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24.1            Introduction 

 The immune system prevents an immune 
response to the body’s own tissues, generating 
immune tolerance with regard to self-antigens 
during T-cell generation in the thymus and B-cell 
generation in the bone marrow. Mechanisms of 
tolerance to sequestered or otherwise aberrant 
self-antigens exist in the periphery as well [ 1 ]. 

 Autoimmune disease (AID), nonetheless, exists 
and is increasing in prevalence worldwide [ 2 ]. A 
group of at least 80 distinct syndromes, these are 
mostly of relatively rare complaints that together 
comprise a wide range of genetically complex 
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 diseases that affl ict as much as 10 % of the 
 population [ 3 ]. Autoimmune disorders are defi ned 
by a dysregulation of immune function that poten-
tiates a breakdown in immune tolerance. The 
breakdown in immune tolerance in turn permits an 
overexpression of autoantibodies and autoreactive 

T cells [ 3 ] that will, unchecked, eventually result 
in infl ammation and tissue destruction [ 4 ]. 
Autoimmune diseases target a variety of tissue 
types but share certain characteristics, foremost 
being the fact that they affect far more women than 
men (Tables  24.1a , Part 1 and  24.1b  Part 2).

    Table 24.1a    Part 1: selected gender infl uences implied or positively associated with specifi c autoimmune diseases   

 Autoimmune disease 

 Percent female 
patients (highest 
estimate)  X chromosome 

 MHC/HLA 
association 
(selected) 

 Non-MHC gene 
associations 

 Autoimmune hepatitis  Type I 9:1  NA  A1-88  IgA [ 5 ] 
 Type II: 3:1 [ 5 ]  DRB* 0301 

 DRB* 0401 
 DRB* 0404 [ 5 ] 

 Crohn’s disease a   58 % [ 6 ]  NA  HLA-DRB1*07 [ 7 ]  IL23R, NOD2 CARD9 
IL18RAP, CUL2, 
C1orf106, PTPN22, 
and MUC19 [ 8 ] 

 Hyperthyroidism/Graves’ 
disease 

 95 % [ 9 ]  (Skewed) 
inactivation [ 10 ] 

 DR3  CTLA4 [ 11 ] 
 DRB108 [ 12 ] 

 Multiple sclerosis  60 % [ 13 ]  NA  DR2  CTLA4 [ 14 ] 
 DR3 
 DRA 
 DRB1 [ 9 ] 

 Primary biliary cirrhosis  88 % [ 15 ]  NA [ 16 ]  DRB1*0801 [ 17 ]  IL12A and IL12RB2, 
CTLA4 [ 17 ] 

 Psoriasis  38 % [ 18 ]  NA  HLA-C [ 19 ]  IL12B 
 IL23A [ 19 ] 

 Rheumatoid arthritis  72 % [ 15 ]  Yes [ 20 ]  DRB1-0101, 
DRB1-0102, 
DRB1-0404, others 
[ 12 ] 

 PTPN22, STAT4 [ 21 ], 

 Scleroderma  84 % [ 15 ]  Yes [ 22 ]  HLA-DRB1*01 and 
HLA- DRB1*11 [ 23 ] 

 BANK1, C8orf13- 
BLK, IL-23R, IRF5, 
STAT4, TBX21, and 
TNFSF4 [ 24 ] 

 Sjögren’s syndrome  95 % [ 5 ]  Gene dosage [ 25 ]  –[ 26 ]  – 
 Systemic lupus 
erythematosus 

 90 % [ 13 ]  [ 27 ]  DR3, DR8, DR15 
[ 12 ] 

 STAT4, IRF5, ITGAM 
[ 28 ] 

 Type I diabetes  50 % [ 9 ]  NA  DR3  Lymphoid tyrosine 
phosphatase 
(PTPN22) and 
the cytotoxic 
T lymphocyte- 
associated antigen-4 
(CTLA-4) gene [ 29 ] 

 DR4 [ 12 ] 

 Ulcerative colitis  50 % [ 5 ]  NA  B27 b  [ 30 ]  ECM1, CDH1, HNF4a, 
and laminin B1 [ 30 ] 

   HLA  human leukocyte antigen,  IgA  immunoglobulin,  IL  interleukin,  MHC  major histocompatibility complex,  NA  not 
available 
  a Occupational exposures 
  b Common HLA associations selected from typically multiple possible examples; HLA displays ethnic variation  
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    The mechanisms which underlie this diverse 
group of diseases are still poorly understood. 
Many autoimmune diseases display both genetic 
predisposition and familial associations, fi rmly 
establishing a genetic foundation for their even-
tual development [ 2 , 41 ]. 

 Most also have obvious environmental trig-
gers as well; a wide variety of environmental 
insults including infectious agents, pharmaceuti-
cals, dietary factors, smoking, chemicals, and 
pollutants are shown to increase the risk [ 2 , 41 ]. 

 In addition, since autoimmune disease affects 
predominantly women (80 % of autoimmune 
disease sufferers are female) [ 13 ], with the 
activity of disease fl uctuating in parallel with 
estrogen levels, sex steroids are widely pro-
posed as a key component of autoimmune 
pathology [ 42 ]. 

 Finally, as both the levels of circulating of 
autoantibodies (in association with a general dys-
regulation of immune function) and the risk of 
autoimmune disease are observed to increase as 
humans age [ 43 ], it is probable that immunose-
nescence also plays a role. 

 Although the precise pathways through which 
a genetic predisposition to autoimmune disease 
becomes a full-blown autoimmune disease 
(through the infl uence of endogenous hormones, 
environmental insults, and the natural decay of 
the aging immune system) are still unknown [ 3 ], 
progress suggests that lifelong epigenetic changes 
to deoxyribonucleic acid (DNA) are a primary 
means to gene regulation. Because of this, auto-
immune diseases, potentially devastating condi-
tions with complex etiology and paradoxical 
nature, are better understood.  

     Table 24.1b    Part 2: selected gender infl uences implied or positively associated with specifi c autoimmune diseases   

 Autoimmune disease  MZ/DZ  Geo-epidemiology prevalence/100,000 
 Associated environmental 
exposures 

 Autoimmune hepatitis  NA  NA  Acne drug minocycline 
associated [ 31 ] statins 
particularly in patients 
genetically predisposed 
by HLA [ 32 ] 

 Crohn’s disease a   NA  Highest: North America (201) [ 9 ]  Tobacco smoke [ 33 ] 
 Lowest: Israel 2 b  [ 34 ] 

 Hyperthyroidism/Graves’ 
disease 

 31/4.7 % [ 35 ]  Highest: N. Europe, China (1200) [ 9 ]  Tobacco smoke [ 33 ] 
 Lowest: Africa (<10) [ 9 ]  Radiation [ 36 ] 

 Multiple sclerosis  31 %/5 % [ 35 ]  Highest: N. Europe (200)  Tobacco smoke [ 33 ] 
 Lowest: South and Central America and 
the Caribbean (<20) [ 9 ] 

 UV [ 37 ], EBV [ 38 ] 

 Primary biliary cirrhosis  62.5 %/0 [ 39 ]  NA  Tobacco smoke [ 33 ] 
 Psoriasis  67 %/15 % [ 35 ]  Highest: France (3058)  Periodontal disease [ 40 ] 

 Lowest: indigenous S. American: 0 [ 9 ] 
 Rheumatoid arthritis  15/3.5 % [ 35 ]  –  Tobacco smoke [ 33 ] 
 Scleroderma  –  –  Tobacco smoke [ 33 ] 
 Systemic lupus 
erythematosus 

 33 %/2 % [ 35 ]  –  EBV, silica, nail polish a , 
hair dye a  [ 36 ]; tobacco 
smoke [ 33 ] 

 Type I diabetes  70/13 % [ 35 ]  Highest: N. Europe (700)  – 
 Lowest: Central America (<20) [ 9 ] 

 Ulcerative colitis  18.7/3 % [ 35 ]  Highest: North America (300)  – 
 Lowest: Central and South America 
(<3) [ 9 ] 

   DZ  dizygotic,  EBV  Epstein-Barr virus,  HLA  human leukocyte antigen,  MZ  monozygotic,  NA  not available 
  a Occupational exposures 
  b Common HLA associations selected from typically multiple possible examples; HLA displays ethnic variation  
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24.2     The Genetic Underpinnings 
of Autoimmune Disease 

 The existence of a genetic platform that confers 
susceptibility to or protection against autoim-
mune disease has been long suspected. Only a 
handful of these diseases display strict Mendelian 
inheritance [ 44 ]. Certain autoimmune diseases, 
nonetheless, consistently occur at statistically 
improbable levels in certain families [ 45 ]. 

 Apart from Mendelian inheritance, familial 
aggregation is modest [ 44 ]. For example, despite 
the fact that a family history of systemic lupus 
erythematosus (SLE) increases the risk 25-fold, 
only 2 % of an AID patient’s close relatives actu-
ally develop the disease [ 46 ]. Thus, the manner in 
which the genome confers protection or suscepti-
bility through modulation of immune tolerance is 
not solidly identifi ed, and patients in which a 
genetic profi le has been fi rmly linked to the 
development of disease are a substantial minority 
[ 47 ]. This situation arises because many of the 
identifi ed genetic associations have odds ratios 
(typically 1.1–1.5) that are too small to meaning-
fully increase individual risk [ 44 ]. 

 The genetic contribution to autoimmunity is 
“extraordinarily complex” [ 44 ]. Refi nements in 
methodologies in molecular biology, however, 
are beginning to unlock the genetic basis of 
 autoimmunity. Culpable genes in the pathogene-
sis of autoimmune diseases were fi rst pursued 
through candidate gene association studies, then 

by linkage analysis in affected families, and then 
through genome-wide association scans [ 44 ] 
(Table  24.2 ). Genome-wide association studies, 
built on the completion of the Human Genome 
and the haplotype map (HapMap) projects, have 
particularly accelerated solid associations 
between disease and specifi c genes, courtesy of 
their ability to scan the entire genome for poly-
morphisms implicated in disease [ 44 ].

   More than 200 genetic loci have now been 
documented as contributing to various autoim-
mune diseases [ 4 ]. Some genetic variants, that is, 
human leukocyte antigens (HLAs), have been 
reliably associated with several different autoim-
mune diseases, including type I diabetes mellitus 
(T1DM), rheumatoid arthritis (RA), and SLE [ 3 ]; 
the signal transducer and activator of transcrip-
tion 4 (STAT4) (a transcription factor gene) hap-
lotype is associated with an increased risk of both 
RA and SLE [ 21 ]. Through these genetic tech-
niques, multiple potential pathways for the origin 
of autoimmunity have emerged. These are pri-
marily related to innate immunity, cytokine 
 signaling, or lymphocyte activation [ 3 ], and 
include molecules like intracellular tyrosine 
phosphatases, tumor necrosis factor(s), intracel-
lular pattern recognition receptors, nuclear factor 
kappa-light-chain-enhancer (NF-Кβ) and other 
transcription factors, cytokines (and their recep-
tors), cell-surface receptors, signaling molecules, 
enzymes, autoantigens, and major histocompati-
bility complex (MHC) profi les [ 44 ]. 

   Table 24.2    Ability to establish genetic foundation spurred by ongoing innovations in molecular methodology   

 Technique  Strength  Weakness 

 Approximate 
year of 
innovation  References 

 Linkage analysis  Solid identifi cation of AID 
with Mendelian 
inheritance 

 AIDs with strict Mendelian 
inheritance make up a small 
fraction of known AID 

 1953  [ 44 ] 

 Candidate gene 
studies 

 Useful for identifying 
gene associations in 
disease with more 
complex, non- Mendelian 
inheritance 

 Requires large sample sizes as well 
as an existing understanding of 
disease mechanisms with implied 
plausibility of specifi c gene. Also 
requires case/control matching 

 1986  [ 44 ] 

 Genome-wide 
association scans 

 Does not require prior 
plausibility for specifi c 
genes 

 Requires huge databases (Human 
Genome Project and HapMap 
project made those available) 

 2005  [ 44 ] 

   AID  autoimmune disease,  HapMap  haplotype map  
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 Intriguingly, the loci identifi ed are often shown 
to be common to a number of autoimmune dis-
eases [ 4 ], and the presence of an autoimmune dis-
ease in one individual increases the risk in close 
family members to a variety of others. For exam-
ple, analysis of variants of the protein tyrosine 
phosphatase (PTPN) gene in Swedish patients 
with autoimmune diseases such as RA, T1DM, or 
Crohn’s disease ( N  = 172,242) found that the rela-
tive risk of several autoimmune diseases increased 
in offspring when the parent suffered from an 
existing autoimmune disease [ 45 ] (Table  24.3 ). 
Pairwise analyses demonstrated a shared familial 
risk for RA, SLE, T1DM, ankylosing spondylitis 
(AS), Crohn’s disease, celiac disease, and ulcer-
ative colitis (UC) (see Table  24.3 ).

   A genome-wide association study looked at 
single-nucleotide polymorphisms (SNPs) outside 
the MHC and identifi ed a total of 107 SNPs that 
were associated with an increased risk for at least 
one of seven individual autoimmune diseases: 
celiac disease, Crohn’s disease, multiple sclerosis 
(MS), psoriasis, RA, SLE, and T1DM. Again, a 
substantial proportion (44 %) of the SNPs identi-
fi ed were also implicated in more than one dis-
ease [ 48 ]. The implicated SNPs clustered near 
deoxyribonucleic acid (DNA) sequences that 
encoded proteins also implicated in the same 
subsets of diseases [ 49 ]. 

 Such proteins, with genes located in proximity 
to genes implicated in the increased risk for mul-
tiple autoimmune diseases, may represent an 
underlying shared mechanism that constitutes the 
physiological basis for disease risk. This is a 

 theory supported by the observation that autoim-
mune patients frequently suffer from more than 
one autoimmune disorder at a time or from dif-
ferent autoimmune diseases during different 
stages of their lives [ 3 ]. 

 Genome-wide association studies ostensibly 
reveal a set of genes common to many autoim-
mune diseases which represent little increased 
risk on their own [ 44 ]. Multiple polymorphisms, 
however, each carry a slight risk on their own, but 
together create a lower threshold for the develop-
ment of an autoimmune event [ 3 ]. It is also pos-
sible that in rare instances, copy number [ 44 ] or 
somatic mutations de novo can create a genetic 
platform for autoimmune disease [ 50 , 51 ]. It is 
reported that somatic mutation can, in adults, 
generate B cells with autoreactive antigen recep-
tors [ 52 ]. 

 Concordance rates among monozygotic (MZ) 
twins, although consistently higher than those in 
dizygotic (DZ) twins, are low (see Table  24.1b , 
Part 2). This observation and the observation that 
in animal studies the gender bias characteristic of 
autoimmune disease was revealed to be strain 
specifi c suggest an interaction between sex chro-
mosomes and the background genes [ 36 ]. It 
makes it clear that AID requires more than just a 
genetic foundation. Despite the fact that genome- 
wide association studies have identifi ed multiple 
signifi cant associations with specifi c genetic loci, 
concordance rates for MZ twins are still below 
50 % (with a few exceptions), a statistic that sug-
gests additional complementary mechanisms in 
the genesis of AID [ 47 ].  

    Table 24.3    Familial clustering associated with high-risk gene variants in autoimmune disease (selected associations)   

 Disease diagnosed in 
parent 

 Relative risk (as standardized incidence ratio [SIR]) of disease in offspring 

 AS  CD  CE  RA  SLE  T1DM  UC 

 Ankylosing spondylitis  –  NIR  NIR  1.41  NIR  NIR  NIR 
 Celiac disease  NIR  1.61  –  1.31  2.72  1.91  1.27 
 Crohn’s disease  1.86  –  NIR  1.14  NIR  NIR  NIR 
 Systemic lupus 
erythematosus 

 NIR  NIR  NIR  1.77  –  NIR  NIR 

 Type I diabetes mellitus  1.44  NIR  NIR  1.72  1.87  –  NIR 
 Ulcerative colitis  1.72  2.55  NIR  1.15  NIR  1.29  – 

  The source of the data is Hemminki et al. [ 45 ] 
  AS  ankylosing spondylitis,  CD  Crohn’s disease,  CE  celiac disease,  NIR  no increased risk,  RA  rheumatoid arthritis,  SIR  
standardized incidence ratio,  SLE  systemic lupus erythematosus,  T1DM  type I diabetes mellitus,  UC  ulcerative colitis  
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24.3     Contributions of Gender 
to Autoimmune Disease 

 The most striking feature in the diverse group of 
disorders that make up AID, arguably, is their 
defi nitive predominance for females [ 53 ] (see 
Tables  24.1a , Part 1 and  24.1b  Part 2). Autoimmune 
disease is one of the top ten causes of death in 
women under the age of 65 [ 54 ], the second high-
est cause of chronic illness, and the top cause of 
morbidity in women in the United States [ 55 ]. 
Suspicion with regard to the physiological basis 
for the dramatic surfeit of female AID patients 
has rested primarily on the female sex hormone 
estrogen [ 56 ], with lots of evidence to support it 
[ 46 ]. The role of estrogen in immune function as 
well as autoimmune disease is  supported by a 
substantial body of evidence [ 42 ]. 

24.3.1     Estrogen 

 The immune response is heightened in women as 
compared to men [ 57 ]. Both cellular and humoral 
immune responses are more vigorous in women 
than men, making women more resistant to 
 infection, but also more subject to autoimmune 
 diseases [ 41 ]. Women typically respond to infec-
tion (natural and by vaccination) as well as trauma 
with the increased antibody production character-
istic of a T-helper 2 cell (Th2) immune response, 
while men respond with a T-helper 1 cell (Th1) 
response, characterized predominantly by infl am-
mation [ 58 ]. Estrogen’s effect on T-helper cells 
appears to be estrogen dependent. Low doses of 
estrogen stimulate Th1 response and higher doses, 
Th2 [ 59 ], a phenomenon also driven by increas-
ing levels of circulating estrogen of pregnancy. 
Such a shift is also observed during pregnancy 
[ 60 ]. The Th2 response, wherein estrogen stimu-
lates Th lymphocytes to secrete type II cytokines, 
thereby promotes synthesis of antibodies [ 61 ]. 

 Estrogen drastically reduces the size of the 
bone marrow cavity and induces signifi cant atro-
phy of the thymus, sites where deletions of auto-

reactive cells occur. Estrogens are known to 
stimulate lymphopoiesis outside of marrow (pro-
moting auto reactivity by bypassing the normal 
selection process) [ 62 ], so B cells may develop at 
alternative sites (liver and spleen) where less 
stringent selection is occurring. Mice treated with 
endogenous estrogen have extensive hemopoietic 
centers in the liver and spleen with B-cell activa-
tion including autoantibody-rousing cells in the 
spleen and liver [ 42 ]. 

 Estrogen, a principal regulator of proinfl am-
matory molecules [ 52 ], is known to exert numer-
ous effects on individual immune parameters 
(Table  24.4 ).

   Numerous intrinsic (e.g., pregnancy, meno-
pause, disease states) and extrinsic (e.g., oral 
contraceptives, hormone replacement therapy 
[HRT]) factors infl uence serum estrogen levels. 
The course of autoimmune diseases typically 
fl uctuates in parallel to changes in estrogen levels 
[ 46 ]; the role that sex hormones play is clearly 
evidenced by dramatic differences in prevalence 
related to circulating levels of estrogen over the 
female life span [ 42 ]. 

 Autoimmune hepatitis (AIH), for example, 
often ameliorates during pregnancy, with an 
increase in fi rst-time diagnoses in the postpartum 
period [ 75 , 76 ]. The severity of MS as well as RA 
decreases during pregnancy, particularly in the third 
trimester when hormone levels are highest [ 46 ]. 

 SLE varies over the course of the menstrual 
cycle, with fl ares much more likely during peak 
estrogen periods such as the high estrogen levels 
of pregnancy [ 52 ]. Similarly, in vitro fertilization 
procedures and drugs that induce ovulation also 
induce SLE fl ares or the onset of SLE symptoms 
[ 52 ]. New diagnoses and fl ares of existing SLE 
are rare in the postmenopausal period [ 52 ]. 

 Treatment of human peripheral blood mono-
nuclear cells (PBMCs) from SLE patients 
enhanced total immunoglobulin G (IgG) produc-
tion as well as anti-double-stranded DNA 
(dsDNA) autoantibody levels; PBMCs from 
healthy individuals, however, did not; the dispar-
ity proved to be interleukin (IL)-10 dependent 
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[ 77 ]. Testosterone signifi cantly inhibited IgM 
and IgG production by PBMC [ 78 ]. 

 Similar estrogen effects were observed in ani-
mal models [ 46 ]. Animal studies confi rm that 
hormonal manipulations can infl uence disease 

expression [ 53 ]. In a murine lupus model of 
experimental autoimmune encephalomyelitis 
(EAE) in which male mice were castrated, 
 castration produced SLE with disease parameters 
very similar to that in female mice, while 

   Table 24.4    Biological functions of estrogen in the immune system   

 Immune function  Immune characteristic  References 

 B cell  Induction of antibody production  [ 41 ] 
 Produces higher overall immunoglobulin levels  [ 42 ] 
 Promotes antibody response to foreign antigens  [ 42 ] 
 Increases IgG and IgM levels  [ 61 ] 
 Produces polyclonal induction of B cells in vitro  [ 63 ] 
 Alters existing thresholds for B-cell apoptosis as well as B-cell activation  [ 64 ] 
 Induces rapid maturation of B lymphocytes  [ 41 ] 

 T cell  Downregulates the number of immature T lymphocytes  [ 65 ] 
 Stimulates involution of thymus  [ 65 ] 
 Stimulates production of regulatory T cells (Tregs)  [ 66 ] 
 Downregulates CD4 T cells  [ 42 ] 
 Stimulates an increase CD4/CD8 ratios  [ 42 ] 
 Stimulates T-cell activation markers  [ 52 ] 
 Stimulates proliferation of T cells  [ 52 ] 

 Other cell types  Stimulate proliferation of macrophages  [ 52 ] 
 Decrease the number of monocytes  [ 67 ] 

 Cytokines and 
effector molecules 

 Stimulate proinfl ammatory serum markers  [ 68 ] 
 Downregulate soluble cell adhesion molecules in women  [ 69 ] 
 Inhibit expression of monocyte chemoattractant protein-1  [ 70 ] 
 Stimulate interleukin production (IL-1, IL-4, IL-6, and IL-10 in 
macrophages; IL-4, IL-5, IL-6, and 1-0 in Th2 cells 

 [ 41 ] 

 Stimulate cellular response to cytokines  [ 42 ] 
 Stimulate secretion of IL-4, IFN-γ and IL-1  [ 42 ] 
 Stimulate production of antiapoptosis protein Bcl-2  [ 71 ] 
 Inhibit IL-1-induced expression of cell adhesion molecules  [ 70 ] 
 Inhibit of TNF-α expression.  [ 72 ] 
 Downregulate soluble TNF-α  [ 73 ] 
 Suppress IL-2 secretion by T cells as well as receptor expression in 
activated peripheral blood T cells 

 [ 5 ] 

 Induce Th2 pathway cytokines, downregulate Th1  [ 52 ] 
 Infl ammatory chemokines (MCP-1, MCP-5 as well as NO synthase 
[iNOS4] and cyclooxygenase-2) 

 [ 74 ] 

 Systemic  Stimulates resistance to certain infections  [ 42 ] 
 Increases antibody- secreting cells (IgG and IgA)  [ 46 ] 
 Downregulates induction of tolerance  [ 42 ] 
 Stimulates graft rejection  [ 42 ] 
 Suppresses apoptosis  [ 52 ] 

   CD  cluster of differentiation,  IFN-γ  interferon gamma,  Ig  immunoglobulin,  IL  interleukin,  iNOS  inducible nitric oxide 
synthase,  MCP  monocyte chemoattractant protein,  Th  T helper,  TNF-α  tumor necrosis factor alpha  
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 ovariectomized females produced disease param-
eters similar to male mice of the same strain 
(NZBxNZW) F1 [ 46 ]. Estradiol protected the 
female mice from EAE. 

 In other animal studies, fi ve different genes, 
all regulated by either estradiol or dihydrotestos-
terone, contributed to autoimmunity (in vivo 
mouse model with lupus) [ 79 ]. 

 The importance of the hormonal component 
in autoimmunity was illuminated by an experi-
ment in mice, which isolated the chromosomal 
from the hormonal component by moving the 
testis-determining gene SRY from the Y chromo-
some to an autosomal chromosome [ 80 ]. This 
approach revealed that although the XY genotype 
alone stimulated autoantibody proliferation, 
androgens exerted an overriding suppressive 
effect [ 81 ]. Male sex hormones appear to mask 
the otherwise immunostimulatory infl uence of 
the XY genotype. 

 In contrast, however, estradiol increases sus-
ceptibility to experimental myasthenia gravis, 
experimental autoimmune uveoretinitis, and 
lupus [ 5 ]. The effects of estrogen on female- 
predominant AIDs, however, are not generaliz-
able—some are abrogated by testosterone and 
some are amplifi ed [ 82 ]. Gender differences in 
autoimmunity are at least partially mediated by 
regulation at the level of the estrogen receptor.  

24.3.2     Estrogen Receptors 

 Nuclear receptors are factors that bind to DNA 
and act to regulate gene expression at the tran-
scription level (thus known also as transcription 
factors) and include receptors for estrogens and 
androgens [ 52 ]. Estrogen (17-β estradiol), which 
is the principal estrogen in circulation during the 
reproductive years, acts as a ligand for two differ-
ent nuclear receptor proteins, thus forming two 
functionally distinct estrogen receptors, estrogen 
receptor alpha (ERα) and estrogen receptor beta 
(ERβ), which exist in both homo- and 
heterodimers. 

 Estrogen receptors translocate to the nucleus 
where they bind to estrogen-responsive elements 
(EREs) in gene promoters and thus act as an on/

off switch for gene transcription. The estrogen/
estrogen-receptor (E/ER) complex may also 
interact with other transcription factors such as 
NF-Κβ, which is capable of binding to non-ERE 
sites in other promoters [ 83 ]. 

 Both types of estrogen receptors are found all 
over the body, including the ovary, womb, breast, 
bone, and immune cells, T and B cells, dendritic 
cells, neutrophils, macrophages, natural killer 
(NK) cells, thymic stroma cells, bone marrow, 
and endothelial cells [ 83 ]. 

 Although both ERα and ERβ both act to mod-
ulate gene expression of estrogen-responsive 
genes, they modulate that expression in very dif-
ferent ways [ 52 ]. ERα defi ciency in a murine 
model of lupus, for example, resulted in disease 
abrogation and prolonged survival, while ERβ 
defi ciency had minimal effect [ 84 ]. 

 Estrogen receptors also occur in two places, 
with distinctive purposes. Membrane-associated 
ERs amplify signal transduction cascades, where 
nuclear ones induce gene transcription. Mature 
lymphocytes express membrane-associated ERs 
which are activated by estrogen to invoke increased 
calcium fl ex in antigen-activated cells [ 83 ]. 

 The effects of estrogen-receptor regulation of 
immunity and their implications for autoimmu-
nity are many. In one study, estrogen-receptor 
blockers blocked estrogen-receptor activation in 
lupus T cells but not in healthy controls [ 85 ]. 
Decreased ERα in macrophages resulted in the 
stimulation of a cluster of differentiation 4 (CD4) 
cells [ 82 ]. Estradiol (E2), acting via ERα, increased 
proinfl ammatory cytokine expression, enhanced 
proliferative and interferon alpha (INF-α) pro-
duction by CD4+T cells [ 82 ], and differential 
expression of ER-α and ER-β observed in SLE 
and RA [ 83 ]. 

 The presence of two ERs, occurring in two 
different places, adds another layer to hormonal 
regulation of immune processes since the same 
estrogen produces different effects at one recep-
tor versus another [ 41 ], giving the body the abil-
ity to fi ne-tune immune response. 

 Estrogen, then, is believed to be involved in 
the regulation of a wide variety of immune cells 
and a key player in the dysregulation of 
 immunity that leads to both autoimmune and 
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autoinfl ammatory diseases. Paradoxically, how-
ever, comparisons of estrogen levels in female 
patients with different autoimmune diseases 
(including AID patients) showed no difference 
between patients and healthy controls, an indi-
cation that estrogen is just part of a more com-
plex etiology [ 78 , 86 ]. In fact, estrogen is not the 
only component of female gender with the 
potential to contribute to autoimmunity.  

24.3.3     Microchimerism 

 Fetomaternal microchimerism is the presence, 
after pregnancy and delivery, of foreign fetal 
cells in the mother. These include hemapoietic 
progenitor cells with the capacity to induce auto-
immunity and which have been implicated in 
autoimmune disease, in particular, Graves’ dis-
ease [ 87 ]. It is known that fetal cells are found in 
peripheral blood of nearly all women during 
pregnancy, including hematopoietic progenitor 
cells with the potential to become both effectors 
and targets of immune processes, and that mater-
nal DNA can be detected by polymerase chain 
reaction (PCR) in a majority of cord blood sam-
ples [ 87 ]. 

 Female subjects with autoimmune thyroid dis-
ease (Graves and Hashimoto’s) are often shown 
to have microchimeric fetal cells in their thyroid 
glands [ 87 ]. In addition, women with autoim-
mune thyroid disease with sons had higher preva-
lence of male cells in their thyroid than women 
with sons but healthy thyroids [ 87 ]. 

 Sixty percent of women with Graves’ disease 
with onset during reproductive years developed 
the disease in the postpartum period [ 87 ]. Also 
supporting microchimerism as the etiological 
basis of Graves’ disease is a large study that 
found a signifi cant increase in thyroid peroxidase 
autoantibody (TPO) associated with increase in 
parity [ 88 ].  

24.3.4     X Chromosome 

 Interestingly, in a murine model in which the 
authors artifi cially produced XX, XY mice with-

out alteration of actual gonads, the XX genotype 
was associated with greater severity of EAE and 
pristane-induced lupus than XY [ 46 ], demon-
strating that the sex chromosomes beyond the 
infl uence of the sex hormones themselves, con-
tribute to autoimmunity. 

 The X chromosome itself is implicated in the 
genesis of autoimmunity, with the presence of 
two copies of the X chromosome in women 
held responsible for the observed female 
 predominance in AID. Aberrant, congenital 
X-chromosome doses, as in Klinefelter’s syn-
drome (XXY) in men, which greatly increases 
the risk for female-predominant autoimmune dis-
ease, underlines the X chromosome’s importance 
[ 15 ]. Gene expression in X and Y, however, is not 
well understood. The fact that the X chromosome 
itself contains 1,000 unique genes, including 
genes associated with systemic sclerosis, autoim-
mune thyroid disease, and SLE [ 89 ], in and of 
itself infers a substantial role of the X chromo-
some in the regulation of autoimmunity. 

 In women, one X chromosome is habitually 
but randomly inactivated to preserve equal gene 
expression in men and women. However, the 
inactivated X is not completely inactivated, 
meaning that some X-associated genes are over-
expressed in women [ 46 ] as compared to males. 
Partial inactivation of X, then, may contribute to 
gender disparity in AID. The mouse strain BXSB, 
with a translocation mutation in which part of the 
X chromosome has been transferred to the Y, 
develops lupus-like syndrome with high fre-
quency in males, shown to involve overexpres-
sion of Toll-like receptors (TLR)-7, shown to be 
a key player in lupus development [ 46 ]. 

 In addition, although the choice of which X 
chromosome to inactivate is random, certain cell 
types are preferentially inactivated or maintained, 
resulting in “skewed inactivation” that acts to 
modulate gene expression. A high percentage of 
women with systemic sclerosis display skewed X 
inactivation [ 46 ]; skewed X-chromosome inacti-
vation is also implicated in scleroderma in asso-
ciation with reduced regulatory T cell (T reg ) 
activity [ 83 ]. 

 Finally, there is sometimes spontaneous loss 
of the X chromosome with age, observed in 
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increasing frequency with age in blood cells of 
patients with systemic sclerosis and autoimmune 
thyroid disease [ 46 ]. The origin and the effect of 
this spontaneous loss are unclear. 

 Beyond issues of gender created by the gene 
complement of sex chromosomes and hormones 
that the complement stimulates, environmental 
interactions contribute to autoimmunity as well.   

24.4     The Contribution 
of Environmental Agents 
in Autoimmune Disease 

 The fact that monozygotic pairs of female twins 
(with identical genetic and hormonal constitu-
tions) can attribute only 20 % of their phenotypic 
variance to their shared genetic polymorphisms 
implicates environmental exposures in the devel-
opment of autoimmune disease [ 3 ]. These expo-
sures are numerous and contribute to a variety of 
autoimmune diseases. Geographic clusterings of 
specifi c diseases are observed, with wide dispari-
ties in prevalence in different parts of the world. 
Even in the confi nes of the US, multiple sclerosis 
has dramatic geographical specifi city, with a 

prevalence of 61/100,000 in the West, compared 
to only 3/100,000 in the South [ 33 ]. 

 Autoimmunity is associated with seemingly 
improbable environmental factors like season of 
birth or weather patterns [ 3 ]. 

 Many environmental factors, both intrinsic and 
extrinsic, are associated with the development of 
autoimmune disorders (Table  24.5 ). The internal 
biological environment (e.g., endogenous hormones 
and aging) obviously contributes to autoimmune 
disease; extrinsic insults, including environmental 
agents like ultraviolet (UV) light, chemical or other 
occupational exposures, pollutants, or health habits 
like smoking or alcohol consumption, are now rec-
ognized as important components of autoimmune 
disease as well. Environmental factors may initiate 
immunity through nonspecifi c activation of resting 
T cells, modifi cation or release of previously 
sequestered proteins, cross-reactivity between virus 
and self- protein (molecular mimicry), and modula-
tion of gene expression [ 5 ]. Viruses and other infec-
tious agents are also potential environmental 
inducers of AID as well, although, since viral infec-
tion can occur years before the actual onset of a par-
ticular AID, defi nitive associations are diffi cult to 
establish [ 5 ].

    Table 24.5    Environmental triggers for autoimmune disease and their epigenetic effects   

 Environmental exposures  Action  References 

 Methionine, 
S-adenosylmethionine 

 Cofactor involved in DNA methylation  [ 90 ] 

 Folic acid  Cofactor involved in DNA methylation  [ 91 ] 
 Choline  Source of methyl group in DNA methylation  [ 92 ] 
 Betaine  Methyl donor in DNA methylation  [ 92 ] 
 Resveratrol  Inhibits HDAC  [ 93 ] 
 Dietary fat  DNA methylation  [ 94 ] 
 Nickel  Inhibits DNA methyltransferase  [ 80 ] 
 Vinclozolin (fungicide)  DNA methylation in germ line  [ 95 ] 
 Methoxychlor (pesticide)  DNA methylation in germ line  [ 95 ] 
 Pollutants  DNA methylation  [ 96 ] 
 Asbestos  Increases methylation  [ 80 ] 
 Alcohol consumption  Hypermethylation of promoter for HERP gene  [ 80 ] 
 Tobacco  Hypermethylation of tumor-suppressor gene in lungs, 

methylation of other tissues 
 [ 80 ] 

 Marijuana  NA  [ 80 ,  97 ] 
 Stress (mice)  Increase methylation in brain-derived neurotrophic factor gene 

in hippocampus 
 [ 98 ] 

   DNA  deoxyribonucleic acid,  HDAC  histone deacetylase,  HERP  homocysteine-induced endoplasmic reticulum protein, 
 NA  not available  
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   Potential contributions to autoimmunity from 
the environment are virtually endless and differ 
widely with occupation, place of residence, hob-
bies, and medical history. Environmental interac-
tions, like diet, occupation, exposure to 
environmental chemicals, radiation, UV light, 
pathogenic organisms, and medications, can also 
differ by gender [ 36 ] and contribute to gender 
disparities in AID prevalence [ 99 ]. Interestingly, 
the lupus-like syndrome produced by the drug 
procainamide has a male to female ratio of 2:1, 
while in asymptomatic patients, the ratio is 5:1, 
implying an as yet unresolved interaction 
between gender determinants and susceptibility 
to an environmental exposure, procainamide, in 
the development of lupus [ 36 ]. 

 Environmental insults may increase with age, 
including cortisol levels, sleep dysregulation, 
decrease in physical activity, increase in oxida-
tive stress, or nutritional defi ciencies [ 100 ].  

24.5     Immunosenescence 
and Autoimmune Disease 

 The immune system undergoes extensive remod-
eling as humans age, characterized by a progres-
sive deterioration in the ability to mount an 
effective immune response. However, an unex-
plained paradox is a simultaneous increase in 
autoantibody production [ 43 ]. The clinical con-
sequences of this remodeling include a risk of 
neoplasia and infectious disease, as well as auto-
immune disease [ 43 ]. Immunosenescence is a 
subject of increasing interest in medicine, as life 
expectancy, especially in developed countries, 
increases without a parallel improvement in 
health in old age [ 101 ]. 

 The immune system, a complex and exqui-
sitely regulated collection of interdependent 
molecular pathways of both innate and adaptive 
defense, begins to undergo dysregulation of cell 
homeostasis. This causes multiple changes in 
immune function which increase susceptibility 
to the development of autoimmune diseases 
[ 43 ] (Table  24.6 ). Old age is characterized by 
the  rising incidence of autoimmunity [ 103 ] 
and an associated increase in both levels of 

 circulating antibodies and numbers of specifi c 
antibodies in circulation. Persistent high anti-
gen levels activate memory cells, and costimu-
latory T cells become less susceptible to 
downregulation [ 117 ].

   Although immunosenescence affects all cell 
types and results in deterioration of both humoral 
and cellular immunity and multiple cell types, 
age-associated cumulative effects on T-cell func-
tion are the most dramatic and most detrimental 
[ 118 ]. With age, there is a decrease in thymic epi-
thelial space and thymic cellularity, called thymic 
involution; in humans, the increase in perivascu-
lar thymic space is replaced progressively with 
fat [ 101 ]. Humoral immunity as well is severely 
compromised in the aged as a result of decreased 
production of long-term Ig-producing B cells and 
the loss of immunoglobulin diversity and affi ni-
ties [ 101 ]. 

 Although B-cell numbers do not change sig-
nifi cantly, B cells do exhibit a decreased response 
to primary antigenic stimulation [ 119 ]. B-cell 
response (immunoglobulins produced) becomes 
more random [ 119 ] with decreased affi nity of IgG 
produced for a given antigen [ 119 ], and IL-15 
stimulates proliferation of memory T cells. IL-15 
levels nearly double in healthy adults 95 years or 
older (3.05 pg/mL) as compared to both older 
adults (60–89, 1.94 pg/mL) and midlife adults 
(30–59, 1.73 pg/mL) [ 120 ]. With an increasing 
number of memory B cells, the number of autoan-
tibodies also increases with age [ 121 ]. 

 Antinuclear antibody (ANA) levels remain 
constant until age 60 and then increase rapidly. 
Over the age of 70, more than a third of otherwise 
healthy senior citizens exhibit high levels of cir-
culating antibody. 

 Autoantibodies rise because the effi ciency of 
physical barriers is reduced, with higher expo-
sure to pathogens and novel exposure to previ-
ously sequestered self-antigens [ 117 ]. Infections 
can trigger immune-mediated infl ammatory dis-
ease, either by cross-reactivity or by interfering 
with signaling processes regulating immune 
response [ 122 ]. Increasing autoantibodies in old 
age may also be the result of reactivation of self- 
reactive memory B cells originally generated in 
childhood but reactivated [ 119 ]. 
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 Defective clearance of cellular debris can also 
result in prolonged exposure to autoantigens in 
higher concentrations than normal with subse-
quent activation of lymphocytes [ 103 ]. An 
increased basal level of infl ammatory activity 
may result from increased production of proin-
fl ammatory cytokines such as IL6, tumor necro-
sis factor (TNF) alpha, and free radicals [ 123 ]. 

 A large percentage of older people have rela-
tively high titers of autoantibodies due to higher 
exposure to exogenous factors such as poly-
pharmia or multiple infections, with cumulative 
exposure to antibody specifi cities, supported by a 
study in Cameroonians 60 years and older [ 124 ]. 
Autoantibodies (AABs) were observed at a rate 
similar to US averages (49 %) but with a markedly 
different pattern which implied a strong contribu-
tion from extrinsic factors, putatively the wide-

spread presence of chronic infection [ 124 ]. In a 
US study which evaluated Medicare fi les for the 
prevalence of AIDs, the risk increased 41 % with a 
prior infection-related medical visit and by 90 % 
with a prior (pathogen-free) transfusion [ 125 ]. 

 Immunosenescence does not affect men and 
women equally. Men (and postmenopausal 
women), for example, have reduced T-cell 
 immunity as compared to premenopausal women 
[ 126 ]. Furthermore, different forms of estrogen 
are produced at different points of the female life 
span. During the reproductive years, the primary 
circulating form of estrogen is estradiol (E2), 
produced in the ovaries; after menopause, it is 
estrone (E1), which is produced primarily by 
adipose tissues. Estrone is the primary form of 
circulating estrogen in men at all ages. Estradiol 
binds both estrogen receptors (α and β) at equal 

   Table 24.6    Changes in immune function with age (both men and women)   

 Immune function  Change  References 

 B cell  Reduction in early progenitor B cells in bone marrow  [ 102 ] 
 Increase in polyclonal response against diverse mitogens  [ 43 ] 
 Decrease of specifi c-antigen response  [ 43 ] 
 Production of antibodies independent of T-cell activation  [ 101 ] 
 Oligoclonal expansion of B cells  [ 101 ] 
 Increase in B1 cell fraction of B cells  [ 103 ] 
 Maturation of B cells blocked (believed to have inability to rearrange Ig 
genes because of the decrease in expression of RAG-1 and RAG-2 
recombinases) 

 [ 104 ] 

 Reduced output of naïve B cells  [ 102 ] 
 Accumulation of oligoclonally expanded, functionally incompetent 
memory lymphocytes 

 [ 102 ] 

 Decreased numbers of circulating B cells  [ 105 ] 
 CD20+ B cells decrease  [ 106 ] 
 Reduced antigen-recognition repertoire of B cells  [ 107 ] 
 Class switch alterations in immunoglobulins produced  [ 108 ] 
 Stimulated B cells show signifi cant alterations in cellular structures with 
a role in signal transduction 

 [ 109 ] 

 Increase of IgA and several IgG subclasses  [ 110 ] 
 Lymphocytes  Reduction in total numbers  [ 111 ] 
 Molecular  Alterations in cell-surface receptors (e.g., loss of costimulatory receptor 

CD28 expression in CD8+ cells) 
 [ 112 ] 

 Alterations in cytokine and cytokine receptor alterations in T cells  [ 113 ] 
 Alterations in effector molecules  [ 114 ,  115 ] 
 Interleukin 6 levels increase  [ 116 ] 
 Alterations in transcriptional regulators  [ 114 ] 

   CD  cluster of differentiation,  Ig  immunoglobulin,  RAG  recombinase-activating gene  

M.A. Farage et al.



331

affi nity. Estrone however, has a fi vefold higher 
affi nity for ERα than for ERβ [ 127 ].  

24.6     Genes, Estrogen, 
Environment, and Aging: 
Hints of a Nexus in SLE 

 Human lupus is a systemic autoimmune disease 
which primarily affects women, characterized by 
the formation of autoantibodies to nuclear anti-
gens like DNA, with varied pathogenicity, for 
example, deposition of immune complexes in the 
kidneys or in the skin [ 128 ]. 

 SLE, one of the more common autoimmune 
diseases and therefore one of the most studied, is 
nonetheless a disease whose pathogenesis is still 
somewhat murky. Dysregulation of immune 
function seems to be global, as multiple genes 
appear to more or less simultaneously escape 
control [ 52 ]. In a study which analyzed SLE 
sera, 30 disparate proteins (cytokines, chemo-
kines, growth factors, and soluble receptors) 
were observed to be outside the range observed 
in normal controls [ 52 ], highlighting the multi-
factorial etiology of AIDs like SLE, a complex-
ity that has made defi nitive etiologies elusive. 
Over the last several years, however, the multi-
disciplinary profi le of SLE has come together 
that moves toward integration of the disparate 
infl uences on SLE for a more comprehensive 
understanding. 

24.6.1     The Genetic Foundation 
of SLE 

 SLE has solid evidence of a genetic foundation. 
Multiple genetic loci are identifi ed with risk 
[ 128 ]; HLA variant HLA DR3-DQ2.5-C4AQ0 is 
strongly associated with SLE (odds ratio [OR] 
2.8, 95 % confi dence interval [CI] 1.7–4.5) [ 129 ]. 
No single gene or group of structural gene 
defects, however, has emerged as a defi ning 
genetic factor [ 74 ]. In addition, there is minimal 
concordance between MZ twins, implying an 
existence for other complementary components 
as well [ 128 ].  

24.6.2     The Contribution 
of Estrogen to SLE 

 Estrogen is abnormally metabolized in SLE, with 
an increase in the production of 16-hydroxyestrone 
and estriol metabolites which putatively lead to a 
chronic hyperestrogenic state [ 41 ]. Estrogen is 
clearly an important component of disease 
course, which fl uctuates in close parallel to estro-
gen levels [ 130 ]. 

 In addition, when a cohort of 238,308 women 
was evaluated prospectively, risk factors for SLE 
showed a strongly positive association with 
cumulative estrogen exposure. Menarche earlier 
than age 10 (relative risk [RR] 2.1, 95 % CI 1.4–
3.2), the use of oral contraceptives (RR 1.5, 
95 % CI 1.1–2.1), and the use of HRT (RR 1.9, 
95 % CI 1.2–3.1) in menopause all raise the risk 
signifi cantly [ 131 ]. 

 Several etiological pathways have been 
implicated in estrogen’s effects. One strong can-
didate is the strong association of SLE with an 
observed demethylation of CD40 ligand on 
CD40+T cells [ 132 ]. This demethylation, when 
present on the inactive X chromosome, results 
in the overexpression of CD40 ligand on CD4+ 
cells, which in turn induces the production of 
autoantibodies [ 85 ]. 

 SLE is characterized by the largest number of 
detectable autoantibody specifi cities among the 
autoimmune diseases, which could result from 
T-cell escape from normal regulation [ 52 ]; auto-
antibody secretion could result from abnormal 
T-cell regulation. Estrogen-dependent T-cell 
stimulation, therefore, provides a specifi c path-
way between hormone activation of the T cell, 
increased T-cell interactions with B cells, and the 
subsequent overexpression of autoantibodies 
characteristic of SLE [ 52 ]. 

 Expression of the T-cell activator calcineurin 
is increased when estrogen is cultured with SLE 
T cells but not with T cells from normal women. 
This is an upregulation of T-cell function that 
appears to be estrogen driven since estradiol, 
bound to the ER, evokes a direct increase in cal-
cineurin expression in T cells from female lupus 
patients. This does not happen in males, implying 
a disease-related alteration of the ER specifi c to 
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women [ 133 ]. Estrogen stimulation of calcineu-
rin expression is dose dependent [ 130 ]. Thus, 
estrogen stimulation of calcineurin expression 
may be what upregulates T-cell regulation, add-
ing to the existing genetic-, environmental-, and 
immunosenescence-burdened threshold for 
disease. 

 ERα also plays a role in SLE disease activity. 
ERα promotes lupus by inducing interferon 
(IFN) and cytokines [ 134 ]. A defi cit in ERα 
attenuates lupus in NZB/NZW mice disruption of 
ERα in female NZB/NZW, delays onset of glo-
merulonephritis, increases survival, and delays 
the production of autoantibodies; ERα defi ciency 
in male mice increases survival and decreases 
anti-DNA antibodies [ 134 ]. 

 A decrease in SLE disease activity also corre-
lates with abrogation of interferon alpha/beta 
(INF-αβ) signaling, implicating INF receptors in 
SLE pathogenesis [ 135 ]. Increased levels of 
estradiol could seemingly be assumed to cause 
dose-dependent effects across the immune sys-
tem. Estrogen levels in autoimmune diseases like 
SLE, however, do not differ dramatically from 
normal controls. Clearly, then, estrogen does not 
act in a vacuum.  

24.6.3     The Role of Environment 
in SLE 

 SLE, in addition to strong evidence for both 
genetic and sex-hormone components to the dis-
ease state, is the autoimmune disease most 
strongly associated with a specifi c environmental 
component. Numerous lupus-like syndromes are 
widely recognized to result from exposure to 
over 100 different pharmaceuticals (most com-
monly procainamide and hydralazine). Drug- 
induced lupus syndromes, in fact, permitted the 
use of mouse models in targeted investigation 
into pathogenic mechanisms, for example, the 
realization that 5-azacytidine (known to inhibit 
DNA methylation) causes CD4+T cells to 
become autoreactive with the ability to respond 
to antigen-presenting cells (APCs) directly (with-
out exposure to antigen). Intriguingly, the effects 
were reversible when the drug was removed 

[ 128 ]. Bacterial and viral infections are also 
believed to be environmental triggers [ 136 ]. 
Ultraviolet light is also known to cause lupus 
fl ares [ 128 ].  

24.6.4     The Contribution 
of Immunosenescence to SLE 

 Defects in apoptosis mechanism as well as 
impaired clearance of apoptotic cells have also 
been implicated in SLE pathogenesis. Impaired 
clearance creates a progressive accumulation of 
autoantigens with an increasing likelihood of an 
autoimmune response [ 137 ]. Regulation of apop-
tosis is also deranged with increased age, with 
impaired clearance of cellular debris [ 138 ], a fac-
tor which could augment effects produced by 
estrogen. 

 As the pathogenic basis for SLE is further 
revealed, we begin to glimpse a variety of known, 
implicated, and potential mechanisms, from dis-
parate infl uences but which have plausible 
 interdependent actions with plausible ability to 
create a genesis of autoimmunity. The genetic 
platform of susceptibility is built upon, brick by 
brick, by the multiple potential infl uences of the 
immune dysregulation characteristic of increas-
ing age, the chromosomal and hormonal contri-
butions of gender, and a lifetime of environmental 
insults. Combined, they push the immune system 
gradually toward immunodysregulation until the 
threshold is crossed to overt SLE [ 139 ]. The 
question is how that happens.   

24.7     NF-КΒ: Insights from One 
Protein’s Role in Gene 
Regulation 

 NF-Кβ is a family of transcription factors ubiqui-
tous in the cytoplasm of immune cells, which 
clearly plays a fundamental role in immunoregu-
lation (Table  24.7 ). NF-Кβ proteins occur as 
dimers and its distribution can differ between tis-
sues. Nuclear factor-Кβ1 (aka p50) and RelA 
(aka p65) heterodimers are expressed ubiqui-
tously; nuclear factor-Кβ2 (aka p52), RelB, and 
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c-Rel are expressed only in lymphoid cells and 
tissues. The intercellular balance between differ-
ent nuclear factor-Кβ dimers determines which 
complex will bind target DNA sequences. NF-Кβ 
is activated by specifi c factors like lipopolysac-
charide (LPS), TNF-α, and IL-1 as well as by 
nonspecifi c factors like UV radiation or oxidative 
stress, which leads to dissociation of nuclear 
factor-Кβ from a binding protein inhibitory Кβ 
(IКβ), allowing NF-Кβ to enter the nucleus [ 1 ]. 
In some normal cells, such as B cells, some T 
cells, Sertoli cells, and some neurons, NF-Кβ is 
constitutively located in the nucleus [ 140 ].

   Nearly countless genes, many of which are 
implicated in pathways to AID (e.g., infl ammatory 
molecules, apoptosis inhibitors, growth factors, 
proteins for viral replication, and self-regulatory 
proteins for NF-Кβ actions) appear to either alter 
NF-Кβ regulation or to be altered by NF-Кβ 
(Table  24.8 ). Not surprisingly, NF-Кβ is often pro-
posed as an agent in the pathogenesis of autoim-
mune disease.

   NF-Кβ appears to encourage autoimmune dis-
ease in several ways. It increases tolerance to 
self-antigens by acting on APCs and thymocytes 
in such a way that negative selection is deranged, 
causing increased survival of autoreactive T cells 
in the peripheral circulation and an enhanced sus-
ceptibility to environmental insults with the 
potential to trigger autoimmune disease [ 1 ]. 

 NF-Кβ also initiates the infl ammatory response 
when activated by bacterial or viral interaction 
with TLRs on macrophages, dendritic cells, and 
other cells that effect innate immunity [ 1 ]. NF-Кβ, 
in turn, activates transcription for genes encoding 
infl ammation-related cytokines, chemokines, and 
other molecules required for the migration of 

infl ammatory and phagocytic cells into areas of 
infection or injury [ 1 ]. TLRs in the endoplasmic 
reticulum, endosomes, and lysosomes also recog-
nize bacterial and nuclear DNA and, through 

   Table 24.7    NF-Кβ family of proteins   

 NF-Кβ 
protein  Responsible gene  Protein also known as 

 NF-κβ1  NF κβ1  p50 
 NF-κβ2  NF κβ2  p52 
 RelA  RELA  p65 
 RelB  RELB  – 
 c-Rel  REL  – 

   NF-κβ  nuclear factor kappa-light-chain-enhancer, also 
sometimes NF-kappa B  

     Table 24.8    NF-Кβ pathways to autoimmunity: inducers 
of NF-Кβ, its target genes, and associated diseases   

 Inducers  Bacteria and their products 
 Chemicals 
 Disease 
 Environmental agents 
 Fungi and their products 
 Growth factors 
 Hormones 
 Mediators of apoptosis 
 Mitogens 
 Pharmaceuticals 
 Physiological stress 
 Proinfl ammatory cytokines 
 Radiation 
 Viruses and their products 

 Target genes  Acute-phase proteins 
 Antigen presentation proteins 
 Apoptosis regulation proteins 
 Cell adhesion molecules 
 Cell-surface receptors 
 Chemokines 
 Cytokines 
 Early response genes 
 Enzymes 
 Growth factors 
 Immune receptors 
 Stress response genes 
 Transcription factors 
 Virus particles 

 Associated 
immune diseases 

 Burkett’s lymphoma and 
Epstein-Barr virus (EBV) [ 141 ] 
 Cancer of the vulva [ 142 ] 
 Cervical cancer [ 143 ] 
 Crohn’s disease [ 144 ] 
 Hodgkin’s lymphoma [ 145 ] 
 Infl ammatory bowel disease 
(IBD) [ 146 ] 
 Multiple myeloma [ 147 ] 
 Multiple sclerosis (MS) [ 148 ] 
 Ovarian cancer [ 149 ] 
 Rheumatoid arthritis (RA) [ 150 ] 
 Systemic lupus erythematosus 
(SLE) [ 151 ] 
 Type I diabetes [ 152 ] 
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NF-Кβ, induce autoimmune reactions [ 153 ]. 
Infl ammation, in turn, causes tissue breakdown 
and the erosion of peripheral tolerance [ 1 ]. 

 NF-Кβ also promotes stimulation of an 
immune response in the absence of antigen due to 
dysregulation of apoptosis, as many of NF-Кβ 
target genes are also NF-Кβ inducers, creating a 
continual feedback loop that can drive an infl am-
matory response explosively even in the dearth or 
absence of antigenic stimuli [ 1 ]. Reduction of 
NF-Кβ activity, in fact, promotes the survival of a 
hyperactivated autoreactive T cells [ 13 ]. 

 Functional control of apoptosis is integral for 
both the development and selection of both T and 
B cells. NF-Кβ regulates apoptosis in many cell 
types; whether apoptosis is induced or suppressed 
depends on the specifi c type of cell, the specifi c 
inducer, and the relative level of intracellular lev-
els of subunits [ 1 ]. 

24.7.1     NF-Кβ and the Genetic 
Predilection for Autoimmune 
Disease 

 NF-Кβ builds upon genetically conferred risk by 
acting to inappropriately induce gene products. 
NF-Кβ, once activated, is able to enter the 
nucleus. There, it binds rapidly to DNA, stimulat-
ing the expression of target genes, including 
many cytokines, chemokines, and other factors 
involved in immune-cell signaling (see 
Table  24.8 ). Monocytes and B cells appear to 
produce express active NF-Кβ; T cells, however, 
require proteasome- dependent activation [ 13 ].  

24.7.2     NF-Кβ and Sex Hormones 

 Estrogens, interestingly, are known to regulate 
NF-Кβ activity. 17-β estradiol raises NF-Кβ lev-
els as well as the levels of TNF-α that it induces 
in a dose-dependent fashion, causing enough 
overexpression of relevant cytokines to poten-
tially cause autoimmune disease in the physio-
logical context [ 13 ]. High concentrations of E2 
modulates NF-КB signaling and affects T-cell 
survival [ 82 ]; estrogen regulates infl ammation 

[ 154 ]. Estrogen acts to regulate infl ammation 
through posttranslational modifi cation of STAT-1 
and NF-Кβ proteins [ 74 ]. 

 NF-Кβ interacts directly with estrogen, bind-
ing to both ERs, and forming both homo- and 
heterodimers. When bound, ERs translocate to 
the nucleus where they bind to EREs in gene pro-
moters, thereby directly controlling gene tran-
scription. The E/ER complex may also interact 
with other transcription factors such as additional 
NF-Кβ, capable of binding to transcription fac-
tors that are not estrogen related. 

 Estrogen interactions with NF-Кβ intriguingly 
also appear to drive gender specifi city of autoim-
mune disease. A recent report revealed that per-
oxisome proliferator-activated receptor (PPARα) 
mediates infl ammatory responses by activating 
NF-Кβ and thus inducing production of INF-γ 
and TNF downregulation of Th2 cytokines. Men 
are less prone to develop some autoimmune dis-
eases because CD4+T cells express higher levels 
of PPARα [ 155 ].  

24.7.3     NF-Кβ and Environment 
and Aging 

 Cigarette smoke, an environmental factor associ-
ated with numerous autoimmune diseases, is 
known to induce the release of TNF, TNF alpha 
receptors, IL-1, IL-6, IL-8, and granulocyte mac-
rophage colony-stimulating factors (GM-CSF) 
and decrease IL-10 and IFN-gamma [ 33 ]. Many 
of these cytokines and other factors are inducers 
of the NF-Кβ pathway. Numerous other chemical 
agents and environmental threats are implicated 
in the modulation of the actions (see Table  24.8 ). 

 The NF-Кβ functions are implicated in the 
processes of immunosenescence itself [ 156 ]. In 
another positive feedback loop, the progressive 
deterioration of immune functions regulated by 
multiple cytokines and other regulatory factors 
that are known inducers are targets of NF-Кβ 
actions, it is probable that immunosenescence 
augments NF-Κβ contributions to autoimmune 
disease. Suppression of NF-Кβ activity is a com-
mon denominator in at least T1DM, SLE, MS, 
Crohn’s disease, and RA. 
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 NF-Кβ, then, provides an example of a tran-
scription factor, one of many that provide a link 
between the genetic background of the individual 
and the infl uences of aging, estrogen, and envi-
ronmental interactions on that genetic predisposi-
tion, driving genetic risk toward the onset of 
autoimmune disease [ 1 ] (Table  24.9 ).

24.8         Epigenetics: The Missing 
Link in an Integrated Theory 
of Autoimmune Disease 

 Epigenetic actions are cell specifi c, and these 
actions represent stable changes to DNA that act 
to regulate gene expression, but do not cause 
mutation. Epigenetic changes do not alter DNA 
sequence, but instead control gene expression 
[ 47 ]. These epigenetic changes effect real-time 
control of homeostasis in the body and maintain 
the normal function of every cell and its 
metabolism. 

 Epigenetic mechanisms confer “phenotypic 
plasticity” to the genotypic platform by giving 
the body, at the cellular level, an ability to respond 
to both internal and external environmental cues 
[ 165 ]. Cells, for example, monitor inventories of 
necessary compounds and are able to modulate 
transcription of appropriate genes through epi-
genetic mechanisms [ 166 ]. Epigenetic modifi ca-
tions of DNA are abundant in every cell, changes 

which are stable because they are heritable dur-
ing cell division [ 165 ]. 

 Epigenetic changes are involved in normal 
development as well as in disease. Epigenetic 
variation over time depends on genotype, envi-
ronment, sex hormone interactions, and undoubt-
edly other undetermined stochastic factors [ 80 ]. 
Such epigenetic changes provide a ready expla-
nation for discordance in MZ twins with regard 
to epigenetic diseases that clearly have a strong 
genetic foundation [ 94 ], literally serving as the 
physiological link between the genome and the 
genesis of disease. Phenotypic differences in 
identical twins, caused by epigenetic changes, 
increase steadily with age (“epigenetic drift”), 
driven by regular environmental insult [ 47 ]. 

 Epigenetic changes are effected by three pri-
mary mechanisms as follows: (1) methylation or 
demethylation of DNA, particularly in promoter 
sequences of genes; (2) histone modifi cations, 
which effect steric changes to chromatin that act 
to regulate gene transcription; and (3) micro ribo-
nucleic acid (miRNA) particles, typically 22 
nucleotides in length, which bind to and degrade 
complementary messenger RNA (mRNA) after 
transcription, therefore preventing translation 
[ 47 ] (Table  24.10 ). Monozygotic twins, with age, 
show increasing variance in total DNA methyla-
tion as well as in acetylation of histone H3K9, 
with older sets of twins acquiring signifi cantly 
more epigenetic variance than younger sets [ 165 ].

   Table 24.9    Role of NF-Кβ in various autoimmune diseases   

 Disease  Affected genes  Effect on NF-Кβ  References 

 Crohn’s disease  NOD2  Decreased cell signaling  [ 13 ] 
 TNF  Suppresses activation  [ 157 ] 

 Diabetes mellitus type I 
(mouse) 

 LMP2  Prevents activation, which also suppresses 
LMP2 

 [ 158 ] 

 Diabetes mellitus type I 
(human) 

 SUMO4  Over ubiquitination prevents activation  [ 159 ] 

 Infl ammatory bowel disease  TNF  Suppresses (TNF suppressed also)  [ 160 ] 
 Multiple sclerosis  NF-Кβ family  Undefi ned, possibly related to NF-Кβ 

inhibitory protein I Кβ 
 [ 161 ] 

 Rheumatoid arthritis  NF-Кβ  Increased HDCA activity, promoter demethylation  [ 162 ] 
 Sjögren’s syndrome  LMP2  Suppresses activity, which also suppresses LMP2  [ 163 ] 
 Systemic lupus erythematosus  NF-Кβ  Decreased activity  [ 164 ] 

   LMP  latent membrane protein,  NF-Кβ  nuclear factor kappa-light-chain-enhancer,  NOD  nucleotide-binding 
oligomerization domain,  TNF  tumor necrosis factor,  SUMO  small ubiquitin-related modifi er  
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24.8.1       Mechanisms of Epigenetic 
Change 

24.8.1.1     DNA Methylation 
 Inherited patterns of DNA methylation are largely 
wiped away shortly after an embryo is fertilized, 
with a rapid eradication of the paternal genome 
patterns but only partial demethylation of mater-
nal DNA. Genome-wide remethylation occurs in 
the blastocyst stage and tissue-specifi c remethyl-
ation follows later [ 80 ]. DNA methylation 
enzymes DNMT1, DNMT3a, and DNMT3b 
enact these changes during fetal development; 
they reproduce epigenetic markings after cell 
division as well as maintain or copy methylation 
marks after DNA replication that remethylate in 
the blastocyte stage [ 80 ]. 

 DNA methylation occurs mainly in DNA 
sequences in which cytosine residues precede 
guanine residues to yield 5-methylcytosine 
(5-meC). This resulting dinucleotide is called 
C-phosphate-G (CpG). Many areas of the human 
genome are rich in CpGs; CpG-rich areas are 
known as CpG islands. CpG islands typically 
occur in gene promoter regions and are usually 
unmethylated in normal cells [ 80 ].  

24.8.1.2     Histone Modifi cations 
 Chromatin is made up of four core histones, 
wrapped in 147 base pairs (bp) of DNA. Four epi-
genetic modifi cations to DNA in conjunction 
with histones (typically what is called the “his-
tone tail,” a stretch of DNA that protrudes from 
the histone) are commonly observed: acetylation, 
methylation, phosphorylation, and ubiquitination 
[ 80 ]. Histone methylation is controlled by his-
tone methyltransferases and demethylases [ 166 ]. 

 DNA methylation and histone modifi cation are 
coupled through both DNA methyltransferases 

(DNMTs) and different families of methylated 
DNA binding proteins that associate with histone-
modifying enzymes in multiprotein complexes; 
both regulate transcription in the nucleus and 
affect nuclear architecture that also acts to regu-
late gene expression, therefore producing multi-
ple levels of regulation of gene expression [ 137 ]. 

 The third more recent epigenetic effectors are 
miRNAs, typically 22-nucleotide noncoding 
RNAs that control gene expression at the post-
transcriptional level by binding (through partial 
sequence homology) to the three prime untrans-
lated region (3′UTR) of RNAs, producing trans-
lation inhibition or degradation of miRNAs [ 74 ]. 

 MicroRNA acting posttranslationally provides 
a mechanism for quantitative regulation of genes 
(rather than off/on signals at the genome level) 
and acts to fi ne-tune cellular responses to environ-
mental infl uences [ 167 ], thereby regulating 
immune-cell development as well as maintaining 
immune homeostasis and immune tolerance [ 74 ].   

24.8.2     Epigenetic Contributions 
to Autoimmunity and Gender 

 ER function is regulated by epigenetic mecha-
nisms. ER occurs in nearly every immune-cell 
type and is distributed at the cellular membrane, 
cytoplasm, nucleus, and mitochondria [ 168 ]. 

 ER-α is epigenetically regulated; T cells from 
SLE patients have decreased total genomic meth-
ylation compared with age-matched controls [ 52 ]. 

 Nuclear ERs provide DNA-dependent regula-
tion of gene expression mediated through the his-
tone-acetylation enzyme histone acetyltransferase 
(HAT). The binding of HATs to the ER produces 
acetylation of local histones, which in turn cause 
steric changes that facilitate gene  transcription by 

   Table 24.10    Epigenetic mechanisms   

 Effector  Chemical action  Effect 

 Histone modifi cation  N-terminal histone tails are acetylated, deacetylated, 
methylated, or demethylated 

 Modifi es steric accessibility to 
target genes 

 DNA methylation  Methyl group added to cytosine residues in cytosine-
rich promoter regions 

 Generally silences affected gene 

 MicroRNA  Binds and degrades complementary miRNA  Blocks translation of target genes 

   DNA  deoxyribonucleic acid,  miRNA  microRNA,  RNA  ribonucleic acid  
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permitting transcription factor binding with pro-
moter regions of estrogen-responsive genes. 

 Dysregulated mRNA expression has also been 
observed to be estrogen driven in association 
with autoimmune disease [ 169 ]. 

 DNA methylation is also involved in genomic 
imprinting (the preferential gender-specifi c 
silencing of genetic material, for example, the 
paternal X chromosome in mammals) and 
X-chromosome inactivation [ 80 ]. 

 It is also reported that differentiation of 
T-helper cells in the direction of either the Th1 or 
Th2 pathways is epigenetically regulated—Th1 
cells have a demethylated IFN-γ promoter, with 
repressive epigenetic histone modifi cations at the 
IL-4 to IL-13 locus, while Th2 cells carry the 
opposite profi le [ 170 ]. 

24.8.2.1     Aging 
 Global DNA methylation decreases with age [ 80 ], 
simultaneously coupled with hypermethylation 
specifi c to CpG island gene promoters or ribo-
somal DNA clusters [ 80 ], changes that almost 
certainly contribute to immunosenescence [ 80 ]. 

 Several papers have reported age-associated 
changes in global and specifi c histone profi les, 
as well as in several histone-modifying 
enzymes [ 171 ]. 

 The biological basis of aging is a progressive 
decline in the ability to adapt to the environment 
due to loss of normal gene regulation precipitated 
by changes in gene promoters or gene silencing 
regions [ 165 ]. Age-associated changes to DNA 
methylation patterns or histones and their regula-
tory enzymes certainly increase the risk for dys-
regulation of gene expression, including the myriad 
of genes related to immunoregulatory molecules.  

24.8.2.2     Environment 
 An expansive list of environmental factors are now 
known to directly or indirectly induce epigenetic 
changes that, through changes in gene expression, 
modulate immune-cell function. Epigenetics then 
provides molecular mechanisms that explain the 
environmental effects on the development of 
 autoimmune disorders [ 3 ]. The fact that many 
autoimmune disease are striking greater numbers 
of individuals, in populations whose background 

of genetic, gender, and aging can be assumed to be 
relatively stable, is an indication of the importance 
of environmental interactions in autoimmune dis-
ease. Genetically identical laboratory animals 
raised under identical conditions similarly evi-
dence environmental importance and also evi-
dence epigenetic drift [ 80 ]. 

 One of the fi rst and most interesting examples 
of the power of epigenetics was the Dutch Hunger 
Winter. A severe famine at the end of World War 
II affecting a specifi c area of the Netherlands 
suggests that famine exposure at a critical period 
in utero can lead to adverse phenotypes. In this 
group, there was an increased risk of coronary 
artery disease (CAD) specifi c for exposure to 
famine early in gestation. A similar infl uence of 
the environment has been shown in agouti mice, 
in which epigenetic changes related to diet deter-
mine coat color; foods rich in methyl donors 
change the coat color in offspring, a modifi cation 
produced by altered DNA methylation [ 47 , 172 ]. 

 Many other environmental interactions effect 
epigenetic changes that contribute to disease (see 
Table  24.5 ).  

24.8.2.3     Systemic Lupus 
Erythematosus 

 Lupus, one of the most investigated of autoim-
mune diseases, is arguably also the most well char-
acterized in terms of epigenetic etiology [ 128 ]. 
DNA methylation patterns have been associated 
with immune dysregulation in SLE. A study which 
looked at genome-wide DNA methylation patterns 
in a cohort of MZ twins discordant for SLE found 
DNA methylation differences in genes relevant to 
SLE pathogenesis, with a decrease in total meth-
ylation content [ 173 ]. Human SLE patients have 
reduced total deoxymethylcytosine content and 
decreased levels of DNMT1, an enzyme which 
drives the methylation of cytosine residues; 
demethylated T cells stimulated antibody produc-
tion by autologous B cells [ 47 ]. Drug-induced 
lupus is predictably induced by procainamide and 
hydralazine (methylation inhibitors) [ 47 ] and is 
the mechanism found with other drugs as well. 

 Global acetylation of H3 and H4 histones was 
observed in active SLE CD4+ cells, a change 
negatively correlated with disease activity. 
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 Estrogen and the female chromosome com-
plement are known to contribute to female pre-
disposition to lupus (in a mouse model) through 
both hormonal infl uence and epigenetic effects 
on the X chromosome [ 174 ]. 

 Epigenetic processes contribute to dysregula-
tion of both B- and T-cell function [ 47 , 165 , 175 ]. 
Numerous associations of lupus with miRNA 
changes have been observed. In human patients, 
PBMC displayed abnormal miRNA expression 
patterns in PBMC as compared to controls [ 74 ], 
although the association of these abnormal pat-
terns with overt dysregulation was not consistent, 
a conundrum which may involve sex-hormone 
levels or other environmental infl uences [ 167 ]. 
Specifi c miRNAs have recently been identifi ed to 
infl uence T-cell sensitivity and selection [ 167 ] as 
well as the IFN-gamma pathway; the underex-
pression of miR-146a in lupus patients effects 
alterations in type I IFN pathways via key signal-
ing proteins. Models have also observed disrupted 
miRNA patterns in lupus-affected mice [ 74 ]. 

 Epigenetic changes are now being identifi ed as 
the root of nearly every autoimmune disease. The 
accumulation of epigenetic changes that disrupt 
immune function and contribute to a breakdown 
in immune tolerance through DNA methylation, 
histone modifi cation, and miRNA binding cre-
ates autoimmune disease through aberrant regu-
lation of gene expression. 

 Epigenetics is then the missing link in the 
chain of events that produces autoimmune dis-
ease from the starting point of modest genetic 
risk. That risk, acted on by a lifetime of hormone 
changes, environmental interactions, and inexo-
rable aging, eventually results in a full-blown 
autoimmune disease. Epigenetics, reversible but 
acting at the DNA level, defi nes mechanisms that 
can explain the environmental effects on the 
development of autoimmune disorders [ 3 ].    

24.9     Summary 

 Although autoimmunity is affected largely by 
autoantibodies, the development of autoimmune 
disease requires an aberrant yet sophisticated 
interplay of a multitude of immunoactive genes, 

resulting after years of random boosts in risk 
from genes, estrogen, environmental insults, and 
the inexorable process of aging, in a point at 
which immune tolerance and the onset of autoim-
mune disease occurs. Up until the last few years, 
the manner in which the process unfolds within 
the body, in which both set internal parameters 
and variable external risks act in concert to bring 
about disease, has been somewhat mysterious. 

 Epigenetics is a new frontier in understanding 
the etiology of complex disease, providing a fi rm 
footing for etiology theories by defi ning mecha-
nisms by which environmental conditions, both 
internal and external, are acted upon to create dis-
ease. Moreover, since epigenetic changes are 
reversible, they provide great potential for thera-
pies in autoimmune diseases. Further research 
will provide better understanding of epigenetic 
processes. With targeted intervention, a cure for 
autoimmune disease may be on the horizon.     
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