis onset. ICOS blockade during different phases could 

produce opposite effects – during the effect phase it could relieve the disease, but during the 

priming phase it could worsen the disease. This was associated with the increase or decrease 

interferon-γ and PLP-specific IgG1 from splenocytes (Rottman et al., 2001). Blocking ICOS-B7h 

in EAE could either exacerbate or abrogate disease depending on whether it was induced by 

effector T cells or memory T cells (Elyaman et al., 2008). ICOS could regulate Th1 and Th2 

cytokine with or without B7-costimulation (Wiendl et al., 2003). In C57BL/6 mice, CD4+ICOS+ 

cells had an increased production of IL-4 or IL-10 and decreased production of IFN-γ after 

activation. CD4+ICOS- cells mainly produced IFN-γ. CD4+ICOS+ cells could inhibit the 

proliferation of CD4+ICOS- or CD4+CD25- cells partially. This suppression effect depended on 

IL-10. Transferring CD4+ICOS+ cells protected mice from EAE in ICOS-deficient mice due to 

the reduced production of IL-17A and increased secretion of IL-10 (Rojo et al., 2008).  

ICOS has the different roles in autoimmune disease. ICOS−/− mice had exacerbated 

experimental autoimmune encephalomyelitis (EAE) in the C57BL/6 background but ICOS−/− 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Elyaman%20W%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus�
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Wiendl%20H%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus�
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Rojo%20JM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus�
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mice were protected from collagen-induced arthritis (CIA) in the DBA/1 background (Dong et 

al., 2001, Nurieva et al., 2003).  

 

Many reports discussed the stimulatory role of ICOS in immune response. Only two reports and 

the results of Monestier lab have shown that ICOS is also important in maintaining tolerance. It 

is unknown as to why the anti-ICOS antibody treatment can either exacerbate disease or relieve 

disease. It seems that the timing may play a role in the contradictory effect of this treatment. This 

will give an alarm to research to use this antibody to treat autoimmune disease. 

1.3 Immune Tolerance 

For many years, researchers have tried to regulate immune response by inducing immune 

tolerance in organic transplantation, autoimmune disease and allergy.  

 

 1.3.1. Central tolerance 

Central tolerance happens at the bone marrow and thymus. Fan et al reported that central 

tolerance played an important role in diabetes disease. They knocked out the mouse insulin gene 

specifically in the medullary thymic epithelial cells. When crossed back these mice to the insulin 

gene knockout background, both male and female pups had diabetes in around 3 weeks old. They 

found the beta-cell destruction and islet-specific T cell infiltration (Fan et al. 2009). This is one 

example of breaking of the central tolerance. In another example, McGargill et al found out that 

in thymus when a developing thymocyte encountered antigen on cortical epithelial cells, the 

autoreactive TCR was internalized and RAG (Recombination activating gene) was activated to 

make a secondary rearrangement and edit its receptor specificity. If the secondary rearrangement 
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was productive, the thymocyte would have another chance at positive selection. (McGargill et al., 

2000). 

 

1.3.2 Peripheral tolerance 

Peripheral tolerance is including; ignorance, induced anergy, suppression.  

Ignorance happens in physiological condition at immunoprivileged sites like in the testes, eyes. 

In pathological condition; like tumor bearing situation. Many solid tumors express tumor-

specific antigens. But immune surveillance against these tumors antigen is not sufficient. 

Ochsenbein et al. results showed that tumors were treated as if they were at immunoprivileged 

sites and were ignored by immune system. The reasons are unknown (Ochsenbein et al.1999).  

Induced anergy is T-cells are non-responsive to antigens if the T-cell only has one signal from 

the MHC molecule without co-stimulatory molecules. Mirshahidi et al. demonstrated that 

memory CD4+ T cells could become anergic in vivo by priming with the low-dose of peptide. 

Addition of interleukin 2 could reverse non proliferation state in these T cells (Mirshahidi et al., 

2001).  

Suppression is mediated by Treg cells. Removal of Treg cells leaded to an autoimmune attack 

(Sakaguchi et al., 2000). We will describe Tregs in more detail in chapter 1.4. 

1.3.3 Acquired tolerance 

Acquired immune tolerance was first described by Medawa in 1956 as a "specific immunological 

inactivity" resulting from exposure to an antigen at the "embryo or very young animal" stage 

(Medawa, 1956). In 1959, Terres et al. first reported that mice acquired tolerance to a soluble 
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antigen. Mice acquired an immune tolerance to bovine serum albumin after exposed to this 

antigen right after birth (Terres et al., 1959). Tolerance to CBA/Cum skin was induced in 

C3H/Anf Cum mice in the neonatal stage by injection of CBA/Cum spleen cells. The tolerance 

of these mice was specific because they were able to produce a normal immune response against 

rat RBC (Doria, 1963).  

To study the mechanism of these tolerances will help us to regulate immune system especially 

will be beneficial for autoimmune disease, cancer and transplantation.  

1.4 Tregs in Immune tolerance 

Suppression is mediated by Treg cells. Removal of Treg cells leaded to an autoimmune attack 

(Sakaguchi et al., 2000). The defects in Tregs function have been described in several 

autoimmune diseases, including type I diabetes, rheumatoid arthritis, systemic lupus 

erythematosus and multiple sclerosis (Herman et al. 2004, Flores-Borja et al., 2008, Viglietta et 

al., 2004). There are at least three populations of Tregs: Natural Tregs, Tr1 (type 1 T regulatory) 

and Th3. 

Natural Tregs are a small population (5-10%) of CD4+ T cells in mice strain that constitutively 

expressed CD25 that was α chain of the IL-2R complex ( Sakaguchi et al.,1995). Apart from the 

surface marker, Foxp3 (forkhead box P3 ) gene that encoded a transcription factor also 

specifically expressed in CD4+CD25+ regulatory T cells (Khattri et al., 2003). Mice and humans 

with Foxp3 mutations or deficiency lacked Tregs or had dysfunction of Tregs and developed 

severe multiorgan autoimmunity (Khattri et al., 2003, Fontenot et al., 2003). Moseman et al. 

reported that human pDC (plasmacytoid dendritic cells) activated by CpG could induce 

generation of natural Treg (Moseman et al., 2004). Tregs population fluctuates in different 

http://www.google.com/url?sa=t&source=web&ct=res&cd=3&url=http%3A%2F%2Fwww.ihop-net.org%2FUniPub%2FiHOP%2Fbng%2F124557.html&ei=IkyMSsXmJpuStgf0_8jkBg&rct=j&q=Mice+and+humans+with+Foxp3+mutations+abrogating+scurfin+expression+%28Scurfy+mice%2C+Foxp3-%2F-+mice+and+human+IPEX+patients%29+lack+Treg+and+develop+severe+multiorgan+autoimmunity&usg=AFQjCNEhQkaFWxeWJYsqj8zH1GUujVdhmQ�
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diseases. In dogs with metastatic tumor the percentages of Tregs increased compared with the 

control group. The increase in Tregs may affect of the immune function and lead to metastasis 

(Horiuchi et al., 2009). The natural Treg cells subset decreased in the active SLE patients and the 

Th17 cells were found in same patients (Yang et al., 2009). 

Another two subsets of CD4+ regulatory T cells are type 1 Tr (Tr1) cells and Th3 cells. Meiler et 

al.reported that after a high dose of allergen exposure, Th1 and Th2 cells were replaced by 

interleukin 10 secreting Tr1 cells (Meiler et al., 2008). Ito et al also reported that pDC, after 

activated by IL-3 and CD 40L, could upregulate ICOSL expression. The ICOSL interacted with 

ICOS helped to induce the differentiation of naive CD4 T cells to IL-10 producing T regulatory 

cells (Ito et al, 2008).  

For Th3 cells, Silva-Campa et al showed that DCs from mice infected by PRRSV (porcine 

reproductive and respiratory syndrome virus) significantly induced CD25+Foxp3+T cells. The 

induced CD25+Foxp3+ cells had normal suppressive function. This suppressive function was 

dependent on TGF-β. Silva-Campa et al reported that this group of cells was Th3 regulatory cell 

(Silva-Campa et al., 2009). 

These three subsets of regulatory T cells are not working separately. They cooperate with each 

other. Mekala et al showed that the CD4+CD25+ T cells switched the pathologic T helper 1 to Tr 

1 cells (Mekala et al, 2005). These two subsets of Tregs could suppress experimental allergic 

encephalomyelitis development. (Mekala et al., 2005). Nature Tregs could also induce Th3 cells 

to relieve the autoimmune disease. TGF-β mediated the induction of IL10 positive CD4 T cells 

(Maynard et al. 2009). 
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A previous study in Monestier lab showed that by depleting Tregs with anti-CD25 mAb, 

tolerized mice restored their ability to produce high levels of serum IgG, IgE and ANoA (Yan 

Zheng, unpublished data). Another experiment in the same lab showed that transferring of 

regulatory T cells from the tolerized mice rendered naive A.SW mice tolerant to the mercury 

challenge (Yan Zheng, unpublished data). Ito et al found that in the human thymus and 

periphery, two subsets of Foxp3+ natural Treg cells either expressed the ICOS or not. ICOS+ 

Treg cells used IL-10 to suppress dendritic cell function and TGF-β to suppress T cell function. 

ICOS- Treg cells used mostly TGF-β. The survival and proliferation of these two subsets of Treg 

cells were regulated by ICOS or CD28 (Ito et al., 2008).  

1.5 IL10 and IL10 receptor involved in Immunosupression 

The IL-10 (Interleukin-10) protein is a homodimer. Each subunit is 178 amino acids long. In 

mice, IL-10 was a homodimeric, glycosylated polypeptide of 17-21kDa (Moore et al. 1990). 

IL10 has anti-inflammatory and suppressive effects on most hematopoietic cells. This cytokine is 

produced primarily by monocytes and to a lesser extent by lymphocytes. The suppressive effects 

could be either partially or fully reversed by addition of anti-IL-10 and anti-IL10 receptor 

neutralizing monoclonal antibodies (Fiorentino et al., 1989). One of mechanism of IL-10 

inhibitory function was reported by Akdis et al. that IL-10 inhibited CD28 signaling by 

decreasing tyrosine phosphorylation that was necessary for phosphatidylinositol 3-kinase (PI3-K) 

binding (Akdis et al., 2000).  

 

IL-10 receptor was a two-receptor complex with two copies IL-10 receptor 1 (IL-10R1) and IL-

10 receptor 2 (IL-10R2). IL-10R1 was expressed by most hemopoietic cells and had species 

specificity (Moore et al., 2001). 

http://en.wikipedia.org/wiki/Amino_acids�
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1.5.1 The role of IL-10 in autoimmune disease 

Germ-free interleukin-10 knockout mice developed inflammatory bowel disease after they were 

infected with Enterococcus faecalis (Balish et al., 2002). This study in mice suggested that this 

cytokine is an important immunoregulator in the intestinal tract. In the other way, Tagore et al. 

reported that IL-10 producer allele was associated with the IBD (inflammatory bowel disease) 

and ulcerative colitis. Patients with low frequency of allele were prone to develop IBD, in 

particular, ulcerative colitis (Tagore et al. 1999). Treated mice with IL-10 could reverse colitis 

(Makoto et al., 2006). 

 

1.5.2 The role IL-10 receptor (IL-10R) in autoimmune disease 

In mice, the long lasting viral infection significantly upregulated the interleukin (IL)-10 and 

impaired T-cell function. Blocking IL-10 by IL-10 receptor antibody regenerated T-cell function 

and eradicated viral infection (Brooks et al., 2006). Rigopoulou et al reported that IL-10 

decreased HCV (hepatitis C virus)-specific T-cell proliferation that could be reversed by anti-IL-

10R antibody. The blockade of IL-10R increased virus-specific IFN-gamma producing T-cells 

(Rigopoulou et al, 2005). Phillips et al. showed that following the anti-IL-10R treatment, six-

week old BDC2.5/NOD mice developed diabetes which indicated that IL-10 played a key role in 

the regulation of diabetes in the mice (Phillips et al. 2001). 

 

IL-10 is important immunosuppressive cytokine. The knockout mice study showed that it was 

involved in intestine homeostasis. Blocking this pathway may be a very promising way in 

breaking the tolerance status and the treatment for some virus infection.  
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1.6 The role of Retinoic Acid (RA) in Immune response 

Retinoic acid was an oxidized form of retinal, also known as retinaldehyde. Retinal could be 

reversibly reduced to produce retinol (Duester et al., 2000). All trans-RA and 9-cis RA were the 

active products of vitamin A and function as ligands for nuclear retinoic acid receptors that 

regulated the gene expression in chordate animals.. They promoted survival, growing and 

differentiation of leukocytes (Friedman et al., 1993, Duester et al., 2000, Engedal et al., 2004,).  

The critical roles that vitamin A and RA play in the immune system have been known for more 

than 10 years. Vitamin A–deficient individuals could not control bacterial, viral and protozoan 

infection (Semba et al., 1999). In vitro, RA stimulated the interleukin 1 and 3 at a dose 

dependent manner (Trechsel et al., 1985). ATRA induced IL-4 gene expression in MBP (myelin 

basic protein)-specific T cell lines that had previously expressed a Th1-like phenotype. Retinoids 

have been shown to polarize pathologic T cells in experimental allergic encephalomyelitis (EAE) 

to Th2 direction and stabilize the EAE (Lovett-Racke et al., 2002). ATRA polarized the immune 

system to Th2 direction induced by DNA vaccine (Yu et al., 2005). Human PBMCs and purified 

T cells that were treated with ATRA and 9-cis-RA and stimulated with anti-CD3 and/or anti-

CD28 mAbs showed an increase in the mRNA and protein levels of Th2 cytokines, decrease in 

Th1 cytokine after activation. These effects were dependent on the dose and appeared as early as 

12 hours post stimulation. RT-PCR results revealed the Th1-associated gene, T-bet decreased 

and the Th2-associated genes, GATA-3, c-MAF and STAT6 increased after the treatment with 

ATRA (Dawson et al., 2006).  

Also in vitro, retinoic acid inhibited the IL-6 driven induction of proinflammatory Th17 cells and 

promoted Treg cell differentiation (Mucida et al., 2007). All-trans retinoic acid (RA) helped 
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FoxP3+ adaptive T regulatory cells home to the small intestine lamina propria (Benson et al., 

2007). In cancer treatment, All Trans retinoic acid induced complete remission in patients with 

AML (acute promyelocytic leukemia). All-trans-retinoic acid (ATRA) helped myeloid cells 

differentiation and showed a booster immune response in tumor patients (Degos et al., 2001, 

Mirza et al., 2006). In clinical, RA was used to treat acne and to modify the line, speckle and 

pigment on the facial skin (Baur et al. 1998). 

Retinoid acid has two main roles. Polarizing the immune response to Th2 direction and helping 

Tregs and inhibiting Th 17 cells differentiation. 
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2. MATERIALS AND METHODS 

2.1 Mice 

A.SW/SnJ (H-2s) mice were obtained from the Jackson Laboratories (Bar Harbor, ME) 

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

months old.  

2.2 Antibodies and reagents  

In this thesis two anti-ICOS antibodies was used. Anti-ICOS (12A8) was a gift from Dr. 

Anthony J. Coyle (Millennium Pharmaceuticals, Inc. Coyle et al., 2000). Anti-ICOS 

(7E.17G9) was purchased from BioXCell (West Lebanon, NH). The hamster blocking 

anti-CTLA-4 Ab-producing hybridoma (9H10) was a kind gift from Dr. J. Allison 

(University of California, Berkeley, CA) (Krummel et al., 1995) and antibody was 

purified from culture supernatant. Rat IgG purified from rat serum by affinity 

chromatography over protein G was used as an isotype control for the anti-ICOS mAb 

and anti-IL10 mAb treatment experiments. Hamster IgG from Rockland (Gilbertsville, 

PA) was used as a control for the anti-CTLA-4 treatment experiments. Rat anti-mouse 

IL10 monoclonal antibodies (mAb) were produced from cell line JES5-2A5. Rat anti 

mouse IL10 receptor antibody (1B1.2; IgG1) was provided by Dr. K. Moore (DNAX, 

Palo Alto, CA; O'Farrell et al., 1998). All Trans retinoic acid (ATRA) was a kind gift 

from Dr. Diane Soprano. 

2.3 Mercury treatments 

2.3.1 Regular dose mercury treatment  
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Mercury-induced autoimmunity was induced according to a standard protocol by three 

subcutaneous injections of HgCl2 (30 µg HgCl2 in 100 µl sterile PBS) every other day 

( Bagenstose et al.,1998). 

2.3.2 Tolerance dose mercury treatment  

Low-dose of mercury (3 µg/mouse) was given intra peritoneally to female A.SW/SnJ                    

(H-2s) mice; the other groups were given PBS as control. Then the mice were given three 

doses of mercury (30µg/mouse) challenge to induce autoimmune response. 

2.4 ELISA measurement of serum IgG1, IgG2a and IgE antibodies  

Total serum IgG1, IgG2a and IgE levels were determined by using a sandwich ELISA. 

Mouse serum was collected weekly and serum antigen-specific antibodies were measured 

by enzyme-linked immunosorbent assay (ELISA). Briefly, Falcon 96-well plates (Becton 

Dickinson Labware, Franklin Lakes, NJ) were coated with goat anti-mouse Ig kappa  

(Southern Biotechnology Associates, Birmingham, AL) or rat anti-mouse IgE capture 

mAb (clone R35-72, PharMingen) diluted 2 mg/ml in carbonate buffer overnight at 4°C. 

After washing with PT buffer (PBS + 0.05% Tween 20), wells were blocked with PBTN 

(PBS containing 1% BSA, 0.05% Tween 20 and 0.02% sodium azide) for 2 hour at room 

temperature. Sera diluted 1/10,000 in PBTN were then added to wells and incubated at 

room temperature for 2 hours. Samples were washed out six times with PT. Alkaline 

phosphatase (AP) conjugated goat anti-mouse IgG1 or IgG2a secondary antibody 

(Southern Biotechnology Associates, Birmingham, AL) diluted 1/4,000 in PBTN for 

serum IgG and biotin conjugated rat anti-mouse IgE (R35-72) (BD Pharmingen, San 

Deigo, CA) was added for serum IgE. For serumn IgE, after incubation at room 

temperature for one hour, plates were washed 7 times with PT and streptavadin-AP (SAP) 
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(Southern Biotechnology Associates, Birmingham, AL) diluted 1:3000 in PBTN was 

added to the wells for 30 minutes. Secondary antibody was washed out with seven 

washes of PT and one wash of AP substrate buffer (10mM diethanolamine and 0.5 mM 

MgCl2 in dH2O). P-nitrophenylphosphate substrate (1mg/ml in AP buffer) was then 

added and allowed to develop for 30 minutes. Absorbance values were read at 405nm 

(Bagenstose et al. 1998). The standards were ASWU1 (IgG1) or ASWA3 (IgG2a) 

previously purified in Monestier laboratory (Bagenstose et al.,1998) and purified mouse 

IgE (Clone IgE-3, BD Biosciences, San Jose, CA). 

2.5 ANoA immunofluorescence 

Serum ANoA levels were determined by indirect immunofluorescence as described 

previously (Bagenstose et al. 1998). Sera diluted in PBN (PBS containing 1% BSA and 

0.02% sodium azide) were incubated with HEp-2 slides (Antibodies, Inc., CA) for 30 

minutes. ANoA were detected with FITC-conjugated goat mouse IgG1 antibodies (the 

main subclass in HgCl2-induced autoimmunity) or IgG2a antibodies (Southern 

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

at which nucleolar fluorescence could be detected was defined as the ANoA titer.  

2.6 Treatments to reverse established tolerance  

At day –7, tolerance induction was initiated as described above. Starting from day 0, all 

groups of mice received 30 µg HgCl2 injections on days 0, 2, and 4. To reverse 

established tolerance, tolerant mice were intraperitoneally treated with 0.2 mg anti-ICOS 

mAb and 0.2 mg anti-CTLA-4 on day -8. Control groups of mice received rat IgG and 

hamster IgG. Some groups of mice received 1 mg anti-IL10 and 0.5 mg anti-IL10R 

antibodies on day -8 and day -5. Control groups of mice received rat IgG. In ATRA 
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experiment, at day –7, tolerance induction was initiated as described above. Starting from 

day -8, one group feed ATRA, second group was treated with HgCl2 injections on days 0, 

2, and 4. Third group received both ATRA and HgCl2 treatment (Bagenstose et al. 1998, 

Monestier et al., 1994). 

2.7 Flow Cytometry  

Single cell suspension of splenocytes were first treated with rat anti-mouse CD16/CD32 

(2.4G2) antibody to block the Fcγ receptor and then stained with FITC-labeled  rat anti-

mouse CD4 (L3T4, GK1.5) and PE-labeled rat anti-mouse CD25( 3C7) and PE-CY5- 

labeled rat anti-mouse ICOS (7E.17G9).  Intracellular staining was carried out with APC-

labeled rat anti-mouse Foxp3 (FJK-16s) to identify regulatory T cells and FITC anti-

mouse IL10 (JES5-16E3) for intracellular cytokine stain (E Biosciences). In parallel 

tubes, cells were stained with isotype control Abs to subtract nonspecific staining. For 

apoptosis staining, BD Pharmingen™ PE and Annexin V apoptosis detection kit I was 

used (BD Bioscience, San Jose, California). The viable cells are PE Annexin V and 7-

AAD negative. Early apoptosis cells are PE Annexin V positive and 7-AAD negative. 

And late apoptosis or dead cells are both PE Annexin V and 7-AAD positive. Analyses 

were conducted on a dual laser flow cytometer (FACS Calibur; FACS Canto, BD 

Immunocytometry Systems). All flowcytometry data were analyzed by Flowjo software 

(Tree Star, Inc.). 

2.8 Ex vivo splenocytes stimulation 

Splenocytes were suspended at 1×106 cells/ml in 24-well plates and stimulated with 20 

ng/ml PMA (Biomol. International L.P., Plymouth Meeting, PA) and 500 ng/ml 

Ionomycin (Tocris Bioscience, Ellisville, MO). In some experiments, splenocytes were 
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suspended in 24 well plates and stimulated with plate-bound anti-CD3 mAb (coated in 

PBS at 3 µg/ml) and anti-CD28 mAb (coated in PBS at 2 µg/ml). Anti-CD3 and anti-

CD28 mAbs were obtained from BioXCell (West Lebanon, NH). Culture supernatants 

were assayed at 24, 48 or 96 hrs for cytokine release by sandwich ELISA.  

2.9 Cytokine flow cytometry 

Splenocytes were separated for analyzing the expression of IL-10 by using intracellular 

cytokine staining and FACS analysis. In brief, freshly isolated splenocytes were 

stimulated with anti-CD3 (3 µg/mL; BD Biosciences) or anti- CD28 (1 µg/mL) for 48 h 

at 1×106 cells/ml. Brefeldin A or monensin was added after 4 h, respectively (both at 10 

mg/mL; Sigma-Aldrich), for intracellular cytokine accumulation. First the surface 

markers were stained. Then the stained cells were permeabilized and stained for 

intracellular cytokines. Stained cells were acquired on a FACS CantoIITM flowcytometer 

(BD Biosciences) and analyzed with FlowJoTM v8.5.2 (Tree Star). 

2.10 Cytokine ELISA 

Separate splenocytes from the four groups of mice were cultured in 10% FBS 1640 

medium, 1×106/ml, splenocytes was stimulate with or without PMA 20ng/ml and 

Ionomycin D 500ng/ml. Culture supernatant was collected after 48 hrs and 96 hrs. Then 

cytokine sandwich ELISA was used to analyze IL-4, IL-10, IL-2 and IFN-γ, TNF-α. 

Matched capture antibodies (clones 11B11 for IL-4, AN-18 for IFN-γ, JES6-1A12 for IL-

2, JES5-2A5 for IL-10, MP6-XT22 for TNF-α, MP5-20F3 for IL-6) and biotin 

conjugated detection antibodies (clones BVD6-24G24 for IL-4, XMG1.2 for IFN-γ, 

JES65H4 for IL-2, JES5-16E3 for IL-10, MP6-XT3 for TNF-α, MP5-32C11 for IL-6) 

were used for IL-4, TNF-α, IFN-γ, IL-10, IL-2 and IL-6 (BD biosciences, San Jose, CA). 
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96 well polystyrene MaxiSorp plates (Thermo Scientific Nunc-ImmunoTM) were coated 

with capture antibody (2 µg/ml) in carbonate buffer for IL-4, IL-2, IL-6 and IFN-γ or 0.2 

M Sodium Phosphate buffer (pH 6.5) for IL-10 and TNF-α. Following three washes with 

PT buffer, the plates were blocked with PST (PBS + 10% Fetal Bovine Serum + 0.05% 

Tween 20) buffer for two hours at room temperature.  Following 3 times wash of PT, 

cultured supernatants were added and plates were incubated overnight at 4oC. Plates were 

washed ten times with PT, followed by addition of detection antibody (1 µg/ml in PST). 

After 60 minute incubation at room temperature, plates were washed 7 times. Then SAP 

(diluted 1 in 3000 in PST) was added and incubated for 60 minutes at room temperature.  

Plates were then washed 6 times with PT and one time with AP buffer. P-

nitrophenylphosphate substrate 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. The standards were matched recombinant cytokines (BD Biosciences, San Jose, 

CA). 

2.11 Real time PCR array 

Groups of three A.SW mice received HgCl2 injections on days 0, 2, and 4, RA feeding 

from day 0 to day 7, received HgCl2 and RA or received none of them. At day 7, spleens 

were harvested for RNA purification by RT² qPCR-Grade RNA Isolation Kit. 2.5µg 

RNA was used for reverse transcription performed by RT² First Strand Kit (C-03) for 12 

cDNA synthesis (SA Biosciences). All samples were reverse transcribed at the same time, 

after finished, 91 μl of ddH2O was added to each 20μl of cDNA synthesis reaction and 

mixed well. Experimental Cocktail was made for 96-well following the user manual. 

Then 25 µl of cocktail was loaded to each well in the PCR Arrays plate. An ABI® 7500 

http://sabioscience.com/qpcrgradernaisolation.php�
http://sabioscience.com/firststrand.php�
http://sabioscience.com/rt_pcr_product/HTML/C-03.html�
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real time PCR instrument was used as a real time PCR system (Dr. Soprano lab machine).  

A three-step cycling program was followed: 95°C 10 minutes, 1 cycle, 95°C 15 seconds 

55°C 40 seconds, 72°C 30 seconds, 40 cycles. Then the data was collected and analyzed 

by SA Bioscience web software. 

The PCR array we used is the mouse T-cell and B-cell activation RT² Profiler™ PCR 

Array. This kit studies the expression of 84 genes in T-cell and B-cell activation. This 

array includes genes involved T-cell and B-cell activation, proliferation and 

differentiation. For T cells, genes involved in regulating Th1 and Th2 development and 

T-cell polarization also are included. The others genes are involved in the activation of 

macrophages, neutrophils, and NK cells.  

The genes lists are: 

 B-cell Activation:  

Antigen Dependent B-Cell Activation: Cd28, Cd4, Cd40 (Tnfrsf5), Cd40lg (Tnfsf5), Il10, 

Il4. 

Other Genes Involved in B-cell Activation: Blr1, Cr2, Icosl, Igbp1, Igbp1b, Ms4a1, 

Pik3cd, Rgs1, Sla2. 

B-Cell Proliferation: Cd40lg (Tnfsf5), Cd81, Cdkn1a, Il10, Il7, Pawr, Prkcd, Ptprc, 

Tnfrsf13b, Tnfrsf13c, Tnfsf13b. 

B-cell Differentiation

T-cell Activation:  

: Bad, Clcf1 (Bsf3), Hdac5, Hdac7a, Il10, Il11, Il4, Inha, Nkx2-3, 

Pik3r1, Ptprc, Rag1. 

Regulators of T-Cell Activation: Cblb, Cd1d1, Cd2, Cd3d, Cd3g, Cd8a, Cd8b1, Dock2, 

Icosl, Irf4, Prkcq, Prlr, Sit1, Sla2, Tnfsf14, Vav1, Was. 
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T-Cell Proliferation: Ccnd3, Cd28, Cd3e, Cxcl12, Cxcr4, Dock2, Glmn, Icosl, Il10, Il12b, 

Il15, Il18, Il2ra, Pdcd1lg2, Prkcq, Ptprc, Sftpd, Spp1, Tnfrsf13c, Tnfsf13b, Tnfsf14. 

T-Cell Differentiation: Ap3b1, Bad, Cd1d1, Cd2, Cd3d, Cd4, Cd74, Dock2, Gadd45g, 

H2-Aa, Hsp90aa1 (Hspca), Il12b, Il15, Il27, Il7, Irf4, Jag2, Nos2, Pawr, Ptprc, Socs5, 

Wwp1. 

Genes Involved in Th1 / Th2 Differentiation: Cd28, Cd40 (Tnfrsf5), Cd40lg (Tnfsf5), 

Ifng, Il12b, Il18, Il2ra, Il4. 

Other Genes Related to Immune Cell Activation:  

Macrophage Activation: Cd93 (C1qr1), H60, Tlr1, Tlr4, Tlr6. 

Mast Cell Activation: Tlr4. 

Natural Killer Cell Activation: Cd2, H60, Il12b. 

Lymphocyte Proliferation: Hprt1, Impdh1, Impdh2. 

Dendritic Cell Differentiation: Csf2, Relb, Traf6. 

Thymocyte Cell Differentiation: Cd3g, Egr1, Ptprc, Vav1. 

Other Genes Involved in Lymphocyte Cell Differentiation

(SA Biosciences) 

: Flt3, Hells.  

2.12 Statistical methods 

The results were expressed as the mean ±SEM of five mice in each group (for flow 

cytometry experiment, three mice in each group). Significant differences between two 

experimental groups were analyzed by the unpaired Student’s T test and ANOVA. 

Differences between means were considered significant if the probability of chance 

occurrence was ≤ 0.05 using two-tailed test. Statistical analyses were carried out by using 

GraphPad Prism 5 software (GraphPad Software Inc., La Jolla, CA) 
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3. RESULTS 

 

3.1. The low-dose mercury-induced tolerance in A.SW mice 

 

From long time ago, researchers found out that a very large or very small dose of antigen 

challenge could induce tolerance to this antigen (Ghaffar, 2006). Although for mercury induced 

autoimmunity, the specific antigen could not be separated, it was still interesting to investigate 

whether genetically susceptible H-2s mice could become resistant to Hg. The following protocol 

was developed by Monestier lab, 3 µg HgCl2 per mouse was injected i.p. into the susceptible H-

2s recipients (Fig. 1). One week later, these mice received a standard course of 30 µg HgCl2 

injections and were thereafter evaluated for autoimmune manifestations. The results of these 

experiments (Fig. 2) indicated that administration of the low-dose of HgCl2 rendered normally 

susceptible mice resistant to subsequent HgCl2 challenge. The tolerized mice could only produce 

a baseline level of serum IgG1, IgE and ANoA. No tolerance was observed when the mice were 

injected with PBS and these mice developed a significantly higher titer of ANoA 3500±500, 

2.9±0.6 mg/ml of serum IgG1 and 8.6±3µg/ml of serum IgE in responding to HgCl2 challenge.  
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Figure 1. The low-dose mercury-induced tolerance model.  

Groups of five A.SW mice were injected with 3 µg HgCl2 i.p. at week -1 (see Materials and 

Methods for details). Starting at week 0, all groups of mice received HgCl2 injections on days 0, 

2, and 4. After the treatment, the serum was analyzed by ELISA and Immunoflurescenc.  
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Figure 2.  Induction of tolerance to HgCl2 by the low-dose of  HgCl2  
 
Groups of five A.SW mice were injected i.p. at week -1 with 3 µg HgCl2 or PBS as control (see 

Materials and Methods for details). Starting at week 0, all groups of mice received HgCl2 

injections on days 0, 2, and 4. Animals were thereafter evaluated for ANoA and serum Ig levels. 

ANoA was detected by immunofluorescence assay and expressed as serum titers ± SEM. Serum 

Ig levels were measured by ELISA and were expressed in mg/ml ± SEM. (IgG1) or µg/ml ± 

SEM. (IgE). *p<0.05, **p<0.01. as analyzed by two way ANOVA by Prism software.   
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3.2 Regulatory T cells and ICOS positive regulatory T cells increased in mice tolerized to 

mercury 

 
The Tregs ratio fluctuates between different stages of autoimmune disease. Chen et al. found out 

that when psoriatic lesions were at the progressive stage, the frequency of Tregs (the ratio of 

Treg to Teff) decreased compared to normal human skin or psoriasis lesion at the stable and 

regressive stages. The reduced ratios may explain that at the progressive stage, there was more T 

cells infiltration in the upper dermis and exacerbated psoriasis lesion (Chen et al., 2008). To 

study whether CD4+CD25+ regulatory cells were involved in the low-dose mercury-induced 

tolerance, groups of three A.SW mice were injected i.p. at day -7 with 3 µg HgCl2 (see Materials 

and Methods for details). Starting at week 0, all groups of mice received 30 µg HgCl2 injections 

on days 0, 2, and 4. At day 7, animals were thereafter evaluated for Tregs percentage and 

absolute number. The results of these experiments were shown in Fig. 3. The tolerized groups 

had a higher percentage of Tregs (2.175±0.1%, 2.23±0.07) relative to the nontolerized groups 

(1.32±0.09%) and naïve mice (1.593±0.12%). In addition, the tolerized groups had a higher 

percentage of ICOS positive Tregs (0.458±0.02%, 0.335±0.07) compared to the nontolerized 

group (0.387±0.01%) and naïve mice (0.257±0.008%). As far as the absolute number of Tregs, 

there were no significant differences between groups.  
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3.3 ICOS-B7h pathway involved the peripheral tolerance maintenance  
 

Miyamoto et al. showed that when ICOS–/– mice were injected myelin oligodendrocyte 

glycoprotein (MOG) 35–55 peptide by oral or nasal ways, the knockout mice could not become 

tolerized to this antigen (Miyamoto et al.,2005).To explore the ICOS and CTLA-4 in the 

tolerized model system, groups of five A.SW mice were injected i.p 0.2 mg anti-ICOS mAb or 

anti-CTLA-4 or control rat and hamster IgG i.p. on day -8 and at day -7 with 3 µg HgCl2 prior to 

30 µg HgCl2 injections on days 0, 2, and 4. Animals were thereafter evaluated for ANoA and 

serum Ig levels. The results showed that the group which received ICOS blocking antibody 

restored their ability to produce high levels of serum IgG1, IgG2a, IgE and ANoA. The serum 

IgG1 level in anti-ICOS treated group was 3.25±0.23mg/ml. The IgG2a was 1.87±0.28mg/ml. 

The serum IgE level was dramatic high at 28.4±8.4 µg/ml. The ANoA titer was 5700±2300 that 

was 2.4 fold increase than the anti-CTLA4 treated group. The serum Ig level in the control group 

and the anti-CTLA4 treated group was in a baseline level. These results were consistant in three 

repeated experiments. 
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Figure 4. Blocking the ICOS pathway prevents tolerance induced by the low-dose of mercury 

Groups of five A.SW mice were injected i.p 0.2 mg anti-ICOS mAb or control rat IgG i.p. on 

day -8 and at day -7 with 3 µg HgCl2 prior to HgCl2 injections on days 0, 2, and 4. Animals were 

thereafter evaluated for ANoA and serum Ig levels. ANoA was detected by immunofluorescence 

assay and expressed as serum titers  ± SEM. Serum Ig levels were measured by ELISA and are 

expressed in mg/ml ± SEM. (IgG1) or µg/ml ± SEM. (IgE). *p<0.05**p<0.01*** p<0.001. as 

analyzed by two way ANOVA by Prism software.   
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3.4 Expressions of ICOS on the Tregs and Teffs after the mercury challenge in the 

nontolerized group and the tolerized group 

In the previous experiment, Zheng et al. studied the ICOS expression on CD4 and CD8 T cells. 

His results showed that the expression of ICOS on CD4+ T cells from the susceptible mice was 

much higher than CD4+ T cells from the resistant mice after the HgCl2 challenge. He also 

observed that CD8+ T cells displayed a lower ICOS expression than CD4+ T cells and there was 

no change of ICOS expression on CD8+ T cells after HgCl2 treatment (Zheng et al., 2005). To 

investigate the effect of mercury treatment on the expression of ICOS on Tregs and T effecor 

cells (Teffs), groups of three A.SW mice were injected i.p. at week -1 with 3 µg HgCl2 (see 

Materials and Methods for details). Starting at week 0, all groups of mice received 30 µg HgCl2 

injections on days 0, 2, and 4. At day 7, animals were thereafter evaluated for ICOS expression 

on Tregs and Teffs. The results showed that the expression ICOS on the surface of effector T 

cells and regulatory T cells increased in the group that was treated with mercury. In effector T 

cells, the expression of ICOS increased from 5.11±0.9% to 8.78±0.74% after the mercury 

treatment in the tolerized group and 3.68±0.16% to 10.14±0.76% in the nontolerized group. In 

Tregs, the expression of ICOS increased from 16.63±2.28% to 22.63±0.37% after the mercury 

treatment in the tolerized group and 17.57±1% to 30.9±0.7% in the nontolerized group.  

   

 

 

 

 

 



34 
 

 

 

           ICOS expression in CD4+T cells             ICOS expression on CD4+CD25+FOXP3+ 

               

 

 

 

 

 

 

Figure 5. ICOS expression on the Tregs and Teffs after the mercury challenge in the nontolerized 

group and the tolerized group  

Groups of three A.SW mice were injected i.p. at week -1 with 3 µg HgCl2 (see Materials and 

Methods for details). Starting at week 0, all groups of mice received HgCl2 injections on days 0, 

2, and 4. At day 7, animals were thereafter evaluated for ICOS expression on Tregs and Teffs.  

Levels of ICOS expression were measured by Flow cytometry and are expressed in percentage ± 

SEM *p<0.05 as analyzed by student T test by Prism software. 
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3.5 Tregs development needs ICOS signaling 
 
It has been shown that ICOS are important molecules to regulate prediabetic lesion in NOD mice, 

when blockade this pathway, mice developed diabetes (Herman et al., 2004). pDCs expressing 

ICOS ligand, which interacted with ICOS on the T cells surface helped to induce IL-10-

producing regulatory T cells (Ito et al., 2007). Tregs from ICOS knockout mice could not 

suppress T effector cells proliferation properly and the total numbers of FoxP3+ Tregs from 

knockout mice decreased compared with the control mice (Gotsman et al., 2006). Mesturini et al. 

reported ICOS helped the differentiation of T effectors cells or Tregs depended on the 

costimulatory signal exist or not (Mesturini et al., 2006). Regulatory T cells produced IL-10 and 

the development and inhibitory function of regulatory cell were dependent on the presence of IL-

10 and on the ICOS-IOCS-ligand interactions (Akabari et al., 2002). To study whether Tregs 

differentiation needed ICOS signaling in this system, groups of three A.SW mice were injected 

i.p. at day -7 with 3 µg HgCl2 (see Materials and Methods for details). Starting at week 0, all 

groups of mice received 30 µg HgCl2 injections on days 0, 2, and 4. At day 7, animals were 

thereafter evaluated for Tregs percentage. The experiment data showed that the group of mice 

that received anti-ICOS had a lower percentage of Tregs (0.91±0.08%) relative to the control 

group (1.37±0.35%). 
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Figure 6. Mercury injected mice receiving anti-ICOS treatment have a lower percentage of 

regulatory T cells 

Groups of three A.SW mice were injected i.p. at week -1 with 3 µg HgCl2 (see Materials and 

Methods for details). Starting at week 0, all groups of mice received HgCl2 injections on days 0, 

2, and 4. At day 7, Animals were thereafter evaluated for Tregs percentage. Levels were 

measured by Flow cytometry and were expressed in percentage ± SEM *p<0.05 as analyzed by 

student T test by Prism software. 
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3.6 Splenocytes from mice receiving anti-ICOS treatment have increased production of IL-

6, TNF-α and IFN-γ 

Mercury affected cytokine production and the effects depended on the dose and form of mercury. 

Vos et al. reported human peripheral blood mononuclear cells (PBMC) produced more IL-4 and 

less IFN-gamma after being stimulated with PMA/ionomycin or Con A and organic mercury. 

Inorganic mercury (HgCl2) was 10 times less efficient to affect cytokines than organice mercury 

(Vos, et al., 2007). CD4+ICOS+ T cells from different organs or different infections were 

associated with different cytokines expression. Bonhagen et al. reported that in schistosome-

infected mice, liver CD4+ICOS+ cells expressed Th2 cytokines. In the secondary lymphatic 

organs, ICOS+ T cells expressed CXCR5. CD4+ICOS+ from the gut or liver of mice infected with 

Toxoplasma gondii, produced IFN-gamma (Bonhagen et al., 2003). To investigate the cytokine 

production in this system, separated splenocytes from the four group mice (as mention in Fig. 3) 

were cultured in 10% FBS 1640 medium, 2×106/ml, splenocytes were stimulated with or without 

anti-CD3 3 µg/ml and anti-CD28 2 µg/ml. Culture supernatant was collected after 96 hrs. 

Cytokine ELISA was used to analyze IL-6, IFN-γ and TNF-α concentration. The results showed 

that splenocytes from mice received anti-ICOS treatment had a significantly increased 

production of IL-6, TNF-α and IFN-γ. IL-6 in supernatant was 2 and 1.75 fold increases in the 

group that received anti-ICOS treatment compared to the naïve group and control group. TNF-α 

was 2.83 and 1.87 fold increases in this group compared with the naïve group and control group. 

IFN-γ was 12.6 and 8.9 fold increases. 
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Figure 7. Splenocytes from mice receiving anti-ICOS treatment have increased production of IL-

6, TNF-α and IFN-γ  

Separated splenocytes from the four group mice (as mentioned in Fig. 3) were cultured in 10% 

FBS 1640 medium, 2×106/ml, splenocytes were stimulated with or without 20ng/ml and 

Ionomycin D 500ng/ml or anti-CD3 3 µg/ml and anti-CD28 2µg/ml. Culture supernatant was 

collected after 96 hrs. Cytokine ELISA was used to analyze IL-6, IFN-γ and TNF-α 

concentration. Cytokine levels were measured by ELISA (see Materials and Methods for details) 

and were expressed in pg/ml ± SEM. *p<0.05 as analyzed by student T test by Prism software. 
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3.7 Splenocytes from the tolerized mice showed an increase production of IL-10  
 

Tr1 cells and ICOS+ Tregs were dependent on IL-10 to suppress T effector cells function. 

(Ghaffar, 2006). IL-10 is an important cytokine involving in the immune suppression. To study 

the role of IL10 in tolerance maintenance, groups of three A.SW mice were injected i.p. at week 

-1 with or without 3 µg HgCl2 (see Materials and Methods for details). Starting at week 0, all 

groups of mice received 30 µg HgCl2 injections on days 0, 2, and 4. At day 7, splenocytes were 

suspended at 1×106/ml in 24 well plates and stimulated with PMA and Ionomycin. The cultured 

supernatants were assayed at 48 or 96 hrs for cytokine release by sandwich ELISA. The results 

showed that splenocytes from the tolerized group could produce significantly more IL10 

compared with the nontolerized mice. The splenocytes of the tolerize mice produced 

2.99±0.11pg/ml of IL-10 at 48 hours and 5.57±2.5 pg/ml at 96 hours. All the three other groups 

produced very low level of IL-10. 
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Figure 8. Splenocytes from the tolerized mice showed an increase production of IL-10  
 
Separate splenocytes from the four group mice( as mention in Fig. 3) were cultured in 10% FBS 

1640 medium, 2×106/ml, splenocytes were stimulated with or without PMA 20ng/ml and 

Ionomycin D 500ng/ml. Culture supernatant was collected after 48 hrs and 96 hrs. Cytokine 

ELISA was used to analyze IL-10 and IFN-γ concentration. Supernatant cytokine levels were 

measured by ELISA (see Materials and Methods for details) and were expressed in pg/ml ± 

SEM. *p<0.05 as analyzed by student T test by Prism software. 
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3.8. IL-10 is involved in the peripheral tolerance maintenance 

Tregs suppressed colitis depending on IL-10 because IL-10 receptor antibody could reverse this 

protection (Asseman et al., 2003). CD4+ T cells cocultured with IL-10 and TGF-β could suppress 

T effctor cells proliferation (Chen et al., 2003). Adoptively transferred T cells from the tolerized 

IL-10-/-mice reconstituted with IL-10 could not prevent contact hypersensitivity while same 

cells population from IL-10+/+ mice could suppress it (Maurer et al., 2007). These reports 

implied that IL-10 played a very important role in the immune suppression. To study the role of 

IL10 in tolerance induction, groups of five A.SW mice were injected with 1 mg anti-IL-10 mAb 

and 0.5 mg IL-10 receptor mAb or control rat IgG i.p. on day -8 and day -4  and  at day -7 with 3 

µg HgCl2 prior to 30 µg HgCl2 injections on days 0, 2, and 4. Animals were thereafter evaluated 

for ANoA and serum Ig levels. The results showed that the group which received anti-IL-10 

mAb and IL-10 receptor mAb restored their ability to produce significantly higher levels of 

serum IgE (3.9±1.9µg/ml) and showed around 500 titer increase of ANoA, while the group 

treated with control antibody produced low levels of serum IgE and ANoA. Although the 

significant difference in serum IgE and ANoA could be seen between groups, the increase was 

not as dramatic as in the ICOS experiment. The possible reasons will be discussed later. 
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Figure 9. Protocol for the role of IL10 in the low-dose mercury induced tolerance   
 
Groups of five A.SW mice were injected i.p 0.5 mg anti-IL10 receptor mAb and 1 mg anti-IL10 

receptor mAb or control rat IgG i.p. on day -8 and -4 and at day -7 with 3 µg HgCl2 prior to 

HgCl2 injections on days 0, 2, and 4. Animals were thereafter evaluated for ANoA and serum Ig 

levels. 
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Figure 10. IL-10 is involved in the peripheral tolerance maintenance 
 
Groups of five A.SW mice were injected i.p 0.5 mg anti-IL10 receptor mAb and 1 mg anti-IL10 

receptor mAb or control rat IgG i.p. on day -8 and at week -1 with 3 µg HgCl2 prior to HgCl2 

injections on days 0, 2, and 4. Animals were thereafter evaluated for ANoA and serum Ig levels. 

ANoA was detected by immunofluorescence assay and expressed as serum titers  ± SEM. Serum 

Ig levels were measured by ELISA and were expressed in mg/ml ± SEM. (IgG1) or µg/ml ± 

SEM. (IgE). *p<0.05. 
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3.9. ATRA could exacerbate mercury induced autoimmunity 
 
Morikawa et al. reported ATRA significantly increased the levels of IgG in tonsil B cells and 

promoted these cells to become plasma cells (Morikawa et al., 2005). Ma et al. reported RA 

synergistically with Poly I: C could increase serum IgG level to tetanus toxoid, especially IgG1 

(Ma et al., 2005). To investigate whether RA plays a role in genetically mercury susceptible H-2s 

mice, four groups of mice were treated with mercury, RA or both or left untreated. The protocol 

was shown in Fig. 11. The results of these experiments (Fig. 12) indicated that 50µg RA treated 

group displayed two fold increases in serum IgG1, 3 fold increases in IgE and 1.5 fold increases 

in ANoA compared with the mercury treated group. The group that received 10µg RA only 

showed a very small increase in serum IgG1. Administration of HgCl2 and RA could exacerbate 

the mercury induced autoimmune disease. Those mice produced significantly higher levels of 

serum IgG1, IgE and ANOA antibody. 
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Figure 11.  Protocol for RA in mercury induced autoimmunity 
 
Groups of five A.SW mice were feed ATRA from day 0 to day 11. 30µg/mouse HgCl2 was 

injected on days 0, 2, and 4. Animals were thereafter evaluated for ANoA and serum Ig levels. 

ANoA was detected by immunofluorescence on HEp-2 cells using isotype-specific FITC 

conjugates. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 



46 
 

 
 

Serum IgG1

0 1 2 3 4 5
0
1
2
3
4
5

Mercury
RA
50µgRA+Mercury
10 µg RA+Mercury

*** ***

weeks

m
g

/m
l

 

 

 

 

 

 

 

 

Figure 12. ATRA treatment increases serum antibodies  

Groups of five A.SW mice were feed ATRA from day 0 to day 11. 30µg/mouse HgCl2 was 

injected on days 0, 2, and 4. Animals were thereafter evaluated for ANoA and serum Ig levels. 

ANoA was detected by immunofluorescence assay and expressed as serum titers  ± SEM. Serum 

Ig levels were measured by ELISA and were expressed in mg/ml ± SEM. (IgG1) or µg/ml ± 

SEM. (IgE). *p<0.05** p<0.01*** p<0.001 as analyzed by two way ANOVA by Prism 

software.   
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3.10 Regulatory T cells decrease in group that was treated with mercury and ATRA 

 
The previous studies showed that CD4+CD25+ regulatory T cells (Tregs) were important to 

maintain tolerance to mercury. The deficiency of this population resulted in the breaking of 

tolerance in tolerized model (Yan Zheng, unpublished datat). Mucida et al. reported that RA 

promoted Tregs differentiation (Mucida et al., 2007). To study whether CD4+CD25+ regulatory 

cells played any role in the model, groups of four A.SW mice were received HgCl2 injections on 

days 0, 2, and 4 or RA feeding from day 0 to day 7.  At day 7, animals were thereafter evaluated 

for Tregs percentage.  The results shown in Fig. 5, the group which received both mercury and 

ATRA displayed lower percentage of Tregs 1.7±0.06% compared with 2.1±0.38% in the group 

treated with RA only.  

 

 

 

 

 

 

 

 

 

 

 

 



48 
 

 

 

 

Figure 13. Time course for Flowcytometry protocols 

Groups of four A.SW mice were received HgCl2 injections on days 0, 2, and 4 or RA feeding 

from day 0 to day 7. At day 7, animals were thereafter evaluated for Tregs percentage. 

 

 

 

 

 

 

 

 

 

 

 



49 
 

 

 

Treg percentage

0

1

2

3
untreated
mercury
RA
RA+mercury

%
 o

f 
ce

lls
 p

er
 s

p
le

en

 
 
Figure 14. Mercury injected mice receiving RA treatment have a lower percentage of regulatory 

T cells (CD4+ CD25+ Foxp3+)  

Groups of four A.SW mice were received HgCl2 injections on days 0, 2, and 4 or RA feeding 

from day 0 to day 7. At day 7, animals were thereafter evaluated for Tregs percentage by flow 

cyctometry. Levels were measured by FACS and were expressed in percentage ± SEM.  
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3.11 Splenocytes from mice receiving RA and Mercury treatment have increased 

production of IL-2 and IFN-γ  

As mentioned in previous part 3.6, cytokine production was affected by the Hg2+ treatment. 

ATRA also affected some cytokines and pushed the immune response to Th2 direction (Yu et al., 

2005). These effects were dose-dependent and appeared as early as 12 hours after the stimulation. 

Real-time PCR analysis revealed ATRA treatment decreased T-bet and increased GATA-3, c-

MAF and STAT6 (Dawson et al., 2006). To investigate the cytokine production in the model, 

four groups of mice were treated with ATRA, mercury, both or neither. Separated splenocytes 

from the four groups’ mice were cultured in 10% FBS 1640 medium, 2×106/ml. Splenocytes 

were stimulated with or without PMA 20ng/ml and Ionomycin D 500ng/ml. Culture supernatant 

was collected after 96 hrs. Cytokine ELISA was used to analyze IL-2 and IFN-γ concentration. 

Supernatant cytokine levels were measured by ELISA. The results were shown in Fig. 15. The 

groups which received both mercury and RA showed a higher production of IL-2 and IFN-γ. IL-

2 was 1.29 fold increases than the group only received RA. IFN-γ was 2.73 fold increases. 

 

 

 

 

 

 

 

 

 



51 
 

   

 

 

 

 

 

 

 
 
 
Figure 15. Splenocytes from mice receiving RA and Mercury treatment have increased 

production of IL-2 and IFN-γ  

Separated splenocytes from the four groups of mice were cultured in 10% FBS 1640 medium, 

2×106/ml, splenocyte was stimulated with or without PMA 20ng/ml and Ionomycin D 500ng/ml. 

Culture supernatant was collected after 96 hrs. Cytokine ELISA was used to analyze IL-2 and 

IFN-γ concentration. Supernatant cytokine levels were measured by ELISA (see Materials and 

Methods for details) and were expressed in pg/ml ± SEM. *p<0.05 as analyzed by student T test 

by Prism software. 
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3.12 RA and mercury treatment decrease IL10 + cells               

Maynard et al. reported that all-trans retinoic acid RA (ATRA) inhibited the TGF-β–mediated 

induction of IL10 positive CD4 T cells. And mice with vitamin A deficiency displayed increased 

numbers of IL-10+ Treg cells (Maynard et al. 2009). To study whether RA and mercury affect ed 

this group of cells, groups of four A.SW mice were received HgCl2 injections on days 0, 2, and 4 

or RA feeding from day 0 to day 7. At day 7, fresh isolated splenocytes were stimulated with anti 

CD3 and anti CD28 for two days and then transferred to fresh plate coated with anti CD3 and 

anti CD28 for 4 hours, Brefeldin was added in the medium. One hour later, cells were collected 

for intracellular IL10 staining. The results were shown in Fig. 16; the group which received both 

mercury and RA treatment had a significantly lower IL10+ cells that was 1±0.06% compared to 

1.63±0.22% from the naive group. 
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3.13 RA treatment decrease the early apoptosis cells 

 
There are contradictory reports about the role of RA in apoptosis. Moreno-Manzano et al. found 

that ATRA inhibited mesangial cells apoptosis induced by pyrrolidine dithiocarbamate but not by 

tumor necrosis factor-  (Moreno-Manzano et al., 1999). In contrast, Zhang et al. reported that 

All-trans retinoic acid (ATRA) induced apoptosis in primary and metastatic melanoma cells 

(Zhang et al., 2003). Szondy et al. reported that ATRA induced apoptosis of mouse thymocytes 

and 9-cis retinoic acid was a more effective inducer than ATRA (Szondy et al., 1997). To study 

the role of RA in the model, groups of four A.SW mice were received HgCl2 injections on days 0, 

2, and 4 or RA feeding from day 0 to day 7.  At day 7, animals were thereafter evaluated for 

apoptosis. Apoptosis was detected by PE and Annexin V apoptosis detection kit I. The results 

were shown in Fig. 17. The group which received RA treatment showed a lower percentage of 

early apoptosis cells that were 21.2±2% compared with the mercury treated group that was 

31.87±5.3% and naïve group 31.8±5.3%. Mercury and RA treated group displayed 24.7±3.8% of 

apoptosis cells but not significantly lower than other groups. 
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Figure 17. RA treatment decrease the early apoptosis cells  

Groups of four A.SW mice were received HgCl2 injections on days 0, 2, and 4 or RA feeding 

from day 0 to day 7.  At day 7, Animals were thereafter evaluated for apoptosis. Apoptosis was 

detected by BD PE Annexin V Apoptosis Detection Kit I .Stained cells were acquired on a 

FACS CantoIITM flowcytometer were expressed in percentage ± SEM *p<0.05 as analyzed by 

student T test by Prism software. 
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3.14 RA and mercury treatment decrease 4 genes transcription 

To further understand the mechanism at molecular level after RA or mercury treatment, Groups 

of three A.SW mice received HgCl2 injections on days 0, 2, and 4, RA feeding from day 0 to day 

7, received HgCl2 and RA or received none of them. At day 7, spleens were harvest for RNA 

purification by RT² qPCR-Grade RNA isolation kit. 2.5µg RNA was used for reverse 

transcription performed by RT² first strand kit (C-03) for 12 cDNA synthesis (SA Biosciences). 

All samples were reverse transcribed at the same time. Experimental cocktail was made for 96-

well following the user manual. Then 25 µl of cocktail was loaded to each well in the PCR 

Arrays plate. An ABI® 7500 real time PCR instrument was used as a real time PCR system (Dr. 

Soprano lab machine). Then the data was collected and analyzed by SA Bioscience website 

software. The PCR array analyzes 84 genes involved in T cells and B cells activation. 

The results were shown in Fig. 18 that RA and mercury treatment decreased four genes 

transcription (CD3e, IL12b, CXCL12 and CD8b1). RA group showed 4 gene upregulated (TLR6, 

Gadd45g, CLCF1 and CXCR4) and mercury group showed 2 gene upregulated (Sla2, Was). 

Table 1 showed the genes list and fold change compared with naïve group and Table 2 showed 

the p value of three groups compared with naïve group. 

http://sabioscience.com/qpcrgradernaisolation.php�
http://sabioscience.com/firststrand.php�
http://sabioscience.com/rt_pcr_product/HTML/C-03.html�
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Figure 18. The gene cluster gram of four groups of mice  

Groups of three A.SW mice were received HgCl2 injections on days 0, 2, and 4 or RA feeding 

from day 0 to day 7.  At day 7, spleens were harvest for RNA purification. Reverse transcription 

was performed. An ABI® 7500 real time PCR instrument was used as a real time PCR system 

(SA Bioscience). The real-time PCR results were analyzed by SA bioscience online software. 

Group 1 was mice treated with mercury. Group 2 was treated with RA. Group 3 was treated with 

mercury and RA. The control group was naïve mice. 
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Table 1. The gene folds regulation of four groups of mice 

position Gene Symbol Fold Regulation (comparing to control group) 
  Group 1 Group 2 Group 3 

A01 Ap3b1 -1.17 1.33 -2.23 
A02 Bad -1.23 -1.01 -1.65 
A03 Cxcr5 -2.21 1.62 -3.7 
A04 Cblb 1.04 1.48 -2.15 
A05 Ccnd3 1.01 1.06 -1.15 
A06 Cd1d1 -1.2 1.63 -2.69 
A07 Cd2 -1.19 -1.03 -1.17 
A08 Cd28 -1.08 1.14 -3.7 
A09 Cd3d -1.56 -1.02 -1.79 
A10 Cd3e -2.05 1.15 -4.15 
A11 Cd3g -1.03 -1.48 -1.42 
A12 Cd4 -1.73 -1.02 -1.94 
B01 Cd40 1.18 -1.12 1.21 
B02 Cd40lg -1.52 1.3 -3.07 
B03 Cd74 -2.26 1.05 -1.67 
B04 Cd81 -1.45 1.19 -2.26 
B05 Cd8a -1.5 1.25 -4.17 
B06 Cd8b1 -2.89 1.39 -3.2 
B07 Cd93 -1.58 2.12 -2.42 
B08 Cdkn1a -1.66 1.26 -1.66 
B09 Clcf1 1.01 3.73 -6.22 
B10 Cr2 1.71 1.14 -1.97 
B11 Csf2 -1.05 -1.01 1.61 
B12 Cxcl12 -2.06 1.47 -3.07 
C01 Cxcr4 -2.01 1.91 -1.21 
C02 Dock2 -1.48 1.25 -2.95 
C03 Egr1 1.15 1.29 1.1 
C04 Flt3 -1.31 1.08 -1.24 
C05 Gadd45g 1.17 2.41 -1.5 
C06 Glmn 1.9 1.6 -1.65 
C07 H2-Aa -1.58 1.09 -1.88 
C08 H60a 4.42 3.87 1.4 
C09 Hdac5 -1.72 2.11 -3.01 
C10 Hdac7 -1.03 1.27 -1.13 
C11 Hells 6.02 2.06 1.44 
C12 Hsp90aa1 2.78 1.28 1.12 
D01 Icosl -1.13 2.33 -4.02 
D02 Ifng 1.33 -2.11 -2.42 
D03 Igbp1 1.17 1.09 1.24 
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D04 Igbp1b -4.19 2.38 -2.05 
D05 Il10 1.54 -1 -1.35 
D06 Il11 -1.99 -1.02 -2.49 
D07 Il12b -1.14 -1.92 -2.64 
D08 Il15 1.04 1.04 -2.12 
D09 Il18 -1.07 -1.1 1.19 
D10 Il27 -1.26 1.99 -1.39 
D11 Il2ra -2.41 -1.21 -2.2 
D12 Il4 2.47 -1.74 2.35 
E01 Il7 -1.01 -1.18 -1.48 
E02 Impdh1 -1.56 1.84 -2.81 
E03 Impdh2 -1.16 1.48 -1.52 
E04 Inha -2.08 2.49 -5.96 
E05 Irf4 -1.82 1.4 -3.32 
E06 Jag2 -1.93 1.64 -3.7 
E07 Ms4a1 1.81 1.03 -1.35 
E08 Nkx2-3 -1.72 1.95 -2.78 
Eo9 Nos2 -2.74 2 -3.65 
E10 Pawr 1.11 -1.16 -1.17 
E11 Pdcd1lg2 -1.07 1.35 -2.37 
E12 Pik3cd -1.89 1.27 -2.96 
F01 Pik3r1 -1.03 1.31 -2.64 
F02 Prkcd -1.19 1.48 -1.02 
F03 Prkcq -1.14 1.43 -1.13 
F04 Prlr -1.28 -1.01 1.16 
F05 Ptprc 2.48 2.3 -1.13 
F06 Rag1 1.08 1.22 3.12 
F07 Relb -1.65 1.08 -1.63 
F08 Rgs1 6.45 3.51 1.57 
F09 Sftpd -2.26 1.74 -1.17 
F10 Sit1 -1.87 1.46 -2.85 
F11 Sla2 -2.53 1.02 -1.07 
F12 Socs5 -1.25 1.35 -1.98 
G01 Spp1 2.07 1.13 2.63 
G02 Tlr1 1.64 1.95 1.43 
G03 Tlr4 1.16 1 -1.08 
G04 Tlr6 -1.13 2.45 -1.55 
G05 Tnfrsf13b -1.29 1.83 -2.72 
G06 Tnfrsf13c -1.73 2.45 1.6 
G07 Tnfsf13b -1.67 1.79 -2.54 
G08 Tnfsf14 -1.39 1.29 1.14 
G09 Traf6 -1.2 1.71 -2.91 
G10 Vav1 -1.34 1.76 -2.24 
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G11 Was -3.29 1.4 -2.17 
G12 Wwp1 3.45 3.07 -1 
H01 Gusb -1.45 1.01 1.37 
H02 Hprt1 1.93 -1.25 2 
H03 Hsp90ab1 1.23 1.11 1.51 
H04 Gapdh -1.02 1.01 -1.73 
H05 Actb -1.61 1.1 -2.38 

 

The red color was gene down regulated or unregulated more than 3 fold compared to naïve group. 
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Table 2. The p value of fold regulation of four groups of mice 

position 
Gene 

Symbol p-value (comparing to control group) 
  Group 1 Group 2 Group 3 

A01 Ap3b1 0.558581 0.19331 0.218935 
A02 Bad 0.562051 0.96298 0.391555 
A03 Cxcr5 0.163737 0.27122 0.1794 
A04 Cblb 0.811486 0.076029 0.105704 
A05 Ccnd3 0.989474 0.883564 0.800259 
A06 Cd1d1 0.5466 0.192976 0.148041 
A07 Cd2 0.649287 0.844365 0.715132 
A08 Cd28 0.867431 0.80445 0.119037 
A09 Cd3d 0.333619 0.91566 0.080938 
A10 Cd3e 0.246961 0.691831 0.030138 
A11 Cd3g 0.966905 0.415175 0.593296 
A12 Cd4 0.232569 0.959465 0.179049 
B01 Cd40 0.559727 0.616456 0.690519 
B02 Cd40lg 0.255929 0.409663 0.059945 
B03 Cd74 0.13755 0.886081 0.150733 
B04 Cd81 0.162483 0.48686 0.083476 
B05 Cd8a 0.314089 0.460116 0.110247 
B06 Cd8b1 0.075477 0.174491 0.008785 
B07 Cd93 0.468121 0.262699 0.366018 
B08 Cdkn1a 0.142995 0.471655 0.287725 
B09 Clcf1 0.978393 0.018183 0.204672 
B10 Cr2 0.497966 0.905796 0.240373 
B11 Csf2 0.931247 0.990714 0.351611 
B12 Cxcl12 0.073682 0.197873 0.045206 
C01 Cxcr4 0.091084 0.007069 0.377388 
C02 Dock2 0.313521 0.452063 0.186148 
C03 Egr1 0.750992 0.23251 0.900681 
C04 Flt3 0.136524 0.54642 0.174841 
C05 Gadd45g 0.571277 0.032419 0.606964 
C06 Glmn 0.455997 0.546005 0.322478 
C07 H2-Aa 0.205468 0.741095 0.128982 
C08 H60a 0.285665 0.35586 0.515553 
C09 Hdac5 0.337576 0.152224 0.205542 
C10 Hdac7 0.683406 0.137171 0.732195 
C11 Hells 0.115305 0.47718 0.484411 
C12 Hsp90aa1 0.157396 0.709625 0.787825 
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D01 Icosl 0.69523 0.056838 0.165681 
D02 Ifng 0.623472 0.176421 0.113493 
D03 Igbp1 0.760207 0.791683 0.628615 
D04 Igbp1b 0.171974 0.384408 0.440001 
D05 Il10 0.524646 0.997405 0.653416 
D06 Il11 0.081929 0.977143 0.196465 
D07 Il12b 0.468155 0.06922 0.024854 
D08 Il15 0.905394 0.895005 0.062363 
D09 Il18 0.802458 0.755686 0.655581 
D10 Il27 0.484094 0.104978 0.361329 
D11 Il2ra 0.425824 0.648886 0.057787 
D12 Il4 0.119859 0.441844 0.131882 
E01 Il7 0.996342 0.861687 0.543188 
E02 Impdh1 0.328978 0.170462 0.219701 
E03 Impdh2 0.687065 0.299671 0.266874 
E04 Inha 0.032826 0.065059 0.079943 
E05 Irf4 0.324991 0.535161 0.221164 
E06 Jag2 0.098555 0.175285 0.069308 
E07 Ms4a1 0.617495 0.982683 0.789339 
E08 Nkx2-3 0.253773 0.176662 0.141646 
E09 Nos2 0.146641 0.328569 0.127542 
E10 Pawr 0.897491 0.760634 0.808191 
E11 Pdcd1lg2 0.893873 0.471364 0.262732 
E12 Pik3cd 0.176587 0.605243 0.18859 
F01 Pik3r1 0.91625 0.386329 0.186285 
F02 Prkcd 0.343232 0.142433 0.909165 
F03 Prkcq 0.770059 0.214624 0.734026 
F04 Prlr 0.66511 0.984658 0.806821 
F05 Ptprc 0.422317 0.306682 0.871878 
F06 Rag1 0.930598 0.841721 0.255038 
F07 Relb 0.068644 0.526839 0.114006 
F08 Rgs1 0.204768 0.384292 0.529155 
F09 Sftpd 0.379716 0.53979 0.842914 
F10 Sit1 0.154906 0.249462 0.100923 
F11 Sla2 0.025388 0.929888 0.83454 
F12 Socs5 0.562737 0.529392 0.182364 
G01 Spp1 0.463473 0.815654 0.203443 
G02 Tlr1 0.304722 0.246708 0.510699 
G03 Tlr4 0.897489 0.996946 0.940994 
G04 Tlr6 0.497755 0.010531 0.12215 
G05 Tnfrsf13b 0.545485 0.1306 0.192385 
G06 Tnfrsf13c 0.431108 0.070558 0.536736 
G07 Tnfsf13b 0.404069 0.26394 0.201745 
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G08 Tnfsf14 0.364855 0.419328 0.704769 
G09 Traf6 0.506458 0.121476 0.187232 
G10 Vav1 0.369624 0.07253 0.2608 
G11 Was 0.035503 0.439404 0.059595 
G12 Wwp1 0.071896 0.236653 0.996578 
H01 Gusb 0.241399 0.921524 0.420156 
H02 Hprt1 0.311858 0.680468 0.206957 
H03 Hsp90ab1 0.401419 0.656007 0.444121 
H04 Gapdh 0.962026 0.966711 0.294055 
H05 Actb 0.380642 0.811995 0.280673 

     
 

Group 1 was mice treated with mercury. Group 2 was treated with RA. Group 3 was treated with 

mercury and RA. The red color was p<0.05. 
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3.15 ATRA reverses the tolerance induced by the low-dose of mercury  

 

A tolerized model was developed as shown before. A.SW mice treated with the low-dose of 

mercury one week before the regular dose of mercury treatment were tolerized to the following 

the mercury challenge. As shown in Fig. 11, RA treatment could exacerbate the mercury-induced 

autoimmunity. To study whether RA play any role in the tolerized mice model, groups of five 

A.SW mice were fed with ATRA from day -8 to day 4. On day-7, the low-dose of mercury was 

used to induce tolerance. 30µg/mouse HgCl2 was injected on days 0, 2, and 4. Animals were 

thereafter evaluated for ANoA and serum Ig levels. The results were shown in Fig. 20. ATRA 

reversed the tolerance induced by the low-dose of mercury in the group that received both 

mercury and RA treatment. The mice in this group could produce 4 fold increases levels of IgE 

than mercury treated or RA treated group. ANOA-IgG1 was four or nine fold increases than 

mercury treated or RA treated group. ANoA-IgG2a was 8 or 23 fold increases than the mercury 

treated or RA treated group. 

 

 

 

 

 

 



66 
 

 

Figure 19. Protocol for RA in peripheral tolerance prevention 
 
Groups of five A.SW mice were feed with ATRA from day -8 to day 4. On day-7, the low-dose 

of mercury was used to induce tolerance. 30µg/mouse HgCl2 was injected on days 0, 2, and 4. 

Animals were thereafter evaluated for ANoA and serum Ig levels. 
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Fig20. ATRA reverses the tolerance induced by the low-dose of mercury  

Groups of five A.SW mice were feed with ATRA from day -8 to day 4. On day-7, the low-dose 

of mercury was used to induce tolerance. 30µg/mouse HgCl2 was injected on days 0, 2, and 4. 

Animals were thereafter evaluated for ANoA and serum Ig levels. ANoA was detected by 

immunofluorescence assay and expressed as serum titers ± SEM. Serum Ig levels were measured 

by ELISA and were expressed in mg/ml ± SEM. (IgG1) or µg/ml ± SEM. (IgE). *p<0.05** 

p<0.01*** p<0.001. as analyzed by two way ANOVA by Prism software.   

Serum IgG1

-1 0 1 2 3 4 5
0

1

2

3

4

WEEKS

m
g/

m
l

Serum IgE

-1 0 1 2 3 4 5
0

10

20

30
*** ***

WEEKS

ug
/m

l
ANOAIgG1

-1 0 1 2 3 4 5
0

1000

2000

3000

4000



68 
 

4. DISCUSSION 

Mercury is a natural component of the earth’s crust. It is found in three forms: elemental mercury 

(Hg), inorganic mercury (Hg+ and Hg2+) and organic (such as ethyl, methyl and phenyl) mercury 

(Morita et al., 1998). Methylmercury (MeHg) is the most toxic form of Hg (FDA, 2006). Long 

term (20μg/m3 or more for several years) exposure to mercury may cause irreversible injury to 

brain, kidneys and fetus (WHO 2007). Mercury can also trigger immune dysfunction and 

autoimmune disease in humans. Mercury exposure is associated with the presence of antinuclear 

antibodies in humans. To better understand the mechanism of this disease, two model systems in 

A.SW mice were explored in this thesis. One is a regular dose of mercury treatment to trigger 

disease. The other is a low dose of treatment to induce tolerance. 

 

4.1 Low-dose mercury-induced tolerance model 

To study whether the susceptible mouse can become tolerized to the mercury challenge, 1/10th 

of the regular dose of mercury was given one week before the regular dose of mercury treatment. 

The results shown in Fig. 2 indicated that mice treated with low-dose mercury were tolerized to 

the following regular dose of the mercury challenge. They could not produce high level of serum 

IgG1, IgG2a, IgE and autoantibodies. The study shown in Fig. 2, to our knowledge, was the first 

finding of a tolerance induction to HgCl2 in susceptible adult mice. In the mean-time, however, 

those mice retained their competitive immunity against the foreign antigen, KLH (keyhole limpet 

hemocyanine). This may suggest that the tolerance was specific to mercury (Yan Zheng, 

unpublished data).  
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Friedman et al. compared the low-dose tolerance and high-dose tolerance by giving orally hen’s 

egg white lysozyme or rat guinea pig myelin basic protein to mice. His study showed that low-

dose tolerance was mediated by TGF-β and high-dose tolerance was mediated by anergy. Low-

dose tolerized rats responded well to an antigen in the presence of anti-TGF-β antibodies, but 

their tolerance could not be reversed by IL-2. However, high-dose tolerance could be reversed by 

IL-2 (Friedman et al., 1994). Giving patients low-dose of antigens was a useful treatment to 

decrease the inhibitor (alloantibody) in Hemophilia A. Mauser-Bunschoten et al. reported that 

when they gave Hemophilia A patients a low-dose of factor VIII (25 U factor VIII per kilogram 

body weight) for 0.5 to 28 months, immune tolerance induction was successful in 21 of 24 

patients (87%). The inhibitor decreased to 2 BU/mL. Factor VIII recovered at least 50% of 

normal concentration and factor VIII half-lifetime increased to 6 hours or more (Mauser-

Bunschoten et al., 1995). The low-dose mercury-induced tolerance was different from the 

classical low-dose tolerance model because the antigen was unknown and animals could not be 

directly treated with the antigen. Besides this, the low-dose mercury-induced tolerance could not 

be reversed by anti-TGF-β antibodies. 

 

4.2 The role of ICOS in immune system 

The Inducible Costimulatory molecule (ICOS) is a positive costimulatory receptor. The knockout 

mice showed defections in T cell proliferation, cytokine production and germinal center 

formation, as well as reduced antibody production (Dong et al. 2001). The previous studies have 

shown the role of ICOS in regulating HgCl2-induced autoimmunity by using a blocking anti-

ICOS mAb. The data showed that blockade of the ICOS-ICOSL pathway by an anti-ICOS mAb 

suppressed antinucleolar autoantibody production and IgE production (Zheng et al., 2005). 
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Zheng’s result was one example of the classical role of ICOS in immune response. Warnatz et al 

also reported that human common variable immunodeficiency (CVID) had a homozygous 

genomic deletion of ICOS exons 2 and 3 (Warnatz et al., 2006). Pan et al found that the blockade 

of ICOS–B7h pathway resulted in a significantly prolonged graft survival (Pan et al., 2008). 

 

In this thesis, it was demonstrated that the low-dose mercury tolerance induction process need 

the ICOS signaling (Fig. 4), since missing ICOS would eventually abrogate tolerance induction. 

This is the non-classical role of ICOS. The data concurred with two reports by Miyamoto et al. 

and Herman et al.: Miyamoto et al reported that ICOS–/– mice were resistant to the induction of 

oral and nasal tolerance. However, tolerance induced by a high-dose of intravenously 

administrated aqueous Ag was intact in ICOS–/– mice (Miyamoto et al., 2005). Herman et al. 

found that the blockade of ICOS rapidly converted early insulitis to diabetes (Herman et al., 

2004). As shown in Fig. 6, the ICOS expression on Tregs and T effector cells was upregulated in 

the group treated with mercury. There are several reports that the high expression of ICOS on the 

T cells is associated with the production of IL-10. That explains why the mercury-induced 

disease was a self-limited process. ICOS plays opposite roles in autoimmune disease by either 

exacerbating or abrogating the disease. The timing of blocking this pathway was important for 

the disease development. One possible explanation for the contradictory effect of ICOS is that in 

the earlier stage, only Tregs has the high expression of ICOS on the surface and when it is 

blocked, it will affect Tregs function and exacerbate disease. During the effectors phase, T 

effector cells also express a high amount of ICOS molecules on the surface and this population 

outnumbered Tregs, so when ICOS is blocked at this stage, the disease is relieved. 
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Another experiment indicated that ICOS from recipient mice may control transferred Tregs 

function. Miyamoto et al. reported that without the ICOS, mice could produce a normal function 

of Tregs. The CD4 T cell from wild type or ICOS knockout mice had a comparable ability to 

suppress EAE. However, if the CD4 T cells from wild type or knockout mice were transferred 

into knockout mice, the treatment could exacerbate EAE and the transferring of the ICOS 

knockout CD4 T cells resulted in a much worse disease. These results suggested that the 

suppressive function of transferred Treg cells was controlled by ICOS in the recipient mice 

(Miyamoto et al., 2005). 

 

Surprisingly, another costimulatory molecule CTLA-4, which is a well known negative regulator 

of immune response, played a mild role in the tolerance induction (Fig. 4). The previous results 

showed that blocking CTLA-4 increased anti-nucleolar autoantibodies and total serum IgG1 

levels in susceptible A.SW mice. In some of mercury-resistant DBA/2 mice with CTLA-4 

blockade, antinucleolar antibody production had been seen ( Zheng et al., 2003). However, in Fig. 

4, the group which received anti-CTLA-4 could not produce high level of serum antibody and 

autoantibody. The reasons why the effect of CTLA-4 could not be seen in this model may be 

because the blocking antibody was not given in the proper time or the dose was not high enough 

or this molecule was not an important factor in the low-dose mercury-induced tolerance. 

 

4.3 The role of Tregs in our system 

The previous results indicated that CD4+CD25+ regulatory T cells played an important role in 

protecting mice from mercury-induced autoimmunity. There are two pieces of evidence: first, the 

depleting Tregs using anti-CD25 mAb could exacerbate HgCl2-induced autoimmunity in 
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susceptible and resistant mice. Second, the transferring of regulatory T cells from tolerized mice 

rendered naive A.SW mice tolerant to the mercury challenge (Yan Zheng, Unpublished data). 

This study concentrated on the natural Treg cells which were defined by their marker 

CD4+CD25+FOXP3+. It was found that besides CD4+CD25+FOXP3+, another subset, 

CD4+CD25+FOXP3+ICOS+ which was first mentioned in a paper by Ito et al. (2008), also 

increased in the tolerized group (Fig. 3). Chen et al. reported that during progressive stage of 

psoriatic lesions, the frequency of Tregs (the ratio of Treg to Teff) decreased compared with 

normal skin or stable and regressive stages of psoriasis lesion (Chen et al. 2008). Tregs increased 

in stable stage or tolerized stage while they decreased during progressive stage.  

 

If blocking the ICOS pathway, there was a decrease of Tregs in total splenocytes (Fig. 6). This 

suggested that the ICOS pathway may be involved in Tregs development. It was consistent with 

the report that Tr 1 cells could not produce IL-10 after the blockage of the ICOS-signaling and 

lose the inhibitory function (Kohyama et al., 2004).  

 

After mercury treatment, ICOS expression was increased on both T effector cells and Tregs (Fig. 

5). It is known that ICOS expression is upregulated after priming. The role of up-regulated ICOS 

on the Tregs after mercury treatment is not known yet. It must be determined if in mercury-

tolerant mice, ICOS expression is required on regulatory T cells, effector T cells or other cell 

types. The transferring experiment aided in answering this question. Tregs from the tolerized 

group and from the tolerized group treated with anti-ICOS antibody will be transferred to naïve 

A.SW mice. The hypothesis is that the mice which receive Tregs from the tolerized group will be 

protected from disease while the groups which receive Tregs from the tolerized group that are 
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treated with anti-ICOS antibody still develop disease. In another experiment, CD4+ICOS+ T cells 

or CD4+ICOS- will be transferred from the tolerized mice to naïve mice. The hypothesis is that 

the groups which receive CD4+ICOS+ will be protected from the mercury challenge while the 

groups receive CD4+ICOS- will show a more severe disease. 

 

Mercury affected cytokine production and these effects depended on the dose and the form of 

mercury. Vos et al. reported that human peripheral blood mononuclear cells (PBMC) produced 

more IL-4 and less IFN-gamma after being stimulated with PMA/ionomycin or Con A and 

organic mercury. Inorganic mercury (HgCl2) was 10 times less efficient to affect cytokine 

production than organic mercury (Vos, et al., 2007). CD4+ ICOS+ T cells from different organs 

or different infections were associated with different cytokines expression. Bonhagen et al. 

reported that in schistosome-infected mice, liver CD4+ICOS+ cells expressed Th2 cytokines. In 

the secondary lymphatic organs, ICOS+ T cells expressed CXCR5. CD4+ICOS+ from the gut or 

liver of mice infected with Toxoplasma gondii, produced IFN-gamma (Bonhagen et al., 2003). 

Several types of cytokines production were also studied in Fig. 7. Splenocytes from mice 

receiving anti-ICOS treatment showed the increase production of IL-6, TNF-α and IFN-γ. IL-6 

and TNF-α is well-known proinflammatory cytokines. IFN-γ is a known cytokine that plays a 

vital role in the mercury-induced autoimmunity. IFN-γ-deficient mice displayed a very low 

ANoA, anti-chromatin Ab and a decreased immune complex deposit (Kono et al., 1998). IL-6 

deficient mice had a defect in polyclonal B cells activation (Pollard et al., 2003). These three 

increased cytokines in the ICOS treated group may explain why those tolerized mice developed 

autoimmune disease after the blockage of ICOS. Mice treated with blocking ICOS antibodies at 
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different time could produce the opposite effect on disease development. This observation serves 

as a cautionary note when considering using this antibody as a treatment option. 

  

4.4 The role of IL-10 in our system 

 Interleukin-10 has anti-inflammatory and suppressive effects on most hematopoietic cells. The 

suppressive effects can be reversed by the anti-IL-10 and anti-IL10 receptor antibodies. Slavin et 

al. (2001) studied the role of IL-10 in several autoimmune diseases. They found that giving oral 

IL-10 to NOD (nonobese diabetic mouse) mice suppressed MOG (myelin oligodendrocyte 

glycoprotein)-induced EAE, as well as decreased the incidence of diabetes in the NOD model 

(Slavin et al., 2001). From our experiment as shown in Fig. 8, splenocytes from the tolerized 

mice group could produce a significantly high level of IL10 and in Fig. 9, the mice which 

received the blocking anti IL10 antibody could not maintain the tolerized state. These were two 

kinds of evidence that IL-10 was needed to maintain tolerance in this model. Although a 

significant increase in serum IgE and ANoA could be seen, the effect of this treatment was not as 

dramatic as in the ICOS experiment. The reason may because: first, IL-10 is a soluble factor, it is 

not easy to block it. Second, the antibody dose may not be high enough. Third, both IL-10 and its 

receptors needed to be blocked. Prior to this study only anti-IL10 receptor antibody were used 

twice, the breaking of the tolerance could not be seen.  

 

Besides this, the timing is also important. On day 8 and day 4 the antibody was given following 

the protocol from Mizoguchi paper. Mizoguchi et al. found that CD1d+ B cells had a regulatory 

function. They could inhibit the intestinal inflammation. The inhibation function depended on 

IL-10 because when a neutralizing IL-10 and IL-10 receptor antibody was used, the protection 
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could be abrogated (Mizoguchi et al 2002). From these results, there is still some space to 

optimize the IL-10 experiment condition. 

4.5 The linkage between ICOS and IL-10 

Through the research, it was found that two molecules, ICOS and IL-10, are critical to tolerance 

induction by low-dose of mercury. Do these two molecules relate with each other? These results 

and other reports showed that ICOS signaling is important for the differentiation of Tregs and 

Tr1 cells. Human ICOS is a T cell costimulatory molecule supporting IL10 secretion. In 

C57BL/6 mice, CD4+ICOS+ cells had increased production of IL-4 or IL-10 and decreased IFN-γ 

after activation. CD4+ICOS- cells mainly produced IFN-γ. CD4+ICOS+ cells partially suppressed 

the proliferation of CD4+ICOS- or CD4+CD25- lymphocytes. This suppression effect depended 

on IL-10. Transferring CD4+ICOS+ cells protected mice from EAE in ICOS-deficient mice (Rojo 

et al., 2008). A pilot study investigated variations of the ICOS gene 3'UTR forming three 

haplotypes (A, B, C) and 8 polymorphisms. Activated T cells from the AA homozygote 

expressed significantly less ICOS and secreted more IL10 than the AC heterozygote, whereas 

AB heterozygote expressed intermediate levels of ICOS and IL-10. AA homozygosity showed 

mild MS (multiple sclerosis). Moreover, AA patients had a lower relapse rate and less disease 

severity score than non-AA patients (Castelli et al., 2007). Using single cell analysis, ICOS low 

cells were found to be weakly associated with interferon-γ, IL-2, IL-3 and IL-6. ICOS medium 

cells that constituted the large majority of ICOS+ T cells were strongly associated with IL-4, IL-5, 

and IL-13. ICOS high T cells were linked to IL-10 (Löhning et al., 2003). Collectively, these 

reports support our data and strongly suggest that ICOS and IL-10 were involved in tolerance 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Rojo%20JM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus�
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induction. Manipulation them represents a promising strategy for the immunotherapy of human 

autoimmune diseases.  

Mekala reported that Tregs could induce IL-10 producing Tr1 cells which helped inhibit the 

immune response dependent on IL-10 (Mekala et al., 2005). The Tregs transferring experiment 

and IL-10 blocking experiment suggested that transferring Tregs may induce Tr1 in this model 

which needs to be further studied in this system. To determine whether Th3 cells or TGF-β are 

important in the system, the blocking TGF-β antibody was used in the tolerized model. The 

results showed that this blocking antibody had a minimal effect in this model.  

There are still some unanswered questions: does the ICOS pathway lead to IL-10 production in 

the tolerized model? Which cells produce IL-10 in mice that have been tolerized to mercury? 

Further studies need to be performed to answer these questions. 

4.6 RA exacerbate mercury-induced autoimmunity 

ATRA polarized the immune system to Th2 direction (Yu et al., 2005). Retinoic acid also 

inhibited the IL-6 driven induction of proinflammatory Th17 cells and promotes Treg cell 

differentiation (Mucida et al., 2007). What is the role of RA in mercury-induced autoimmunity? 

 

As shown in Fig. 12, the mice which received both RA and mercury had the highest levels of 

serum IgG1, IgE and ANOA. The synergetic effect of mercury and RA depended on the dose of 

RA because the group which received 10µg of RA showed a borderline increased serum IgG1 

and IgE but no increase of ANOA. This result was surprising because of the role of RA in the 

Tregs differentiation. This study was the first one to examine the synergetic function of RA and 

mercury in mercury-induced autoimmune diseases. Morikawa et al. reported that ATRA 
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significantly increased the levels of IgG in tonsil B cells and promoted these cells to become 

plasma cells (Morikawa et al., 2005). Ma et al. reported that RA used synergistically with Poly I: 

C could increase serum IgG against Tetanus toxoid, especially IgG1 (Ma et al., 2005). Their 

finding supported the results in Fig. 12 that RA could increase serum Ig (Immunoglobulin) levels. 

The increase in serum Ig and autoantibodies seemed because RA biased immune response to Th2 

direction. 

 

4.6.1 Retinoic acid in autoimmunity 

Kinoshita et al. reported that ATRA treated NZB/W F1 mice could survive longer than the 

control NZB/W F1 mice treated only with saline. The NZB/W F1 mice treated only with saline 

displayed more severe glomerulonephritis. In contrast, there was no glomerulonephritis in the 

NZB/W F1 mice treated with ATRA. IgG deposition and anti-DNA antibodies in the mice 

treated with ATRA were significantly lower. The NZB/W F1 mice treated with ATRA had a 

lighter spleen and lower levels of IL-2, IFN-γ, and IL-10 than the NZB/W F1 mice treated with 

saline (Kinoshita et al.2003). Retinoids had been shown to polarize encephalitogenic T cells in 

experimental allergic encephalomyelitis (EAE) to Th2 direction and to have stabilized the EAE 

(Lovett-Racke et al., 2002). Many synthetic retinoids have been developed and used 

experimentally to treat disease. Tamibarotene (Am80) was a synthetic retinoid that was used for 

psoriasis patients and APL (acute promyelocytic leukemia). This compound was also used in 

animal models of rheumatoid arthritis and experimental autoimmune encephalomyelitis (Hiroshi 

et al., 2006). RA used in Th1 bias disease will act as a treatment.  

 

http://en.scientificcommons.org/mar%C3%ADa_m_escribese�
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The results shown in Fig. 12 indicated that instead of protecting mice from mercury-induced 

autoimmunity, ATRA treatment exacerbated mercury-induced autoimmune disease. The reason 

for this could be that mercury-induced autoimmune disease is Th2 biased. The role of RA 

biasing the immune response to Th2 is dominant in this system than the role of RA in Tregs 

differentiation.  

 

4.6.2. The role of Tregs and IL-10 in the RA and mercury treated group 

Tregs are very important suppressive subsets of T cells and the previous results also indicated 

that CD4+CD25+ regulatory T cells played an important role in protecting mice from mercury-

induced autoimmunity. To study the role of Tregs in RA treated group, four groups of mice were 

studied: untreated, treated with RA, treated with mercury or treated with both. The results shown 

in Fig. 14 indicated that the group which received both RA and mercury had a lower percentage 

of Tregs. Mucida et al showed that retinoic acid promoted anti-inflammatory Treg cell 

differentiation (Mucida et al., 2007). The results in Fig. 14 indicated that the exacerbation of the 

mercury-induced autoimmune disease may be due to the decreased percentage of Tregs.  

 

IL10 is an anti-inflammatory cytokine. Maynard et al. reported that all-trans retinoic acid (ATRA) 

inhibited the TGF-β–mediated induction of IL10 positive CD4 T cells, and that mice with 

vitamin A deficiency had increased numbers of IL-10+ Treg cells (Maynard et al. 2009). To 

explore whether this cytokine may be involved in exacerbating disease in the RA and mercury 

treated group, intracellular cytokine staining was used to compare the four groups of mice. As 

shown in Fig. 16, the group which received the RA and mercury treatment had the lowest 

percentage of IL10 positive cells. 

http://en.wikipedia.org/wiki/Inflammatory�
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The splenocytes from the group of mice that received both treatments could produce higher 

amounts of IL2 and IFN-γ (Fig. 15). These two cytokines were known as important factors in 

mercury-induced autoimmunity. IFN-γ -deficient mice had very low autoantibody levels and low 

immune complex deposit (Kono et al., 1998). The increase in these two cytokines may also help 

explain why RA exacerbated disease. 

 

4.6.3 RA and apoptosis 

There are contradictory reports about the role of RA in apoptosis. Moreno-Manzano et al. found 

that ATRA inhibited mesangial cells apoptosis that was induced by pyrrolidine dithiocarbamate 

(Moreno-Manzano et al., 1999). In contrast, Zhang et al. reported that All-trans retinoic acid 

(ATRA) induced apoptosis in primary and metastatic melanoma cells (Zhang et al., 2003). 

Szondy et al. reported that ATRA induced apoptosis of mouse thymocytes and 9-cis retinoic acid 

was a more effective inducer than ATRA (Szondy et al., 1997). The results shown in Fig. 17 

were consistent with the Moreno-Manzano reports. The group which received RA had a lower 

percentage of early apoptosis cells. The group received both RA and mercury treatment had a 

low but not a significantly lower percentage of apoptosis cells.  

The summary of these studies, the increase in IL-2, IFN-r and decrease in IL10 positive cells, as 

well as Tregs and apoptosis cells may help explain why this group has more severe autoimmune 

disease compared with the other group.  

 

To further understand the role of ATRA, the role of RA in the tolerized mice model was studied. 

Three groups of five A.SW mice were fed with ATRA one day before tolerance induction. Then 

serum was collected to analyze the disease development. The results showed that the tolerized 
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group which received RA and mercury could restore their ability to produce higher levels of 

serum IgG1, IgE and ANOA than the control group (Fig. 19). The results of the Retinoic acid 

experiment were different from the ICOS experiment. Blocking the ICOS pathway in an early 

stage of mercury-induced autoimmune disease may exacerbate disease while blocking it during 

the effectors phase may relieve disease. ATRA could exacerbate disease in the tolerized model 

and mice treated with regular dose of mercury model. Why ATRA has such a strong effect is still 

unknown. The answer to this question may help us to treat the autoimmune disease.  

 

4.6.4 PCR array 

To further study this disease model at the molecular level, PCR array were used to screen 84 

genes, which are involved in T and B cell activation. The result shown in Tab. 1 was not 

expected. Compared to the naïve group, two genes were unregulated in the mercury treated 

group. Three genes were upregulated in the RA treated group, while in the RA and mercury 

treated group, four genes were downregulated. A real-time PCR is needed to further validate the 

PCR array results.   

 

The reasons why several genes were downregulated in the mercury and RA treated group may 

because that: first, genes expression was analyzed right after the spleens were separated and the 

splenocytes were not stimulated with anti-CD3 and anti-CD28. Second, the RNA was separated 

from the whole spleen. Third, RA or mercury treatment may shift a certain subgroup of cells 

which express a high level of these genes. As a next step, certain subgroup of cells may need to 

be separated to study the expression of these genes. 
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From the PCR array study, ten candidate genes were selected from Table 1 and Table 2: these ten 

genes were found either downregulated or upregulated after mercury and RA treatment. There 

are very few reports about the functions of these genes in the mercury and RA treated mouse 

model. They were important genes involved in migration, homing, apoptosis, innate immune 

response and costimulatory pathway. 

 

CXCR5 (Burkitt lymphoma receptor 1 (BLR1) or CD185) is a G protein-coupled seven 

transmembrane receptor. The ligand is CXCL13. The receptor is expressed on mature B cells and 

on the subpopulation of T cells like follicle T cells. The knockout mice showed defects in payer 

patch, lymph node and spleen formation. CXCR5 plays an essential role in B cell homing 

(Förster et al., 1996; Carlson et al., 2002; Roy et al., 2002). 

 

CXCL12 or SDF-1 (stromal cell-derived factor-1) is one of the CXC chemokine receptor 

families. It plays a role in B cell development and leukocyte migration. The receptor for this 

chemokine is CXCR4. Burn et al. reported that CXCL12 is also bound by the CXCR7 receptor. 

CXCR7 is frequently expressed on transformed cells and the tumor cell line. It is also expressed 

in embryo liver cells. SDF knockout mice died between days 15 and 18 of gestation. (Balabanian 

et al., 2005; Burns et al., 2006).  

 

HELLS (Helicase, lymphoid-specific; PASG) is a gene that encodes a lymphoid-specific 

helicase. The knockout mice had low body weight and low serum glucose. Those mice also 

displayed growth retardation and premature aging (Sun et al., 2004) 

 

http://en.wikipedia.org/wiki/G_protein-coupled_receptor�
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TLR6 (Toll-like receptor 6; CD286) plays a role in pathogen recognition and activation of innate 

immunity. TLR6 is expressed on the cell surface in monocytes, DCs, and neutrophils. It is 

colocalized with TLR2. Human TLR6 cooperatively with human TLR2 recognized diacylated 

lipopeptide and peptidoglycan at the cell surface (Nakao et al., 2005). 

 

CD40L is one of the TNF superfamily molecules. It is a costimulatory molecule expressed on the 

activated T cells. This gene mutation results in an inability to undergo immunoglobulin class 

switch and hyper-IgM syndrome (Lederman et al., 1993; Jain et al., 1999).  

 

WAS (Wiskott-Aldrich syndrome homolog) is important for actin polymerization. The knockout 

mice had fewer lymphocytes and platelets. Mutation in this gene could cause eczema-

thrombocytopenia-immunodeficiency syndrome. Patients displayed eczema, thrombocytopenia 

(low platelet count), immune deficiency and bloody diarrhea (secondary to the 

thrombocytopenia) (Basile et al., 1996; Calle et al., 2004).  

 

ICOSL is the ligand for ICOS. The function was mentioned in the introduction to ICOS. 

 

NOS2 is an enzyme that catalyzes arginine to nitric oxide (NO). Nitric oxide is an important 

transmitter in the neural system, the immune system and can dilate blood vessels. NO is needed 

for maturation of NK cells. Micorphage from NOS2 knockout mice could not clear the L. major 

infection very well (Bogdan et al., 2000). 
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IRF-4/MUM1 (Interferon regulatory factor 4) regulates transcription of interferons. MITF 

(Microphthalmia-associated transcription factor) inhibits IRF4 gene expression. IRF4 interacts 

with STAT6, BCL6, NFATC2. BCL6 could inhibit the function of IRF4. IRF4 could interact 

with NFATC2 as partners to induce IL-4 gene expression (Gupta et al., 1999; Lin et al., 2004). 

 

Tnfsf14/Light is a member of the tumor necrosis factor (TNF) ligand family. The ligands are 

herpesvirus entry mediator (HVEM)/ TNFRSF14, decoy receptor 3 (DcR3) and lymphotoxin β 

receptor (LT β R). This protein may function as a costimulatory factor for the activation of T 

cells. Blocking this pathway can suppress the proliferation of T cells. The binding of 

Tnfsf14/Light to LT β R induces apoptosis of the colon adenocarcinoma cell line. Recently 

Edwards et al found that Tnfsf14/Light increased in rheumatoid arthritis patients and may be 

involved in bone absorption (Rooney et al., 2000; Granger et al., 2003; Edwards et al., 2006). 

Our future goal is to further characterize the expression and the role of molecules that is 

upregulated by mercury and RA.  

 

In summary, the low-dose tolerized model was established and the role of several important 

molecules ICOS, IL-10, RA and subtype of T cells-Tregs was studied in the model system. The 

results showed that Tregs were needed for maintaining tolerance induced by low-dose mercury. 

When this population was depleted, the mice could not become tolerized and when Tregs were 

given to naïve mice, the treatment protected them from following the mercury challenge. It was 

also found that blocking the ICOS pathway could prevent the tolerance induction. In both the Ito 

reports and our results, it was found that ICOS were very important for Tregs development. 

Further study from the lab showed that IL10 played an important role in the tolerized model, 
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because block this pathway could prevent tolerance in a modest way. There are a couple reports 

showed that ICOS was needed for producing IL-10. From all these findings, a model was 

proposed. Tregs and Tr1 may be needed for tolerance induction. Tregs could help induce Tr1 

cells. The ICOS on the Tregs surface were very important for its normal function. Tregs and Tr1 

could produce IL-10. This cytokine was needed in inducing tolerance. If any of these were 

interrupted, tolerance could not be induced. Whether ICOS will affect Tr1 function was 

unknown. The effect of RA may be due to its effect on decreasing of Treg, IL-10+ cells and 

apoptosis cells. Cytokines like IL-2, TNF-, IFN- and IL-6 also play a role in the disease 

development. But it was not sure whether the increase of this cytokine is the cause of disease or 

the results of treatment.  

 

To study these molecules and cell subsets will help us understand the mechanism of mercury-

induced autoimmune disease and provide us with some helpful hints to treat autoimmune 

disease. 
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