
 
ACCELERATION OF MURINE SYSTEMIC LUPUS ERYTHEMATOSUS (SLE) BY 

EXPOSURE TO THE ORGANOCHLORINE PESTICIDE CHLORDECONE  
 
 
 
 
 
 
 
 
 
 
 
 
 

By 
 

FEI WANG 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A DISSERTATION PRESENTED TO THE GRADUATE SCHOOL 
OF THE UNIVERSITY OF FLORIDA IN PARTIAL FULFILLMENT 

OF THE REQUIREMENTS FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 

 
UNIVERSITY OF FLORIDA 

 
2005 



 

 

 

Copyright 2005 
 

by 
 

Fei Wang 
 
 
 
 
 

 



 

 

 

To my mother Xiaoxian Wang, and my father Rongde Wang. 

 
 



iv 

 
ACKNOWLEDGMENTS 

I would like to give my deepest gratitude to my mentors, Dr. Stephen M. Roberts 

and Dr. Eric S. Sobel, for all the time and effort they have invested on me.  I am very 

grateful to them for having faith in me and accepting me to be their graduate student, and 

I also cherish the years under their guidance.  Their keen insights in the fields of 

toxicology and rheumatology have made my research much easier, and their 

consideration and trust have made me, a foreign graduate student, feel at home. Dr. 

Roberts and Dr. Sobel have been both mentors and friends for me.  I also want to 

acknowledge my committee members Dr. Kathleen T. Shiverick, Dr. Dietmar W. 

Siemann, and Dr. Nancy D. Denslow.  They have assisted me to grow gradually by their 

great suggestions and comments over the last several years.  I also want to thank Dr. 

Laurence Morel for many enthusiastic suggestions.  Dr. Christopher M. West, my 

previous menter at biochemistry, provided me wonderful trainings in biochemistry and 

molecular biology.   

My special thanks also go to my colleagues in the laboratory, both past and present.  

In particular, I want to thank Edward J. Butfiloski, the lab manager and Research 

Associate in Dr. Sobel’s lab, who taught me most of the fundamentals when I started, and 

someone I can always count on when I face an unexpected technical problem.  John W. 

Munson, the research manager in Dr. Roberts’ lab, has always been ready to help me 

whenever I needed.   



v 

I want to thank my parents from the bottom of my heart. Without their love and 

support, I would never have reached this far.  



vi 

 

TABLE OF CONTENTS 
 
 page 

ACKNOWLEDGMENTS ................................................................................................. iv 

LIST OF TABLES............................................................................................................. ix 

LIST OF FIGURES .............................................................................................................x 

ABSTRACT..................................................................................................................... xiii 

CHAPTER 

1 INTRODUCTION ........................................................................................................1 

Pathogenesis of Lupus ..................................................................................................1 
Breaking Tolerance ...............................................................................................2 
Apoptosis and Its Role in Autoimmunity..............................................................3 
Cytokines in the Induction of Autoimmunity........................................................4 

The Role of Estrogen in Lupus.....................................................................................5 
Organochlorine Pesticide Chlordecone ........................................................................9 
Health Hazard Information of Chlordecone ...............................................................10 

Neurotoxicity.......................................................................................................10 
Carcinogenesis of Chlordecone...........................................................................11 
Reproductive Toxicity .........................................................................................12 
Immunotoxicity ...................................................................................................12 

Estrogenicity of Chlordecone .....................................................................................14 

2 MATERIALS and METHODS ..................................................................................25 

Experimental Animals ................................................................................................25 
Test Materials and Treatments....................................................................................25 
Flow Cytometry ..........................................................................................................26 
Apoptosis Assay .........................................................................................................26 
Proliferation Assay .....................................................................................................27 
CD4 T Cell Cytokine Determination..........................................................................28 
cDNA Preparaion........................................................................................................28 
Real-time PCR............................................................................................................29 
ELISA for Autoantibody Titers. .................................................................................29 
Determination of Serum Prolactin. .............................................................................30 
Producing and Labeling Apoptotic Cells....................................................................31 



vii 

Clearance of Apoptotic Cells......................................................................................31 
Statistical Analysis......................................................................................................32 

3 COMPARISON OF SPLENIC LYMPHOCYTE PHENOTYPIC CHANGES 
WITH TREATMENT OF CHLORDECONE AND ESTROGEN ............................34 

Introduction.................................................................................................................34 
Germinal Centers.................................................................................................35 
Marginal Zone B cells .........................................................................................37 

Results.........................................................................................................................39 
Chlordecone Exposure Caused Only Slight Changes in Spleen, Uterus and 

Body Weight Compared to Estradiol...............................................................39 
Estradiol, but Not Chlordecone, Changed Lymphocyte Percentages..................40 
Both Chlordecone and Estradiol Treatments Activated Splenic B Cells ............40 
Chlordecone Exposure Enhanced Germinal Center Reactions ...........................41 
Examination of Expression Profile of Genes Involved in Germinal Center 

Reactions..........................................................................................................42 
Exposure to Chlordecone and Estradiol Decreased the Rates of Germinal 

Center Apoptosis Without Affecting the Proliferation of Lymphocytes .........43 
In Contrast to Estradiol, Chlordecone Treatment Did Not Alter Splenic B 

Cell Subsets......................................................................................................43 
Estradiol, But not Chlordecone, Increased the Mature Plasma Cell Population .44 
Estradiol, but Not Chlordecone, Enhanced Anti-dsDNA and Anti-ssDNA 

Autoantibody Titers in Serum..........................................................................45 
Estradiol, but Not Chlordecone, Activated Splenic T Cells ................................45 
Estradiol, but Not Chlordecone, Increased the Regulatory T Cell Population....46 
Estradiol Treatment Enhanced the Expression of T Cell Receptor Vα, but Not 

Vβ Chains ........................................................................................................46 
Chlordecone and Estradiol Treatments Enhanced Bcl-2 Expression on CD4 T 

Cells .................................................................................................................47 
Chlordecone and Estradiol Treatments Reduced CD4 T Cell Apoptosis 

Without Affecting Proliferation.......................................................................47 
Chlordecone Increased the Percentage of Macrophage Population, but Not 

Dendritic Cell Population in Spleen ................................................................47 
Discussion...................................................................................................................48 

4 COMPARISION OF SPLENIC B CELL GENE EXPRESSION AND CD4 T 
CELL CYTOKINE SECRETION BY CHLORDECONE AND ESTROGEN 
TREATMENT ............................................................................................................82 

Introduction.................................................................................................................82 
Selected Genes.....................................................................................................83 
Cytokines.............................................................................................................86 

Results.........................................................................................................................91 
Negative Selection by Magnetic Beads Resulted in Highly Purified 

Populations of B and CD4 T Cells...................................................................91 
Chlordecone Enhanced Bcl-2, Shp-1, FAS Expression in B Cells .....................92 



viii 

Estradiol Decreases IFN-γ Expression in B Cells ...............................................93 
Neither Chlordecone Nor Estradiol Changed the Expression of FcγRIIb, 

TNF-α, TGF-β, Ly5, IL-6 and IL-2 .................................................................93 
CD3 and/or CD28 Stimulation Significantly Increased Cytokine Secretion ......93 
Normalizing the Cytokine Levels........................................................................95 
Both Chlordecone and Estradiol Significantly Increased Secretion of the Pro-

inflammatory Cytokines TNF-α and IL-2........................................................95 
Chlordecone, but Not Estradiol, Increased the Secretion of Pro-inflammatory 

Cytokines IFN-γ and GM-CSF ........................................................................96 
Estradiol, but Not Chlordecone, Increased IL-10 Secretion................................96 
Estradiol, but Not Chlordecone, Caused a Significant Decrease in IL-4 Level ..96 

Discussion...................................................................................................................97 

5 COMPARISON OF CHLORDECONE AND ESTROGEN EFFECTS ON 
MACROPHAGE FUNCTIONS AND PEPTIDE HORMONE PROLACTIN 
SECRETION ............................................................................................................117 

Introduction...............................................................................................................117 
Macrophage and Autoimmunity........................................................................117 
Toxic Effect on Macrophage .............................................................................118 
Prolactin and Autoimmunity .............................................................................118 

Results.......................................................................................................................120 
Both Chlordecone and Estradiol Reduced Peritoneal Macrophage Clearance 

of Apoptotic Cells ..........................................................................................120 
Chlordecone Treatment did Not Affect the Proliferation of  

RAW 267.4 Cells ...........................................................................................121 
Both Clordecone and Estradiol Enhanced IL-10 Secretion in RAW 267.4 

Cells ...............................................................................................................122 
Chlordecone Exposure Decreased Prolactin Secretion in Marked Contrast to 

the Effects of Estradiol...................................................................................122 
Estradiol, but Not Chlordecone, Significantly Enhanced Prolactin Receptor 

Gene Expression in B Cells and CD4 T Cells ...............................................123 
Discussion.................................................................................................................124 

6 GENERAL DISCUSSION AND PERSPECTIVE ..................................................135 

LIST OF REFERENCES.................................................................................................148 

BIOGRAPHICAL SKETCH ...........................................................................................174 

 
 



ix 

 
LIST OF TABLES 

Table  page 
 
2-1 List of primers used in real-time PCR......................................................................33 

3-1 Introduction of phenotypic markers. ........................................................................60 

6-1 Summary of the results in the studies.....................................................................145 

 

 
 



x 

 
LIST OF FIGURES 

Figure  page 
 
1-1 Structures of 17β-estradiol and chlordecone. ...........................................................19 

1-2 Time to development of elevated autoantibodies in female NZB/NZW F1 mice 
treated with chlordecone. .........................................................................................20 

1-3 Enhanced renal disease and immune complex deposition in ovariectomized, 
chlordecone-treated mice after 8 weeks of treatment...............................................21 

1-4 Anti-chromatin autoantibody titers in female BALB/c mice treated with 
chlordecone. .............................................................................................................22 

1-5 Uterine hypertrophy in ovariectomized NZB/NZW F1 mice. .................................23 

1-6 Potential pathogenesis of lupus development. .........................................................24 

3-1 Transverse section of spleen white pulp. .................................................................61 

3-2 Chlordecone and estradiol effects on mice body, spleen and uterus weight. ............62 

3-3 Chlordecone and estradiol effects on splenic lymphocyte populations. ..................63 

3-4 Analysis of chlordecone and estradiol effects on B cell activation markers 
CD44, CD69, co-stimulation marker B7.2, and class II molecule I-A(d) 
expression in splenic B cells ....................................................................................64 

3-5 Enlarged germinal center in both chlordecone and estradiol-treated mice.. ............65 

3-6 Analysis of chlordecone and estradiol effects on the expression of chemokine 
receptors CXCR4 and CXCR5 in total B cells and germinal center B cells from 
the spleen..................................................................................................................66 

3-7 Analysis of chlordecone and estradiol effects on the expression of chemokine 
receptors CXCR5 in CD4 T cells from the spleen.. .................................................67 

3-8 Analysis of chlordecone and estradiol effects on the expression of Bcl-2 in B 
cells...........................................................................................................................68 



xi 

3-9 Analysis of chlordecone and estradiol effects on the expression of the cell 
adhesion molecules ICAM-1 and VCAM-1 in the total B cells and the germinal 
center B cells.. ..........................................................................................................69 

3-10 Analysis of chlordecone and estradiol effects on the expression of the inhibitory 
receptor FcγRIIb in the germinal center B cells.......................................................70 

3-11 Analysis of B cell apoptosis and proliferation from chlordecone and estradiol-
treated mice. .............................................................................................................71 

3-12 Analysis of chlordecone and estradiol effects on B cell subsets.. ............................72 

3-13 Analysis of chlordecone and estradiol effects on the percentage of mature 
plasma cells in spleen.. .............................................................................................73 

3-14 Analysis of chlordecone and estradiol effects on the serum titers of anti-dsDNA 
and anti-ssDNA antibodies.......................................................................................74 

3-15 Analysis of chlordecone and estradiol effects on the expression of the activation 
marker CD69 on CD4 and CD8 T cells.. .................................................................75 

3-16 Analysis of chlordecone and estradiol effects on the CD4 T cell subsets................76 

3-17 Analysis of chlordecone and estradiol effects in the regulatory CD4 T cell 
population.................................................................................................................77 

3-18 Analysis of chlordecone and estradiol effects on the T cell receptor revision.........78 

3-19 Analysis of chlordecone and estradiol effects on the expression of Bcl-2 in CD4 
T cells.. .....................................................................................................................79 

3-20 Analysis of chlordecone and estradiol effects on CD4 T cell apoptosis and 
proliferation.. ............................................................................................................80 

3-21 Analysis of chlordecone and estradiol effects on macrophage and dendritic cell 
populations.. .............................................................................................................81 

4-1 Increased gene expression of Shp-1 and Bcl-2 by chlordecone treatment in 
purified splenic B cells.. .........................................................................................108 

4-2 Analysis of gene expression of FAS and FAS ligand by chlordecone treatment in 
purified splenic B cells.. .........................................................................................109 

4-3 Comparison of chlordecone and estradiol effects on the expression of IFN-γ on 
splenic B cells.........................................................................................................110 

4-4 Comparison of chlordecone and estradiol effects on the expression of FcγRIIb, 
TNF-α, TGF-β and Ly5 in splenic B cells.. ...........................................................111 



xii 

4-5 Comparison of chlordecone and estradiol effects on the expression of IL-2 and 
IL-6 in splenic B cells.. ..........................................................................................112 

4-6 Analysis of the secretion of the pro-inflammatory cytokine TNF-α and IL-2 by 
CD4 T cells.............................................................................................................113 

4-7 Comparison of chlordecone and estradiol effects on the secretion of cytokines 
IFN-γ and GM-CSF by the CD4 T cells.. ..............................................................114 

4-8 Comparison of chlordecone and estradiol effects on the secretion of cytokine IL-
10 by the CD4 T cells.............................................................................................115 

4-9 Comparison of chlordecone and estradiol effects on the secretion of cytokine IL-
4 by cultured CD4 T cells.. ....................................................................................116 

5-1 Chlordecone and estradiol treatments impaired the clearance of apoptotic cells 
by peritoneal macrophages but not B1 cells...........................................................130 

5-2 Chlordecone or estradiol treatment did not affect the proliferation of RAW 267.4 
cell line.. .................................................................................................................131 

5-3 Comparison of chlordecone and estradiol effects on the secretion of cytokine IL-
10 by the RAW 267.4 cell line. ..............................................................................132 

5-4 Comparison of chlordecone and estradiol effects on serum prolactin level in 
ovariectomized NZB/NZW F1 mice and unovariectomized BALB/c mice.. ........133 

5-5 Comparison of chlordecone and estradiol effects on the gene expression level of 
prolactin receptor on splenic B and CD4 T cells....................................................134 

 

 



xiii 

 
Abstract of Dissertation Presented to the Graduate School 
of the University of Florida in Partial Fulfillment of the 
Requirements for the Degree of Doctor of Philosophy 

ACCELERATION OF MURINE SYSTEMIC LUPUS ERYTHEMATOSUS (SLE) BY 
EXPOSURE TO THE ORGANOCHLORINE PESTICIDE CHLORDECONE 

By 

Fei Wang 

December 2005 

Chair:  Stephen M. Roberts 
Major Department:  Pharmacology and Therapeutics 

The weakly xenoestrogenic pesticide chlordecone can accelerate lupus 

development in ovariectomized NZB/NZW F1 mice, an effect similar to that produced by 

estrogen.  A series of experiments were conducted to determine whether chlordecone 

produces effects on autoimmunity by functioning as an estrogen mimic.  Two-month-old, 

ovariectomized NZB/NZW F1 mice were implanted subcutaneously with 60-day 

sustained-release pellets containing 17-beta estradiol (0.05 mg/pellet) or chlordecone (1.0 

or 5 mg/pellet) for six weeks.  Mice implanted with pellets containing matrix only served 

as controls.  Lymphocyte phenotypic changes were studied by flow cytometry, gene 

expression changes on purified splenic B cells were measured by real-time PCR, and 

CD4 T cell cytokine secretion was tested by a multi-cytokine detection system.   

Both chlordecone and estrogen activated B cells and enhanced germinal center 

(GC) reactions.  Both chemicals increased Bcl-2 expression on splenic B and CD4 T 

cells, and reduced apoptosis without affecting proliferation.  On the other hand, estradiol 



xiv 

but not chlordecone, significantly increased mature plasma cells, changed the B cell 

subsets, activated T cells and changed CD4 T cell subsets.  

At the gene level, both chlordecone and estrogen increased B cell Shp-1, Bcl-2, and 

Fas expression, and IFN-γ expression was decreased.  Neither chlordecone nor estradiol 

changed TNF-α, FcγRIIb, TGF-β, Ly5, Fas ligand, IL-2 and IL-6 expression in B cells.  

On the other hand, although both chlordecone and estradiol increased TNF-α and IL-2 

secretion by CD4 T cells, only chlordecone treatment increased the secretion of IFN-γ 

and GM-CSF.  Estradiol treatment increased IL-10, while inhibiting IL-4 secretion.  

Both chlordecone and estradiol treatments reduced peritoneal macrophage 

clearance of apoptotic cells ex vivo, and increased IL-10 secretion in a concentration-

dependent manner by RAW 264.7 cells.  However, estrogen dramatically increased 

serum prolactin levels 10- to 20-fold, as measured by RIA, while chlordecone showed a 

marked dose-dependent decrease.  Furthermore, estrogen, but not chlordecone, 

significantly increased B and CD4 T cell prolactin receptor gene expression level.  

These findings suggest that while chlordecone and estradiol may share some 

pathways leading to enhanced survival of autoreactive lymphocytes, there are important 

differences, and chlordecone is not mediating its effects indirectly through stimulation of 

prolactin-mediated signaling.  
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INTRODUCTION 

Systemic lupus erythematosus (SLE) is a chronic, systemic autoimmune disorder 

characterized by exacerbations and remissions of varying intensity and duration.  The 

immune system that normally protects the body from bacteria, viruses, and other foreign 

substances mistakenly directs an attack against the body's own healthy tissues in SLE.  Its 

clinical manifestations are almost invariably accompanied by the presence of 

autoantibodies directed at a wide array of self-components including cell surface 

structures (surface proteins and phospholipids on lymphocytes) and intracellular 

molecules (DNA, histone, and RNA) (von Muhlen et al., 1995; Mohan et al., 1993).  

Although the cause of lupus is still uncertain, current evidence suggests that a 

combination of factors plays a role in the development of autoimmunity in SLE, 

including genetic, environmental, hormonal, and viral influences (D'Cruz, 2000; 

Roubinian et al., 1978).  

Pathogenesis of Lupus 

Genetic studies in mice indicate that predisposition to lupus-like diseases can be 

divided broadly into three categories: (1) defective peripheral tolerance caused by 

alterations in the expression of genes regulating cell survival and death, such as reduced 

expression of Fas/Fas ligand, Bim, PTEN, IL-2/IL-2R, and overexpression of Bcl-2;  

(2) defective clearance of dead and dying cells, and immune complexes; and (3) reduced 

threshold of lymphocyte activation, such as deficiencies of lyn, Shp-1, CD22, and 

FCRγ2b (Kim et al,. 2003). 
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Breaking Tolerance 

In the autoimmune diseases characterized by autoantibody-mediated pathology, 

breaking the tolerance of B cells is an important issue for understanding the underlying 

mechanisms of the disease (Ohashi et al., 2002).  B cell tolerance is established via 

several mechanisms.  First, during lymphocyte development, B cells reactive with self-

antigens undergo clonal deletion that effectively removes autoreactive cells by apoptosis. 

This deletion occurs in the bone marrow at a pre-B to immature B-cell transitional stage 

(Nemazee et al., 1989; Hartley et al., 1991).  Secondly, self-tolerance can also be 

achieved by functionally altering self-reactive cells instead of physically eliminating 

them.  In B cells, a period of exposure to a relatively weak, costimulator-deficient 

antigenic stimulus renders the B cell much more difficult to activate into proliferation and 

antibody secretion by a subsequent immunogenic antigen challenge, a state called anergy 

(Goodnow et al., 1988).  Third, B-cell tolerance can also occur in newly formed bone 

marrow cells through receptor editing, a form of receptor processing that markedly alters 

the Ig-variable (V)-region genes expressed by B cells and, consequently, changes the 

specificity of the surface Ig (Tiegs et al., 1993; Radic et al., 1993).  Failures in B cell 

tolerance play an important role in the generation of high levels of autoantibodies, as is 

seen in human SLE and representative mouse models. 

Two important events are critical in breaking of lymphocyte tolerance.  One is the 

maturation state of the antigen presenting cells (APCs), and the other is the amount of 

self antigen that is detected by the immune system (Ohashi et al., 2002).  If increased 

levels of self antigen expression occur in the absence of signals that promote full APC 

maturation, then tolerance will occur.  If, however, self antigen is detected in the presence 

of pro-inflammatory signals or other events that promote APC maturation, then tolerance 
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will be broken and autoimmunity will arise.  The maturation of APCs, such as dentritic 

cells and macrophages, has been reported to relate to signals through Toll-like receptors 

and the Tyro 3 family of tyrosine kinases (Tyro 3, Axl and Mer) (Ohashi et al., 2002). 

Changes in APC signaling and maturation break tolerance and lead to autoimmunity.  

Moreover, genetic studies indicate a strong and multigenic predisposition to the 

development of SLE.  Several genetic loci from NZB/NZW F1 mice, such as sle1, sle2, 

and sle3, have been identified to confer susceptibility to break tolerance when transferred 

to the C57BL/6 background (Wakeland et al., 1999; Morel et al., 1998).  

Apoptosis and Its Role in Autoimmunity 

Apoptosis, or programmed cell death, is a genetically controlled process with the 

characteristic features of cell crimple, chromatin condensation, DNA fragmentation, and 

apoptotic body formation (Alberts et al., 2002).  It is initiated by two principal pathways 

− the extrinsic pathway is activated by the ligation of death receptors, and the intrinsic 

pathway emerges from mitochondria.  Apoptotic bodies are composed of nucleolus 

bodies and organelles (Alberts et al., 2002).  Several studies in SLE have revealed 

increased lymphocyte apoptosis as well as peripheral blood mononuclear cells (Emlen et 

al., 1994; Grondal et al., 2002; Lorenz et al., 1997).  

Apoptotic cells are usually removed by macrophages in the early phase of apoptotic 

cell death (Savill et al., 1993).  This process induces neither inflammation nor an immune 

response.  In the immune system, especially at the thymus, the bone marrow, and the 

germinal centers of lymph nodes and spleen, specialized phagocytes can engulf the 

apoptotic cells so efficiently that few can be detected (Savill et al., 2002).  This instant 

removal of apoptotic cells offers the necessary space for the heavily proliferating 

thymocytes or centroblasts, and is a prerequisite for a proper function of thymus, bone 
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marrow, and lymph nodes.  It has been known for a long time that macrophages from 

patients with SLE have an impaired phagocytic activity for yeast and bacteria (Svensson, 

1980; Hurst et al., 1984; Salmon et al., 1984).  In addition, in vitro differentiated 

macrophages from a subgroup of SLE patients show a significantly reduced phagocytosis 

of apoptotic cells (Beyer et al., 2002).  With reduced clearance, the dead cells 

accumulate, lose their membrane integrity, danger signals are released, and nuclear 

antigens become accessible in an inflammatory context.  In times of increased apoptosis, 

tolerance can be broken, and a chronic inflammation results, which then can lead to an 

autoimmune reaction against nuclear constituents.  Many adaptor molecules and 

receptors are involved in the clearance of dying cells.  Complement components, serum 

DNase I, phosphatidylserine, and modified glycoproteins participate crucially in the 

clearance of apoptotic and necrotic cells (Mevorach et al., 1998).  

Cytokines in the Induction of Autoimmunity 

Cytokines are essential molecules involved in the differentiation, maturation and 

activation of cells and thus, by nature, have a significant influence on the 

immunoinflammatory response.  In autoimmune diseases, cytokines may not only be 

involved in the generation of the aberration of immune regulation, but also in the local 

inflammatory processes that ultimately lead to tissue destruction.  Cytokines can be 

produced by many cell types including lymphocytes, monocytes, macrophages, dendritic 

cells etc., but the predominant producers are helper T cells (Th) and macrophages 

(Janeway et al., 2005).  CD4 T cells secrete much more cytokines than CD8 T cells, and 

they can be further subdivided into Th1 and Th2 cells based on the patterns of cytokine 

release.  Th1 cytokines, such as IL2 and IFN-γ, activate T cells and macrophages and are 

critical for cell-mediated immunity and inflammation, whereas Th2 cytokines, such as 
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IL-4, IL-5, IL-6, and IL-10, promote antibody production by B cells and humoral 

immunity (Mok et al., 2003).  Autoimmune conditions can be classified according to their 

dependence on Th1 or Th2 responses; however, SLE shares both Th1 and Th2 response 

characteristics.  From the previous study, many cytokines, such as IL-6, IL-10, IFN- γ, 

and TNF-α, showed elevated serum concentration levels (Kim et al., 1987; Gabay et al., 

1997; Grondal et al., 2000).  Repeated administration of IFN- γ to an experimental lupus 

model can intensify the disease (Engleman et al., 1981).  Some mechanisms for IFN- γ’s 

effects in autoimmunity include activating macrophages and leading to enhanced antigen 

presentation, which includes autoantigens, increasing expression of class I and class II 

MHC antigens and elaboration of additional cytokines and inflammatory enzymes 

including iNOS.  Engelman et al. (1979) and Jacob et al. (1987) reported that treatment 

with antibodies against IFN leads to an amelioration of the disease.  

The Role of Estrogen in Lupus 

While SLE can be seen in either sex at any age, females are at a much greater risk 

than males, with a female to male ratio of 10:1 (Lahita, 1999).  The highest incidence of 

SLE occurs in women at their childbearing years (Lahita, 1996).  Several lines of 

evidence suggest that sex hormones, especially estrogen, may be a predisposing factor 

contributing to the female predilection or to exacerbations of SLE (Cutolo et al., 1995; 

Sanchez-Guerrero et al., 1997; Rood et al., 1998).  Estrogen has been implicated as an 

enhancer of humoral immunity (Wilder, 1998).  

Estrogens are aromatized steroid hormones synthesized from a cholesterol 

backbone and produced predominantly in the ovary, although some aromatization may 

occur in adipose tissue and brain.  Its structure is shown in Figure 1-1, Panel A.  The 

potential consequence of exposure to estrogens on the initiation or exacerbation of 
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immunological and autoimmune diseases, such as SLE, has been studied primarily from 

clinical observations of cyclic SLE flares, exacerbations by oral contraceptive 

administration, and abnormal steroid metabolism.  The most direct evidence to date 

linking increased estrogen levels to lupus development comes from the recently 

completed Safety of Estrogen in Lupus Erythematosus National Assessment (SELENA) 

clinical trial. Buyon JP et al. (2005) found that a short-course of hormone replacement 

therapy (HRT), during which the levels of circulating 17ß-estradiol reached about one 

fifth of peak menstrual cycle levels, significantly increased the risk for mild to moderate 

flares in menopausal women with SLE.  In the mouse, several lines of evidence have 

shown that estrogen is an important factor: (1) female lupus-prone mice develop more 

severe disease and succumb at an earlier age than do males (Roubinian et al. 1978); (2) 

ovariectomy (removal of ovary so that no endogenous estrogen will be secreted) 

attenuates the disease; (3) injection of exogenous estrogen in females or castration in 

males accelerates lupus development (Sobel et al., 2005); and (4) Androgen treatment of 

females decreases autoantibody levels, diminishes renal disease, and improves survival 

(Roubinian et al. 1979).  

Elevated estrogen during pregnancy can affect lymphopoiesis.  Smithson et al. 

(1994) confirmed that an increased level of estrogen can reduce the number of B cell 

precursors in the bone marrow, and Medina et al. (1994) revealed that pregnancy doses of 

estrogen impair the ability of pro-B cells to progress to pre-B cell stage.  At a later stage 

of B cell development, Grimaldi et al. (2001) found that estrogen can alter the 

distribution of B cell subsets on a BALB/c transgenic R4A-γ2b mouse model, with a 

marked reduction in the percentage of transitional type 1 and significant increase in the 
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mature marginal zone B cells.  In this mouse model, elevation of serum estrogen level to 

70-100 pg/mL, which is similar to that observed during the follicular and luteal phases of 

the estrus cycle, can break the tolerance of high-affinity, naïve autoreactive B cells 

arising in the bone marrow.  Characterization at the molecular level of the anti-DNA B 

cells revealed that these autorreactive B cells are rescued from negative selection with 

either rapid transit from the T1 to the T2 stage and/or a lack of deletion at the T2 stage, 

and are activated in estradiol-treated mice.  Most of these rescued, naïve, high-affinity, 

anti-DNA B cells differentiated to marginal zone B cells, and some to follicular B cells 

(Bynoe et al., 2000).  

Most of the estrogen responses are mediated by intracellular estrogen receptors, 

although signal pathways that do not require estrogen receptors have also been identified.  

Some of the signal pathways involved in regulating B cells by estrogen have been 

studied.  It has been well known that estrogen can enhance the anti-apoptotic gene Bcl-2 

expression in B cells, which is speculated to rescue the autoreactive B cells that would 

normally be deleted at an immature stage of B cell development (Bynoe et al., 2000).  

Grimaldi et al. 2002 also found estrogen can increase the level of CD22 and Shp-1 on B 

cells.  The molecule CD22 is an inhibitory regulator of BCR signaling (Carter et al., 

1991; O’Rourke et al., 1998), while Shp-1 inhibits BCR-mediated sigals by 

dephosphorylating molecules in the BCR signaling pathway (Doody et al., 1995; Pani et 

al., 1995).  The elevated level of CD22 and Shp-1 may raise the threshold for BCR 

crosslinking that is required for the deletion of autoreactive B cells (Grimaldi et al., 

2005).  
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The effects of estrogen on lymphocyte and macrophage cytokine secretion have 

been studied.  Several previous studies have demonstrated the presence of estrogen 

receptors on lymphocytes and macrophages (Cohen et al., 1983; Daniel et al., 1983, 

Novotny et al., 1983; Paavonen et al., 1981; Ansar et al., 1985; Hu et al., 1988; Flynn, 

1986; Schreiber et al., 1988).  Hu et al. (1988) and Cutolo et al. (1993) reported estradiol 

treatment on rat peritoneal cells can increase IL-1 levels.  Other studies showed decreased 

expression of IL-6 by estradiol treatment (Galien et al., 1997; Ray et al. 1987; Manolagas 

et al., 1995).  This inhibition has been revealed to involve estrogen receptor and a 

transcription factor NFκB (Galien et al., 1997).  Estrogen binds to estrogen receptor to 

form a complex, and this complex then binds to the NFκB p65 to form a suppressor.  This 

suppressor can bind to the IL-6 promotor and inhibit IL-6 production.  Sarvetnick and 

Fox (1990) also showed that estrogens enhanced IFN-γ production by lymphocytes.    

Estrogen can increase the synthesis and secretion of prolactin, a peptide hormone 

mostly produced by the anterior pituitary (Bole-Feysot et al., 1998).  This stimulation by 

estrogen is through its inhibition of hypothalamic dopaminergic suppression (McMurray, 

2001).  Dopaminergic suppression of adenohypophyseal prolactin synthesis and secretion 

is crucial to its pharmacological manipulation.  Estrogen and prolactin share a reciprocal 

endocrinologic relationship, and estrogenic stimulation of prolactin secretion is, 

presumably, the primary cause for the higher mean serum prolactin concentration in 

women compared to men (McMurray, 2001).  In the NZB/NZW F1 mouse model of 

lupus, prolactin accelerates disease by stimulating both cell and humoral-based immunity, 

whereas high physiologic levels of estrogen, when its prolactin stimulating properties 

were abrogated by dopaminergic agonism with bromocriptine, actually suppressed 
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autoimmune disease development (Elbourne et al. 1998).  In the non-autoimmune 

BALB/c transgenic R4A-γ2b mouse model, Peeva et al. (2000) also found bromocriptine 

can restore tolerance that was broken by estrogen treatment only.  Although estradiol plus 

bromocriptine-treated mice show an expansion of transgene-expressing γ2b-producing B 

cells, which is similar to the mice treated only with estradiol, these rescued autoreactive 

B cells are present in a state that is nonresponsive to physiological activation signals.   

Organochlorine Pesticide Chlordecone 

Chlordecone (C10Cl10O) is the common name for the chlorinated insecticide, 

decachloroocatahydro-1,3,4-methene-2H-cyclobuta(cd)pentalen-2-one, which is 

commercially available under the trade name of Kepone (Figure 1-1, Panel B).  It is a tan-

to-white, sand-like, odorless chemical first introduced into agriculture as an insecticide in 

1958 and was prohibited by EPA in 1978.  It was widely used for twenty years for leaf-

eating insects, ants and cockroaches, and as a larvicide for flies.  Chlordecone has a very 

stable structure with a molecular weight of 490.68.  The primary process for the 

degradation of chlordecone in soil or sediments is anaerobic biodegradation, and the 

process goes on very slowly.  The stability of chlordecone contributes to the long 

persistence and presence in environmental sites where it was sprayed.  In humans, the 

fate of chlordecone involves uptake by the liver, enzymatic reduction to chlordecone 

alcohol by a hepatic cytosolic aldo-keto reductase named chlordecone reductase, 

conjugation with glucuronic acid, partial conversion to unidentified polar forms, and 

excretion of these metabolites mainly as glucuronide conjugates into bile 

(DHHS/ATSDR, Toxicological Profile for Mirex and Chlordecone, 1995).  
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Health Hazard Information of Chlordecone 

In 1975, industrial carelessness during the manufacture of chlordecone brought this 

agent to the attention of toxicologists, when 76 of 148 workers in a factory in Hopewell, 

Virginia, developed a severe neurologic syndrome known as Kepone shakes (WHO, 

Environmental Health Criteria Document No. 43: Chlordecone (143-50-0)).  Acute 

exposure to chlordecone can irritate the eyes, nose, and throat.  Chronic exposure can 

cause tremors, altered gait, poor coordination, slurred speech, muscle twitch, poor 

memory, behavioral changes, ocular flutter (opsoclonus), visual disturbances, arthralgia, 

headache, chest pains, weight loss, hepatomegaly, and splenomegaly (Larson et al., 

1979).  Chlordecone may be a carcinogen to humans, as chronic exposure to chlordecone 

has been reported to cause liver cancer in animals and long-term exposure to chlordecone 

can also cause adverse effects on the reproductive system and kidneys (Sirica et al., 1989; 

Linder et al., 1983; Larson et al., 1979).  

Neurotoxicity 

Exposure to high-dose of chlordecone can cause serious tremor in humans (Taylor, 

1985).  Electron microscopic examination found damage to Schwann cells, including 

membranous inclusion and cytoplasmic folds, prominent endoneural collagen pockets, 

vacuolization of unmyelinated fibers, focal degeneration of axons with condensations of 

neurofilaments and neurotubules, focal inter-lamellar splitting of myelin sheaths, the 

formation of myelin bodies, and a complex in folding of inner mesaxonal membranes into 

axoplasm (Phillips et al., 1985).  The mechanism of chlordecone effects on the nervous 

system has been studied in animal models. Wang et al. (1981) reported that chlordecone-

induced neurotoxicity correlated closely with both brain and plasma concentrations of 

chlordecone.  Fujimori et al. (1982) found significant decreases in whole brain and 
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striated dopamine levels in chlordecone-treated mice exhibiting tremors.  Hoskins et al. 

1982 suggested that tremors induced by chlordecone might be due to chlordecone-

induced calcium deficiency in brain synaptosomes, as significant differences in calcium 

content and subcellular distribution were found between chlordecone-treated and control 

mice.  Jordan et al. (1981) reported that the brain synaptosomal sodium-potassium ion 

and oligomycin sensitive magnesium ion ATPases were significantly decreased in 

chlordecone-treated rats, and a linear relationship was observed between the decreased in 

ATPase activities and tremor activity, suggesting the inhibition of the ATPase system by 

chlordecone in the brain might be related to the production of the neurotoxic symptoms.  

Hong et al. (1982) suggested that the hypothalamo-pituitary axis may be the primary 

neural target to the chlordecone-elicited decrease in pituitary (Met5)-enkephalin level.   

Carcinogenesis of Chlordecone 

Chlordecone is carcinogenic in rats and mice and induces malignant tumors in the 

liver and other organs (Reuber, 1979).  The most direct correlation between chlordecone 

and tumor production was revealed by a carcinogenesis bioassay conducted by the 

National Toxicology Program.  In this study, Osborne-Mendel rats and B6C3 F1 mice of 

both sexes were used, and two doses of chlordecone that were well tolerated by the 

animals were administered.  A significant increase in the incidence of hepatocellular 

carcinomas was found in both rats and mice.  The time to detection of the first 

hepatocellular carcinoma observed at death was shorter for chlordecone-treated mice than 

control mice, and in both sexes and both species, the time appeared inversely related to 

the dose.  In chlordecone-treated mice and rats, extensive hyperplasia of the liver was 

also found.  However, chlordecone treatment did not increase the incidence of tumors 

other than in the liver compared to controls. 
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Reproductive Toxicity 

Chlordecone’s adverse effects on the reproductive system include damaging the 

developing fetus, decreasing fertility in males and females, damaging the testes and 

decreasing sperm production and viability (Sirica et al., 1989).  Animal study revealed 

that chlordecone treatment can induce increased atresia among large follicles in mouse 

uterus (Swartz et al. 1989).  Gellert et al. (1979) also reported that female rat offspring 

exposed prenatally to chlordecone exhibited persistent vaginal estrus, anovulation, and 

tonic levels of serum estradiol.  The reproductive failure caused by chlordecone exposure 

was largely due to an effect in females characterized by prolonged follicle-stimulating 

hormone (FSH) and estrogen stimulation, inducing constant estrus, large follicles and 

absence of corpora lutea, but with levels of luteinizing hormone (LH) subminimal for 

ovulation.  Reduction of preovulatory LH offered an explanation for chlordecone’s 

reproductive deficits, but can not acount for the decreased fertility (Uphouse et al., 1986).  

Immunotoxicity 

Despite the known adverse effects of chlordecone described above, very few 

studies have been reported on chlordecone effects on human or animal immune functions.   

Chetty et al. (1993) reported an immunomodulatory effect of chlordecone by increasing 

spleen weight and plaque forming cells in rats.  The original attention to the connection 

between pesticides and lupus came directly from the farmworkers who once toiled in the 

pesticide-laced muck farms off Lake Apopka region of Florida.  They complained for 

years of common symptoms of unusal rashes, swelling and arthritic conditions, and 

others who grew up near the farms noticed common ailments too.  At least 50 cases of 

lupus have been documented in the area around the Lake Apopka which is much higher 

than the incidence of this disease nation wide.   
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Representative pesticides, including DDT, methoxychlor and chlordecone, were 

studied in our labs for their potentials to accelerate autoimmunity (Sobel et al., 2005).  

The most extreme effects were seen in chlordecone-treated mice.  A lupus prone 

NZB/NZW F1 mouse strain was used in the tests. This mouse model of autoimmunity 

manifests disease similar to human SLE in its development of autoantibodies, immune 

complex glomerulonephritis, and earlier disease development in the female mouse.  To 

reduce the influence by endogenous estradiol, mice were ovariectomized in the beginning 

of study.  Exposure to chlordecone at 30 µg/mg/day significantly decreased the time to 

onset of renal impairment compared with the control group (Sobel et al., 2005).  In an 

expanded study in which lower doses were used (0.167 to 16.7 µg/mg/day), chlordecone 

treatment caused a clear dose-related early appearance of elevated anti-double-strand 

DNA autoantibody titers (Figure 1-2) that corresponded with increased BUN and 

proteinuria (Figure 1-3, Panel C) as well as subsequent development of 

glomerulonephritis (Figure 1-3, Panel A and B), which is the most serious manifestation 

of lupus in this mouse model.  Immunohistofluorescence confirmed early deposition of 

immune complexes in kidneys of mice treated with chlordecone (Figure 1-3, Panel D).  In 

a follow-up study (Sobel et al., in press), the effect of chronic chlordecone treatment on 

SLE was evaluated in ovary-intact NZB/NZW F1 female mice, as well as in female mice 

from a non-autoimmune BALB/c mouse strain. In this study, chlordecone shortened 

significantly the time to onset of elevated autoantibody titers and renal disease in a dose-

dependent manner.  The doses required to produce this effect were similar to those 

observed to accelerate SLE development in ovariectomized females.  These observations 

confirmed the ability of chronic chlordecone to influence the process of SLE.  However, 
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treatment of female BALB/c mice with chlordecone for up to one year did not produce 

elevated autoantibody titers or any renal disease (Figure 1-4), suggesting an inability of 

chlordecone to cause a break in tolerance in this strain. This demonstrates the importance 

of genetic background for this effect.  There was also no evidence for toxic effects, as 

these mice appeared healthy at the end of the experiment.   

Estrogenicity of Chlordecone 

Recently there has been considerable interest in the ability of environmental agents 

to produce adverse health effects secondary to endocrine disruption, particularly through 

estrogenic or anti-estrogenic effects.  Several studies found insecticides, such as 

methoxychlor, chlordecone, endosulphan, toxaphene and dieldrin, exhibit estrogen-like 

activities (Soto et al., 1994).  Estrogenicity is defined as the property of producing 

biologic responses qualitatively similar to those produced by the endogenous hormone, 

17β-estradiol.  Hallmark estrogenic reponses in mammals include increased uterine 

weight and vaginal epithelia cornification, but there are many others, including 

development of secondary sexual characteristics, and regulation of the estrous/menstrual 

cycle.  Estrogenic chemicals do not always share any chemical structural resemblance to 

the prototypical estrogen- 17β-estradiol, but evoke agonist or antagonist responses 

possibly through a comparable mechanism of action (Lee et al., 2004).  Estrogenic 

responses to toxic chemicals may be elicited by direct binding to and activation of 

intracellular estrogen receptors, leading to changes in gene expression characteristic of 

endogenous estrogen exposure (Daston et al., 1997).  The estrogen signaling pathway 

may also be independent of estrogen receptors (Das et al., 1997) via other response 

proteins, such as a novel orphan receptor member of the nuclear receptor superfamily 

(Enmark et al., 1996).  Toxicants may also indirectly produce an estrogenic response by a 
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number of different mechanisms, such as increasing estrogen synthesis (e.g., peroxisome 

proliferators inducing aromatase activity, thereby increasing circulating estradiol levels), 

or changing the rate of estrogen degradation (Lee et al., 2004).  

 Chlordecone has reportedly a weak capability to bind to the estrogen receptor in 

the uterus. Our study has also confirmed a weak binding of chlordecone to estrogen 

receptors in the spleen (unpublished observations).  Okubo et al. (2004) reported an 

estrogenic effect of chlordecone on MCF-7 cell proliferation that was suppressed by the 

antiestrogen ICI 182,780.  Hodges et al. (2000) also reported chlordecone estrogenic 

effects on Eker rat uterine leiomyoma-drived cells by stimulating proliferation and 

transcription of vitellogenin estrogen-response element via the estrogen receptor, and 

inducing the expression of an endogenous estrogen-responsive gene - the progesterone 

receptor. Classic uterus hypotrophy assay also shows a chlordecone estrogenic effect by 

significantly increasing uterus weight.  Our study verified that a high dose of chlordecone 

(30 mg per implantable, sustained-release pellet) significantly increased uterus weight, 

(Sobel et al., 2005); however at low doses that clearly accelerate autoimmunity in 

NZB/NZW F1 mouse model, chlordecone showed little or no uterotrophic effects (Figure 

1-5; Figure 3-2, Panel D).  These data suggest that exposure to chlordecone can 

accelerate autoimmunity in the context of a genetic predisposition, but may not be 

directly linked to estrogenic potency as measured in reproductive tissue.  There are at 

least two possible interpretations for the different uterine hypertrophy findings: 1) 

Chlordecone accelerates autoimmunity through its estrogenic effects.  The chlordecone 

doses required to produce estrogenic effects on the immune system are lower than the 

doses required to produce estrogenic effects in uterotropic assays; and 2) Chlordecone 
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accelerates autoimmunity, wholly or in part, through an estrogen-independent 

mechanism.  

We hypothesized that chlordecone influences autoimmunity by functioning as an 

estrogen mimic.  Pilot studies showed binding of chlordecone to estrogen receptors on 

immunocytes.  Although the binding affinity of chlordecone was low, receptor binding 

might nevertheless result in accelerated autommunity through the same mechanism 

[albeit with higher doses] as estradiol.  If this is the case, chlordecone and estradiol would 

be expected to produce similar effects on estrogen-responsive genes in immunocytes at 

doses relevant to effects on autoimmunity, as well as similar phenotypic changes in 

immunocytes germane to lupus.  Changes in cytokine expression thought to influence the 

onset and progression of lupus would also be expected to be the same. There is evidence 

that the effects of estrogen on lupus are in fact mediated through increased levels of 

prolactin (Elbourne et al. 1998).  A similar effect by chlordecone to increase prolactin 

would also be consistent with the hypothesis. 

The hypothesis was tested by comparing chlordecone and estradiol effects in the 

NZB/NZW F1 mouse model in the following respects:  

1) Expression of selected estrogen-responsive genes in B cells.  B cells were 

selected as logical targets for estrogenic effects to modulate autoimmunity, and the 

comparison focused on genes: a) known to be either up- or down-regulated by estradiol 

and b) plausibly related to immune dysfunction leading to autoimmunity. 

2) Phenotypic changes in T and B cells associated with autoimmunity.  As 

indicated in Figure 1-6, processes leading to a break in immune tolerance, production of 

autoantibodies, and development of clinical disease are complex.  While several potential 
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contributing factors to lupus development have been identified, none has yet been 

demonstrated to be a single critical effect.  Consequently, comparisons between estradiol 

and chlordecone were made with respect to several phenotypic markers.  The markers 

examined included some shown previously to be changed by estradiol, as well as others 

that are related to lupus for which the effects of estradiol [and chlordecone] were 

unknown. 

3) Changes in cyotkine expression. As with changes in phenotypic expression in 

lymphocytes, estradiol and chlordecone were compared with respect to their effects on 

CD4 T cell cytokine secretion, which is thought to play an important role in the 

development and progression of lupus. 

4) Effects on macrophage clearance of apoptotic bodies.  Diminished clearance of 

apoptotic bodies has been suggested as increasing the risk of autoimmunity by increasing 

the autoantigen burden (see Figure 1-6).  There is evidence that organochlorine pesticides 

suppress macrophage function, and this might be a means by which chlordecone and 

estradiol accelerate autoimmunity.  The effects of estradiol and chlordecone on 

macrophage clearance of apoptotic bodies were examined and compared. 

5) Effects on prolactin.  As noted above, estradiol effects on autoimmunity have 

been postulated to be mediated through increased prolactin.  The effects of estradiol and 

chlordecone on circulating prolactin levels, as well as expression of prolactin receptor on 

lymphocytes, were compared. 

All comparisons were made with doses of chlordecone and estradiol shown in 

previous studies in our laboratories to accelerate the development of lupus.  The 

hypothesis would be considered supported if estradiol and chlordecone produced the 
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same, or essentially similar effects.  Little or no similarities would suggest that 

chlordecone influences autoimmunity by a different mechanism than estradiol.  If some 

of the same effects were observed, this would indicate that chlordecone is not functioning 

simply as an estrogen mimic, but would leave open the possibility that chlordecone and 

estradiol both affect autoimmunity by the same mechanism.  Effects shared by estradiol 

and chlordecone could provide clues to that mechanism to guide future research. 
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Figure 1-1. Structures of (A) 17β-estradiol and (B) chlordecone. 
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                A. IgG anti-dsDNA autoantibody titers 

                   
                 B. IgG anti-chromatin autoantibody titers 
  
Figure 1-2. Time to development of elevated autoantibodies in female NZB/NZW F1 

mice treated with chlordecone.  Anti-dsDNA (A) and anti-chromatin (B) 
autoantibody titers were measured over time in mice implanted with 60-day 
sustained release pellets containing chlordecone at the specified amount. 
Controls received pellets without chlordecone.  Pellets were replaced every 60 
days over the course of the experiment.  The time to development of elevated 
autoantibody titers in mice treated with pellets containing 1 or 5 mg 
chlordecone was significantly less than controls for both specificities (p = 
0.005 for anti-dsDNA and p = 0.001 for anti-chromatin autoantibody titers 
(N=15-20 per group) (Sobel et al., in press) 



21 

 

 

A. Proliferative glomerulonephritis                B. Proteinuria level 

 

C. Immunofluorescence staining for IgG immune complexes on kidney 

Figure 1-3. Enhanced renal disease and immune complex deposition in ovariectomized, 
chlordecone-treated mice after 8 weeks of treatment with control pellets or 
pellets containing chlordecone (1 mg/pellet) or 17ß-estradiol (0.05 mg/pellet; 
n = 6/group).  Frequency of appearance of proliferative glomerulonephritis 
(A) and proteinuria (B) was significantly increased in both chlordecone-
treated and 17ß-estradiol-treated mice.  Immunofluorescence staining 
(magnification, 200 ) for IgG in kidney was shown in (D).  The staining was 
absent in control mice, but present in mice treated with either chlordecone or 
17ß-estradiol after 8 weeks of treatment; later, when renal disease developed 
in controls, a similar extent of immunofluorescence staining was observed.  
(Sobel et al., 2005) 
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Figure 1-4. Anti-chromatin autoantibody titers in female BALB/c mice treated with 
chlordecone.  Anti-chromatin autoantibody titers were measured in terminal 
blood samples taken after one year of chlordecone treatment.  Chlordecone 
doses reflect the amount of chlordecone delivered via sustained-release pellet 
every 60 days.  There was no significant difference in autoantibody titers 
between any of the chlordecone treated groups and controls receiving a pellet 
without cchlordecone.  (N=20 per group).  Elevated anti-chromatin 
autoantibody titers from NZB/NZW F1 mice at the end of an experiment are 
shown for comparison. (Sobel et al., in press) 



23 

 

 

Figure 1-5. Uterine hypertrophy in ovariectomized NZB/NZW F1 mice 6 weeks after 
adminiatraion of pellets containing 0.05 mg estradiol and different doses of 
chlordecone.  To compensate the mass of the mouse, uterine weight was 
expressed as a ratio to total body weight (i.e., uterine mass/body mass × 
1,000).  Estradiol significantly increased uterus weight.  Chlordecone at the 
dose of 36 mg also increased uterine weight as much as estradiol treatment, 
while low doses of chlordecone (1.8 and 18 mg) only caused a moderate 
increase in uterine weight.  (Sobel et al., 2005) 
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Figure 1-6. Potential pathogenesis of lupus development.  Although far from elucidation, 

several critical pathways listed in the figure have been indicated to be 
responsible in lupus development.  A combination of factors, including 
genetic, environmental, hormonal, and viral influences, can affect any of the 
pathways, and result in autoimmunity.  

Increased autoantigen burden 
   1. Increased rate of apoptosis 
   2.  Defective clearance of apoptotic cells 
        Example:  c-mer deficiency 
   3.  Decreased clearance of immune complexes 
        Example FcR polymorphisms; C1q deficiency 
 
 

Altered signaling threshold 
    1. Central tolerance defects in selection of naïve  
        repertoire 
    2. Peripheral tolerance defects caused by  
        increased stimulatory signals by T, B,or  
        dendritic cells 
         Example: Il-10 deficiency; overproduction of  
         Type I interferons 

Resistance to apoptosis by cells of the immune 
system  
Examples: Fas deficiency; overexpression of Bcl-2 

Loss of tolerance 

Increased  
autoantibody  
production 

Immunemediated 
end-organ damage 

Increased susceptibility to end-organ damage 
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CHAPTER 2 
MATERIALS AND METHODS 

Experimental Animals  

Female NZB/NZW F1 mice (6-8 weeks old) were purchased from The Jackson 

Laboratories (Bar Harbor, ME).  Mice were housed in temperature-, light-, and humidity-

controlled animal quarters in a specific pathogen-free (SPF) barrier facility.  Mice were 

kept in polycarbonate cages on corncob bedding, with free access to food and water 

throughout the study.  All procedures were approved by the Institutional Animal Care and 

Use Committee of the University of Florida.  

Test Materials and Treatments  

Chlordecone, described as 99.2% pure, was purchased from Crescent Chemical 

(Islandia, NY), and was formulated into 60-day sustained-release pellets by Innovative 

Research of America (Sarasota, FL).  The identity of material as supplied was confirmed 

by gas chromatography-mass spectrometry.  Each chlordecone pellet contained either 1 

or 5 mg chlordecone.  Pellets containing 0.05 mg 17-beta estradiol or matrix only (as 

controls) also obtained from Innovative Research of America were used in the study for 

comparison purposes.   

At the beginning of the experiments, each mouse was surgically ovariectomized 

one week after they were received.  The surgery was performed under anesthesia with a 

mixture of ketamine (133 mg/kg) and xylazine (13 mg/kg) administered intraperitoneally. 

The mice were allowed to recover for two weeks after the surgery.  Following recovery, a 

pellet containing chlordecone, 17-beta estradiol, or matrix only was implanted 
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subcutaneously between the shoulders under light methoxyfluorane anesthesia.  Mice 

tolerated the ovariectomy and pellet implantation procedures without complications.  

Mice were euthanized 5-6 weeks after pellet implantation, and tissues were harvested for 

study. 

Flow Cytometry   

Flow cytometry was performed with a CyAn ADP Analyzer (DakoCytomation, 

CA), and analysis was performed using FCS 3 Express (De Novo Software, Ontario, 

Canada).  Single cell suspensions from spleens were stained with mixtures of antibodies 

to the following surface markers: B220, CD19, IgM, CD44, CD69, CXCR4, CXCR5, 

ICAM-1, VCAM-1, I-A(d), B7.2, GL7, Fc-gamma-IIb, CD4, CD3, CD8. Intracellular 

staining was performed as described by Sobel et al. (2002).  Cells were incubated with 

rabbit anti-Bcl-2-PE or rabbit IgG-PE as isotype control.  All antibodies were purchased 

from BD Biosciences Pharmingen (San Jose, California, USA).  When the analysis was 

performed, the expression of some molecules was not appeared as two distinctive 

populations.  In this case, the positive populations were defined by setting that day’s 

control mouse value at 50%, and the percentage of positive populations from 

chlordecone- and estradiol-treated mice were calculated based on that cutoff.     

Apoptosis Assay  

B cells were enriched from splenocytes of chlordecone-, estradiol- and control 

pellet-treated mice by negative selection with a mouse B cell isolation kit (Miltenyi 

Biotec, Auburn, CA) according to the manufacturer’s directions.  Purified B cells (1 x 

106/mL) were cultured in duplicate in complete RPMI 1640 medium with or without 0.1 

or 1 µg/mL LPS at 37°C and 5% CO2 for 24 hours on 96-well flat plates (Corning Inc., 

Corning, NY).  Cells were then stained with surface markers, and apoptosis was assessed 
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by flow cytometry with the annexin V-PE and 7-Amino-actinomycin D (7-AAD) 

apoptosis detection kit I (BD Biosciences Pharmingen), according to the manufacturer’s 

instructions.  

CD4 T cells were enriched from splenocytes from chlordecone-, estradiol- and 

control pellet-treated mice by negative selection with a mouse CD4 T cell isolation kit 

(Miltenyi Biotec, Auburn, CA) according to the manufacturer’s directions.  Purified CD4 

T cells (100,000 cells) were cultured in duplicate in complete RPMI 1640 medium with 

total volume of 100 µL at 37°C and 5% CO2 for 24 hours under the following three 

conditions: 1) with no stimulation and incubated on an uncoated 96-well plate; 2) with no 

stimulation and incubated on a 96-well T cell activation plate coated with anti-mouse 

CD3 (BD Biosciences, San Diego, CA); 3) with 2 µg/mL or 4 µg/mL anti-CD28 

stimulation and incubated on a 96-well T cell activation plate coated with anti-mouse 

CD3 (BD Biosciences).  Anti-CD3 crosslinks the T cell receptor and in the absence of 

anti-CD28 is a suboptimal stimulus for T cells.  Crosslinking of CD28 provides a potent 

co-stimulatory signal and triggers a proliferative response.  Cells were then stained with 

surface markers, and apoptosis was assessed by flow cytometry with the annexin V-PE 

and 7-AAD apoptosis detection kit I (BD Biosciences Pharmingen) according to the 

manufacturer’s instructions. Apoptotic cells were identified as those cells excluded 

annexin V and 7-AAD double negative cells. 

Proliferation Assay  

CD4 T cells were purified by negative selection using a mouse CD4 T cell isolation 

kit (Miltenyi Biotec), and B cells were isolated as described above.  Cells at (2 x 

105/well) were cultured for 72 h in complete RPMI 1640 medium at 37°C and 5% CO2, 

with or without added stimuli. B cells were stimulated by 0.1 or 1 µg/mL 
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lipopolysaccharide (LPS), and T cells were cultured either in an uncoated 96-well plate or 

an anti-mouse CD3-coated T-cell activation plate (Becton Dickinson Labware, MA), with 

or without 5 µg/mL anti-CD28.  Lymphocyte proliferation was assessed by testing 

[3H]TdR incorporation (ICN Biomedicals, Costa Mesa, CA) over the last 18 h of culture. 

Cells were collected by a cell harvester (Cambridge Technology Inc., Watertown, MA), 

and the thymidine incorporation was measured by a scintillation counter. Proliferation 

index was measured as the ratio of stimulated to unstimulated thymidine incorporation. 

CD4 T Cell Cytokine Determination 

CD4 T cells were enriched from splenocytes by the mouse CD4 T cell isolation kit 

as described above. Purifed CD4 T cells (100,000 cells) were cultured for 24 h in 100 µL 

of complete RPMI 1640 medium at 37°C and 5% CO2, either on a regular 96-well plate 

or an anti-mouse CD3 T-cell activation plate, with or without 5 µg/mL CD28 stimulation, 

as described above.  Assessments of cytokine profiles were performed using a 

commercially available multiplexed kit (Beadlyte Mouse Multi-Cytokine Detection 

System 2; Upstate Biotechnology, Waltham, VA) and the Luminex (100) LabMAP 

System (Austin, TX).  Simultaneous measurement of 10 cytokines was performed:  IL-

1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12 (p70), tumor necrosis factor (TNF)-α, γ-interferon 

(IFN-γ), and granulocyte-macrophage colony-stimulating factor (GM-CSF). The assay 

was performed according to the manufacturer’s protocols.  Fifty µL of culture supernatant 

were used in the assay, and cytokine concentrations were determined utilizing SOFTmax 

PRO software (Molecular Devices, Sunnyvale, CA) with four-parameter data analysis. 

cDNA Preparaion 

RNA from 107 splenic B cells isolated via magnetic beads was extracted by 

TRIZOL reagent (Invitrogen), and the concentration of RNA was measured by a 
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spectrophotometer.  RNA (1 µg) was then treated with DNase I (Invitrogen) to remove 

genomic DNA and reverse transcribed to cDNA using Superscript II First-Strand 

Synthesis System (Invitrogen) for RT-PCR.  Briefly, First strand cDNA was synthesized 

in 20 µl buffer containing 50 mM Tris-HCl (pH 8.3), 40 mM KCl, 6 mM MgCl2, 1 mM 

DTT, 200U/µL RNase inhibitor, 200 U/µL Superscript II Reverse transcriptase, 0.1 mM 

oligo (dT)18 primer and 1 µg total RNA.  The reaction proceeded at 42 ºC for 50 min and 

was terminated by heating for 15 min at 70 ºC.  Samples were then stored at 4 ºC. 

Real-time PCR 

Gene expression was determined by real-time PCR using SYBR green (Applied 

Biosystems, Foster City, CA).  Primers were designed as shown in Table 2-1.  

One microliter of cDNA from the preparation as described above was added to a 

reaction mixture containing 3 mM MgCl2, 1 mM dNTP mixture, 0.025 U of Amplitaq 

Gold, SYBR Green dye (Applied Biosystems), optimized concentrations of specific 

forward and reverse primers, and DEPC-treated water in a final volume of 25 µL. 

Amplification conditions were as follows: 95°C (10 min), followed by 45 cycles of 94°C 

(15 s), 60°C (25 s), 72°C (25 s), with a final extension at 72°C for 8 min.  Transcripts 

were quantified using the comparative (2 −∆∆Ct) method.  In some experiments, Mx1 and 

β-actin expression levels were determined by real-time PCR with LUX primers and a 

platinum PCR supermix kit (Invitrogen).  Amplification conditions were as follows: 50°C 

(2 min), 95°C (2 min), followed by 45 cycles of 95°C (15 s), 55°C (30 s), 72°C (30 s), 

and a final extension at 72°C for 8 min. 

ELISA for Autoantibody Titers.  

We measured autoantibody [IgG anti-double-strand DNA (anti-dsDNA)] titers in 

serum in some treatment groups using indirect ELISA (enzyme-linked immunosorbent 
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assay). Immulon 2 microtiter plates (Dynatech Laboratories, Inc., Chantilly, VA) were 

coated overnight at 4°C with a 1:10 (vol/vol) dilution of poly-l-lysine at 100 µL/well.  

Between all steps, microplates were washed three times with borate-buffered saline (25 

mM Na2B4O7, 75 mM NaCl, 100 mM H3BO3, pH 8.4) containing 0.05% Tween 20.  

After addition of calf thymus DNA (50 µL/well at a concentration of 20 µg/mL), the 

plate was blocked with 100 µL/well of 3% bovine serum albumin (BSA) in phosphate-

buffered saline (PBS).  Dilutions (1: 200) of serum samples were prepared in PBS and 

incubated in the appropriate wells at room temperature for 1 hr.  The secondary antibody 

(goat anti-mouse IgG peroxidase conjugated Fc gamma specific; Jackson 

ImmunoResearch Laboratories, West Grove, PA) was diluted to 1:5,000 (v/v) in PBS and 

added at 50 µL/well.  The developing solution consisted of o-phenylene diamine at 0.4 

mg/mL PC buffer (4.7 g/L citric acid and 13.8 g/L sodium phosphate dibasic 

heptahydrate, pH 5.1) with 0.01% H2O2.  The substrate turnover was determined by the 

difference between the OD450 (optical density) and OD620 on a Molecular Devices 

(Sunnyvale, CA) microplate reader.  The concentration of antigen-specific IgG is 

reported in equivalent dilution factors (EDFs) of standardized reference NZB NZW/F1 

sera.  This is defined by the formula EDF = (dilution of a standard reference sera that 

gives the equivalent OD of the test serum)  104.  

Determination of Serum Prolactin. 

Serum was obtained from final bleeding and frozen at -80 °C until analysis. 

Prolactin radioimmunoassay (RIA) used mouse PRL (mPRL) reference preparation 

AFP6476C, mPRL AFP1077D for iodination, and anti-mPRL antiserum AFP131078 

(provided by A.F. Parlow and the National Hormone and Peptide Program, Harbor–

UCLA Medical Center, Torrance, California, USA).  The assay was performed by the 
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National Hormone and Peptide Program.  Briefly, fifty µl of serum from each sample was 

used in the RIA, and approximately 20,000 cpm was added to each tube.  Quantitative 

limits for the assays ranged from 3-6 ng/mL with intra and interassay coefficients of 

variation <15%. Samples were analyzed in duplicate at multiple dilutions. 

Producing and Labeling Apoptotic Cells 

Thymus cell suspension from female BALB/c mice was exposed to 10-6 uM of 

dexamethasone (Sigma) in complete RPMI media at 37°C with 5% CO2 for 18 hours. 

Thymus cells were then washed and stained with 7-AAD (Sigma) for labeling.  Briefly, 

cells were adjusted to 107 /mL in phosphate-buffered saline (PBS) followed by adding 7-

AAD into the cell suspension to a final concentration of 20 µg/mL.  Cells were then 

incubated at 4 ºC for 20 minutes followed by washing twice with PBS. Flow cytometry 

was performed to verify the apoptosis of lymphocytes after the dexamethasone treatment, 

and more than 90% of the cells after staining were 7-AAD positive.  

Clearance of Apoptotic Cells 

Peritoneal cells from chlordecone-, estradiol-, and control-pellet treated mice were 

carefully harvested in PBS with 5% fetal bovine serum (FBS) at pH 7.2 without red blood 

cell contamination.  One million peritoneal cells were then stained with CD11b-APC, 

B220-APC-Cy7, CD19-PE-Cy7 and CD5-PE.  After staining, cells were washed twice in 

PBS and then cultured in a 6-well plate with 2 mL complete DEME media at 37°C with 

5% CO2 for 1 hour to allow cells recover.  One million 7-AAD stained apoptotic cells 

were then added into the plate and mixed well with pre-cultured peritoneal cells. The 

mixed cells were incubated for one hour at 37°C with 5% CO2 before they were 

harvested using a scraper and collected for flow cytometry.  Peritoneal macrophages that 

had engulfed apoptotic cells were defined as the 7-AADhighCD11bhigh and CD19low cell 
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population, while macrophages without apoptotic cells were 7-AADlowCD11bhigh and 

CD19low cells.  B1 cells, also present in the peritoneal cavity and reported to have 

phagocytic capabilities (Borrello et al., 2001), were defined as CD19+CD5+ cells.  

Statistical Analysis. 

Statistical analyses were mainly conducted using the software GraphPad Prism, 

version 4.00 (GraphPad, San Diego, CA).  Significance was determined using Dunnett’s 

procedure of the one-way ANOVA.  All p < 0.05 were considered to be statistically 

significant.  For many responses, control group data were visually not variable compared 

with the treatments, and this was confirmed using Levene's test for heterogeneity 

(Levene, 1960).  Because of this, the control group data were excluded in the one-way 

analysis of variance model.  Differences in treatment means were identified using 

Gabriel's comparison intervals method (Gabriel, 1978).  If the Control group mean was 

outside the Gabriel comparison interval for any treatment, the treatment mean was 

considered to be significantly different from the control mean.  Standard control-to-

treatment comparison methods, such as Dunnett's test (Dunnett, 1980), could not be used 

here because typically the control group variance was one to two orders of magnitude 

smaller than any treatment group variance.  Any treatment that caused significant 

increase compared with control group was marked with a � on the top of the treatment.  

The groups with no statistically significant difference were marked with a same letter 

(either a or b), while groups with significant difference were marked with different 

letters. 
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Table 2-1. List of primers used in real-time PCR.  
β -actin Forward CGGCCTAGCTCTGAGACAAT 
 Reverse GTCACCATCCTTTTGCCAGTT 
Shp-1 Forward CGAAAACGTGCATAGCAAGA 
 Reverse GACGAATGCCCAGATCACTT 
Bcl-2 Forward AGTACCTGAACCGGCATCTG 
 Reverse CAGGTATGCACCCAGAGTGA 
Ly5 Forward TCGTGCCCAAACAAATTACA 
 Reverse TGGAATCCCCAAATCTGTCT 
IL-2 Forward TACGCATTAACGATCATTCT 
 Reverse ATCGGCCATGTCAATGCTCT 
IL-6 Forward CTGGCAAAAGGATGGTGAC 
 Reverse TGAGCTCATTGAATGCTTGG 
Fas Forward ATGCACACTCTGCGATGAAG 
 Reverse TATTGCTGGTTGCTGTGCAT 
Fas ligand Forward TGGTTGGAATGGGATTAGGA 
 Reverse TACTGGGGTTGGCTATTTGC 
IFN-γ Forward ATCTTGGCTTTGCAGCTCTT 
 Reverse TTTTGCCAGTTCCTCCAGAT 
Prolactin receptor Forward TGATCCTCAGTTTGGTGCAG 
 Reverse TTCAGGATAGGCCTGGCTAA 
TGF-β Forward TGCGCTTGCAGAGATTAAAA 
 Reverse AGACAGCCACTCAGGCGTAT 
TNF-α Forward AGCCTCTTCTCATTCCTGCTT 
 Reverse AGGGTCTGGGCCATAGAACT 
FcγRIIb Forward TCTGGAGGAACTGGCAAAAG 
 Reverse GACCTGTGGGTTGTTGACCT 
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CHAPTER 3 
COMPARISON OF SPLENIC LYMPHOCYTE PHENOTYPIC CHANGES WITH 

TREATMENT OF CHLORDECONE AND ESTROGEN  

Introduction 

Systemic lupus erythematosus (SLE) is a chronic, multisystem autoimmune disease 

characterized by elevated levels of pathogenic autoantibodies (Kotzin, 1996).  B 

lymphocytes are active participants in humoral immune responses that lead to 

differentiation into antibody-secreting cells in either T cell-dependent or T cell-

independent ways.  Studying the phenotypic changes of lymphocytes provides direct 

cellular evidence for the disease process and may reveal mechanisms for the 

pathogenesis. 

Although in murine models of lupus, DNA-reactive B cells represent < 0.1% of the 

splenic cell population (Klinman et al., 1991), they are a fairly sensitive and very specific 

marker for the loss of humoral tolerance (Kotzin, 1996).  Many mechanisms exist to 

maintain central B cell tolerance in the bone marrow, including clonal deletion (Nemazee 

et al., 1989; Hartley et al., 1991), clonal anergy (Goodnow et al., 1988) and receptor 

editing (Tiegs et al., 1993; Radic et al., 1993) of autoreactive receptors.  In many 

autoimmune models, including NZB/NZW F1, central tolerance is generally well 

preserved (Wellmann et al., 2001).  However, because the process of somatic 

hypermutation occurring during a T cell-dependent B cell response in secondary 

lymphoid tissue permits new autoreactive B cells to arise, especially in the germinal 
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center, additional tolerogenic mechanisms must also exist in the periphery (Cornall et al., 

1995; Paul et al., 2004).    

Germinal Centers 

In the past 15 years, an enormous amount of research activity has been devoted to 

understanding the pathogenesis of autoantibodies.  The vast majority of the data indicate 

that most IgG autoantibody responses are T cell-dependent, MHC-restricted, of high 

affinity and antigen-driven and essentially follow the same pathway as responses to T 

cell-dependent foreign antigens (Maddison, 1999).  The site where these responses occur 

is the germinal center.  Germinal centers are microenvironments that form within follicles 

of secondary lymphoid tissue and are the site of rapid B cell expansion, somatic 

hypermutation, isotype switching, affinity maturation, apoptosis, plasma cell commitment 

and memory cell formation.  The initiation of germinal center formation and maturation 

requires several essential cell types, including dendritic cells, antigen-specific B cells, T 

helper (Th) cells and follicular dendritic cells (Cozine et al., 2005).  In a conventional 

response to foreign antigens, dendritic cells at the site of exposure have taken up the 

antigen and processed the protein component into peptides which are displayed bound to 

MHC class I and class II molecules.  In the context of the damage at the site of the initial 

response, “danger” signals in the form of pathogen-associated molecular patterns 

(PAMPs) are delivered which cause the dendritic cells to mature, upregulate potent 

costimulatory molecules and migrate to the draining lymph node.  Soluble, blood-borne 

antigens are thought to cause the same type of stimulation to resident dendritic cells in 

the spleen.  Within the secondary lymphoid tissue, naïve CD4 T cells, which tend to 

circulate through the paracortical area, encounter the activated dendritic cells.  Those T 

cells with a T cell receptor that can engage the peptide/MHC complex with sufficient 



36 

 

affinity are stimulated to proliferate and differentiate into armed effector T cells.  

Subsequently, these antigen-specific CD4 T cells engage antigen-specific naive B cells, 

and these activated B cells then migrate into nearby follicles, where they proliferate, 

differentiate, and undergo a stringent selection process.  Based on its histological 

appearance, the germinal center can be divided into two distinct poles or zones, called the 

dark and light zones.  B cells in the dark zone, called centroblasts, undergo rounds of 

rapid proliferation and somatic hypermutation of their antibody variable genes.  The 

hypermutation process results in progeny B cells with different affinities for the 

stimulating antigen.  The centroblasts then become smaller, non-dividing centrocytes and 

undergo selection in the light zone based on the affinity of their surface antibody for the 

inducing antigen, which is bound to follicular dendritic cells (FDC), a population of cells 

distinct from bone marrow-derived dendritic cells.  It is thought that further interactions 

with germinal center T cells provide important proliferative and survival signals 

necessary to expand antigen-specific centrocytes in the light zone and form the germinal 

centers, despite their small percentage within the germinal centers. Germinal center 

follicular dendritic cells also display immune-complexed antigen on their surface, and 

enable the selection of high-affinity B cell clones (Cozine et al., 2005).  Chemokine 

receptors CXCR4, CXCR5 and their ligands CXCL12, CXCL13 were reported to play a 

key role in germinal center organization based on CXCR4-/- and CXCR5-/- knock-out 

study (Allen et al., 2004).    

The dysregulation of mechanisms controlling normal or ectopic T-cell dependent 

germinal center reactions to exogenous or endogenous antigens may contribute to the 

emergence of SLE.  Comparison between lupus prone mice, such as the NZB/NZW F1 
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mouse, lpr/lpr mouse, and non-autoimmune mice, showed that autoreactive B cells were 

able to form and/or enter splenic follicles in the lupus-prone mice, but were retained 

outside follicles in the T cell zone in non-autoimmune mice.  The failure to appropriately 

exclude autoreactive B cells from the germinal center may therefore lead to autoantibody 

formation.   

Non-autoreactive B cells may appropriately enter a germinal center response but 

then develop an autoreactive specificity through somatic hypermutation.  Normally, these 

cells should be selected against at the centrocyte stage, as they would not compete 

effectively for survival signals from follicular dendritic cells.  The survival signals are 

delivered to those B cells with an immunoglobulin receptor specific for intact foreign 

antigen bound by the FDCs.  Competition for FDC binding is strong, and most B cells 

fail to receive sufficient signals, die by apoptosis, and are efficiently cleared by tangible-

body macrophages.  Therefore, defects in the clearance of apoptotic cells in the germinal 

center could lead to escape of negative selection by autoreactive B cells. Baumann et al. 

(2002) reported that in a sub-group of SLE patients, apoptotic cells were not properly 

cleared.  Consequently, nuclear autoantigens bound to follicular dendritic cells and may 

thus have provided survival signals for autoreactive B cells.  This action may override an 

important control mechanism for B cell development, resulting in the loss of tolerance for 

nuclear antigens.  

Marginal Zone B cells  

The marginal zone is a distinguishable concentric collection of cells surrounding 

splenic follicles and separates the white pulp from the red pulp.  The marginal zone is 

primarily made up of marginal zone B cells, specialized macrophages, and reticular cells 

(Lopes-Carvalho et al., 2004).  Whereas follicular B cells are freely recirculating 
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lymphocytes, marginal zone B cells are non-recirculating cells.  Marginal zone 

macrophages might play an important role in retaining marginal zone B cells within this 

area by expression of the ligand for the marginal zone B cells scavenger receptor 

MARCO (Kraal, 1992; Karlsson et al., 2003).  Another possible mechanism is the 

interaction of integrins on B cells with integrin ligands that are induced in the marginal 

zone in stromal cells by signaling via the LTβR (Lu et al., 2002).   

Marginal zone B cells have a distinctive phenotype.  They express high levels of 

IgM and very low levels of IgD and CD23.  They also express higher levels of CD21, 

CD1d, CD38, CD9, and CD25 than follicular B cells (Gray et al., 1982; Oliver et al., 

1997 and 1999; Waldschmidt et al., 1991; Hsu, 1985).  There are two important factors 

involved in the development of the marginal zone B cell.  The primary determinant is the 

specificity of the B cell receptor, which allows a developing B cell to choose between a 

follicular and a marginal zone B cell fate.  The second major driving force is notch 

signaling.  B cells are selected to mature into the marginal zone B cell only after they 

receive additional signals from Notch2 and NF-κ B1 (Pillai et al., 2005). 

The most important functional feature of marginal zone B cells is their very early 

participation in immune responses.  Their unique location permits them to respond very 

rapidly to blood-borne pathogens.  Marginal zone B cells seem to have a lower threshold 

than recirculating or immature B cells for activation, proliferation and differentiation into 

antibody-secreting cells.  Recent studies have revealed the participation of marginal zone 

B cells in T-independent as well as in T-dependent immune responses.  Studies of 

marginal zone B cells also suggest that they can potentially play a role in autoimmunity.  

In the autoimmune NZB mouse model, there is an increased proportion of marginal zone 
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B cells with increased levels of co-stimulatory molecules as compared with the non-

autoimmune mouse strains (Wither et al., 2000).  Lupus-prone NZB/NZW F1 mouse also 

showed expanded marginal zone B cell as early as 4 weeks of age (Wither et al., 2000), 

and the marginal zone B cells are responsible for production of large amounts of anti-

DNA antibodies, as compared to follicular B cells (Zeng et al., 2000).  The distribution of 

marginal zone and germinal center is shown in Figure 3-1, and the brief introduction of 

the phenotypic markers tested in this chapter was shown in Table 3-1.     

We hypothesized that autoimmunity could be accelerated by exposure to 

chlordecone in lupus-prone mice through effects on one or more of the checkpoints 

involved in maintaining peripheral tolerance.  The experiments below were designed to 

compare the effects of chlordecone with those of estradiol at relatively early time points.  

Results 

Chlordecone Exposure Caused Only Slight Changes in Spleen, Uterus and Body 
Weight Compared to Estradiol 

In an attempt to examine early events in cells of the immune system following 

exposure to chlordecone, a cohort of two-month-old ovariectomized mice was implanted 

with control pellets, or pellets containing 1 mg of chlordecone, 5 mg of chlordecone, or 

0.05 mg of estradiol.  Although not a positive control in the strictest sense, we compared 

the results with mice given 0.05 mg estradiol pellets, as the effects of estradiol on the 

immune system of NZB/NZW F1 mice have been well studied, even if all of the 

pathways affected by estradiol have not been fully delineated.  The mice were evaluated 

five to six weeks later for evidence of increased immune activation, at which time point 

no significant increase of anti-dsDNA antibody titer by chlordecone had been previously 

observed (Sobel et al., in press).  Mice were euthanized, and mouse body, spleen and 
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uterine weights were obtained.  As can be seen in Figure 3-2, Panel A, all groups of mice 

had similar body weight before treatment.  Five to six weeks after implantation, all 

groups of mice gained weight.  The control-treated group gained the most weight, while 

the estradiol-treated group had the least weight gain.  Mice treated with chlordecone did 

not show difference in body weight compared with the placebo-treated group (Figure 3-2, 

Panel B).  In contrast, mice treated with 5 mg (but not 1 mg) chlordecone had a 

statistically significant increase in spleen weight relative to control mice.  This was not as 

great an increase as was seen with estradiol (Figure 3-2, Panel C).  Chlordecone treatment 

did not cause significant change on uterus weight, while estradiol dramaticly increased 

the uterus weight about seven times compared with the control group (Figure 3-2, Panel 

D).    

Estradiol, but Not Chlordecone, Changed Lymphocyte Percentages 

Flow cytometric analysis showed no difference in the percent composition of CD4 

and CD8 T and B cells in the spleen of chlordecone-treated mice.  In contrast, estradiol-

treated mice showed a significant decrease in the percentage of both B cells (Figure 3-3, 

Panel A) and T cells (Figure 3-3, Panel B and C), suggesting that the splenomegaly in the 

estradiol-treated group was due to a relative increase in non-T and non-B cells.  Although 

estradiol significantly reduced the lymphocyte percentage, the ratio of CD4/CD8 T cells 

did not significantly change compared with control group (data not shown). 

Both Chlordecone and Estradiol Treatments Activated Splenic B Cells  

To further study chlordecone and estradiol effect on B lymphocytes, seven-color 

flow cytometric analysis was performed on splenocytes with antibodies to markers on B 

cells.  The expression levels of MHC Class II, CD86 (B7.2), and CD44 did not result in 

distinct positive and negative peaks.  Therefore, to control for any day-to-day fluctuations 
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in instrument setup, one mouse from each group was studied on each experimental day 

and the expression levels were normalized as the ratio of the geometric mean of the 

treated mice to that of that day’s control-treated mouse.  Both chlordecone and estradiol 

exposure increased the expression level of B cell activation markers CD44 (Figure 3-4, 

Panel A), CD69 (Figure 3-4, Panel B) and the B cell co-stimulation marker B7.2 (Figure 

3-4, Panel C) based on the change on percentage of positive cells.  There were systemic 

variations on the geometric mean of MHC Class II molecule, which might come from the 

operation difference on the staining intensity from day to day.  Since each day studied 

included one mouse from each treatment group, we decided it would be more accurate to 

normalize the results to that day’s control mouse.  This normalization process reduced the 

effects of day-to-day variations in staining conditions, and allowed the effects of 

chlordecone and estradiol to be seen more clearly.  After normalization, both 5 mg 

chlordecone and estradiol significantly increased the level of MHC class II based on the 

mean fluorescence intensity (Figure 3-4, Panel D).    

Chlordecone Exposure Enhanced Germinal Center Reactions 

Since the germinal center is the site of T cell-dependent antibody responses, and 

the site of production of most high-affinity, class-switched autoantibodies, we looked 

more closely at germinal center B cells.  As a percentage of total CD19+ B cells, the 5 

mg chlordecone-treated group showed significant increase in B cells staining for GL7, a 

marker of germinal center B cells (Han et al., 1996), as shown in Figure 3-5.  This also 

corresponded to an increase in the expression of CXCR5high and CXCR4high B cells 

(Figure 3-6, Panels A and C).  When gated specifically on GL7+ germinal center B cells, 

CXCR4 and CXCR5 expression level was also increased in the chlordecone-treated 

group (Figures 3-6, Panels B and D).  These two chemokine receptors are important in 
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the organization of germinal centers and the trafficking of cells within them (Allen et al., 

2004).  Comparable increases in germinal center B cells were also seen in the estradiol-

treated group.  As there are also CD4 T cells in the germinal center (Cozine et al., 2005), 

and CXCR5 is the specific marker for germinal center T cells (Kim et al., 2001), we also 

measured its expression level. Both chlordecone and estradiol increased the percentage of 

CXCR5high CD4 T cells, as shown in Figure 3-7.       

Examination of Expression Profile of Genes Involved in Germinal Center Reactions  

Expression levels of the anti-apoptotic protein Bc1-2, cell adhesion molecules 

ICAM-1 and VCAM-1, and the inhibitory receptor FcγRIIb in B cells were measured by 

flow cytometry.  Estradiol treatment was previously been shown to upregulate Bcl-2 

expression on splenic B cells of R4A-IgG2b BALB/c transgenic mice (Bynoe et al., 

2000), but has not been shown in non-transgenics.  We found that in the NZB/NZW F1 

mouse, not only estradiol but also chlordecone treatment increased Bcl-2 expression on 

splenic B cells (Figure 3-8).  It has been suggested that the signals produced by adhesion 

of LFA-1 to ICAM-1 and VLA-4 to VCAM-1 were involved in the interaction of 

follicular dendritic cells and B cells in germinal center, and prevented germinal center B 

cell apoptosis (Koopman et al., 1994).  Chlordecone treatment increased both ICAM-1 

and VCAM-1 expression level of total CD19+ B cells (Figure 3-9, Panel A and C) as well 

as germinal center B cells (Panel B and D).  This effect was similar to that seen in 

estradiol-treated mice.  In contrast, neither chlordecone nor estradiol treatment affected 

the expression of inhibitory receptor FcγRIIb in germinal center (Figure 3-10).   
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Exposure to Chlordecone and Estradiol Decreased the Rates of Germinal Center 
Apoptosis Without Affecting the Proliferation of Lymphocytes 

In order to characterize further the behavior of B lymphocytes after chlordecone 

exposure, B cells were isolated by negative selection with magnetic beads (Miltenyi) and 

stimulated under a variety of conditions, including LPS and anti-IgM.  Apoptosis was 

measured by flow cytometry using 7-AAD and annexin-V staining, and the proliferation 

was tested by tritiated thymidine incorporation as described in Chapter 2.  After 24 hr 

culture, the B cell apoptosis was significantly reduced in 5 mg chlordecone- and 

estradiol-treated groups, under both the conditions of “no stimulation” or “1 µg/mL LPS 

stimulation” (Figure 3-11, Panel A and B).  B cell apoptosis showed large variation under 

anti-IgM stimulated conditions, and the results did not reach statistical significance 

among groups (data not shown).  As isolated germinal center B cells die within a few 

hours in culture, it is not possible to measure the apoptosis of this particular B cell 

population after 24 hours.  Therefore, freshly isolated B cells were stained with a 

combination of antibodies to GL7 and CD19 to identify germinal center B cells, and 

immediately tested for apoptosis by annexin-V staining.  Both 5 mg chlordecone and 

estradiol treatment decreased apoptosis of germinal center B cells significantly, as shown 

in Figure 3-11, Panel C.  On the other hand, B cell proliferation, as measured by 

proliferation index showed no difference in either chlordecone or estradiol-treated group 

compared with the control treatment (Figure 3-11, Panel D). 

In Contrast to Estradiol, Chlordecone Treatment Did Not Alter Splenic B Cell 
Subsets 

Although chlordecone did not have a marked effect on total splenic B cells, it was 

possible that it altered the distribution of B cell subsets, one of the better documented 

effects of estradiol, at least in R4A-IgG2b BALB/c transgenic mice (Grimaldi et al., 
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2001).  We therefore examined the impact of sustained exposure to chlordecone or 

estradiol on the distribution of splenic B cell subsets in NZB/NZW F1 mice. Flow 

cytometric analysis revealed a significant decrease in the percentage of B220+/CD24high 

immature B cells and an increased percentage of B220+/CD24low-int mature B cells in 

estradiol-treated mice (Figure 3-12, Panel A), which is similar to the results reported in 

BALB/c transgenic mice (Grimaldi et al., 2001).  In contrast to estradiol, chlordecone 

treatment did not cause a decrease in the immature B cell population.  The reduction of 

immature B cells by estradiol was due mainly to a decrease in the percentage of 

CD21low/CD24high transitional type 1 (T1) B cells (Figure 3-12, Panel B), which represent 

the most immature splenic B cell population and gives rise to the transitional type 2 (T2) 

B cells.  The CD21high/CD24high transitional T2 population, which differentiates into the 

mature splenic B cell population, was not changed in estradiol-treated mice (Figure 3-12, 

Panel C).  Chlordecone treatment had no demonstrable influence on the T1 or T2 

population.  The increased percentage of mature B cells by estradiol were a result of a 

significant increase in CD21highCD24low marginal zone B cells (Figure 3-12, Panel E), 

with a statistically insignificant contribution by CD21lowCD24low follicular B cells (Panel 

D).  In contrast, chlordecone treatment had no effect on marginal zone or follicular B 

cells.   

Estradiol, But not Chlordecone, Increased the Mature Plasma Cell Population 

 Plasma cells are the major cell type that secretes antibodies.  Therefore we 

examined chlordecone and estradiol’s effects on producing plasma cells in spleen.  Only 

estradiol treatment significantly increased B220-CD138+ mature plasma cell population, 

while chlordecone treatment caused a slight increase which did not reach statistical 
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significance (Figure 3-13, Panel A).  On the other hand, neither chlordecone nor estradiol 

changed the B220+CD138+ immature plasma cell population (Figure 3-13, Panel B).   

Estradiol, but Not Chlordecone, Enhanced Anti-dsDNA and Anti-ssDNA 
Autoantibody Titers in Serum 

As only estradiol treatment caused a significant increase in plasma cells, the major 

source of circulating IgG antibodies, we further measured the serum level of anti-dsDNA 

and anti-ssDNA autoantibodies in the different groups.  Each group included 15 mice. 

Chlordecone treatment did not increase the titers of either autoantibody specificity 

compared with the control group.  However, there were 5 mice in the estradiol-treated 

group that clearly broke tolerance at this early stage and had significantly higher titers of 

both auto-antibodies (Figure 3-14).  The mean titers of both autoantibody specificities in 

the estradiol group were significantly higher than either the chlordecone or control 

groups.     

Estradiol, but Not Chlordecone, Activated Splenic T Cells 

The direct effects of chlordecone and estradiol on T cells were measured by their 

influence on the expression of activation markers CD69, CD44 and CD62L.  Estradiol, 

but not chlordecone treatment significantly enhanced the expression of the early 

activation marker CD69 on both CD4 (Figure 3-15, Panel A) and CD8 T cells (Figure 3-

15, Panel B).  Furthermore, the effects of chlordecone and estradiol on CD4 T cell 

subsets were tested.  Estradiol significantly increased activated T cell (Figure 3-16, Panel 

A) and memory T cell population (Figure 3-16, Panel B), while it reduced the naive T 

cell population (Figure 3-16, Panel C).  Chlordecone treatment did not cause these 

effects. 
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Estradiol, but Not Chlordecone, Increased the Regulatory T Cell Population 

Although negative selection of autoreactive T cells in the thymus and induction of 

anergy in the periphery are two main mechanisms to maintain T cell tolerance 

(Sakaguchi, 2000; Van Parijs et al., 1998), these two mechanisms alone are insufficient to 

preserve the tolerant state (Polanczy et al., 2004).  Recent studies have revealed a crucial 

role of CD4+CD25+ regulatory T cells in suppression of responses to self-antigens in 

both mice and humans (Shevach, 2000; Maloy et al., 2001; Bach, 2005).  Failures in the 

function of the regulatory T cell compartment can be responsible for the development of 

autoimmune disease.  We therefore examined chlordecone and estradiol’s effect on this 

specific T cell population.  Estradiol, but not chlordecone significantly increased 

CD4+CD25+ regulatory T cell population, as shown in Figure 3-17, Panel A), which was 

confirmed by using another regulatory T cell marker glucocorticoid-induced TNF 

receptor (GITR, Figure 3-17, Panel B).  

Estradiol Treatment Enhanced the Expression of T Cell Receptor Vα, but Not Vβ 
Chains 

As T cell receptor revision represents another important mechanism for induction 

of T cell tolerance, we examined chlordecone and estradiol’s effects on the expression of 

Vα and Vβ Chains of T cell receptor.  Estradiol treatment increased the expression of 

Vα2 and Vα8.3 chains (Figure 3-18, Panel A and B), but did not change the expression of 

Vβ4 and Vβ8 chains (Figure 3-18, Panel C and D).  In contrast, chlordecone treatment 

showed no influence on either type of T cell receptor chains.  
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Chlordecone and Estradiol Treatments Enhanced Bcl-2 Expression on CD4 T Cells 

The expression of anti-apoptotic molecule Bcl-2 in CD4 T cells was measured. 

Both chlordecone and estradiol treatment significantly increased its expression, as shown 

in Figure 3-19.   

Chlordecone and Estradiol Treatments Reduced CD4 T Cell Apoptosis Without 
Affecting Proliferation 

To characterize the behavior of T lymphocytes after chlordecone and estradiol 

exposure, CD4 T cells were isolated by negative selection with magnetic beads 

(Miltenyi) and stimulated under a variety of conditions, including anti-CD3 and -CD28. 

Apoptosis and proliferation of CD4 T cells were measured as described in Chapter 2. 

Both chlordecone and estradiol treatment significantly reduced CD4 T cell apoptosis 

either under “unstimulated” conditions (Figure 3-20, Panel A), or after stimulation with 

anti-CD3 and 5 µg/mL anti-CD28 (Panel B).  Based on the proliferation index, there is no 

significant change in CD4 T cell proliferation within the different treatment groups, as 

shown in Figure 3-20, Panel C. 

Chlordecone Increased the Percentage of Macrophage Population, but Not 
Dendritic Cell Population in Spleen 

Although macrophage and dendritic cell only account for a small portion of the 

total splenic cells, it is still possible that the reduction of lymphocyte percentage in 

estradiol-treated group comes from a dramatic increase in macrophage or dendritic cell. 

Splenic macrophage was recognized as CD11b+CD11c- cell population.  The percentage 

of macrophage was significantly increased in 5 mg Chlordecone-treated group, as shown 

in Figure 3-21, Panel A.  Estradiol treatment also increased macrophage population, but 

the result did not reach statistical significance.  On the other hand, neither chlordecone 
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nor estradiol affected the percentage of all three types of dendritic cells, as shown in 

Figure 3-21, Panel B.     

Discussion 

Although our previous experience has shown that chlordecone can markedly 

accelerate autoimmunity in the NZB/NZW F1 mouse model, the mechanisms by which it 

mediates these effects remain unknown, and the question whether chlordecone acts on the 

immune system as an estrogen mimic is still a puzzle.  The objective of the study was to 

clarify chlordecone’s effects on several important cellular events in the autoimmunity 

process. 

The dose of estradiol (0.05 mg pellet) in this test was decided by a series of dose-

dependent preliminary tests, since Walker et al. (1992) reported that a high dose of 17 β-

estradiol can cause premature death with bladder outlet obstruction and serious 

hyperprolactinemia in the NZB/NZW F1 mouse.  In our preliminary tests, we found 

similar effects.  The starting dose was 1.8 mg per 60-day continuously released estradiol 

pellet, followed with a series reduced doses of 1.5 mg, 1.0 mg and 0.05 mg, and there 

were 10 mice tested at each dose.  Only when the estradiol dose was reduced to 0.05 mg 

per pellet, treated mice did not show serious genitourinary complications with clear loss 

of weight and early death.  Subsequent tests showed that at this dose, estradiol clearly 

accelerated lupus development in this mouse model.  The doses of chlordecone tested in 

this study were also based on studies of dose-response relationships. Sobel et al. (2005) 

reported that the lowest chlordecone dose per 60-day release pellet found to produce a 

significant decrease in time to onset of renal disease was 0.5 mg (0.20 mg/kg/day), and 

the no observable effect level (NOEL) of chlordecone in this mouse model was 0.1 mg 

per pellet (0.04 mg/kg/day).  Previous studies also showed that at 1 mg and 5 mg pellet 
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dose, chlordecone treated mice showed a shorter time in developing renal disease and 

mortality than sham-operated (ovary intact) mice.  Follow-up study on serum IgG anti-

dsDNA titers suggested 1 mg and 5 mg chlordecone pellet-treated mice had similar 

elevated level of autoantibodies as in the sham group, and immunofluorescence staining 

for IgG showed clear immune complex deposition in kidney in both 1 mg chlordecone-

treated and 0.05 mg estradiol-treated mice.  The staining intensity was about the same 

between these two groups, which was stronger than in the age-controlled group (Sobel et 

al., 2005).  Based on these results, we proposed that doses of chlordecone between 1 mg 

to 5 mg might affect the process of lupus development at a similar level.   

 At the beginning of the experiment, all mice weighed 28 ± 3 g before implantation 

which is a normal weight range for two-month old NZB/NZW F1 mice.  Six weeks after 

implantation, all groups of mice gained weight, suggesting all mice tolerated the process 

and no treatment caused serious toxicity.  However, the estradiol treated group showed a 

significantly smaller increase in body weight than the chlordecone-treated groups which 

is slightly lower than control.  This indicates other adverse effects of estradiol beyond 

those on the immune system might be occurring.  After treatment, estradiol significantly 

increased uterus weight about six times higher than the placebo-treated group, which is 

consistent with previous reports, while chlordecone-treated groups showed a slight dose-

dependent increase.  Statistical analysis showed about 7% and 35% increase of uterine 

weight by 1 mg and 5 mg chlordecone pellets respectively, and the increase in uterus 

weight is linear with dose.  These data suggest that limited estrogenic effects are seen in 

the reproductive organs at the doses of chlordecone tested.  Estradiol treatment 

significantly increased the spleen weight about 49% (p<0.01) compared with the control 



50 

 

group, and 5 mg chlordecone treated group showed a weak estrogenic effect with a 13% 

(p<0.01) increase. Interestingly, 1 mg chlordecone treatment only caused about a 1% 

increase in spleen weight.  Although this dose did not increase the spleen weight, there 

are changes that clearly happened on the cellular levels that will be discussed later. 

Although chlordecone treatment slightly reduced the percentage of lymphocyte 

populations, the total decrease of 20% for both B and T cells in the estradiol group is very 

striking.  We have tested the percentages of other cell types including macrophages and 

dendritic cells (Figure 3-21), which did not show significant changes by estradiol 

treatment.  One possibility is that estradiol reduced the expression level of lymphocyte 

markers CD19, CD4 and CD8 instead of reducing the population.  However, the answer 

to the question might not be that simple, as Masuzawa et al. (1994) have reported that 

ovariectomy enhanced B cell populations in bone marrow.  Since we did not have a 

control group without ovariectomy, it is hard to tell whether there is an increase in the 

splenic B cell population caused purely by ovariectomy.  Even had we included this 

group, it is likely that variation due to the estrus cycle would obscure effects.  There are 

also reports from the studies of pregnant women and mice that high level of estrogen can 

suppress B lymphopoiesis.  Estradiol treatment might cause an increase in non-T and 

non-B cell populations, but the difference might not be as large as 20% observed here. 

Rijhsinghani et al. (1996) reported that estradiol treatment reduced CD4 and CD8 T cells 

in the thymus.  Interestingly, Okasha et al. (2001) reported that estradiol treatment could 

reduce the percentage of CD4+CD8+ (double positive) T cells and an increase in the 

percentage of CD4−CD8− (double negative), CD4+ and CD8+ T cells, also in the thymus. 
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The difference between their experiment and ours is that they did a short term 

experiment, where cells were harvested on days 1, 3 and 7 after a single injection. 

Both chlordecone and estradiol enhanced B cell markers CD44, CD69, B7.2 and 

MHC class II molecule expression, suggesting an enhanced activation status of B cells. 

These markers reflect different aspects of B cell activation. CD44 is an integral, 

hyaluronan-binding receptor present on the surface of lymphocytes and other cells of 

hematopoietic and nonhematopoietic origin (Bajorath, 2000). CD44 might play a role in 

the maturation of early lymphocyte precursors and in adaptive immune responses 

(Miyake et al., 1990).  B cell maturation is related to the interaction of CD44 with its 

stroma cell ligand fibronectin, as antibodies against CD44 impair the survival and 

differentiation of surface Ig-positive B cells and other hematopoietic progenitors in long-

term murine bone marrow cultures (Miyake et al., 1990).  Enhanced CD44 expression 

level on B cells might therefore be responsible for speeded B cell maturation. Actually, 

estradiol treatment did significantly increase the percentage of mature B cells, and reduce 

the immature B cell population (Figure 3-12).  Increased expression of CD44 proteins is 

also the characteristic of T cell activation after encounter with its cognate antigen 

(DeGrendele et al., 1997).  Another function of CD44 on lymphocytes is to traffick the 

lymphocytes to extravasate into sites of inflammation, by mediating the adhesion of 

lymphocytes to vascular endothelial cells via binding of hyaluronic acid (DeGrendele et 

al., 1997; Estess et al., 1998).  We did not examine the CD44 expression in bone marrow 

cells, it is unknown whether chlordecone or estradiol had any effects on this function. 

CD69 is a leukocyte receptor transiently induced after activation, and it is usually used as 

an early lymphocyte activation marker.  B7.2 is a B cell co-stimulation marker. The 



52 

 

traditional view of the role of B7.2 is in regulating T cell activation and tolerance with its 

pathway in the B7:CD28 family.  Recent emerging data indicate that B7.2 on B cells can 

signal bidirectionally. B7.2 stimulates CD28 on T cells and transduces positive signals 

into B cells that increase IgG1 and IgE production (Podojil et al., 2003, 2004).  The class 

II molecule is very important in antigen presentation to B cells and to T cell activation.  

Antigen recognized by a B cell's immunoglobulin is bound, internalized, and presented in 

MHC Class II to a T cell receptor during B cell activation.  Increased class II molecule 

expression mediates enhanced antigen presenting signal.  Grimaldi et al. (2001) reported 

that in an immunoglobulin transgenic BALB/c mouse model, estradiol did not increase 

the expression of MHC class II molecule.  We found about 15% increase of MHC class II 

expression in both 5 mg chlordecone and estradiol treated groups, and the increases are 

statistically significant.  The difference might be due to the difference between mouse 

strains. 

Both chlordecone and estradiol enhanced germinal center reactions, as shown by 

upregulated protein expression of GL7, CXCR5, CXCR4, ICAM-1, VCAM.  Although 

germinal center cells account for a small percentage of the total spleen cell population, it 

is an important area where negative selection for autoreactive lymphocytes occurs.  We 

also found both elevated Bcl-2 expression and reduced germinal center and total B cell 

apoptosis.  Enhanced Bcl-2 expression helps to reduce apoptosis and increase survival of 

autoreactive cells (Kuo et al., 1999).  These are consistent results.  Taken together, 

chlordecone and estradiol might help autoreactive B escape negative selection by 

influencing one or more check points of the germinal center reactions.  This is also 
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consistent with the finding of reduced germinal center B cell apoptosis by chlordecone 

and estradiol treatments.  

The fate of B cells in the germinal center is associated with some important 

molecules.  Previous reports showed the adhesion molecules ICAM-1 and VCAM-1 can 

mediate attachment of germinal center B cells to the follicular dendritic cells in vitro via 

the integrins LFA-1 and VLA-4.  This association of B cells and follicular dendritic cells 

is deemed important for driving affinity maturation (Hedman et al. 1992; Koopman et al. 

1994).  The enhanced expression of cell adhesion molecules ICAM-1 and VCAM by 

chlordecone and estradiol treatments might transfer a stronger signal from follicular 

dendritic cells to the B cells, which postpones the apoptosis of autoreactive B cells 

(Koopman et al., 1994).  

Chemokine receptor CXCR5 is an important marker for the germinal center.  

Forster et al. (1996) reported that in mice with targeted disruption of the CXCR5 gene, 

inguinal lymph nodes are absent and Peyer’s patches are either aborted or display severe 

morphological alterations with no defined B cell follicles.  Also the spleen lacks follicles 

and exhibits impaired germinal center formation after immunization of these animals.  

Consistently, transferred lymphocytes from CXCR5-deficient mice fail to enter B cell 

follicles in the organs of wild-type animals, demonstrating an essential role for CXCR5 in 

follicular homing.  The chemokine receptor CXCR4 is expressed by all subsets of B cells 

throughout B cell ontogeny, and was proved to be important in regulating homeostasis of 

B cell compartmentalization and humoral immunity (Nie et al., 2004).  Allen et al. (2004) 

reported that chemokine CXCL12 and CXCL13 and their receptors CXCR4 and CXCR5 

are crucial for the motility of germinal center cells – the germinal center organization 
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depends on sorting of centroblasts by CXCR4 into the dark zone.  In contrast, CXCR5 

helped direct cells to the light zone, and deficiency in CXCL13 was associated with 

aberrant light zone localization.  The increased expression of CXCR4 and CXCR5 by 

chlordecone and estradiol treatments might speed the movement of autoreactive cells and 

help them escape from negative selection in the light zone.   

Chlordecone and estradiol treatments caused a reduction in total B cell apoptosis, 

which is consistent with enhanced expression of anti-apoptotic protein Bcl-2.  Normally, 

reduced apoptosis is connected with increased number of cells.  However, estradiol 

treatment caused a 7% decrease in splenic B cells, which seems inconsistent with reduced 

apoptosis.  But, considering the significant increase in spleen weight (48%) by estradiol 

treatment, and presuming the number of total cells is proportion to the spleen weight, the 

total number of B cells was actually increased.  

Estradiol treatment has been reported to enhance marginal zone B cell populations 

significantly in a transgenic BALB/c mouse model, and the autoreactive B cells displayed 

a marginal zone phenotype (Grimaldi et al., 2001).  We verified the finding of enhanced 

marginal zone B cell population by estradiol treatment in NZB/NZW F1 mouse model.  

However, chlordecone did not change the percentage of marginal zone B cells, which 

might suggest chlordecone’s effects on autoimmunity is not through its effects on 

marginal zone B cells.  However, it is still possible that chlordecone changed the 

composition of marginal zone B cells with an increase in autoreactive B cells without 

affecting the overall percentage.  Unfortunately, there is no way to measure the 

autoreactive B cells in the conventional NZB/NZW F1 mouse model.  This can be 

overcome by using either the R4A-γ2b transgenic BALB/c mouse model or NZB/NZW 
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F1 transgene 3H9-µ or 3H9R mouse models.  In these strains, there will be specific 

antibody to the transgene which can quantitatively measure the autoreactive B cells.   

Estradiol but not chlordecone enhanced the percentage of mature plasma B cells in 

spleen, which is defined as the B220-CD138+ cell population.  When immature plasma 

cells (B220+CD138+) were examined, neither chlordecone nor estradiol influenced this 

population.  Chlordecone did not show enhanced presence of plasma cells, which might 

be due to the low dose we used in the experiment and the short period time of treatment.  

Another possibility arises from the report that after antigen challenge and B cell 

activation, the emerging plasma cells undergo CXCL12-induced chemotaxis to the bone 

marrow, where they produce antibody and persists (Erickson et al. 2003).  NZB/NZW F1 

mice have a defect in migration of plasma cells to the bone marrow (Erickson et al., 

2003), and it is possible that chlordecone partially reversed this effect.  We did not stain 

for plasma cells in the bone marrow, but we believe this possibility is less likely.  Plasma 

cells are also the maor source of secreted autoantibodies.  We therefore measured the 

serum level of two types of auto-antibodies, IgG anti-dsDNA and anti-ssDNA.  Only the 

estradiol-treated group showed a significant increase in both antibody titers, which was 

consistent with the increase in plasma cell population.  

Chlordecone did not break tolerance at the early time point when the mice were 

sacrificed, while 1/3 of the mice in estradiol-treated group broke the tolerance.  We had 

chosen this early time point precisely to reduce the potential of identifying secondary 

effects, as our previous experience indicated that chlordecone did not increase 

autoantibody titers 5-6 weeks after implantation of young mice (Sobel et al, in press).   

However, this also might be an important reason why chlordecone showed weaker effects 
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than estradiol in many of the parameters evaluated.  We confirmed that chlordecone did 

not break the tolerance in ovariectomized mice.  On the other hand, 0.05 mg estradiol did 

show some effects in increasing the titers of autoantibodies.  Despite this, 

immunofluorescence staining showed similar intensities of IgG immune-complex 

deposition at kidney in both chlordecone and estradiol treated group eight weeks after 

implantation (Sobel et al., 2005).  There are at least two possibilities for the difference: 1. 

NZB/NZW F1 mouse is a lupus-prone mouse model, and the disease process in this 

model is very sensitive to the time course.  Chlordecone treatment did not break the 

tolerance at 6 weeks, but it might break the tolerance shortly thereafter.  In 

unovariectomized NZB/NZW F1 mice, the titers of auto-antibodies were clearly higher at 

8 weeks than at 6 weeks after implantion (Sobel et al., in press).  2. Although the absolute 

titers of serum antibodies were the same or even lower in chlordecone-treated group, 

chlordecone might have some subtle effects on the kidneys that cause more deposition in 

kidney than estradiol treatment.  

Although both chlordecone and estradiol activate B cells, it seems that only 

estradiol had a significant effect on T cells.  Chlordecone had no influence on the early 

activation marker CD69 expression in both CD4 and CD8 T cells (Figure 3-15, Panel A 

and B), and caused a slight increase in activated CD4 T cell subset based on the 

expression level of CD44 and CD62L (Figure 3-16, Panel A).  This might be due to the 

low dose of chlordecone in the experiment and early course of the disease. It is also 

possible that chlordecone might act on T cells secondarily.  Based on CD44 and CD62L 

expression, estradiol but not chlordecone significantly increased activated T cell and 

memory T cell percentage and reduced naive T cell percentage, suggesting estradiol can 
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also influence T cell maturation, while chlordecone does not have this effect.  In humans, 

Kamada et al. (2000) reported that hormone replacement therapy (HRT) caused a 

significant decrease in naive T cells and an increase in memory/activated T cells in 

women at late post-menopause than at early post-menopause.  Okasha et al. (2001) also 

reported that estradiol treatment could increase CD44 expression on thymocytes, which 

was accompanied with increased maturation of the thymocytes.  

Estradiol but not chlordecone increased the percentage of CD25+CD4+ regulatory 

CD4 T cell population which has suppressive effects in the development of autoimmune 

disease (Maloy et al., 2001; Shevach, 2000).  This seemed inconsistent with the finding 

of accelerated autoimmunity in estradiol-treated mice.  However, in considering 

estradiol’s effect of down-regulating the percentage of CD4 T cell, the absolute number 

of total regulatory CD4 T cells was likely not significantly increased in estradiol-treated 

group.  As we did not count the absolute number of CD4 T cells in the spleen, it is hard to 

reach a conclusion right now.  Another possibility is that, since the suppressive effects of 

CD25+CD4+ regulatory T cell requires direct cell-cell interaction (Fehervari et al., 2004), 

estradiol might prevent this interaction by down-regulating some molecules on the target 

cells.  Interestingly, Polanczyk et al. 2004 reported that estradiol treatment alone 

sufficiently expanded CD25+CD4+ regulatory T cell compartment in C57BL/6 mice, and 

the increase might be responsible for estradiol’s protection of mice from experimental 

autoimmune encephalomyelitis (EAE), a mouse model of human multiple sclerosis (Bebo 

et al., 2001).  The role of CD25+CD4+ regulatory T cell in different autoimmune diseases 

is far from being elucidated, and further studies are required to clarify its function in 

lupus development.   
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Estradiol treatment caused a small but statistically significant increase in the 

expression of T cell receptor Vα2 and Vα8.3 chains, but had no influence on Vβ4 and 

Vβ8 chains.  It is unknown whether this small increase in Vα chains is physiologically 

meaningful.  In general, receptor editing allows T cell to move away from autoreactivity, 

and would induce tolerogenic mechanism.  From this point of view, the factor that 

chlordecone did not caused any receptor editing, was consistent with its capability to 

induce autoimmunity.  

Both chlordecone and estradiol reduced CD4 T cell apoptosis after culture for 24 

hours in our experiments, this is consistent with the increased expression of anti-

apoptotic molecule Bcl-2.  However, there were reports that estradiol can increase T cell 

apoptosis (McMurray et al., 2001; Do et al., 2002; Okasha et al., 2001; Jenkins et al., 

2001).  There are two major differences between their experiments and ours.  First, 

McMurray et al. and Jenkins et al. used cell lines and treated with a significantly higher 

dose of estradiol; the physiological connection between the dose and increased apoptosis 

is therefore not clear.  Do et al. used a different strain of mouse.  Second, in their 

experiment, they did a short-term exposure of estradiol either to cells or to mice, while 

we exposed estradiol to mice for six weeks, during which estradiol might indirectly affect 

T cell apoptosis by its metabolites.  It is also possible that those pro-apoptotic T cells 

were already negatively selected during this time period, and only the T cells resistant to 

apoptosis were retained.  The difference of estradiol on T cell apoptosis between short-

term and long-term treatment might be linked with different effects on the kinetics of 

ERK phosphorylation and the length of time that phospho-ERKs are retained in the 

nucleus.  Short time ERK phosphorylaton might be responsible for the anti-apoptotic 
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effects.  Chen et al. (2005) reported that conversion of sustained ERK phosphorylation to 

transient, by means of cholera toxin-induced activation of the adenylate 

cyclase/cAMP/protein kinase A pathway, can abrogate the pro-apoptotic effects of 

estradiol.  

Taken together, our results suggest that chlordecone alters susceptibility to 

autoimmunity through a number of subtle effects predominantly on B cells.  The net 

effect of these perturbations is to enhance the germinal center reactions and reduce the 

autoreactive B and CD4 T cell apoptosis without affecting their proliferation.  On the 

other hand, estradiol’s effects were more complicated.  Beyond the characters that shared 

with chlordecone, estradiol also changed B cell subsets with a significantly enhanced 

marginal zone population; it produced more plasma cells and broke tolerance earlier than 

chlordecone; and it showed stronger effects on T cell activation and maturation. 
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Table 3-1. Introduction of phenotypic markers.  
Molecule 
name 

Cellular expression Main function 

CD69 Activated leukocyte, natural killer 
cell, lymphocyte, platelets, 

Langerhans 

Early activation marker, signal 
tranmitting receptor 

CD44 Hematopoietic and non-
hematopoietic cells, except platelets 

Activation marker, leukocyte 
and lymphocyte rolling, homing 
and aggregation 

CD86 (B7-2) Monocyte, activated B and T cell, 
dendritic cell, endothelial cell 

Costimulation of T cell 
activation and proliferation 

GL7 Germinal center B and T cell B and T cell activation antigen 
CD184 

(CXCR4) 
T cell subset, B cell, natural killer 

cell, monocyte/macrophage, 
proliferating endothelial cell 

Cell migration, hemoto 
progenitor cell homing 

CD185 
(CXCR5) 

T cell subset, B cell, cerebellar 
neurons 

Cell migration 

CD54 
(ICAM-1) 

Endothelia cell, epithelia cell, 
monocyte, low on resting lymphocyte 

and upregualted upon acitvation 

Extravasation of leukocytes 
from blood vessels, regulation 
of T cell activation 

CD106 
(VCAM-1) 

Activated endothelial cell, follicular 
dendritic cell, B cell 

Leukocyte adhesion, 
transmigration and 
costimulation of T cells 

CD24 B cell, granulocyte, epithelia cell, 
monocyte 

Regulation of B cell 
proliferation and differentiation 

CD21 Mature B cell, follicular dendritic 
cell, T cell subset 

Signal tranduction 

CD138 Plasma cell, pre-B cell, epithelia cell, 
neutrophil 

Extracellular matrix receptor 

CD62L B cell, T cell subset, monocyte, 
granulocyte, natural killer cell, 

thymocyte 

Leukocyte and lymphocyte 
rolling and homing 

CD25 Activated T, B cell and monocyte, 
dendritic cell subset, T regulatory cell

IL-2 receptor α chain, associate 
with β and γ chains to form 
high affinity IL-2 receptor 
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Figure 3-1. Transverse section of spleen white pulp.  The outside area of the white pulp is 

marginal zone, which sperates the white pulp from red pulp.  It is primarily 
made of non-circulating marginal zone B cells, specialized macrophages, and 
reticular cells.  Marginal zone B cells participate in early immune responses, 
and has lower threshold than recirculating or immature B cells for activation, 
proliferation and differentiation into antibody-secreting cells.  Germinal 
centers are mircroenvironment where rapid B-cell expansion, V(D)J somatic 
hypermutation (SHM), isotype switching, affinity maturation, apoptosis, 
plasma cell commitment and memory cell formation occur.  B cells, T helper 
cells and follicular dendritic cells are the main cell types in germinal center.  
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       A. Body weight before implantation             B. Body weight after implantation  

     
      C. Spleen weight after implantation               D. Uterus weight after implantation               
 
Figure 3-2. Chlordecone and estradiol effects on mice body, spleen and uterus weight. (A) 

The mean mouse body weight before implantation.  (B) The mean mouse 
body weight six weeks after implantation.  Mice-treated with estradiol gained 
significantly less body weight (p<0.01), while chlordecone-treated groups 
were unchanged in body weight compared to the control group.  (C) The mean 
mouse spleen weight six weeks after implantation.  It was significantly 
increased by estradiol (p<0.01) and 5 mg chlordecone (p<0.01) treatment, 
while 1 mg chlordecone had no effect.  (D) The mean mouse uterus weight six 
weeks after implantation.  Estradiol treatment significantly increased the 
uterus weight about seven times (p<0.01) compared with the control group, 
while chlordecone treatment did not show this effect. 
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       A. CD19+  B cells 

   
        B. CD4+ T cells                                             C. CD8+ T cells 
 
Figure 3-3. Chlordecone and estradiol effects on splenic lymphocyte populations. 

Estradiol treatment significantly decreased the percentage of (A) B cells, (B) 
CD4 T cells and (C) CD8 T cells in the spleen, and the decreases were all 
significant (p<0.01).  While chlordecone did not show these effects.  
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       A. CD44 expression on B cells                      B. CD69 expression on B cells 

         
       C. B7.2 expression on B cells                       D. MHC Class II expression on B cells  
 
Figure 3-4. Analysis of chlordecone and estradiol effects on B cell activation markers 

CD44 (A), CD69 (B), co-stimulation marker B7.2 (C) and class II molecule I-
A(d) (D) expression on splenic B cells.  Splenocytes were analyzed by flow 
cytometry using antibodies that recognize CD19, CD44, CD69, B7.2 and I-
A(d) (MHC Class II molecule).  The dotted line represents the value of the 
control group in (A), (C) and (D).  The methods for the flow cytometry 
analysis and statistical analysis were described in chapter 2.  The expression 
of MHC Class II molecule was based on the mean fluorescence intensity, and 
was normalized to each day’s control.  Estradiol and 5 mg chlordecone 
treatment significantly increased the expression of all these molecules on B 
cells compared with control group. 
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      A. Control                               B. 5 mg chlordecone               C. 0.05 mg Estradiol     

 
                                               D. GL7 expression on B cells 
 
Figure 3-5. Enlarged germinal center in both chlordecone and estradiol-treated mice. 

Splenocytes were stained for the B cell marker CD19 and the germinal center 
marker GL7, and the level of GL7 expression on CD19+ B cells was 
determined by flow cytometry.  Representative flow cytometry figures of GL7 
expression by splenic B cells are shown here for a control-treated mouse (A), 
a 5 mg chlordecone-treated mouse (B) and an estradiol-treated mouse (C).  
The overall results are shown in Panel D.  Both 5 mg chlordecone and 
estradiol treatment significantly increased GL7 expression on B cells 
(p<0.01). 
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     A. CXCR5 expression on B cells               B. CXCR5 expression on GC B cells    

     
    C. CXCR4 expression on B cells                D. CXCR4 expression on GC B cells  
 
Figure 3-6. Analysis of chlordecone and estradiol effects on the expression of chemokine 

receptors CXCR4 and CXCR5 on total B cells and germinal center B cells 
from the spleen.  The dotted line represents the value of the control group in 
(B) and (D).  Estradiol and 5 mg chlordecone treatment significantly increased 
the expression of CXCR5 on the total B cells (A) and the germinal center B 
cells (B).  The expression level of CXCR4 on total B cells (C) and the 
germinal center B cells (D) were also increased significantly.   
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Figure 3-7. Analysis of chlordecone and estradiol effects on the expression of chemokine 
receptors CXCR5 in CD4 T cells from the spleen.  Both 5 mg chlordecone 
and estradiol treatment significantly increased CXCR5 expression in CD4 T 
cells.   
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Figure 3-8. Analysis of chlordecone and estradiol effects on the expression of Bcl-2 in B 

cells.  The dotted line represents the value of the control group.  Both estradiol 
and chlordecone significantly enhanced Bcl-2 expression in B cells compared 
with control group.  However, there was no statistically significant difference 
among chlordecone and estradiol treatments.  
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      A. ICAM-1 expression on B cells                    B. ICAM-1 expression on GC B cells 

    
       C. VCAM-1 expression on B cells                 D. VCAM-1 expression on GC B cells 
 
Figure 3-9. Analysis of chlordecone and estradiol effects on the expression of the cell 

adhesion molecules ICAM-1 and VCAM-1 in the total B cells and the 
germinal center B cells.  The dotted line represents the value of the control 
group.  Both chlordecone and estradiol treatment significantly increased the 
expression of ICAM-1 in the total B cells (A) and the germinal center B cells 
(B) compared with control group.  The expression of VCAM-1 in the total B 
cells (C) and the germinal center B cells (D) was also significantly increased 
compared with control group.   
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Figure 3-10. Analysis of chlordecone and estradiol effects on the expression of the 

inhibitory receptor FcγIIb in the germinal center B cells.  The dotted line 
represents the value of the control group.  Neither chlordecone nor estradiol 
treatment significantly changed the expression of FcγRIIb in germinal center 
B cells. 
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A. B cell apoptosis without stimulation      B. B cell apoptosis with 1 µg/mL LPS    

           

   C. Germinal center B cell apoptosis         D. B cell proliferation index with 1 µg/mL 
LPS 
 
Figure 3-11. Analysis of B cell apoptosis and proliferation from chlordecone and 

estradiol-treated mice.  The dotted line represents the value of the control 
group in (C).  Both chlordecone and estradiol treatment reduced total B cell 
apoptosis under conditions of no stimulation (A) or stimulation with 1 µg/mL 
LPS (B).  Germinal center B cell apoptosis (C) was also reduced significantly 
by 5 mg chlordecone and estradiol treatment compared with control group.  
However, there was no statistically significant difference among chlordecone 
and estradiol treated groups.  For B cell proliferation, there were no 
differences in the proliferation index among the groups (D). 
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      A. Immature B cell (B220+CD24+)  

          
       B. T1 B cells (CD21-CD24+)                       C. T2 B cells (CD21+CD24+) 

         
      D. Follicular B cells (CD21-CD24-)             E. Marginal zone B cells (CD21+CD24-)  
Figure 3-12. Analysis of chlordecone and estradiol effects on B cell subsets.  (A) 

Estradiol treatment significantly decreased the percentage of B220+CD24+ 
immature B cells (p<0.01).  The decreased percentage of immature B cells 
came from a decrease in transitional type 1 B cells (B), but not the transitional 
type 2 B cells (C).  The increased percentage of mature B cells in estradiol 
treatment was due to an increase in marginal zone B cells (E), but not 
follicular B cells (D).   
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A. Mature plasma cells (B220-CD138+) 

 
B. Immature plasma cells (B220+CD138+) 

 
Figure 3-13. Analysis of chlordecone and estradiol effects on the percentage of mature 

plasma cells in spleen.  (A) Estradiol treatment significantly enhanced the 
percentage of mature plasma cells (p<0.01).  Chlordecone treatment did not 
show this effect.  (B) Neither chlordecone nor estradiol affected the 
percentage of immature plasma cells. 
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A. dsDNA titers  

 

B. ssDNA titers 

Figure 3-14. Analysis of chlordecone and estradiol effects on the serum titers of anti-
dsDNA and anti-ssDNA antibodies.  Six weeks after implantation, five out of 
15 mice in estradiol-treated group broke tolerance, and the mean values of the 
titers of anti-dsDNA (A) and anti-ssDNA antibodies (B) in estradiol-treated 
group were significantly higher than control group.  While no mice in 
chlordecone-treated group broke tolerance. 
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                                    A. CD69 expression on CD4 T cells 

 

                          B. CD69 expression on CD8 T cells 

Figure 3-15. Analysis of chlordecone and estradiol effects on the expression of the 
activation marker CD69 on CD4 and CD8 T cells.  Estradiol, but not 
chlordecone significantly increased expression of CD69 in CD4 T cells 
(p<0.01) (A) and CD8 T cells (p<0.05) (B).  Estradiol, but not chlordecone 
significantly increased CD44+CD62L+ activated CD4 (p<0.05) (C) and 
CD44+CD62L- memory CD4 T cells (p<0.01) (D), while decreasing CD44-

CD62L+ naive CD4 T cells (p<0.01) (E). 
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A. Activated CD4 T cells (CD44+CD62L+)      B. Memory CD4 T cells (CD44+CD62L-)  

  
C. Naive CD4 T cells (CD44-CD62L+) 
 
Figure 3-16. Analysis of chlordecone and estradiol effects in the CD4 T cell subsets.  

Estradiol, but not chlordecone significantly increased CD44+CD62L+ 
activated CD4 (p<0.05) (A) and CD44+CD62L- memory CD4 T cells (p<0.01) 
(B), while decreasing CD44-CD62L+ naive CD4 T cells (p<0.01) (C). 
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A. CD25 expression on CD4 T cells 

 
B. GITR expression on CD4 T cells 

 
Figure 3-17. Analysis of chlordecone and estradiol effects in the regulatory CD4 T cell 

population.  Estradiol, but not chlordecone, significantly increased the 
percentage of CD25+CD4+ T cell (A) and GITR+CD4+ T cell population (B). 
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A. TCR Vα2 expression on CD4 T cells         B. TCR Vα8.3 expression on CD4 T cells 

     
 C. TCR Vβ4 expression on CD4 T cells         D. TCR Vβ8 expression on CD4 T cells 
 
Figure 3-18. Analysis of chlordecone and estradiol effects on the T cell receptor revision.  

Estradiol, but not chlordecone, caused a statistically significant increase the 
percent of CD4 T cells expressing TCR Vα2 (p<0.05) (A) or TCR Vα8.3 
(p<0.05) (B). Neither chlordecone nor estradiol affected the expression of 
TCR Vβ4 (C) or TCR Vβ4 (D) on CD4 T cells.  
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Figure 3-19. Analysis of chlordecone and estradiol effects on the expression of Bcl-2 in 

CD4 T cells.  The dotted line represents the value of the control group.  Both 
estradiol and chlordecone significantly increased Bcl-2 expression in CD4 T 
cells compared with control group.  However, there was no statistically 
significant difference among chlordecone and estradiol treatments. 
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 A. CD4 T cell apoptosis (no stimulation)          B. CD4 T cell apoptosis (CD3 and CD28) 

  
 C. CD4 T cell proliferation index (CD3 and CD28)     
 
Figure 3-20. Analysis of chlordecone and estradiol effects in CD4 T cell apoptosis and 

proliferation.  Both 5 mg chlordecone- and estradiol-treated groups showed a 
statistically significant reduction in CD4 T cell apoptosis under both culture 
conditions (A and B).  For CD4 T cell proliferation, there was no difference in 
thymidine incorporation under unstimulated condition (data not shown).  The 
proliferation index among groups was not changed either (C). 
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A. Macrophage population  

 
B. Dendritic cell population 

 
Figure 3-21. Analysis of chlordecone and estradiol effects on macrophage and dendritic 

cell populations.  Mice in the 5 mg chlordecone treatment group showed a 
statistically significant increase in the percentage of splenic macrophage 
(p<0.05) (A), while estradiol treatment did not show this effect.  On the other 
hand, neither chlordecone nor estradiol affected the total dendritic cell 
populations (B).  
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CHAPTER 4 
COMPARISION OF SPLENIC B CELL GENE EXPRESSION AND CD4 T CELL 

CYTOKINE SECRETION BY CHLORDECONE AND ESTROGEN TREATMENT 

Introduction 

B cell plays a significant role in the lupus process which produces autoantibodies 

and causes organ damage.  Examining important genes expressed by B cells and known 

to be involved in lupus pathogenesis should be an effective way to clarify mechanisms 

and identify differences between chlordecone and estradiol treatment.  Despite the 

genetic complexity of SLE and identification of more than 50 genes that can affect 

disease expression in the mouse, disease-associated genes can generally be categorized 

into three groups.  One group affects primarily clearance of apoptotic cells or immune 

complexes by macrophages, and is represented by targeted deletions of SAP, CRP, C1q 

and c Mer.  Presumably, the inadequate clearance of apoptotic cells allows self-antigen to 

be presented in an immunogenic fashion.  A second general category is that of defective 

regulation of apoptosis of cells of the immune system, as represented by targeted or 

spontaneous deletions of Fas, Fas ligand, PTEN, and Bcl-x.  With these defects, the 

ability of the immune system to clear autoreactive T and B cells is compromised.  The 

third general pathway is represented by genes whose deletion alters the threshold of 

signaling and includes CD19, Lyn, Fyn, Cr2, PtP1c, CD22, Shp-1 and a host of others.  

Altering the signaling threshold allows autoreactive cells to escape tolerance 

mechanisms.  Since splenic B cells are not directly involved in the pathway of apoptotic 

cell clearance, the first group of genes was not selected for testing.  Several important 
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genes belonging to the second and third categories were selected and their expression 

level was tested by quantitative real-time PCR using mRNA extracted from B cells 

isolated using magenetic beads.  Another important criterion for gene selection was that 

the regulation of these genes by estradiol has already been studied previously either by in 

vivo or in vitro tests, which sets a good control for comparing the effects between 

chlordecone and estradiol.  

Selected Genes  

The following genes, including Shp-1, Bcl-2, FAS, FAS ligand, IFN-γ, FcγRIIb, 

TGF-β1, IL-2, IL-6, Ly5, TNF-α, were selected.  

Protein tyrosine phosphatase Shp-1 contains an SH2 domain, and is utilized most 

widely in inhibitory receptor signaling pathways (Plas et al., 1998), although it also 

associates with BCR, FcR, growth factor, complement and cytokine receptors (Bolland et 

al., 1999).  It is activated after binding through its amino-terminal SH2 domains to 

phosphorylated immunoreceptor tyrosine-based inhibitory motifs (ITIMs) present on 

many receptors, and dephosphorylates the downstream proteins, and subsequently either 

terminates the activated signal or activates other pathways, such as apoptosis (Plas et al., 

1998).  Shp-1 deficient mice have reduced numbers of B cells but those that are present 

are activated (Shultz et al., 1997), and the mice develop severe autoimmune disease with 

immune complex deposition in skin, lung and kidney (Shultz et al., 1987).  

Inhibitory receptor FcγRІІb is the only IgG Fc receptor on B cells and acts to set 

thresholds for B-cell activation upon co-crosslinking with surface B cell antigen receptor 

(BCR), a mechanism whereby immune complexs (ICs) can suppress the production of 

antibody (Jiang et al., 2000).  Co-ligation of the BCR complex with FcγRІІb promotes 

the induction of B cell growth arrest in the G1 phase of the cell cycle, and this ultimately 
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results in commitment of such B cells to apoptosis.  In addition to such feedback 

inhibition of ongoing B cell responses, ligation of FcγRІІb by immune complexes can 

induce B cell anergy and/or apoptosis, and hence suppress aberrant B cell activation and 

potential autoimmunity (Pearse et al., 1999).  These characteristics of FcγRІІb might 

contribute to the maintenance of peripheral tolerance during the affinity maturation of B 

cell, by promoting the deletion of low-affinity, self-reactive lymphocytes (Dijstelbloem et 

al., 2001).  Two strands of evidence point to a role for FcγRІІb in the development of 

spontaneous autoimmune disease.  First, the FcγRІІb knockout mouse had hyperactive B 

cells and developed SLE, demonstrating that defects in FcγRІІb have potential to cause 

autoimmunity (Bolland et al., 2000).  Second, a FcγRІІb defect occurs in all mouse 

models of SLE, such as NZB, BXSB, MRL (except NZW) (Pritchard et al., 2003), with a 

deletion polymorphism in the Fcgr2b promoter region among these mouse strains.  

Furthermore, FcγRІІb was reported to be down-regulated on the follicular germinal 

center B cell of NZB mouse strain, while it remained unchanged on the non-germinal 

center B cells (Jiang et al., 1999).  This special down-regulation in germinal center B 

cells might be related to the escaping of autoreactive germinal center B cells from the 

negative selection (Jiang et al., 1999; Xiu et al., 2002).  On the other hand, the NZW 

mouse has a normal expression of FcγRІІb on the germinal center B cell.  The cross 

strain NZB/NZW F1 mouse shows an intermediate expression level of FcγRІІb between 

them.   

The Bcl-2 family of proteins has been shown to protect lymphocytes against 

apoptosis triggered by a variety of stimuli, including growth factor removal, treatment 

with corticosteroids, and fas receptor activation (Cory et al., 1995).  Bcl-2 has been 
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shown to increase survival of autoreactive B cells arising in the bone marrow, permitting 

them to populate peripheral lymphoid structure (Liang et al., 1997).  In the R4A-γ2b/bcl-

2 double-transgenic mouse, B cell specific overexpression of bcl-2 was associated with 

elevated serum titers of both high- and low-affinity anti-dsDNA antibodies and rescue of 

autoreactive B cells that are normally either deleted or anergized (Kuo et al., 1999). 

Estrogen-treated mice showed up-regulation of Bcl-2 expression, not only in follicular B 

cells, but also germinal center B cells in spleens from immunohistochemical studies 

(Grimaldi et al., 2001). 

As a member of the TNF receptor family, FAS (CD95) is expressed at high levels 

on activated lymphocytes and other cells in several tissues, such as spleen, liver, lung, 

kidney and ovary (Itoh et al., 1991; Leithauser et al., 1993; Nagata et al., 1995).  The 

binding of FAS to the cells expressing FAS ligand (a cell-surface member of the TNF 

family of proteins) transfers death signal and triggers apoptosis in the FAS-bearing cells 

(Wajant, 2002).  Several lines of evidence suggest that FAS plays an important role in 

regulating the disposition of activated, tolerant, autoreactive lymphocytes.  FAS-deficient 

lpr/lpr and FAS ligand-deficient gld/gld mice show defective apoptosis that leads to 

symptoms of lymphoproliferation and generalized autoimmunity with high titers of 

autoantibodies (Izui et al., 1984; Watanabe-Fukunaga et al., 1992; Mountz et al., 1996; 

Allen et al., 1990; Lynch et al., 1994; Ramsdell et al., 1994; Takahashi et al., 1994).  A 

specific role for FAS expression by B cells has been shown by in vivo adoptive transfer 

experiments (Sobel et al., 1991).   

Transforming growth factor 1 (TGF-β1) is the prototypical member of the super 

family of transforming growth factors β (TGF- β) and regulates proliferation, 
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differentiation, migration and apoptosis (Aoki et al., 2005).  By increasing the expression 

of cell adhesion molecules, creating a chemotactic gradient and inducing pro-

inflammatory cytokines, TGF-β1 promotes inflammation at early stage of the immune 

response (Aoki et al., 2005).  It has a number of specific effects on B and T cells.  TGF-

β1 not only inhibits the proliferation, differentiation and apoptosis of T cells, but it also 

enhances the growth of naïve T cells and possibly promotes their differentiation into 

central memory T cells (Gorelik et al., 2002).  In B cells, TGF-β1 also inhibits 

proliferation and immunoglobulin synthesis, and directs isotype switching to IgA and 

IgG2b in mice (Garcia et al., 1996; Aoki et al., 2005).  Estradiol was reported to increase 

TGF-β level (Salem, 2004). 

Cytokines 

Cytokines are small secreted proteins that mediate and regulate immunity, 

inflammation, and hematopoiesis.  They provide important signals which mediate the 

communication between antigen presenting cells and lymphocytes.  As CD4 T cells are 

one of the major cell types that secrete cytokines, we tested the levels of a series of 

cytokines ex vivo by CD4 T cells isolated via magnetic-beads.  Both Th1 and Th2 

cytokines were tested since both types are reportedly involved in classical lupus 

pathogenesis, and a recent report suggests that estrogen may affect the balance (Salem, 

2004).  

Interleukin-6 (IL-6) is a Th2 pro-inflammatory cytokine that promotes the 

differentiation and maturation of B cells and subsequent IgG production (Taga et al., 

1997).  Increased IL-6 has been linked to the formation of immune complex deposits 

detectable in SLE (Pelton et al., 1991).  Major sources of IL-6 are 

monocyte/macrophages, fibroblasts and endothelial cells, but B cells, mesangial cells and 
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some other cell types can also produce IL-6 (Tackey et al., 2004).  IL-6 administered in 

vivo to lupus-prone NZB/NZW F1 mice led to a worsening of disease and increased 

mortality (Finck et al., 1994; Ryffel et al., 1994).  The role of estrogen in affecting IL-6 

production is presently unclear.  Estrogens have been shown to be potent repressors of 

IL-6 production, which appears to be due to an interaction of the estrogen receptor with 

nuclear factor (NF)-IL6 and NFĸB, two transcription factors involved in IL-6 expression 

(Galien et al., 1997).  However, estrogen also induces fos and jun, two proto-oncogenes 

that together make up the activator protein (AP)-1 transcriptional complex that also 

suppresses the expression of IL-6 (Kick et al., 1996; Hershko et al., 2002).  

Interferon-γ (IFN-γ) is a Th1 type cytokine mainly produced by activated natural 

killer cells and T cells (Hass et al., 1997).  It plays an important role in acute 

inflammation, mainly by activating adhesive properties of endothelial cells and induction 

of macrophage activation (Seery et al., 1997).  In the subsequent antigen-specific phase 

of the immune response, IFN-γ acts as a regulator of lymphocyte proliferation and 

differentiation - it can stimulate immunoglobulin secretion by B cells and promote T-cell 

differentiation towards T helper 1 type (Krause et al., 2003; Billiau et al., 1998).  

Lymphocytes from female mice produced higher levels of IFN-γ after immune 

stimulation than did those of males both in vitro and in vivo (Huygen et al., 1984; 

McFarland et al., 1989).  Administration of IFN-γ accelerated the rate of progression to 

glomerulonephritis in lupus-prone NZB/NZW F1 mice (Engleman et al., 1981), while 

treatment with anti–IFN-γ antibodies prevented glomerulonephritis (Jacob et al., 1987).  

Also transgenic mice that overexpressed IFN-γ in the epidermis produced antibodies to 

dsDNA (Seery et al., 1997).  Elevated serum levels of IFN-γ have also been reported in 
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patients with systemic lupus erythematosus (Kim et al., 1987).  Several reports have 

shown that estradiol enhances IFN-γ production by lymphocytes (Sarvetnick et al., 1990; 

Karpuzogle-Sahin et al., 2001).  

Tumor necrosis factor-α (TNF-α) is an important immunologic and pro-

inflammatory cytokine in lupus (Theofilopoulos et al., 1999; Aringer et al., 2003).  

Although Jacob et al. (1988) reported that the administration of TNF-α reduced the 

severity of lupus-like illness in NZB/NZW F1 mice, this observation has not been 

replicated in several other lupus-prone strains (Edwards et al., 1996).  mRNA levels of 

TNF-α were reportedly higher in both MRL/lpr mice and NZB/NZW F1 mice with lupus 

nephritis, and the effect of TNF-α in NZB/NZW F1 mice depends on the dose and the age 

of the mice (Brennan et al., 1989).  It is reported that levels of TNF-α were raised in the 

serum of patients with SLE (Gabay et al., 1997), and that it has been detected in renal 

biopsies of patients with lupus nephritis (Takemura et al., 1994; Malide et al., 1995; 

Neale et al., 1995; Nakajima et al., 1999; Herrera-Esparza et al., 1998).  TNF-α promoter 

polymorphisms have been reported in association with SLE (Azizah et al., 2004; Correa 

et al., 2005).  Although there is no doubt that TNF-α can influence the immune system, it 

remains unknown whether the outcome of its effects is beneficial or detrimental in human 

patients with SLE, as anti-TNF-α therapy showed contradictory results (Gomez et al., 

2004; Lee et al., 1997; Jacob et al., 1990; Wilson et al., 1994).  Also it is likely that TNF-

α has different target cells and molecules at different stages of lupus immunopathology 

(Mageed et al., 2002).  Estradiol’s effects on TNF-α secretion seem to be paradoxical, 

with some reports showing suppressive effects (Ito et al., 2001 and 2002; Tomaszewska 

et al., 2003; Wang et al., 2005), and some showing enhanced tendency towards lupus 
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(Baker et al., 2004).  Also, Porter et al. (1991) reported that hormone replacement therapy 

resulted in higher levels of induced TNF-α in post-menopausal women. 

Granulocyte macrophage-colony stimulating factor (GM-CSF) is the major 

proinflammatory regulator governing the functions of granulocyte and macrophage 

lineage populations at all stages of maturation (Hamilton, 2002).  Systemic or 

intraperitoneal GM-CSF injections in mice led to increased numbers of both circulating 

neutrophils and cycling peritoneal macrophages and dendritic cells (Metcalf et al., 1987).  

Campbell et al. 1997 and Bischof et al. 2000 reported that administration of GM-CSF 

exacerbated arthritis in two murine arthritis models.  There was also a report that 

injection of GM-CSF into some patients exacerbated rheumatoid arthritis (Hazenberg et 

al., 1989).  GM-CSF allows communication between hemopoietic cells and local tissue 

cells during inflammatory reactions (Hamilton et al., 2002).  It can enhance host defenses 

against a broad spectrum of invading organisms and may have a role as a vaccine 

adjuvant (Armitage, 1998).  GM-CSF transgenic mice with overexpression of GM-CSF 

exhibited a syndrome of tissue damage, resulting in progressive weight loss and 

premature death (Lang et al., 1987).  GM-CSF has been shown to be secreted by several 

different cell types following stimulation, including macrophages, monocytes, fibroblasts, 

endothelial cells, chondrocytes, smooth muscle cells and T lymphocytes (Zucali et al., 

1986; Bagby et al., 1986; Leizer et al., 1990; Campbell et al., 1991; Filonzi et al., 1993; 

Hamilton, 1994).  Estradiol was reported to be able to accelerate GM-CSF secretion 

(Kanda et al., 2004 and 2005; Suzuki et al., 2005),   

Interleukin-10 (IL-10) is a Th2 cytokine, and is a potent stimulator of B 

lymphocytes as well as a powerful inhibitor of antigen-presenting cells and T lymphocyte 
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functions (Rousset et al., 1992; De Waal Malefyt et al., 1993).  IL-10 has a major 

influence on autoantibody production in SLE.  It may play a central role in the 

pathogenesis of SLE, in particular by inducing autoantibody production (Llorente et al., 

2003).  Several studies have demonstrated that IL-10 is strongly overproduced in SLE 

patients (Llorente et al., 1993 and 1994; Hagiwara et al., 1996; Horwitz et al., 1998).  In 

the NZB/NZW F1 mouse model, Ishida et al. (1994) showed that development of clinical 

features of murine lupus can be prevented by administration of neutralizing anti-IL-10 

antibodies.  Moreover, by blocking IL-10 in vitro, it was possible to correct the impaired 

cellular immune responses in SLE patients (Miles et al., 1993; Lauwerys et al., 2000).  

Interleukin-4 (IL-4) is a Th2 cytokine with multiple functions in lupus-like 

autoimmunity (Singh, 2003).  Previous literature shows conflicting results on the immune 

system, with some models showing that IL-4 deficiency or neutralitions decreased 

autoantibody production and /or renal disease (Deocharan et al., 2003; Nakajima et al., 

1997; Ochel et al., 1991), and others showing IL-4 either played no role in autoantibody 

production (Kono et al., 1998 and 2000), or even an inhibitory role on autoantibody 

production (Santiago et al., 1997).  This might be due to the redundancy of its functions, 

different genetic backgrounds of the mouse models, and/or the differential regulation of 

genes with opposing roles during the development of lupus (Singh, 2003).  Multiple roles 

for IL-4 in the development of lupus include direct B cell stimulatory effects, Th2 

promoting and Ig isotype switching effects, T cell suppress effect, and direct target organ 

damage (Singh et al., 2003).  Increased IL-4 can rescue B cells from apoptosis and 

enhance their survival (Mori et al., 2000).  Estradiol was reported to suppress IL-4 

secretion (Elbourne et al., 1998).  



91 

 

Interleukin-2 (IL-2) is a Th1 cytokine that functions predominantly as a potent T 

cell growth factor and can induce T cell expansion (Nelson, 2004).  IL-2 plays an 

essential role in sensitizing T cells to activation-induced cell death in vitro, which limits 

the magnitude of T cell expansion and is mediated primarily by signals from FAS and 

TNF receptor (Green et al., 2003).  IL-2-/- mice showed autoimmunity, and it was 

speculated that this occurred through reduced AICD and impaired peripheral tolerance 

(Nelson, 2004).  Recent studies have also identified a natural regulatory T cell population 

(Tregs) characterized by expression of CD25, the high-affinity receptor subunit of IL-2.  

Loss of IL-2 in the murine system is associated with reduced munbers of Tregs and 

autoimmunity (Nelson, 2004).  The regulation of IL-2 by estradiol has been 

contradictory. Karpuzoglu-Sahin et al. (2001) reported that estradiol increased IL-2 

mRNA in thymocytes, and splenic lymphocytes. Selvaraj et al. (2005) showed the similar 

increasing effect on thymocytes.  However, Elbourne et al. (1998) and McMurray et al. 

(2001) reported a reduced IL-2 by estradiol treatment.  

Results 

Negative Selection by Magnetic Beads Resulted in Highly Purified Populations of B 
and CD4 T Cells 

In order to evaluate the effects of chlordecone and estradiol on B cell gene 

expression and CD4 T cell cytokine secretion, highly purified populations of cells were 

required.  This need was only amplified by the changes in subsets caused by estradiol. 

Negative selection using magnetic beads was applied to purify lymphocytes.  This was to 

prevent any potential alteration in message levels in signal transduction by positive 

selection.  After isolation, the purity of B and CD4 T cells were tested by flow cytometry 

using specific antibodies to B220 and CD4 respectively.  Both lymphocytes were highly 
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enriched with the purity higher than 90% (data not shown).  There were few dead cells 

shown in the bottom of the flow cytometry figure, which could be one of the reasons for 

the variation among different treatment.   

Chlordecone Enhanced Bcl-2, Shp-1, and FAS Expression in B Cells 

Real-time PCR is a technique which allows for quantitative determinations of 

mRNA levels utilizing small samples (Freeman et al., 1999; Zimmermann et al., 1996).   

Results of real-time PCR for gene expression represent a relative level of each message 

compared to the level of the sample with the lowest expression, corrected for the level of 

message for a common housekeeping gene (Freeman et al., 1999).  To evaluate the 

potential effects of chlordecone and estradiol exposure on transcriptional levels of 

important B cell genes, we performed real-time PCR on freshly isolated B cells from 

young female NZB/NZW F1 mice exposed to sustained-release estradiol or chlordecone 

over a five to six week period.  Control mice received an implanted pellet alone. Our 

results revealed that chlordecone treatment caused a significant increase (p<0.05) in Shp-

1 (Figure 4-1, Panel A), Bcl-2 (Panel B) and FAS (Figure 4-2, Panel A) expression in 

purified B cells.  Five mg chlordecone caused an increase of 118%, 135%, and 78% in 

Shp-1, Bcl-2 and FAS expression, respectively.  Estradiol treatment also caused an 

increase in the expression of these three genes, but none of them reached statistical 

significance.  The corresponding increases caused by estradiol treatment were 57%, 64% 

and 58%, respectively.  The functional expression of FAS ligand by B cells has been a 

matter of debate.  However, as the FAS pathway is of great importance in the 

maintenance of tolerance, it was decided to examine FAS ligand expression in our highly 

purified B cells.  Using primers based on the mouse FAS ligand sequence, we detected 
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signals by real-time PCR (Figure 4-2, Panel B).  However, neither chlordecone nor 

estradiol had an appreciable effect on the expression. 

Estradiol Decreased IFN-γ Expression in B Cells 

Inconsistent with previous reports (Sarvetnick et al., 1990; Karpuzogle-Sahin et al., 

2001), estradiol treatment caused a significant down-regulation in IFN-γ expression in B 

cells.  The mean value in estradiol-treated group was only one-fourth of the mean value 

shown in the control group.  Chlordecone treatment decreased IFN-γ expression as well, 

but did not reach statistical significance, as shown in Figure 4-3.  

Neither Chlordecone Nor Estradiol Changed the Expression of FcγRIIb, TNF-α, 
TGF-β, Ly5, IL-6 and IL-2   

The real-time PCR results revealed that the expression levels of FcγRIIb (Figure 4-4, 

Panel A), TNF-α (Figure 4-4, Panel B), TGF-β (Figure 4-4, Panel C), Ly5 (Figure 4-4, 

Panel D), IL-2 (Figure 4-5, Panel A) and IL-6 (Figure 4-5, Panel B) appeared to be 

unaffected by either chlordecone or estradiol.   

CD3 and/or CD28 Stimulation Significantly Increased Cytokine Secretion 

Since cytokines play very important roles in the autoimmunity process, we decided 

to test some of the important Th1 and Th2 cytokines secreted by magnetic-bead isolated 

CD4 T cells.  As samples were limited, it was also decided to use  a multiplex cytokine 

assay kit to simultaneously measure 10 cytokines from a single well, utilizing the 

Luminex® 100™ system.  A panel of ten cytokines was tested, including IL-1β, IL-2, IL-

4, IL-5, IL-6, IL-10, IL-12(p70), TNFα, IFNγ and GM-CSF, utilizing sixteen to twenty 

samples from each group.  We chose to test cultured cells for two reasons.  First, 

preliminary test showed serum levels of cytokines were typically at or below the 

sensitivity of this method.  Second, rheumatoid factor (i.e. autoantibodies with specificity 
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for the Fc portion of other autoantibodies) occurs frequently in human and murine SLE, 

and would interfere with the assay (Haberman et al., 2003).  To minimize artifacts due to 

in vitro conditions, we focused on short-term assays under conditions of optimal and 

suboptimal stimulation.  Stimulation was provided by a combination of anti-CD3 and 

anti-CD28.  CD3 is part of T cell receptor (TCR)/CD3 complex, and transduces the 

antigen binding signal outside the plasma membrane into chemical signals by 

phosphorylation in the cytoplasm (Monks et al., 1998).  CD28 is a T cell co-stimulator, 

and co-ligation of TCR/CD3 and CD28 promotes T cell proliferation, cytokine secretion, 

and cell survival (Grakoui et al., 1999). 

Isolated CD4 T cells secreted undetectable levels of all ten cytokines in 

unstimulated conditions, indicating very low level of basal line cytokine secretion by 

unactivated CD4 T cells, even in lupus-prone mice.  After stimulation with 5 µg/mL anti-

CD28 and anti-CD3 which was pre-coated on the plate (Chapter 2), six cytokine levels 

were significantly increased, including TNF-α (Figure 4-6, Panel A), IL-2 (Figure 4-6, 

Panel B), IFN-γ (Figure 4-7, Panel A), GM-CSF (Figure 4-7, Panel B), IL-10 (Figure 4-

8), and IL-4 (Figure 4-9).  The other four cytokines - IL-1β, IL-5, IL-6 and IL-12 - 

remained undetectable (data not shown).  As expected, there was a high degree of 

variability in absolute levels.  They ranged from 4000 to 8000 pg/mL for IL-2 and from 

200 to 700 pg/mL for TNF-α. The other four cytokines showed intermediate values: IL-4 

(500 to 2000 pg/mL), IL-10 (250 to 700 pg/mL), IFN-γ (400 to 2500 pg/mL), and GM-

CSF (250 to 1100 pg/mL).  In all cases, these were above the lower limit of sensitivity, as 

provided by the manufacturer. 
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Normalizing the Cytokine Levels 

Two plates were run on sequential days due to the large number of samples, and 

there were differences in absolute values for cytokine levels between the two days that 

appeared to be systematic.  The systematic differences might come from the differences 

in the standard curve.  However, this would be expected to be small.  A greater source of 

variability were the culture conditions themselves, as cells from four mice at a time were 

cultured, one from each group.  Since each day studied included one mouse from each 

treatment group, we decided it would more accurate to normalize the results to that day’s 

control mouse.  This normalization process reduced the effects of day-to-day variations in 

culture conditions, and allowed the effects of chlordecone and estradiol to be seen more 

clearly.   

Both Chlordecone and Estradiol Significantly Increased Secretion of the Pro-
inflammatory Cytokines TNF-α and IL-2 

Based on the normalized cytokine levels, secretion of the pro-inflammatory 

cytokines TNF-α and IL-2 were significantly increased in both 5 mg chlordecone- and 

estradiol-treated mice compared with the control group.  TNF-α secretion in the 1 mg 

chlordecone-treated group was also significantly higher than the control group.  On the 

other hand, there was no statistically significant difference for TNF-α and IL-2 secretion 

among chlordecone and estradiol groups.  Chlordecone exposure caused 22% and 36% 

increase of TNF-α levels in 1 mg and 5 mg treated groups respectively, and estradiol 

treatment caused a 23% increase, as shown in Figure 4-6, Panel A.  For IL-2 secretion, 5 

mg chlordecone and estradiol treatment caused 19% and 27% increase respectively, as 

shown in Figure 4-6, Panel B.   
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Chlordecone, but Not Estradiol, Increased the Secretion of Pro-inflammatory 
Cytokines IFN-γ and GM-CSF 

Chlordecone treatment significantly increased the secretion of pro-inflammatory 

cytokines IFN-γ and GM-CSF compared with control group, and both chlordecone 

groups showed significantly higher level of GM-CSF, but not IFN-γ compared with 

estradiol group (Figure 4-7, Panel A and B).  The levels of IFN-γ and GM-CSF were 

increased 52% and 57% respectively in 1 mg group, and 67% and 59% respectively in 5 

mg group.  Estradiol treatment showed no effects on either IFN-γ or GM-CSF levels 

compared with control group.  

Estradiol, but Not Chlordecone, Increased IL-10 Secretion 

In contrast, estradiol had a greater effect on IL-10 secretion. After normalizing the 

raw data, estradiol-treated CD4+ T cells secreted higher level of IL-10 compared with 

control group (Figure 4-8, Panel A).  There was a 32% increase in IL-10 level by 

estradiol treatment compared with control group.  Chlordecone treatment did not affect 

IL-10 secretion.  There was no statistically significant difference among chlordecone and 

estradiol groups.  

Estradiol, but Not Chlordecone, Caused a Significant Decrease in IL-4 Level 

In contrast to the other cytokines, which were either up-regulated or not affected by 

estradiol, Th2 cytokine IL-4 level was significantly decreased in the estradiol group 

compared with control and chlordecone-treated groups.  Chlordecone treatment had no 

effect on its secretion.  Estradiol caused a significant 35% decrease in IL-4 level, as 

shown in Figure 4-9. 
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Discussion 

Gene expression investigation has arisen as an important method to reveal disease 

pathogenesis in recent years, and numerous techniques have been developed for this 

aspect.  Traditional methods in molecular biology generally work on a "one gene in one 

experiment" basis, which means that the throughput is very limited and the "whole 

picture" of gene function is hard to obtain. In the past several years, DNA microarray has 

emerged as a new method to monitor a group of genes, and even the whole genome, and 

has attracted tremendous interest among biologists.  This technology provides researchers 

with a better picture of the interactions among thousands of genes simultaneously.  

However, despite its popularity, experience accompanying the use of microarray has also 

shown inconsistency and false results from gene chips when compared with the data from 

traditional methods.  It has frequently been emphasized that the data from microarray 

studies must be confirmed with more quantitative techniques before they can be accepted.   

Due to the financial cost and potential problem of interpretation of the results from 

a gene array experiment, we chose the quantitative real-time PCR technique to test the 

expression levels of a series of selected important genes involved in lupus pathogenesis.  

The genes were carefully selected for their relevance to the different pathways known to 

be affected by lupus, with a special emphasis on genes previously established by others to 

be affected by estradiol. 

The influence on gene expression is highly dependent on the doses of the 

compound and exposure time during the experiment.  Because of the in vivo nature of this 

study, it was impossible to test all time points.  For a number of reasons, we decided to 

carefully examine the effects of chlordecone 4-6 weeks after initial exposure.  First, at 

this time point, chlordecone did not break tolerance, so that we can analyze the gene 
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expression on a relatively clean backgroup.  Second, based on the previous studies of the 

phenotypic markers, splenic B cells were activated by chlordecone at this time point, with 

a clear increase in germinal center responses.  As the goal of our experiments was to 

understand whether low doses of chlordecone influence the immune system through an 

estrogenic model, we chose 1 mg and 5 mg as the doses at which very little uterus 

hypertrophy effect was seen.  On the other hand, the low dose might be responsible for 

the lack of effects on the gene expression in some cases.  There were variations among 

samples in expression of some genes, this variation was sometimes as big as fifty times, 

but it is a normal phenomenon.   

Among the selected genes, both chlordecone and estradiol enhanced the expression 

of Bcl-2, Shp-1 and Fas in B cells, with 5 mg chlordecone having stronger effects than 

estradiol.  On the other hand, they both decreased the expression of IFN-γ, with estradiol 

having stronger effect.  For the rest of the genes, including FcγRIIb, TNF-α, TGF-β, Ly5, 

IL-6 and IL-2, neither chlordecone nor estradiol caused statistically significant changes 

on their gene expression.  

 Chlordecone showed stronger effects in up-regulating Shp-1 and Bcl-2 expression 

than estradiol.  Enhanced Bcl-2 was speculated to enhance the survival of autoreactive B 

cells that would normally be deleted at an immature state, and increased Shp-1 might 

raise the threshold for B cell receptor crosslinking that is required for the deletion of 

autoreactive B cells (Grimaldi et al., 2002).  Using mice with transgenic BALB/c 

background, estradiol (0.18 mg/pellet) was reported to enhance 20% of the protein level 

of Shp-1 and Bcl-2 by flow cytometric analysis (Grimaldi et al., 2002).  We found that 

the increase in gene expression level by estradiol treatment was higher in the NZB/NZW 
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F1 mouse model, even though their dose was 3.6 times higher than ours.  The differences 

might come from potential post transcription regulation which might lower the final 

protein level, or by the difference between mouse strains.  We have tested the protein 

level of Bcl-2 by flow cytometry, and the results were shown in the previous chapter.  

Although both estradiol and chlordecone treatment caused a clear increase in protein 

level of Bcl-2, estradiol which caused about 23% increase, had stronger effects than 

chlordecone which increased about 12% (Figure 3-8).  This seemed consistent with a role 

for post transcriptional regulation.  Although we found a clear increase in Bcl-2 and Shp-

1 expression in both chlordecone and estradiol group, but how this increase is directly 

related to accelerated autoimmunity is still not clear.  We will discuss the flaw in the 

chapter 6 for potential methods of verifying the importance of their changes.  

The expression of FAS gene on B cells was enhanced by both chlordecone and 

estradiol.  This is difficult to interpret here, as increased FAS expression suggests the 

potential for stronger signaling in activation-induced cell death, an important pathway for 

apoptosis.  However, we have found clearly reduced B cell apoptosis in Chapter 3.  It is 

possible that the protein levels of FAS are not changed as much as its gene level due to 

post-transcription regulation, since we did not have data on the protein level of FAS 

expression.  It is also possible that the increased FAS expression is a compensatory step 

for the down-regulation of FAS ligand. In our data, although the down-regulation of FAS 

ligand by chlordecone and estradiol did not reach statistical significance, it is possible 

that the small decrease is functionally important.  The third possibility is that enhanced 

expression of Bcl-2 can overcome the effects caused by elevated FAS.  The intrinsic 

apoptosis pathway through FAS involves the release of a number of proapoptotic factors 
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by mitochondria, which results in caspase-9 activity and in turn caspase-3 activity leading 

to apoptosis (Li et al., 1997).  However, this mitochondrial apoptotic activity can be 

blocked by the expression of the Bcl-2 family of antiapoptotic proteins, presumably by 

blocking the release of those proapoptotic factors within mitochondria (Green et al., 

1998).  Liu et al. (2003) reported that estradiol increased expression of FAS protein and 

mRNA. 

Both chlordecone and estradiol caused a clear decrease in IFN-γ level in B cells, 

with estradiol treatment reaching statistical significance.  This finding was a surprise, as 

from several lines of evidence, the IFN-γ expression should be increased.  First, previous 

studies reported that estradiol enhanced IFN-γ production by lymphocytes (Sarvetnick et 

al., 1990; Karpuzogle-Sahin et al., 2001).  Second, from the view of function, IFN-γ acts 

as a regulator of lymphocyte proliferation and differentiation and stimulates 

immunoglobulin secretion by B cells (Krause et al., 2003; Billiau et al., 1998).  Both 

chlordecone and estradiol treatment clearly activated B cells and enhanced auto-antibody 

secretion, theoretically B cells under their treatment should have an increased IFN-γ 

level.  Third, from our cytokine secretion results, isolated CD4 T cells produced 

significantly higher level of IFN-γ in both 1 mg and 5 mg chlordecone-treated groups.  

Estradiol treatment did not significantly increase its secretion, but it showed a slight 

increasing tendency.  All these evidences seem to be against a down-regulation in IFN-γ 

expression.  However, B cell is not the main resource to produce IFN-γ, and since the 

gene expression of TNF-α in B cell is much lower than in T cell, the transcription 

regulation in different cell types might be different.  It is possible that there were some 

negative transcription factors up-regulated by chlordecone or estradiol treatment.  As we 
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did not test the protein level of IFN-γ, it is hard to tell whether the decreased gene 

expression really reflected a down-regulation in the protein level.  Further study using 

either western blot or flow cytometric analysis using intracellular staining should be 

conducted to verify this finding.   

Although the results did not reach statistical significance, chlordecone showed 

slight up-regulation of the cytokines IL-2 and IL-6, this was different from the effects 

seen with estradiol treatment.  This effect may be common to organochlorine pesticides.    

Tarraf et al. (2003) reported that dieldrin can up-regulate IL-6 expression in CID-9 

mammary cells, and Kim et al. (2005) reported that methoxychlor can increase 

macrophage secretion of IL-6.  IL-6 was reported to promote the differentiation and 

maturation of B cells and subsequent IgG production (Taga et al., 1997).  The direct role 

of IL-6 in enhancing autoantibody production was demonstrated in the pristine induced 

model of lupus (Richard et al., 1998).  Increased IL-6 has also been linked to the 

formation of immune complex deposits detectable in SLE (Pelton et al., 1991).  Taken 

together, the increased tendency in IL-6 level caused by chlordecone is consistent with 

the previous findings and the the ability of chlordecone to accelerate autoimmunity.  On 

the other hand, estradiol did not show a clear effect on the IL-6 level, although previous 

studies reported a suppressive effect due to the interaction of estrogen receptor and some 

transcription factors (Galien et al., 1997; Kick et al., 1996; Hershko et al., 2002).  This 

was probably due to the low dose used in our experiment.  

Both chlordecone and estradiol effects on the IL-2 level in B cells were not very 

striking, although chlordecone caused a slight increase (not statistically significant), 

while estradiol did not show any effects.  On the other hand, CD4 T cells secreted 
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significantly higher IL-2 in estradiol-treated group, this might be because IL-2 is more 

important to T cell function, as it is a potent T cell growth factor (Green et al., 2003).    

Neither chlordecone nor estradiol showed influence on TNF-α gene expression in B 

cells, in contrast to the enhanced TNF-α secretion by CD4 T cells.  And neither 

chlordecone nor estradiol affected the expression of Ly5 and the inhibitory molecule 

FcγRIIb.  From Dr. Betty Diamond’s unpublished gene array result, Ly5 was up-

regulated in B cell under estradiol treatment, but the increase was weak (about 50%).  

And the dose they used was 3.6 times higher than ours. In our real-time PCR results, 

estradiol caused a 44% increase in the gene level, but because of the variation among 

samples, it is hard to tell whether the increase was real.  The overall gene expression of 

FcγRIIb in B cells was not affected by either chlordecone or estradiol, combined with the 

unaffected protein expression on germinal center B cells, we might conclude that the 

acceleration of autoimmunity by chlordecone and estradiol is not mediated through their 

effects on this inhibitory receptor.    

The expression of TGF-β1 gene was slightly increased by both chlordecone and 

estradiol treatment, but neither reached statistical significance.  The increasing tendency 

by estradiol treatment is consistent with the result from gene array tests from Dr. Betty 

Diamond’s lab (unpublished data).  Increased TGF-β1 gene expression may be involved 

in reducing Fas-induced CD4 T cell apoptosis (Gorelik et al., 2002).  Chen et al. (2001) 

reported that TGF-β1 may protect T cells at multiple sites in the death pathway, 

particularly by maintaining the essential integrity of mitochondria.  TGF- β has been 

shown to inhibit proliferation of several cell types through different mechanisms, such as 

upregulation of cell-cycle inhibitors p15 (INK4B) (Hannon et al., 1994), p21 (Datto et al., 
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1995), or p27 (Polyak et al., 1994), as well as the down-regulation of a proto-oncogene c-

myc that is crucial for cellular proliferation (Coffey et al., 1988).  In chapter 3, we found 

that neither chlordecone nor estradiol increased B cell proliferation, this increased TGF- 

β might be partially responsible for that.   

The partial overlap of the changes in B cell gene expression was not surprising.  

Although we did not screen for global gene expression by microarrays, other researchers 

have done this type of test.  For example, the effect of an estrogenic soy isoflavone 

genistein on thymocytes was compared to estradiol using Affymetrix gene chips (Selvaraj 

et al., 2005).  Among about 22,600 genes that were investigated, only 807 genes (a small 

portion of the total genes) were significantly altered by exposure to either genistein or 

estradiol, among which 538 genes were regulated by estradiol, and 456 genes were 

regulated by genistein.  There were 187 genes which account for 23% of the 807 genes, 

similarly regulated by both.  This result shows that although genistein has a clear 

estrogenic effect, and it might share some important pathways with estradiol that are 

involved in modulation of the immune system, such as in regulating several transcription 

factors and in controlling thymocyte apoptosis, a large portion of the genes did not appear 

to act through estrogenic effects.  Estradiol and genistein have completely different 

structures, and genistein only weakly binds to the estrogen receptor (Selvaraj et al., 

2005).  Its effects on the immune system are complicated and the estrogenic pathway 

might only count for a small portion of the total effects.  There were also reports that 

genistein acted through a non-estrogenic pathway, although not on the immune system.  

For example, Fanti et al. (1998) found that genistein reduced both trabecular and compact 

bone loss on ovariectomized rat which were completely different from estradiol, and it 
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lacked the action to cause uterus hypertrophy which is an important characteristics of an 

estrogenic effect.  Chlordecone also has a very different structure compared to estradiol, 

and also weakly binds to the estrogen receptor.  We infer that if a global gene expression 

test were conducted, chlordecone would act like genistein, showing some similarity, but 

also a large difference with estradiol in B cell gene expression.  

Cytokines are essential molecules involved in the differentiation, maturation and 

activation of cells, and have a significant influence on the immunoinflammatory 

response.  Helper T cells (Th) and macrophages are the two predominant producers of 

cytokines.  As a second part of this chapter, we tested ten cytokine levels, including both 

Th1 and Th2, secreted by isolated CD4 T cells.  Four cytokines: IL-1β, IL-5, IL-6 and IL-

12, were below the sensitivity of our method.  Among the six cytokines that were 

detectable under stimulation, TNF-α, IFN-γ, GM-CSF, IL-2 are Th1 cytokines, while IL-

4 and IL-10 are Th2 cytokines.  Although Chlordecone and estradiol treatment both 

increased TNF-α secretion, they also showed clear differences in regulating the other 

cytokines.  Chlordecone treatment seems to enhance Th1 cytokine secretion, while 

estradiol has stronger effects on Th2 cytokines. 

Chlordecone significantly enhanced GM-CSF and IFN-γ secretion, while estradiol 

had no influence on GM-CSF level, and slightly increased IFN-γ secretion which did not 

reach statistical significance.  As GM-CSF is important in governing the functions of 

granulocyte and macrophage populations (Hamilton, 2002), increased GM-CSF by 

chlordecone treatment might provide signals to macrophages and dendritic cells, increase 

their number, and further promote their maturation.  The maturation of antigen presenting 

cells under the condition of increased self-antigens might then break tolerance and lead to 
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autoimmunity.  We tested the macrophage population in the spleen, showing that there 

was a significant increase of the percentage in the 5 mg chlordecone-treated group 

(Figure 3-18), which is consistent with chlordecone’s effects as an up-regulator of GM-

CSF secretion.        

Chlordecone significantly increased IFN-γ secretion, which is consistent with IFN-

γ’s function in stimulating immunoglobulin secretion by B cells and accelerating 

autoimmunity (Krause et al., 2003).  Although it did not reach statistical significance, 

estradiol treatment also showed an increasing tendency in IFN-γ secretion, and is 

consistent with previous reports (Sarvetnick et al., 1990; Karpuzogle-Sahin et al., 2001).  

However, we have discussed previously that the gene level of IFN-γ in B cells was 

clearly down-regulated in chlordecone and estradiol treatment.  The reason still remains 

unknown.  It is possible that the decreased expression of IFN-γ in B cells is related to 

estradiol and chlordecone effects on the half life of IFN-γ mRNA.  Estradiol and 

chlordecone treatments might increase mRNA level in the beginning of the treatment, but 

shorten the half life of mRNA.  

Both chlordecone and estradiol significantly enhanced TNF-α secretion by CD4 T 

cells, however, the physiological function of this increase was unknown, as there was still 

debate on TNF-α’s suppressive or stimulating role in autoimmunity (Cope, 1998; Mageed 

et al., 2002).  Another reason is that the main producers of TNF-α are macrophages, mast 

cells and natural killer cells.  It is unknown whether the increase of TNF-α by CD4 T 

cells is of physiological importance.  

The secretion of IL-2 was significantly increased by 5 mg chlordecone and 

estradiol treatment.  The enhanced secretion by estradiol treatment is different from the 
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previous reports by Elbourne et al. (1998), in which they showed a decreased IL-2 

secretion by estradiol treatment.  However, they did not isolate CD4 T cells, and the IL-2 

level they tested was from mixed lymphocytes, including B and T cells.  McMurray et al. 

(2001) further reported that estradiol reduced IL-2 expression in the CD4+ Jurkat T cell 

line, and the suppression of IL-2 was associated with decreased nuclear binding of two 

important IL-2 promoter transcription factors: NFκB and AP-1.  However, Karpuzoglu-

Sahin et al. (2001) reported that estradiol increased IL-2 mRNA in thymocytes, and 

splenic lymphocytes.  Selvaraj et al. (2005) also reported that estradiol and the estrogenic 

soy isoflavone genistein increased IL-2 gene expression level in mouse CD4 thymocytes 

by quantitative real-time PCR.  The difference between in vivo and in vitro treatments 

can not be overlooked, as the regulation of a number of transcription factors, such NFAT, 

AP1, CREB and NFκB, which directly control the production of IL-2 by T cells, might be 

different between in vivo and in vitro tests.  In in vivo experiments, estradiol might 

produce effects indirectly through its metabolites.  Selvaraj et al. suggested that the 

upregulation of IL-2 by estradiol treatment is a homeostatic mechanism to compensate 

for reduced IL-2 signaling in thymocytes.  The more significantly increased secretion of 

IL-2 in the estradiol-treated group than the chlordecone-treated group might explain the 

differences in T cell activation.  The previous chapter showed that estradiol, but not 

chlordecone treatment, activates T cells.  The activation by estradiol might be potentially 

mediated by enhanced IL-2, as it is a potent T cell growth factor and can induce T cell 

expansion and activation.  Although unactivated, CD4 T cells in the chlordecone-treated 

group still showed stronger effects on the secretion of some pro-inflammatory cytokines, 

this might be because the genes of those cytokines were significantly up-regulated under 
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chlordecone treatment, as the regulation of different genes under the same treatment can 

be very different.  We did not measure the gene expression of these cytokines, so it is 

hard to conclude here. 

Estradiol significantly enhanced IL-10 secretion.  Chlordecone treatment also 

showed a slight increase in its level which did not reach statistical significance.  The 

increased secretion of IL-10 is consistent with its role in enhancing autoantibody 

production (Llorente et al., 2003).   

Estradiol significantly reduced IL-4 secretion by CD4 T cells, which is consistent 

with previous reports (Elbourne et al., 1998), while chlordecone treatment did not show 

this effect.  IL-4 has a T cell suppressor effect (Singh, 2003).  The reduced IL-4 secretion 

in the estradiol treated group might partially explain the activation of T cells shown by 

the expansion of activation markers, as shown in Figure 3-13.  
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                                          A. Shp-1 expression in B cells 

 
                                  B. Bcl-2 expression in B cells 

 
Figure 4-1. Increased gene expression of Shp-1 and Bcl-2 by chlordecone treatment in 

purified splenic B cells.  B cells were enriched by negative isolation with 
magnetic-beads. By real-time PCR, there was a statistically significant 
increase in Shp-1 (A) and Bcl-2 (B) (p<0.05) gene expression in mice treated 
with 5 mg chlordecone.  Mice treated with estradiol did not show these 
effects.  House-keeping gene β-actin was used to normalize the gene 
expression.  
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                                      A. FAS expression in B cells 

 
                                      B. FAS ligand expression in B cells 
 
Figure 4-2. Analysis of gene expression of FAS and FAS ligand by chlordecone 

treatment in purified splenic B cells.  (A) Splenic B cells from mice treated 
with 5 mg chlordecone had a statistically significant increase of FAS gene 
expression (p<0.05).  Estradiol-treated mice had an increase of approximately 
the same magnitude, but did not reach statistical significance.  (B) Neither 
chlordecone nor estradiol showed effects on the FAS ligand expression by B 
cells.  
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Figure 4-3. Comparison of chlordecone and estradiol effects on the expression of IFN-γ 
on splenic B cells.  Estradiol treatment significantly decreased IFN-γ 
expression (p<0.05), while chlordecone treatment did not show this effect. 
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     A. FcγRIIb expression in B cells                         B. TNF-α expression in B cells    

             
     
  C. TGF-β expression in B cells                          D. Ly5 expression in B cells 
 
Figure 4-4. Comparison of chlordecone and estradiol effects on the expression of 

FcγRIIb, TNF-α, TGF-β and Ly5 in splenic B cells.  Neither chlordecone nor 
estradiol caused a significant change in expression levels of any of these 
genes. 
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       A. IL-2 expression in B cells                             B. IL-6 expression in B cells 
 
Figure 4-5. Comparison of chlordecone and estradiol effects on the expression of IL-2 

and IL-6 in splenic B cells.  Neither chlordecone nor estradiol caused a 
significant change in expression levels of these two genes. 
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    A. TNF-α secretion by CD4 T cells                  B. IL-2 secretion by CD4 T cells 
 
Figure 4-6. Analysis of the secretion of the pro-inflammatory cytokine TNF-α and IL-2 

by CD4 T cells.  The bar in each treatment represents the relative cytokine 
level that was normalized to the cytokine level of each day’s control mouse.  
The dotted line represents the level of control mice.  All treatments 
significantly increased the secretions of TNF-α compared with the normalized 
control value that was one, while there was no difference among the three 
treatments (A).  IL-2 level was increased in 5 mg chlordecone and estradiol 
treatment compared with control group, and there was no difference among 
three treatments (B).   
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                                    A. IFN-γ secretion by CD4 T cells 

 
                          B. GM-CSF secretion by CD4 T cells 

Figure 4-7. Comparison of chlordecone and estradiol effects on the secretion of cytokines 
IFN-γ and GM-CSF by the CD4 T cells.  The dotted line represents the level 
of control mice.  Cultured CD4+ T cells, exposed to 1 or 5 mg of chlordecone 
in vivo, had statistically significant increase in IFN-γ (A) and GM-CSF (B) 
secretion compared with control group.  On the other hand, IFN-γ level was 
not significantly different among chlordecone and estradiol treatments, while  
GM-CSF levels in 1 and 5 mg chlordecone treatment was significantly higher 
than estradiol group. 
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Figure 4-8. Comparison of chlordecone and estradiol effects on the secretion of cytokine 
IL-10 by the CD4 T cells.  The dotted line represents the level of control mice.  
Estradiol, but not chlordecone exposure, caused a statistically significant 
increase of IL-2 compared with control group by cultured and stimulated CD4 
T cells, but there was no difference among chlordecone and estradiol 
treatments.  
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Figure 4-9. Comparison of chlordecone and estradiol effects on the secretion of cytokine 
IL-4 by cultured CD4 T cells.  The dotted line represents the level of control 
mice.  Estradiol, but not chlordecone treatment, caused a statistically 
significant decrease in IL-4 secretion by CD4 T cells compared with control 
and chlordecone treatments. 
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CHAPTER 5 
COMPARISON OF CHLORDECONE AND ESTROGEN EFFECTS ON 

MACROPHAGE FUNCTIONS AND PEPTIDE HORMONE PROLACTIN 
SECRETION 

Introduction 

We have focused mainly on chlordecone and estradiol effects on splenic 

lymphocytes so far.  However, lupus is a systemic autoimmune disease that affects the 

whole body, and there are many other factors involved in the disease pathogenesis.  In 

this chapter, we will try to identify some other mechanisms that might potentially induce 

autoimmunity beyond direct effects on lymphocytes.   

Macrophage and Autoimmunity 

Macrophages are generally the first cells to encounter a foreign substance in the 

body.  They nonspecifically engulf such materials, as well as scavenge normal cellular 

debris, and degrade it using powerful hydrolytic enzymes and oxidative attack.  Peptides 

from the degraded proteins are then carried to the macrophage cell surface bound to 

MHC class II where they can be recognized by T lymphocytes.  The macrophage 

clearance of apoptotic cells is very effective, and generally results in no inflammatory 

response (Savill et al., 1993).  However, recent experimental systems have shown that 

when clearance mechanisms are overloaded by either an abnormal number of apoptotic 

cells (Mevorach et al., 1998) or by deficient clearance mechanisms, autoimmunity can 

result (Cohen et al., 2002; Scott et al., 2001).  In addition, in vitro differentiated 

macrophages from a subgroup of SLE patients showed significantly reduced 

phagocytosis of apoptotic cells (Baumann et al., 2002).  
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Toxic Effect on Macrophage 

There is evidence that other organochlorine pesticides, toxaphene, dieldrin, p,p-

DDT and DDE, can have inhibitory effects on macrophages.  C57BL/6 (B6) mice given a 

single dose of dieldrin intraperitoneally demonstrated a dose-dependent decrease in 

macrophage antigen processing 10 days later (Krzystyniak et al., 1989).  An effect could 

be seen at doses as low as 9 mg/kg, while inhibition of phagocytosis was seen at 36 

mg/kg.  Toxaphene given to Swiss-Webster mice at concentrations of 10, 100, and 200 

ppm in diet for eight weeks also inhibited macrophage function (Allen et al., 1983).  In 

other experiments, offspring of mice exposed to these concentrations of toxaphene in the 

diet were tested.  Even in mice exposed to 10 ppm in diet through gestation and weaning, 

there was a 50% reduction in phagocytosis (Allen et al., 1983).  Finally, DDT and DDE 

have been found to have similar effects.  In vitro, exposure of the murine macrophage 

line J774A.1 to either p,p’-DDT or p,p’-DDE at 2.5 µg/mL resulted in more than 50% 

inhibition of macrophage function by a number of parameters (Nunez G et al., 2002). 

There is no direct evidence for chlordecone’s effect on macrophage function, but 

Carmines et al. (1979) have proven that chlordecone produced a dose-dependent 

inhibition of cellular proliferation and a bimodal alteration of phagocytic activity in the 

P388D1 ‘macrophage-like’ cell in tissue culture.  In contrast, it has been reported that in 

guinea pigs estrogen can enhance splenic macrophage FcγR-dependent clearance of IgG-

coated erythrocytes, but cannot affect the C3-dependent clearance of IgM-coated 

erythrocytes by hepatic macrophages (Schreiber et al., 1988). 

Prolactin and Autoimmunity 

Prolactin (PRL) is a single-chain polypeptide hormone consisting of 200 amino 

acids, which is synthesized and secreted primarily by the anterior pituitary gland, but also 
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in many extrapituitary sites, including cells of the immune system (Ben-Jonathan et al., 

1996; Bole-Feysot et al., 1998; Hiestand et al., 1986).  Montgomery et al. (1990 and 

1992) identified prolactin-like proteins that are produced and secreted by lymphocytes.  It 

remains unclear whether the amount of prolactin secreted by lymphocytes is sufficient to 

affect the prolactin level in the serum.  While the main function of prolactin is to regulate 

the growth and differentiation of the mammary gland and the ovary (Bole-Feysot et al., 

1998), it also acts as an important connection between the endocrine and immune system 

(Peeva et al., 2005).  Prolactin has also been classified as a cytokine and signals through 

specific membrane prolactin receptors, which are also members of the cytokine receptor 

superfamily and lack intrinsic tyrosine kinase activity (Leonard et al., 1998).  The 

prolactin receptor has been found on monocytes, and on B and T lymphocytes (Matera et 

al., 1988; Pellegrini et al., 1992; Matera et al., 1997; Gagnerault et al., 1993; Russel et al., 

1984; Matera et al., 2000; Montgomery et al., 1992).  Prolactin ligand binds to the 

receptors, causing the dimerization of receptors and the recruitment of cytoplasmic 

molecules, such as the tyrosine kinase Janus kinase 2 (JAK2) and the STAT family 

members, to bind to prolactin receptor and mediate the signal transduction (Leonard et 

al., 1998).  Through its receptors, prolactin modulates immune system function by 

stimulating both cell proliferation and survival (Bole-Feysot et al., 1998). In mouse, four 

isoforms of prolactin receptors have been identified, with one long isoform and three 

short isoforms.  The short isoforms only differ by a few amino acids in the C-terminal 

end (Davis et al., 1989; Clarke et al., 1993).  

         About 15 – 25% of SLE patients showed increased prolactin levels (Vidaller et al., 

1986; McMurray, 1996; Lavalle et al., 1993; Walker et al., 1998; Mcmurray et al., 1995; 
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Allen et al., 1996; Jara et al., 1992).  It has been demonstrated that both nonstimulated 

and mitogen-stimulated lymphocytes from lupus patients secrete more prolactin than 

control lymphocytes (Gutierrez et al., 1995; Larrea et al., 1997).  Prolactin affects B cell 

development and maturation, causing a decrease in the percentage of immature B cells in 

the spleen (Peeva et al., 2003).  As B cells mature from T1 to T2 stage, they are 

susceptible to negative selection.  Normally there are more T1 than T2 B cells in the 

spleen, reflecting the loss of autoreactive cells occurring at the T1 to T2 transition.  

Prolactin treatment inverts the T1/T2 ratio with more T2 than T1 cells, suggesting that 

prolactin diminishes negative selection of immature B cells (Peeva et al., 2003).  

Prolactin also upregulates expression of Bcl-2 and CD40 in B cells, causing a 

decrease in apoptosis and an increased susceptibility to costimulation (Peeva et al., 2003), 

both of which may contribute to the survival and rescue of B cells that are signaled by 

antigen to undergo negative selection.           

Results 

Both Chlordecone and Estradiol Reduced Peritoneal Macrophage Clearance of 
Apoptotic Cells 

To test chlordecone and estradiol effects on macrophage function in engulfing 

apoptotic bodies, peritoneal cells from mice receiving different treatments were used in 

an in vitro clearance experiment.  Since macrophages are not the only cell type among 

peritoneal cells, flow cytometric tests were conducted to identify the change in the 

percentages of different populations.  Neither chlordecone nor estradiol treatment 

affected the percentage of CD11bhighB220low cells (data not shown), which were the 

traditional macrophages.  More recently, it has been shown that B1 cells, a subpopulation 

of B cells identified by co-expression of CD5 and present in high numbers in the 
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peritoneal cavity, are also phagocytic (Borrello et al., 2001).  Moreover, B1 cells can co-

express the classic monocyte/macrophage marker CD11b (Borrello et al., 2001).  To rule 

out the influence caused by B1 cells, the peritoneal cells were stained with different 

markers that could differentiate B1 cells from macrophages, and only the traditional 

CD11bhighB220low macrophages were gated for these experiments.  Both chlordecone and 

estradiol reduced clearance by macrophages (Figure 5-1, Panel A).  Chlordecone showed 

a dose-dependent decrease and the 5 mg per pellet group reached statistical significance.  

We also measured the clearance of B1 cells, and the result is shown in Figure 5-1, Panel 

B.  Neither chlordecone nor estradiol affected B1 cell clearance of apoptotic cells.   

Chlordecone Treatment Did Not Affect the Proliferation of RAW 267.4 Cells 

To test chlordecone and estradiol effects on macrophage survival and proliferation, 

RAW 267.4 macrophage-like cell line was used in the experiments.  A series of 

concentrations, including 0.01 µM, 0.1 µM, 1 µM, 10 µM, 50 µM and 100 µM for 

chlordecone, and 0.01 µM, 0.1 µM, 1 µM, 10 µM for estradiol were used to treat 1 

million RAW cells for 24 hours in complete DMEM media.  Chlordecone showed clear 

toxic effects on RAW cell survival at 50 µM and 100 µM, while the survival appeared not 

to be affected at 10 µM and lower concentrations (data not shown).  On the other hand, 

estradiol treatment did not affect the survival at any concentration tested in our 

experiment.  The proliferation test was conducted using RAW cells pre-stained with 

carboxyfluorescein diacetate succinimidyl ester (CFSE).  They were treated with 

different concentrations of chlordecone (including 0.1 µM, 1 µM and 10 µM) and 

estradiol (0.1 µM, 1 µM) for up to four days, and the CFSE staining intensity was 

measured every 24 hours by flow cytometry.  The results of control, 10 µM chlordecone, 

1 µM estradiol treatment on day 0, 1, 2 and 4 were shown in Figure 5-2, Panel A.  The 
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intensity peaks from different treatment on day 2 were merged in Figure 5-2, Panel B, 

and they showed a complete overlap, suggesting neither chlordecone nor estradiol in our 

experiment affected RAW cell proliferation.   

Both Clordecone and Estradiol Enhanced IL-10 Secretion in RAW 267.4 Cells 

To test chlordecone and estradiol effect on macrophage IL-10 secretion, a series of 

concentrations including 0.01 µM, 0.1 µM, 1 µM, and 10 µM chlordecone and estradiol 

were tested.  The cytokine concentration in the supernatant was measured by ELISA. 

Both chlordecone and estradiol treatment showed a concentration-dependent increase in 

IL-10 secretion (Figure 5-3).  Treatment with 0.01 µM chlordecone did not change the 

IL-10 level, while 1 uM chlordecone treatment caused more than 100% increase 

compared with the vehicle control.  At the highest concentration 10 µM, chlordecone 

showed a clear decrease in the IL-10 level compared to the 1 µM treatment, but it was 

still higher than control levels.  Estradiol also caused a concentration-dependent increase 

with almost 100% increase in 10 µM estradiol treatment.  

Chlordecone Exposure Decreased Prolactin Secretion in Marked Contrast to the 
Effects of Estradiol 

Recent studies have emphasized an immunostimulatory role for prolactin in the 

effects of estrogens (Elbourne et al., 1998; Grimaldi et al., 2005).  It has been shown that 

estrogen, in the absence of its effects of prolactin, is immunosuppressive (McMurray, 

2001).  Our previous data suggested that chlordecone was weakly estrogenic at the doses 

used based on the uterus hypertrophy assay (Chapter 3, Figure 3-2, Panel D).  As another 

measurement of the estrogenic effects of chlordecone, we decided to measure serum 

levels of prolactin from mice treated with chlordecone, estradiol or control.  To evaluate 

likely steady-state measurements and to correlate with our other data, sera were collected 
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from ovariectomized mice 5-6 weeks post-implantation and sent to a reference laboratory 

(National Hormone and Peptide Program, Harbor–UCLA Medical Center, Torrance, 

California, USA).  A radioimmunoassay (RIA) test was used to test the prolactin level 

and results were shown in Figure 5-4, Panel A.  As expected, estradiol treatment caused a 

dramatic 10- to 20-fold increase in prolactin levels, with an average concentration of 500 

ng/mL.  In marked contrast and unexpectedly, chlordecone-treated mice showed a 

significant and consistent dose-dependent decrease in prolactin levels.  These differences 

were statistically significant.  Because of these unexpected findings, we decided to also 

look at prolactin levels in serum samples obtained from a cohort of unovariectomized 

BALB/c mice that had been tested for the development of autoimmunity when exposed to 

chlordecone or estradiol.  Long-term treatment did not result in the development of 

autoimmunity in this non-autoimmune-prone strain (Sobel et al., in press).  Because these 

mice were not ovariectomized, there was no estradiol-treated group.  In ovary-intact 

BALB/c mice, chlordecone exposure showed a slight tendency to decrease serum 

prolactin levels, but this did not achieve statistical significance (Figure 5-4, Panel B).     

Estradiol, but Not Chlordecone, Significantly Enhanced Prolactin Receptor Gene 
Expression in B Cells and CD4 T Cells 

As prolactin’s effects on lymphocytes are mainly through the prolactin receptor 

(Leonard et al., 1998), we tested the prolactin receptor mRNA level in magnetic-bead 

isolated splenic B and CD4 T cells by real-time PCR. Estradiol exposure in vivo 

produced an almost three-fold increase in prolactin receptor in B cells and more than two-

fold increase in CD4 T cells compared with the placebo group, while the 5 mg 

chlordecone treatment showed no influence on prolactin receptor levels on either type of 

lymphocytes (Figure 5-5). 
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Discussion 

As defective clearance of apoptotic cells can contribute to break of peripheral 

tolerance (Mok et al., 2003) and is an important pathway in lupus pathogenesis, the 

impairment of phagocytic function of macrophages by chlordecone and estradiol was 

important to assess.  The defective clearance of apoptotic cells leads to the accumulation 

of apoptotic debris, and further raises the amount of autoantigens.  The increased 

apoptotic bodies which in a normal situation should be eliminated without any 

inflammatory response, can now lead to inflammatory reactions.  The presumable 

mechanism of defective clearance to break tolerance is that those increased autoantigens 

might activate antigen presenting cells (APCs), such as dendritic cells and B cells, and 

those APCs further provide survival signal to autoreactive B cells which should be 

otherwise deleted.  Although estradiol treatment has been reported to increase the 

clearance of IgG-coated erythrocytes by enhancing macrophage receptor affinity for the 

Fc portion of immunoglobulin G (Friedman et al. 1985), there are clear differences 

between apoptotic cells and immune complexes. In our experiment, we observed reduced 

clearance of apoptotic cells by peritoneal macrophages in 5 mg chlordecone- or 0.05 mg 

estradiol-treated groups, and also decreased apoptosis of B cells which indicated 

increased amount of autoreactive B cells.  A partially redundant and promiscuous system 

of receptors, such as integrins, scavenger receptors, CR3 and CR4, calreticulin, CD14, a 

phosphatidylserine (PS) – specific receptor and Mer receptor ensures an efficient and 

rapid uptake of apoptotic cells (Pittoni et al., 2002; Fadok et al., 2000; and Fadok et al., 

2001).  The effects of chlordecone and estradiol on these receptors are unknown.  We 

speculated that it is possible that chlordecone and estradiol might dysregulate some the 

receptors and therefore affect clearance function.  In our experiment, B1 cells showed 
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less capability in engulfing apoptotic cells than macrophages, and neither chlordecone 

nor estradiol affected this function.  The mechanism and physiological meaning of B1 

cell clearance of apoptotic cells is still not clear. 

Both chlordecone and estradiol enhanced RAW cell secretion of IL-10, although 

the highest dose of chlordecone at 10 µM showed a decrease, but the secreted level was 

still higher than the control.  This decrease may be due to some adverse effects that 

affected cytokine secretion at high concentrations.  The previous survival test and 

proliferation test using CFSE showed that 10 µM chlordecone was the upper limit 

concentration resulting in no reduction in RAW cell survival and proliferation, but it is 

still possible that this concentration of chlordecone can affect the secretion of cytokines.  

Although it is an in vitro experiment, it might bridge the connection between chlordecone 

treatment and increased anti-dsDNA titers seen in vivo.  Llorente et al. (1995) showed 

that after transferring peripheral blood monocuclear cells from lupus patients to SCID 

mice, high titers of anti-dsDNA IgG were induced in serum.  However the level of IgG 

was decreased when the mice were treated with anti-IL-10 antibody at the same time.  

Furthermore, Levy et al. 1994 has reported that IL-10 can prevent spontaneous death of 

germinal center B cells by induction of Bcl-2 expression.  We found both reduced 

germinal center B cell apoptosis and increased Bcl-2 levels in chlordecone and estradiol 

treated groups, which were consistent with this report.           

Estradiol can stimulate prolactin secretion, which has been shown in both the 

mouse model and humans (McMurray, 2001; Frantz et al., 1978; Franks et al., 1983).  In 

our experiment, estradiol significantly increased serum prolactin levels, which is 

consistent with previous reports. Furthermore, prolactin receptor expression on splenic B 
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cells and CD4 T cells was also significantly increased, suggesting the communication 

between lymphocytes and circulating prolactin was enhanced.  Since high prolactin and 

low estradiol could increase autoimmunity, while high estradiol and low prolactin did not 

accelerate autoimmunity (Elbourne et al. 1998), it would appear that in mice, estradiol 

affects autoimmunity predominantly through the prolactin pathway.  Because of the 

reported estrogenic effects of chlordecone (Hodges et al., 2000; Okubo et al., 2004) and 

the modest but reproducible increase in uterine weight that we saw, we had anticipated 

that chlordecone would cause a modest to moderate increase in serum prolactin.  We 

were thus very surprised to see that chlordecone caused a dose-dependent decrease in 

serum prolactin levels.   

Although serum prolactin levels were decreased, it was still possible that the 

prolactin pathway was being induced in cells of the immune system through chlordecone, 

perhaps through upregulation of the prolactin receptor and local secretion of prolactin.  

For this reason, we also tested the level of expression of prolactin receptor on 

lymphocytes by real-time PCR.  The primer that we designed for the experiment covered 

a fragment of gene between exon 6 and exon 7, which encodes all four isoforms of 

prolactin receptor protein.  Chlordecone showed no influence on B cell and CD4 T cell 

overall prolactin receptor expression at the mRNA level.  Unfortunatly we did not test the 

gene expression of different prolactin receptor isoforms.  However, we think it is less 

likely that chlordecone would upregulate one isoform while down-regulating another one, 

and make the overall outcome unchanged.  There is little literature to date discussing the 

effects of different prolactin receptor isoforms on the immune system.  Taken together, 

these data strongly suggest that the prolactin pathway did not play an important role in 
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acceleration of autoimmunity by chlordecone.  In fact, our data would have predicted that 

chlordecone would have inhibited autoimmunity.  This is the most striking difference so 

far between chlordecone and estradiol and suggests that chlordecone must function 

through potent non-estrogenic pathways.  The prolactin receptor expression in the 

estradiol-treated group was significantly increased in both B and CD4 T cells, this is 

consistent with enhanced signaling transduction in the prolactin pathway.  Previous 

studies have reported that estradiol can increase prolactin receptor expression in both 

mice and humans (Mizoguchi et al., 1997; Tseng et al., 1998; Leondires et al., 2002), but 

in different cell types.  We found the increased prolactin receptor expression by estradiol 

on lymphocytes for the first time.  

However, whether the reduction of prolactin by chlordecone only happens in the 

NZB/NZW F1 mouse model, and whether ovariectomy affects the process is not yet 

clear.  We have tested chlordecone’s effects on serum prolactin level in the 

unovariecotmized BALB/c mouse model.  In this test, placebo, 1 mg and 5 mg 

chlordecone were used, and each group included 9 – 10 mice.  The results were 

inconsistent (Figure 5-4, Panel B).  There are at least two possibilities for these reults: 1) 

chlordecone did not affect prolactin levels in the BALB/c mouse model, and the 

reduction caused by chlordecone was not significant and might come from variations 

among samples.  Under this possibility, if the number of the mice were large enough, 

there should be still no difference.  2) chlordecone did reduce the serum prolactin level, 

and the fact that the reduction effect was not so clear comes from the endogenous 

estradiol influenced by the estrus cycle.  Unfortunately, we did not have overiectomized 

BALB/c mice treated by chlordecone, making it impossible to distinguish between these 
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two possibilities.  We have also tested overiectomized C57B/6 mice, and Sle1.Sle2.Sle3 

B6 triple congenic mice (data not shown).  Mice treated with 5 mg chlordecone showed a 

slightly lower prolactin level compared with the control group, but there were only four 

mice in each group with big variations among samples, so we can not reach conclusions 

on these mouse models.  

There are several interpretations for chlordecone’s reduction of prolactin level in 

the NZB/NZW F1 mouse model of lupus.  It is possible that chlordecone produced an 

antagonist effect on the pituitary gland by stimulating dopamine receptors, as the 

prolactin inhibitor bromocriptine does (Peeva et al., 2005).  It is interesting that Ho et al. 

1981 reported that chlordecone affected the dopaminergic pathway and its interaction 

with other neurotransmitter systems.  This might provide some clues to chlordecone’s 

effects on the serum prolactin level. It is also possible that chlordecone reduced the 

prolactin level by indirectly affecting transcription factors, such as pituitary-1 (Pit-1), 

which plays a critical role in prolactin and growth hormone secretion by the pituitary 

gland. Chlordecone might also increase the degradation process of prolactin, which in a 

normal situation, represents a physiological mechanism to prevent over-accumulation of 

prolactin.  This may be a concentration at which chlordecone shows equivalent 

estrogenicity with estradiol.   

Although there is no doubt that chlordecone caused a dose-dependent reduction of 

serum prolactin levels, how this reduction affects the immune system remains unknown.  

Elbourne et al. 1998 reported that mice with high estradiol and low prolactin level 

showed suppressed immune response, shown as lower cumulative albuminuria, anti-DNA 

antibody and higher survival compared with control mice with hormonal manipulations 
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designed to produce normal estrogen and normal prolactin.  An earlier study by Nagy et 

al. (1978) showed that hypophysectomized rats (pituitary depletion) present symptoms of 

immunosuppression, such as lymphopenia and impaired humoral and cellular antigen 

responses.  However, it is also interesting that Bouchard et al. (1999) reported that 

immune system development and function proceed normally in the absence of prolactin-

mediated signaling using a prolactin receptor knockout mouse model, and that prolactin 

pathways are not essential for immunomodulation in vivo.  However, it is known that 

lymphocytes can produce prolactin or prolactin-like proteins by themselves (Ben-

Jonathan et al., 1996; Bole-Feysot et al., 1998; Hiestand et al., 1986).  Prolactin receptor 

knockout shuts down the communication of lymphocytes with outside prolactin, but the 

endogenous prolactin produced inside the lymphocytes, although in a small amount, 

might be enough for lymphocyte development and function.  

Although there is still argument as to whether reduced prolactin will suppress the 

immune system or not, there is no doubt that the reduction will not stimulate the immune 

response, which means that there must be other potential mechanisms for chlordecone to 

accelerate autoimmunity different from estradiol.    
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A. Macrophage clearance of apoptotic cells 

 

                                      B. B1 cell clearance of apoptotic cells 

Figure 5-1. Chlordecone and estradiol treatments impaired the clearance of apoptotic 
cells by peritoneal macrophages but not B1 cells ex vivo.  Both 5 mg 
chlordecone and estradiol caused a statistically significant decrease in 
macrophage clearance of 7-AAD stained apoptotic cells (p<0.05) (A).  Neither 
chlordecone nor estradiol affected the clearance of B1 cells (B).  
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A. RAW cell proliferation test                      B. Merged proliferation result on day 2 
   
Figure 5-2. Chlordecone or estradiol treatment did not affect the proliferation of RAW 

267.4 cell line.  One million RAW cells, which were pre-stained with CFSE, 
were treated with vehicle control, 0.1 µM, 1 µM and 10 µM chlordecone or 
0.1 µM and 1 µM estradiol for up to four days.  The CFSE staining intensity 
was measured by flow cytometry on day 0, 1, 2 and 4.  The results from 
vehicle control, 10 µM chlordecone and 1 µM estradiol treatment were shown 
in (A).  The merged intensity peaks on day 2 was shown in (B), and they 
showed a complete merge, indicating no difference in proliferation.  
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Figure 5-3. Comparison of chlordecone and estradiol effects on the secretion of cytokine 

IL-10 by the RAW 267.4 cell line.  The result was the average of duplicated 
experiments.  Both chlordecone and estradiol treatment caused a 
concentration-dependent increase in IL-10 secretion compared with controls.  
The highest concentration of chlordecone, 10 µM caused a decrease in IL-10 
secretion compared with the secretion level of cells treated with 1 µM 
chlordecone, but was still higher than the controls.   
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A. Serum prolactin level in ovariectomized NZB/NZW F1 mice 

 
                           B. Serum prolactin level in unovariectomized BALB/c mice   
 
Figure 5-4. Comparison of chlordecone and estradiol effects on serum prolactin level in 

ovariectomized NZB/NZW F1 mice and unovariectomized BALB/c mice.  
(A) In ovariectomized NZB/NZW F1 mice, estradiol treatment caused a 
remarkable increase in serum prolactin level; while chlordecone treatment 
decreased prolactin level in a dose-dependent way.  (B) In unovariectomized 
BALB/c mice, both 1 mg and 5 mg chlordecone treatment decreased serum 
prolactin level compared with placebo treatment, but neither reached 
statistical significance.  
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                              A. Prolactin receptor expression on B cells 

 

    B. Prolactin receptor expression on CD4 T cells 

Figure 5-5. Comparison of chlordecone and estradiol effects on the gene expression level 
of prolactin receptor on splenic B and CD4 T cells.  Estradiol, but not 
chlordecone treatment, significantly increased prolactin receptor gene 
expression on purified B cells (p<0.01) and CD4 T cells (p<0.05). 
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CHAPTER 6 
GENERAL DISCUSSION AND PERSPECTIVE 

Autoimmune disorders are the result of a combination of factors including genetic, 

environmental, virus, and hormonal influences (D'Cruz 2000; Roubinian et al. 1978).  

Recently, there has been considerable interest in determining whether exposure to 

chemicals in the environment is an important factor influencing the incidence or severity 

of autoimmune diseases (Hess, 2002; Mayes, 1999; Van Loveren et al., 2001).  Mercury, 

trichloroethylene, and silica are among the environmental agents that have been linked 

with autoimmune disease, through epidemiological studies, experiments with animal 

autoimmune models, or both (Hess, 2002; Parks et al., 2002; Pollard et al., 1999; Via et 

al., 2002).  Other chemical exposures, such as to the isoprenoid alkane pristane 

(2,6,10,14-tetramethylpentadecane), can cause autoimmunity in virtually any mouse 

strain (Satoh et al., 1994).  A common theme amongst these agents is that they may 

create novel epitopes on self antigens (mercury and trichloroethylene) or they may act as 

an adjuvant (silica and pristane) (Hess, 2002).  

It has long been hypothesized that environmental factors influence the onset and 

course of autoimmune diseases.  Despite this, the number of chemicals clearly shown to 

influence autoimmunity is relatively small.  Although a number of potential mechanisms 

can be postulated, they are thought to fall into three general categories (Rao and 

Richardson 1999; Sobel et al., 2005).  The first category is one in which the chemical 

alters self antigen such that it appears foreign to the immune system.  This can occur 

when small molecules act as haptens or if exposure can cause novel cleavage fragments 
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to which the immune system was ignorant.  Heavy metals, such as mercury, may be an 

example of this pathway.  Mercury may modify self proteins by interacting with the 

sulfhydral groups on indigenous proteins.  The mercuric-thiol interaction results in 

modification of the molecule and antigenic properties of the self proteins, which is 

normally ignored by the immune system (Hess et al., 2002).  The second category is one 

in which the chemical prevents the central tolerance of autoreactive T or B cells and is 

represented by procainamide hydroxylamine (PAHA).  Most patients treated with 

prolonged procainamide therapy develop anti-denatured DNA (dDNA) (Blomgren et al., 

1972) and anti-histone antibodies (Fritzler et al., 1978).  Kretz-Rommel et al. (1998) also 

proved that a single injection of PAHA into the thymus of (C57BL/6 x DBA/2)F1 mice 

resulted in the rapid appearance of IgM anti-dDNA and anti-histone antibodies, and after 

a second intrathymic injection, chromatin-specific T cells were detected in the spleen, and 

IgG anti-chromatin antibodies rose to levels typically seen in spontaneous models of 

murine lupus.  The third category involves alteration of gene expression.  Because many 

of the OCPs have been shown to have estrogenic effects, we decided to test 

representative estrogenic OCPs in the well-characterized NZB/NZW F1 model of murine 

lupus.  

We originally proposed the novel hypothesis that organochlorine pesticide 

chlordecone may accelerate SLE through their estrogenic effects, as chlordecone has 

been shown to have estrogenic effects (Shelby et al., 1996, Sobel et al., 2005), and 

estrogen has long been proposed to be a risk factor for SLE in humans (Buyon et al., 

2005).  However, at doses that can clearly accelerate autoimmunity, chlordecone showed 

only minor estrogenic effects on the reproductive system, as measured by wet uterine 
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weight.  These data strongly suggested that chlordecone functioned through non-

estrogenic pathways, but the possibility remained that cells of the immune system may 

respond to the estrogenic effects of chlordecone differently than cells of the reproductive 

system.  Therefore, the overall objective of this dissertation was to better characterize 

chlordecone effects on cellular and gene expression in immunocytes, as well as 

characterize some other important checkpoints in tolerance.  A second objective was to 

further clarify the mechanisms of chlordecone on the acceleration of SLE by directly 

comparing chlordecone effects with those of estradiol.  From the information gathered by 

these studies, we seek to establish a model to test other pesticides which have also shown 

the potential to accelerate autoimmunity, and finally to see if there is a general pattern 

that would point to a mechanistic basis for our observations.   

To achieve these goals, low doses of chlordecone and estradiol were delivered 

subcutaneously to overiectomized lupus prone NZB/NZW F1 mice for six weeks by 

continuous-release pellets.  Control mice received pellets with vehicle alone.  Mice were 

then euthanized, and multiple experiments were conducted.  Part of the comparison of 

effects between chlordecone and estradiol was focused on the splenic cells, as it is one of 

the most important secondary lymphoid organs in the immune system and has been well-

studied in murine lupus.  Phenotypic changes on immunocytes (measured mostly by flow 

cytometric technique), important B cell gene expression (tested by quantitative real-time 

PCR), and cytokine levels (secreted by purified CD4 T cells) were reported in chapter 3 

and chapter 4.  The other part of the comparison focused on the effects on macrophage 

functions and a peptide hormone prolactin, due to their importance in lupus pathogenesis.  
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Those experiments were shown in chapter 5.  Table 6-1 includes a summary of the 

overall results in this dissertation.  

The outcome from these experiments showed a partial overlap in effects between 

chlordecone and estradiol.  On one hand, they both expanded the number of germinal 

center B cells and reduced lymphocytes apoptosis, which might be responsible for the 

increased survival of autoreactive lymphocyte.  Further studies on gene expression 

revealed that the escape of presumably autoreactive lymphocytes from negative selection 

might be mediated by enhancing Bcl-2 and Shp-1 expression (Grimaldi et al., 2002). 

Although the findings have been published, there are clear limitations as to how far these 

data can be interpreted.  For example, Grimaldi et al did not establish a direct connection 

between up-regulation of Bcl-2 and Shp-1 and the loss of tolerance.  To prove this 

directly, one method is to use transgenic mouse models with Bcl-2 and/or Shp-1 

overexpression.  Kuo et al. (1999) proved that Bcl-2 overexpression led to the expression 

of anti-DNA B cells.  However, there is still no transgenic mouse model with Shp-1 

overexpression.  Another way to test this hypothesis is to use RNAi techniques to knock 

down the expression of Bcl-2 and/or Shp-1 back to the expression levels of control 

groups.  If these two molecules are directly responsible for the breaking of tolerance, 

after knocking down their expression, the tolerance should be restored. 

Both chlordecone and estadiol reduced macrophage clearance of apoptotic cells, 

which is an important function of macrophages and may provide one of the critical 

pathways for chlordecone and estradiol in breaking tolerance.  Although we have found a 

reduction in clearance, the mechanisms behind it have not yet been elucidated.  A number 

of possibilities exist.  One possibility is that reduction might be due to down-regulation 
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expression of a receptor or recepotors involved in clearance.  We tried to test the protein 

expression of c-mer, a member of the Axl/Mer/Tyro 3 receptor tyrosine kinases family, 

on peritoneal macrophages.  Mer knock-out mice with a cytoplasmic truncation of Mer 

had macrophages deficient in the clearance of apoptotic thymocytes (Cohen et al., 2002) 

and a lupus-like autoimmunity, and the phagocytic deficiency was restricted to apoptotic 

cells and was independent of Fc receptor-mediated phagocytosis or ingestion of other 

particles (Scott et al., 2001).  Unfortunately, a monoclonal anti-mouse mer antibody 

marketed for flow cytometric applications was taken off the market, apparently because 

of specificity problems.  One way to test this is to purify peritoneal macrophages by 

magnetic-beads, and then test the protein expression of c-mer by western blot, and the 

gene expression by quantitative real-time PCR.  However, to make this worthwhile would 

require a more systematic approach in screening for a variety of genes involved in 

clearance mechanisms. 

On the other hand, despite the similarities shared by chlordecone and estradiol, we 

feel that there was clear evidence pointing to different pathways, as some of the most 

striking phenotypic changes induced by estradiol were not shared by chlordecone.  One 

of these was the marked increase in marginal zone B cells caused by estradiol treatment 

(Figure 3-12, Panel E).  Interestingly, an increased proportion of marginal zone B cells 

was observed in the lupus-prone NZB mouse model (Wither et al., 2000; Theofilopoulos 

et al., 1985) and NZB/NZW F1 mouse model (Wither et al., 2000), suggesting some 

connection of increased marginal zone B cells with autoimmunity. Zeng et al. (2000) 

reported that in NZB/NZW F1 mouse model, marginal zone B cells are responsible for 
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production of large amounts of anti-DNA antibodies, as compared to follicular B cells.  

This built a direct connection of enhanced marginal zone with loss of tolerance.     

Another example is the different influence of chlordecone and estradiol on CD4 T 

cells.  There were several effects on CD4 T cell by estradiol that were not shared with 

chlordecone: 1) Estradiol had a stronger impact on the expression of T cell activation 

markers; 2) Estradiol changed T cell subsets by increasing the percentage of activated 

and memory CD4 T cell and reducing the naive T cell population; 3) Estradiol increased 

the percentage of CD25+CD4+ regulatory T cells, which might be predicted to maintain 

tolerance; and 4) Estradiol induced the expression of TCR Vα chain.  Chlordecone and 

estradiol’s effects on CD4 T cell cytokine secretion were also different – although they 

both enhanced TNF-α and IL-2 secretion, chlordecone significantly increased pro-

imflammatory cytokines GM-CSF and IFN-γ secretion, while estradiol significantly 

increased the secretion of IL-10, but reduced IL-4 level.  

The most striking difference, however, was that chlordecone and estradiol caused 

opposite effects on prolactin secretion.  In contrast to the 10-20 fold increase in 

circulating prolactin in estradiol-treated ovariectomized mice, we found a 70% reduction 

in prolactin secretion with 5 mg chlordecone group.  As it has been published that 

estradiol-treated mice did not have accelerated autoimmunity when prolactin was 

suppressed, these results strongly suggest that there must be alternative pathways for 

chlordecone, distinct from estradiol, that mediate the acceleration of autoimmunity.   

Our experiments were designed to determine whether chlordecone was mediating 

its effects through estrogenic pathways.  One outcome was to further elucidate the effects 

of estradiol on the immune system of NZB/NZW F1 mice, by pathways which were 
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novel.  For example, estradiol treatment caused a significant decrease in the percentage of 

lymphocytes, a clear enhanced germinal center reactions, increased expression of TCR 

Vα2 and Vα8.3, and decreased IFN-γ gene expression on B cells.   Although there were 

previous reports of estradiol’s effects on up-regulating prolactin receptor expression 

(Mizoguchi et al., 1997; Tseng et al., 1998; Leondires et al., 2002), we found for the first 

time that estradiol can also increase the prolactin receptor expression on lymphocytes.  

Taken together, these data suggest that estradiol might mediate its effects through 

enhanced germinal center reactions, increased marginal zone B cells, as well as activated 

T cells.  Most importantly, it significantly activated the prolactin pathway that was 

thought to be the critical factor in estradiol effects in accelerating autoimmunity.    

It is very interesting that chlordecone enhanced the germinal center response in 

NZB/NZW F1 mice.  However, this mouse model has many limitations.  First, the onset 

of autoimmunity is variable so that a relatively large number of mice are needed to be 

certain of the effect.  Second, it is difficult to identify autoimmune B cells specifically 

and thereby study the important checkpoints that maintain tolerance in germinal center 

responses.  These problems can be at least partially addressed by using Ig transgenic 

models of NZB/NZW F1 mice, a few of which have been developed by Dr. Tony Marion. 

These include NZB/NZW F1 mice transgenic for the conventional µ heavy chain 3H9 

and the VH3H9R transgene inserted as a site-directed JH knock-in.  The particular interest 

in these two mouse models is that despite the ability of both transgenes to encode anti-

dsDNA, the NZB/NZW F1 mice transgenic for the conventional construct maintained 

tolerance, while the knock-in did not (Steeves et al., 2004).  This would provide the 

possibility to test whether chlordecone can cause a break in tolerance (conventional) or 
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accelerate autoimmunity (knock-in).  Using these transgenic mouse models, several 

checkpoints in the germinal center responses, such as the central tolerance, follicular 

exclusion, T cell receptor revision, decreased clearance of apoptotic cells and decreased 

apoptosis, could be further examined following chlordecone and estradiol treatment.  

Quantitative measurements of B cell gene expression in chlordecone- and estradiol-

treated mice also revealed a complex relationship.  Chlordecone and estradiol are 

structurally unrelated, and the proposed connection for their biological effects came from 

their ability to bind to estrogen receptors.  However, the affinity of chlordecone for 

estrogen receptors is very low (Hammond et al., 1979), which might indicate that there 

are potential differences in down stream pathways.  Although a microarray screen for 

gene expression was not used in our experiment, results of comparisons of global gene 

expression between another estrogenic compound genistein and estradiol on thymocytes, 

showed only a partial overlap in gene regulation (Selvaraj et al. 2005).  That study 

revealed the complexity of how estrogenic compounds may affect the immune system 

differently from estradiol.  Our real-time PCR results comparing chlordecone and 

estradiol’s regulation on the expression of selected genes on splenic B cells likewise 

showed a partial overlap.  Major similarities included increased Bcl-2, Shp-1, and Fas 

expression, with reduced IFN-γ expression.  On the other hand, slight differences were 

seen in the effects on expression of IL-2 and IL-6.  There were also several genes whose 

expression was unaffected by either chlordecone or estradiol.  This might be due to the 

low dose or timing of our experiments.  An important distinction that we showed in this 

work was that estradiol and chlordecone had significantly different effects on the 
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prolactin pathway.  Global gene expression screens could lead to the discovery of new, 

non-estrogenic pathways being mediated through chlordecone.    

We found that both chlordecone and estradiol activated splenic B cells, but whether 

these activated B cells were pathogenically important and were the direct cause of disease 

was not directly determined.  One method to test this would be to transfer purified B cells 

from control-, chlordecone- or estradiol-treated donor NZB/NZW F1 mice into untreated 

young NZB/NZW F1 mice.  The serum levels of antibody and autoantibody of the hosts 

could be measured at various time points after injection.  If the autoantibody levels were 

increased and accompanied by accelerated glomerulonephritis, this would indicate that 

the transferred B cells were pathogenic.  One problem for this experiment is that there is 

no way to trace the injected B cells by using the conventional NZB/NZW F1 mouse. 

However, this could be overcome by using the transgenic 3H9R NZB/NZW F1 mouse as 

a donor.  The B cells of this mouse model can be distinguished by using a specific 

monoclonal antibody.      

Another important area that needs to be further clarified is the direct effects of 

chlordecone on the kidney.  Previous histological study showed that both chlordecone 

and estradiol accelerated the development of glomerulonephritis, which is the most 

serious manifestation of lupus in the NZB/NZW F1 mouse model, and the 

immunohistofluorescence staining revealed similar intensity of IgG immune-complex 

deposition 8 weeks after implantation (Sobel et al., 2005).  However, the pathways 

behind the same outcome might be different.  Estradiol might increase titers of 

antoautibodies significantly, while chlordecone treatment might cause changes in the 

kidney so that autoantibody deposition is enhanced.  It was previously shown that 
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chlordecone exposure did not affect renal function in normal BALB/c mice (Sobel et al., 

in press).  However, since these mice did not break tolerance, it is formally possible that 

differences would appear only under stressed conditions.  One way to test this hypothesis 

would be to inject a specific glomerulopathic antibody intravenously into mice which had 

been previously implanted for a short time with chlordecone or estradiol.  One week after 

injection, the mice would be sacrificed and the kidneys would be stained for immune 

complex deposits.  If chlordecone caused more antibody deposition, mice in this group 

should have stronger staining than in the estradiol group.    

Overall, our results suggest a complicated role for the effects of chlordecone on 

autoimmune disease in NZB/NZW F1 mice.  Despite in vivo studies showing acceleration 

of disease comparable to estrogen, there was only partial overlap in some of the specific 

phenotypic changes in T and B cells known to be associated with estrogen exposure, and 

some of these were attenuated.  Other effects of estrogen, such as the marked increase in 

marginal zone B cells, were not seen at all with chlordecone exposure.  Moreover, unlike 

estradiol, the effects seen with chlordecone were unlikely mediated by prolactin.  Taken 

together, our data suggest an important role for non-estrogenic pathways in the 

acceleration of autoimmunity with exposure to chlordecone.   
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Table 6-1. Summary of the results in the studies. 
  Chlordecone 

treatment 
Estradiol treatment 

   Result from 
this study 

Reports from 
literature 

Body weight  No change ↓ Consistent 
Uterus weight  Slightly 

↑ 
↑ Consistent 

Spleen weight  ↑ ↑ Consistent 
Splenic B cell 

percentage 
 No change ↓ Novel 

Splenic CD4+ T 
cell percentage 

 No change ↓ Consistent 

Splenic CD8+ T 
cell percentage 

 No change ↓ Consistent 

CD69 ↑ ↑ Novel 
CD44 ↑ ↑ Consistent 
B7.2 ↑ ↑ Consistent 

I-A(d) ↑ ↑ Novel 
GL-7 ↑ ↑ Novel 

CXCR4 ↑ ↑ Consistent 
CXCR5 ↑ ↑ Novel 
ICAM-1 ↑ ↑ Novel 
VCAM-1 ↑ ↑ Consistent 

Bcl-2 ↑ ↑ Consistent 
Immature B cell 

(CD24+) 
No change ↓ Consistent 

T1 B cell 
(CD21-CD24+) 

No change ↓ Consistent 

T2 B cell 
(CD21+CD24+) 

No change No change Consistent 

Follicular B cell 
(CD21-CD24-) 

No change No change Consistent 

Marginal Zone 
B cell 

(CD21+CD24-) 

 
No change 

 
↑ 

 
Consistent 

Mature plasma 
cell 

(CD138+B220-) 

 
No change 

 
↑ 

 
Consistent 

Immature 
plasma cell 

(CD138+B220+)

 
No change 

 
No change 

 
Novel 

Splenic B cells 
 

Apoptosis (no 
stimulation) 

↓ ↓ Consistent 
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Table 6-1. Continued 
  Chlordecone 

treatment 
Estradiol treatment 

   Result from 
this study 

Reports from 
literature 

Apoptosis  
(1 µg/mL LPS) 

↓ ↓ Consistent 

Proliferation 
index (1 µg/mL 

LPS) 

 
No change 

 
No change 

 
Inconsistent 

Shp-1 (gene) ↑ No change Inconsistent 
Bcl-2 (gene) ↑ No change Inconsistent 
Fas (gene) ↑ No change Inconsistent 
Fas ligand 

(gene) 
No change No change Inconsistent 

IFN-γ (gene) No change ↓ Inconsistent 
FcγRIIb (gene) No change No change Novel 

Ly5 (gene) No change No change Inconsistent 
TNF-α (gene) No change No change Paradoxical 
IL-2 (gene) No change No change Paradoxical 
IL-6 (gene) No change No change Inconsistent 

Splenic B cells 

Prolactin 
receptor (gene) 

No change ↑ Consistent 

CXCR5 ↑ ↑ Novel 
CXCR4 ↑ ↑ Novel 
ICAM-1 ↑ ↑ Novel 
VCAM-1 ↑ ↑ Consistent 
FcγRIIb No change No change Novel 

Germinal center 
B cells 

(GL7+CD19+) 

Apoptosis ↓ ↓ Consistent 
CD69 No change ↑ Consistent 
CD44 No change ↑ Consistent 
Bcl-2 ↑ ↑ Consistent 

TCR Vα2 No change ↑ Novel 
TCR Vα8.3 No change ↑ Novel 
TCR Vβ4 No change No change Novel 
TCR Vβ8 No change No change Novel 
Prolactin 
receptor 

No change ↑ Consistent 

Apoptosis (no 
stimulation) 

↓ ↓ Inconsistent 

Splenic CD4+  T 
cells 

Apoptosis (CD3 
and 2 µg/mL 

CD28) 

 
↓ 

 
No change 

 
Inconsistent 
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Table 6-1. Continued 
  Chlordecone 

treatment 
Estradiol treatment 

   Result from 
this study 

Reports from 
literature 

Apoptosis (CD3 
and 5 µg/mL 

CD28 

 
↓ 

 
No change 

 
Inconsistent 

Proliferation 
index (CD3 and 
2 µg/mL CD28) 

 
No change 

 
No change 

 
Inconsistent 

Proliferation 
index (CD3 and 
5 µg/mL CD28) 

 
No change 

 
No change 

 
Inconsistent 

IFN-γ ↑ No change Inconsistent 
TNF-α ↑ No change Paradoxical 

GM-CSF ↑ No change Consistent 
IL-4 No change ↓ Consistent 
IL-2 No change ↑ Paradoxical 

Splenic CD4+  T 
cells 

IL-10 No change ↑ Paradoxical 
Clearance of 

apoptotic cells 
↓ ↓ Inconsistent  

Macrophage 
IL-10 secretion ↑ ↑ Paradoxical 

Serum prolactin 
(in NZB/NZW 

F1 mice) 

  
↓ 

 
↑ 

 
Consistent 

Serum prolactin 
(in ovary-intact 
BALB/c mice) 

  
No change 
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