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ABSTRACT

Systemic Lupus Erythematosus (SLE) is a chronic multi-organ autoimmune 
disease considered a prototype for autoantibody and immune complex-mediated 
tissue injury.  Although autoantibodies against a wide diversity of self-antigens 
are characteristically found in this disease, an important hallmark is the 
presence of autoantibodies to nuclear antigens such as histones, dsDNA and 
ribonuclear proteins.  Despite this common clinical feature, individual patients 
vary widely  in the organ systems afflicted, disease severity, disease course, and 
response to treatment.  Current therapeutic intervention in more severe cases is 
limited to corticosteroids and cytotoxic agents, which are not always successful 
and are associated with significant toxicities.  These characteristics make 
clinical management of SLE challenging and highlight the need for effective 
and less toxic therapeutic interventions.

Susceptibility to lupus has been shown in both human studies and mouse 
models to be dependent on genetic predisposition. Therefore, it  is likely that 
knowledge of the genetic basis of SLE will be required before full 
understanding of SLE pathogenesis can be achieved. Moreover, definition of 
the specific susceptibility genes should have diagnostic, prognostic and 
therapeutic relevance. In this thesis, studies to define the genetic basis of lupus 
in an induced and two spontaneous models of the disease are presented. These 
studies encompass mapping, characterization of interval congenic mice, and 
cloning of the Lmb3 locus gene.

In the first study, a genomewide mapping study  was performed to define the 
genetic basis for resistance of the DBA/2 mice to mercury-induced 
autoimmunity. On chromosome 1, a single quantitative trait was linked with 
resistance to HgIA.  These results linked the locus Hmr1 to a late stage of lupus 
with GN.  In later congenic studies, the DBA/2.Hmr1 was found to be 
insufficient in itself to inhibit disease in NZB.DBA/2-Hmr1 and SJL.DBA/2-
Hmr1 congenic strains indicating the involvement of other resistance genes in 
the DBA/2.  Nevertheless, the reciprocal congenic  DBA/2.NZB-Hmr1, were 
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susceptible to HgIA, indicating that  a HgIA-modifying gene was indeed located 
within the Hmr1 interval.

Interval congenic mice are important tools to define and characterize the roles 
of different loci in lupus-like diseases.  The second paper identifies the effect of 
NZB and NZW Lbw2 alleles on lupus susceptibility by using BWF1 mice with 
none, one or two copies of the NZB.Lbw2 locus.  The lack of the NZB locus 
significantly reduced mortality, GN and B cell activation.  IgM  anti-chromatin 
levels in genome-wide mapping was linked only to Lmb2 and none of the 
known B cell hyperactivity-promoting genes were present in this location, 
which might indicate a novel B cell activation gene.

The third study used reciprocal single locus interval-specific congenic mice to 
characterize the contribution of Lmb1-4 on the MRL-Faslpr and B6-Faslpr 
backgrounds.  The Lmb3 locus, which has the most prominent phenotype, is 
found on chromosome 7 and shows a clear effect on proliferation, GN and/or 
mortality, in both reciprocal congenic lines. 

In the fourth paper the Lmb3 was cloned and shown to be a spontaneous 
nonsense mutation in the Coronin-1A gene that  encodes an actin-binding 
protein.  This causes a T cell defect in migration and apoptosis resulting in 
reduced T cells and a defective T cell-dependent responses.  This is an 
inhibitory mutation, which is rare in autoimmune diseases and might have 
potential value for therapeutic application.
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LIST of ABBREVIATIONS

Ab antibody

ACR American College of Rheumatology

ANA anti-nuclear antibody

CD cluster of differentiation

cM centiMorgans

DIL drug-induced lupus

dsDNA double-stranded deoxyribonucleic acid

FcR Fc receptor

GN glomerulonephritis

HgIA mercury-induced autoimmunity

HLA human leukocyte antigen

Ig immunoglobulin

IL interleukin 

MHC major histocompatibility complex

QTL quantitative trait locus

SLE Systemic Lupus Erythematosus

Sm Smith

SNP single nucleotites polymorphism

UV ultraviolet
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INTRODUCTION

Systemic Lupus Erythematosus

Systemic Lupus Erythematosus (SLE) is a chronic multi-organ autoimmune 
disease that is considered a prototype for autoantibody and immune complex-
mediated tissue injury.  Although autoantibodies against  a wide diversity  of self-
antigens are characteristically found in SLE, an important hallmark is the 
presence of autoantibodies to nuclear antigens such as histones, double-stranded 
deoxyribonucleic acid (dsDNA) and ribonuclear proteins. (Miles, 1993)  
Despite this common clinical feature, however, the organ systems affected, 
disease severity  and course, and response to treatment vary widely among 
patients.  Current  therapeutic interventions in more severe cases are largely 
limited to corticosteroids and immunosuppressive agents, (most commonly 
cyclophosphamide and mycophenolic acid), which are not  always successful 
and are associated with significant toxicities.  These characteristics make 
clinical management of SLE challenging and highlight the need for effective 
and less toxic therapeutic modalities.

Susceptibility to lupus has been shown to be dependent on genetic 
predisposition in both human and mouse model studies.  Therefore, it is likely 
that a clear understanding of the genetic basis for SLE is necessary to fully 
elucidate SLE pathogenesis.  Moreover, definition of the specific susceptibility 
genes will likely have diagnostic, prognostic and therapeutic relevance.  In this 
thesis, studies to define the genetic basis for lupus in an induced and two 
spontaneous models of lupus are presented.  These studies encompass genome-
wide mapping, generation and characterization of interval congenic mice and 
cloning of the Lmb3 locus gene.
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Manifestations and Prevalence
Lupus can be difficult to definitively diagnose because of highly heterogeneous 
manifestations and the lack of a pathognomonic clinical finding.  Early  on, this 
led to the common misdiagnosis of cutaneous lupus as lupus vulgaris, a variant 
of tuberculosis of the skin.  It was not until 1850 that the term lupus 
érythèmateux was proposed by Cazenave and a year later he presented the first 
detailed description of the disease.  In 1906, Wasserman developed a test for 
syphilis that utilized cardiolipin antigens to determine reaginic antibodies.  This 
test became widely used and resulted in the discovery of the phenomenon of 
biologic false positivity, e.g. approximately  30% of patients diagnosed with 
lupus were false positive for syphilis.  In 1948, another landmark for lupus 
resulted from the studies of Hargraves and Morton, who discovered the lupus 
erythematosus (LE) cell, which represented a major step in diagnosing systemic 
lupus at an early stage, and is still a fundamental finding in the pathogenesis of 
lupus.  This was the first indication that SLE could be an autoimmune disease.  
These cells are polymorphonuclear leucocytes containing inclusion bodies that 
derived from the polymorphonuclear or the lymphocytic nuclei.  Around the 
same time, Friou developed the anti-nuclear antibody  test (ANA) by using 
fluorescent anti-human globulin.  Ten years later, (NZB x NZW)F13, the first 
animal model that developed a lethal kidney disease similar to human lupus 
nephrites, was developed.  The latter two will be discussed in later sections. 

To facilitate the diagnosis of SLE, a list of classification criteria was compiled 
by the American College of Rheumatology (ACR) in 1971 (Trimble, 1971).  
This classification was then revised in 1982 (Tan, 1982) and again in 1997 
(Hochberg, 1997) (Table I) to accommodate significant scientific advances in 
our understanding of lupus.  Under the most recent classification scheme, a 
diagnosis of SLE is made if the patient presents at least four of the eleven 
criteria at any given time, and if certain other diseases with similar 
manifestations are excluded.  Studies have reported sensitivities ranging from 
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78 to 96% and specificities ranging from 89 to 100%.  The ACR criteria may be 
less accurate in patients with mild disease.

Table I The 1997 revised Criteria for the Classification of SLE4

Criteria Definition

Malar rash Fixed erythema over the malar eminences, tend to 
spare nasolabial folds

Discoid rash Erythematosus raised patches; atrophic scarring 
may occur in older lesions

Photosensitivity Skin rash as an reaction to sunlight

Oral ulcers Oral or nasopharyngeal ulceration

Arthritis Non-erosive arthritis involving at least two 
peripheral joints

Serositis Pleuritis or pericarditis

Renal disorder Persistent proteinurea greater than 0.5 gram per day

Neurologic disorder Seizures or psychosis

Hematologic disorder Hemolytic anemia, leukopenia, lymphopenia or 
thrombocytopenia

Immunologic disorder Positive LE cell preparation, anti-dsDNA, anti-
Smith (Sm), or false-positive serological test for 
syphilis

Antinuclear antibodies An abnormal titer of antinuclear antibody
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Anti-nuclear antibody  titer is the primary laboratory  screening test used to 
diagnose SLE because of the relatively  low prevalence of anti-nuclear 
antibodies in the general population (~2%) and high prevalence in SLE patients.
(Mok, 2003; Shoenfeld, 1987)  Therefore, as specified by the American College 
of Rheumatology, patients with ANA titers of at least 1:40 and demonstrable 
multi-organ involvement can be diagnosed with SLE without further testing.  
However, patients who fail to meet the full criteria need to undergo further 
testing for antibodies to double-stranded DNA and Sm nuclear antigens, which 
are more specific for lupus.  The ANA test can also be positive for patients with 
Sjögren’s syndrome and in some cases, rheumatoid arthritis, although titers are 
usually lower and immunofluorescence patterns generally differ. 

The prevalence of SLE worldwide varies greatly (Petri, 2002).  From 
population-based epidemiological studies, it  has been estimated that one in 
3,450 women (independent of race) in the United Kingdom (U.K.), one in 250 
black women in the United States (U.S.), one in 1,000 Chinese women, and one 
in 4,200 women in New Zealand may be afflicted with lupus.  Despite the 
greater prevalence of SLE in the black populations in both the United States and 
the United Kingdom, (Fessel. 1974; Hochberg, 1985; Johnson, 1995; McCarty, 
1995) the prevalence of SLE is low in most African countries.  In the U.S., the 
occurrence rate of lupus is also higher in Hispanic and Asian American 
populations than Caucasian. (Molokhia, 2001; Samanta, 1992; Symmons, 1995)  
The high degree of variation between ethnic groups (Ghaussy, 2004) could 
reflect  differing genetic susceptibility to the disease and/or different 
environmental and socioeconomic factors. (Ward, 1995)

Lupus can occur in either sex (Yacoub, 2004) and at any  age, although the 
prevalence of lupus varies between studies and populations.  A general finding 
is that SLE primarily affects men and women between the ages of 15 to 45, but 
is 9-fold more common among women.  The clinical manifestations of lupus are 
generally  the same in children and adults, however, SLE continues to cause 
significant morbidity in the pediatric age groups.  Approximately  5,000 – 
10,000 children are affected by lupus in the U.S. today.  Pregnancy  is not 
contraindicated in lupus patients, but there are risks.  Approximately  30% of 
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patients have anti-cardiolipin antibodies that interfere with the function of 
placenta, and which is associated with pregnancy loss or retarded growth of the 
fetus.  Neonatal lupus can develop  when IgG autoantibodies to primarily SSA/
Ro5 or SSB/LA6 ribonucleic proteins cross the placental barrier, but this is not 
SLE and all traces will be gone by three to six months.  In 1% of these cases, 
the children are born with a complete congenital heart block.

Prognosis and Treatment
The prognosis of systemic lupus erythematosus has improved over the past  five 
decades commensurate with improvements in earlier diagnosis and more 
effective treatment regimens.  Five-year survival rates have increased 
dramatically from less than 50% to near 90 – 95%, with 10-year survivals of 
70-85%. (Jacobsen, 1998; Koh, 1997; Mok, 1999, Uramoto, 1999)  The major 
complications are specific organ damage, primarily kidney disease and 
neurological impairment.  In most studies, patients with renal involvement had 
a poorer prognosis.  The mortality rate remains 4 to 5 times that of the normal 
population and is particularly significant in children diagnosed before the age of 
15.  Risk factors contributing to higher mortality include the presence of serum 
antibodies (anti-dsDNA, anti-cardiolipin), infections, cardiovascular and renal 
involvement, higher age of onset, osteoporosis with fractures, cytopenia and 
genetic factors.  Race is an independent predictor of mortality, with a poorer 
prognosis among the black and Asian populations of the U.S. and the U.K., 
respectively. (Petri, 1991; Reveille, 1990) 

For mild SLE wherein the primary clinical symptoms include joint or chest 
pain and fever without threatening organ involvement, salicylate non-steroid 
anti-inflammatory drugs and glucocorticoids are the current  therapeutic options.  
Organ damage in lupus is progressive with time, as shown in a cohort study in 
which 61% of the patients developed organ damage within 7 years of initial 
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diagnosis.  In these more severely ill patients, high doses of glucocorticoids are 
used, while immunosuppressive agents are best in patients with kidney  or 
central nervous system involvement.  Anti-malarial drugs are commonly  used 
for treatment of skin manifestations.  Clinical studies have shown that continued 
treatment with anti-malarial drugs significantly  minimizes recurrence. (Ruiz-
Irastorza, 2006)

The traditional treatments of lupus are often associated with side effects, but 
it has previously  been difficult to measure, compare, and evaluate different 
therapeutic responses in a disease that is so diverse.  However, a responder 
index based on the combination of SELENA7  SLEDAI8, physician global 
assessment and presence of BILAG9  classified flares has made it  possible to 
compare the effects of different compounds.  Evidence of the importance of B 
cells in SLE etiopathology has resulted in several ongoing trials, a few of which 
will be mentioned herein.  LJP394 targets dsDNA antibodies with the aim of 
controlling renal flares.  Belimumab is an anti-soluble BAFF10 that targets and 
inhibits BLyS11, a B cell survival factor.  For the past seven years, Rituximab 
has been used in patients diagnosed with non-Hodgkin’s lymphoma and is now 
approved for rheumatoid arthritis. (Arkfeld, 2008)  Rituximab or anti-CD20, 
depletes B cells and is presently being tested on lupus patients, however, in 
2006, the U.S. Food and Drug Administration issued a safety concern regarding 
Rituxan in lupus patients.  Abatacept (CTLA-Ig) is one of the first selective 
modulators of the co-stimulatory signal (B7-CD28 signaling) required for T cell 
activation and has been approved for use in rheumatoid arthritis.  Clinical trials 
utilizing Abatacept to prevent flares have recently been completed in lupus 
patients. 
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Potential Etiologic Factors 

The development of autoimmune disease in humans is thought to occur as a 
result of the interaction of essential genetic predisposition of the host with 
contributory environmental factors.  The etiology of SLE is mostly unknown, 
but a large number of possible etiologic factors have been suggested to play  a 
role (Table II).

Table II Potential Etiologic Factors in SLE

Genetic MHC, C1q, C2, C4

Environmental Infectious agents                                               
Drug-related disease induction
UV-light
Other factors

Endocrine Factors Sex hormones                                                         

Other Possible Factors Stress
Stochastic factors

Genetic 
Genetic disorders can be classified depending on their inheritance patterns, as 
follows: 1) Monogenic or Mendelian disorders wherein a mutation on one gene 
can induce disease.  Although uncommon, one study of 40 patients with C1q 
deficiency showed a 90% occurrence of lupus.  2) Chromosomal disorders such 
as Klinefelter’s syndrome (XXY), which do not show a higher rate of 
autoimmune disease compared to the general population.  3) Mitochondrial 
disorders (maternal inheritance) that have no known connection to lupus.  4) 
Polygeneic/complex traits (multifactorial etiology that generally includes 
environmental factors), which account for most of our common diseases and 
arise from variations of several genes wherein a combination of minor genetic 
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variants increases disease susceptibility when combined with environmental 
factors.  Approximately 3% of the population suffers from autoimmune disease, 
and a disproportionately large number of these patients are middle-aged 
women.  The genetic influences can be assessed by  examining the concordance 
rate among twins who share the same environment.  Monozygotic twins share 
their complete genome whereas dizygotic twins only share half.  The presence 
of genetic factors that contribute to SLE is evidenced by the higher concordance 
in monozygotic than dizygotic twins (~35% vs. ~3%, respectively), (Block, 
1993; Deapen, 1992; Grennan, 1997) with a concordance rate for rheumatoid 
arthritis of ~15%, indicating a significant genetic predisposition to disease. 
(Ermann, 2001) 

One way to measure family aggregation is to express this parameter as 
lambda (λ)s, which is the ratio of the incidence of disease in siblings when there 
is one affected sibling over the incidence of disease in the general population.  
If λs is close to 1.0, there is no evidence of family clustering.  The higher the 
lambda value, the greater the genetic effect and the easier it  is to map the 
susceptibility genes.  Several studies have shown a higher incidence of lupus 
among relatives of SLE patients, demonstrating a familial aggregation of 
autoimmune disorders among first-, second- and third-degree relatives of λs = 
20 (Hochberg, 1987; Lawrence, 1987) compared with rheumatoid arthritis at λs 
= 8 and insulin-dependent  diabetes mellitus at λs = 16.  Moreover, the greater 
prevalence of other autoimmune disorders among relatives of SLE patients vs. 
the general population suggests that clinically  different  autoimmune phenotypes 
may share common susceptibility  genes that may act as risk factors for 
autoimmunity. (Deapen, 1992)  A case study in Italy showed that ~ 23% of 
patients diagnosed with SLE had a family history  of autoimmune disease 
compared to ~5% in the control group.  Genetic loci and genes related to SLE 
will be discussed in a later section.

Genetic studies are complicated by incomplete penetrance, a deviation from a 
recessive or dominant inheritance pattern seen among monogenic and polygenic 
diseases wherein one of several generations in a family can have the 
predisposing genetic factors without  developing the disease.  Such studies are 
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also complicated by allelic heterogeneity wherein several different mutations in 
the same gene can cause the same disease (Zielenski, 1995), and by locus 
heterogeneity, characterized by  mutations in several different genes resulting in 
the same phenotype.  Additionally, in phenotypic heterogeneity, the same 
mutation can predispose to different phenotypes.

Environmental

Infectious agents

Certain viruses have been suggested to play a role in the pathogenesis of SLE, 
including Epstein-Barr virus, (James, 1997) parvovirus and cytomegalovirus, 
but these associations remain tentative.  The precise mechanisms for these 
associations are not known, but are thought to possibly  involve the induction of 
the interferons or molecular mimicry. (Davies, 1997)

Drug-related disease induction

Drug-induced lupus (DIL) is a syndrome that shares clinical and laboratory 
characteristics with idiopathic SLE.  The rates of DIL are highest between the 
ages of 50 to 70, possibly due to increased use of medications, decreased drug 
clearance, and slower acetylation.  At least 38 drugs are implicated in DIL, 
which commonly develops months or years after treatment.  In general, because 
these drugs have the potential to precipitate lupus, their use in lupus patients is 
contradicted or limited.  Criteria for the diagnoses of drug-induced lupus are not 
well established, but at least one SLE symptom has to be present and the 
symptom should subside within weeks or several months following 
discontinuation of the drug therapy. (Borchers, 2007; Rubin, 1999, Vasoo, 
2006)  In contrast to SLE, a reversible development of ANA is found in DIL.  
However, anti-nuclear antibodies can be detected several years after cessation 
of treatment.  Table III highlights the differences between SLE and DIL.  Death 
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from drug-induced lupus is extremely rare, and is usually the result of kidney 
failure.

Table III Comparison of SLE and DIL 

Category SLE DIL

Clinical ~ age of onset 15-45 year        
Affects black > white                        
Females – male ratio 9:10

~ age of onset 50-70 year        
Affects white > black                        
Females – male ratio 1:1

Laboratory 
criteria

Anti-histone Ab in 50%  
Anti-dsDNA Ab in 80%       
Anti-nuclear Ab in > 95%

Anti-histone Ab in > 90%  
Anti-dsDNA Ab rare         
Anti-nuclear Ab in > 95%

Several mechanisms have been proposed for drug-induced lupus.  One 
hypothesis suggests that the drug is metabolized in an unexpected manner and 
therefore generates toxic metabolites. (Rubin, 2005; Uetrecht, 2005)  Another 
possibility is that  drug metabolites serve as a substrate for activated neutrophils 
by creating reactive metabolites.  This has been shown in a mouse model to 
prevent central tolerance, thereby affecting the lymphocyte function and 
resulting in lupus-like autoantibodies. (Rubin, 2001; Uetrecht, 2005)  A third 
hypothesis is that decreased T cell methylation in combination with 
overexpression of LFA-112, converts T cells into autoreactive T cells (the latter 
is the postulated mechanism by which ultraviolet light causes lupus flares).
(Uetrecht, 2005)
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Ultraviolet-light 

Ultraviolet (UV)-light is a common exacerbator of SLE.  As many as 60% of 
lupus patients develop skin lesions and/or systemic symptoms as a result of 
exposure to ultraviolet-light. (Bengtsson, 2002)  Several studies over the last 30 
years have investigated the role of UV-light in lupus.  Among the various 
possibilities is that UV-light  may contribute to deposition of immune complexes 
in the skin or increase cell membrane expression of Ro and La autoantigens, 
which encourages autoantibody binding and gives rise to enhanced 
inflammation manifested as a rash.  Nitric oxide may  also contribute to the 
inflammation induced by UV-light.  It is well established that  monocytes and 
macrophages express inducible nitric oxide synthetase during inflammation, 
and increased levels and production of serum nitric oxide and endogenous nitric 
oxide synthetase are seen in both lupus and rheumatoid arthritis patients. (Nagy, 
2007)  Nitric oxide is a multifunctional messenger that induces mitochondrial 
biogenesis.  Such patients demonstrate increased Ca2+ flux due to an increased 
number and mass of mitochondria in the T cells.  Nitric oxide regulates T helper 
type 1 development through inhibition of IL 12.  Why these mechanisms are 
more active in lupus patients remains to be clarified.

Other factors

The relationship between other environmental factors and SLE is difficult to 
prove since disease typically develops long after exposure to the potentially 
lupus-inducing or lupus–contributing environmental factors.  However, it is 
logical to assume a relationship between SLE and factors such as adulterated 
cooking oil, heavy metals (paper I) and silica. (Hess, 1995; Love, 1994)  
Studies suggested a linkage between silicone breast implants and anti-nuclear 
antibodies, but the results are thus far inconclusive.  Some chemicals resemble 
drugs that are known to induce lupus, such as the hydrazines in pesticides, 
herbicides, textile, plastic and rubber.  Aromatic amines are present in paint and 
hair dyes, and conflicting results regarding linkage to lupus have been reported 
in the latter.  Several studies have suggested, but not conclusively proven, that 
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smoking is associated with increased risk for developing SLE. (Ghaussy, 2003)  
Additional factors such as alfalfa sprouts suggest a connection to allergies, 
while in contrast, alcohol consumption is associated with a decreased risk for 
developing lupus. (Ghaussy, 2001)  One study showed an increased level of 
autoantibodies in dogs of lupus patients, which supports the strong supposition 
that environmental factors play  a role in the development of lupus. (Jones, 
1992)

Others

Endocrine

There is a clear female preponderance in the occurrence of SLE, with the 
overall incidence of lupus in menstruating women vs men at a 10 to 1 ratio.  
Before puberty, the incidence is approximately three to one female 
preponderance, and at menopause approximately eight to one.  This gender 
preponderance is not unique to lupus, since a similar phenomenon is seen 
among other autoimmune diseases, although to a lesser extent, e.g. a 4:1 female 
to male ratio in both rheumatoid arthritis and multiple sclerosis and 5:1 for 
Sjögren’s syndrome.  A number of different sex hormones have been 
implicated, including estrogens, prolactin, and testoterones, although the precise 
contribution and mechanisms have yet to be defined. (Cutolo, 2004; Lahita, 
1999; Lahita, 1987; McMurray, 2001; Zandman-Goddard, 2007)  Also, recent 
studies suggest that the different number of sex chromosomes, XX in females, 
and XY in males, may play a role in this sexual dichotomy. (Chagon, 2006; 
Holland, 2001; Lu, 2007; Smith, 2007)

Stress

Many studied have investigated the impact of major and minor stresses and 
coping strategies in SLE morbidity.  Stress as a causal factor has not been 
shown even in the presence of the daily stresses common to patients suffering 
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from lupus, but the stress of dealing with an incurable chronic disease with an 
uncertain prognosis seems to exacerbate disease activity and thereby impact the 
quality of life. (Bricou, 2006; Pawlak, 1999)

Stochastic  

It has been theorized that stochastic factors might also play a role in the 
development of autoimmunity, a possibility  supported by the absence of any 
genetic environmental or parental factor in the ~25% incidence of 
autoantibodies to Sm in MRL-Faslpr mice.  It  was suggested that stochastic 
formation of the immunoglobulin repertoire, i.e. random pairing of chains, 
recombination of variable genes, nucleotide additions, and somatic 
hypermutations, might be a factor. (Eisenberg, 1987)  Similar stochastic effects 
would also occur during the formation of the T cell receptor repertoire.
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Genetics of SLE

Human SLE
In 2000, a scientific milestone was reached with the publication of the first 
complete human genome sequence, (Lander, 2001; Venter, 2001) comprised of 
forty-six chromosomes containing up to 40,000 genes and 32,000,000 base 
pairs. (Ewing, 2000; Liang, 2000)  All humans, with the exception of 
monozygotic twins, are genetically unique; even when two people are 99.9% 
identical, that 1% difference represents approximately one million nucleotides.
(Kruglyak, 2001)  Genetic variations in the genome are due to mutations caused 
by external mutagenic factors or recombination errors.  Most of these mutations 
are neutral, lacking functional importance, a few are advantageous and their 
benefits can increase over generations, but some are harmful.  Most harmful 
mutations are eliminated soon after they appear if they  have high penetrance, 
but mutations with low penetrance might not manifest until late in life and 
therefore have the opportunity to be passed to subsequent generations and 
become more common.  Mutations can be detected in the genome as deletions, 
insertion or substitutions. (Botstein, 1980; Reich, 2002) 

Some of the studies to identify human genes have been controversial and 
difficult to confirm since they  have been case/control studies utilizing differing 
ethnic groups and, in some cases, small sample sizes.  Thirty years ago, (Shiina, 
2004) a report was published in the literature indicating that more than one 
HLA contributed to SLE, a finding supported by  the fact that a single gene 
could not be responsible for the etiology of disease since lupus occurs 
infrequently  in the human population and there are very  few cases where a 
single gene has 100% penetration.  However, there is support for a linkage 
between HLA-DR2 and HLA-DR3 and lupus in the ethnic groups studied. 
(Grumet, 1971; Steinsson, 1998)  An Australian study reported that HLA-B40 
protects against lupus. (Whittingham, 1983)
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Complement has two functions:  1) to defend the body against infections, and 
2) to mediate clearance of apoptotic and necrotic cells.  C1q initiates the classic 
pathway of the complement system, and C1q deficiency causes a severe and 
rare type of lupus. (Bowness, 1994; Ghebrehiwet, 2004; Topaloglu, 2000; Tsao, 
2003)  Partial or complete deficiency of C2 causes a mild type of lupus 
associated with UV-sensitivity  and anti-Ro autoantibodies.  A complete lack of 
C4 is rare, but causes early-onset of lupus.  The C4A null allele is associated 
with lupus in all ethnic groups examined so far. (Sullivan, 1994; Walport, 2001; 
Walport, 2001) 

That chromosome 1 has a strong linkage is not surprising since several of the 
genes in the region are coding for proteins vital to the immune system.  The Fc 
receptors are clustered close together in this region.  FcɣR1 (CD64), FcɣRII 
CD32) and FcɣRIII (CD16) bind and clear IgG autoantibodies and immune 
complexes containing IgG.  Gene duplication has lead to five genes, Fcɣ R1IA, 
Fcɣ RIIIA, Fcɣ RIIC, Fcɣ  RIIIB and Fcɣ RIIB and alternative splicing variants 
and variant alleles that are involved in phagocytosis. (Dijstelbloem, 2000)  
Linkage to SLE has been demonstrated, although there were differences in what 
FcRs were associated with lupus in the different ethnic groups. (Edberg, 2002; 
Lehrnbecher, 1999; van der Pol, 1998)  This is also a susceptibility region in 
mouse which would be equivalent to sle1a and sle1b.  

Mouse Models of SLE

Overview

The difficulties encountered in defining the genomic regions involved in 
multifactorial diseases include small sample sizes, control of non-genetic 
parameters, and the size of the human genome.  The advantages in using 
different mouse models of human diseases such as diabetes, rheumatoid arthritis 
and lupus include:  1) The mouse genome has been sequenced and reagents are 
available.  2) Large numbers of genetically-homogenous inbred mice are 
available for genetic mapping and phenotypic determination.  3) The large study 
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cohort eliminates the risk of genetic drift due to founder effect.  4) A large 
number of meioses are available.  5) Environmental factors are standardized and 
controlled, which makes it possible to dissect polygeneic traits.  6) Mice can be 
manipulated, e.g., knockouts and transgenic mice can be generated and new 
mutagenesis can be acquired as with, for example, ENU.  7) The similarities 
between the human and mouse immune systems makes comparative analyses 
possible since approximately 99% of the mouse genes have a homologue in 
humans, 80% of which derive from the same ancestral gene.

Analyses with single nucleotide polymorphism (SNP) have shown that the 
background of the inbred strains of today are derived from a 67% European and 
21% Asian fancy mice. (Beck, 2000; Wade, 2002)  This is supported by the fact 
that non-autoimmune mice carry susceptibility genes to disease indicating a 
shared common origin of these mice.

Genetic susceptibility

There are several murine models that develop a lupus-like disease with 
phenotypic features comparable to human SLE and genes therefrom that can be 
studied as potential candidate genes in humans.  The three main groups of mice 
that have been used to define the genetic susceptibility are spontaneous, induced 
and gene-manipulated.  During the last few years ENU has been used to 
generate new spontaneous lupus-prone mice, and where those with a single 
mutations will be used. (Vinuesa, 2004)

The classical SLE mouse models that developed lupus spontaneously are 
summarized in Table IV.
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Table IV Spontaneous Mouse Model of SLE 

Strains H-2 Accelerators 50% mortality

NZB d ~15 mo

NZW z ~ 22 mo

BWF1 d/z female hormones females ~ 9 mo
males ~ 13 mo

MRL k Faslpr Faslpr  ~ 4 mo
+/+ ~ 16 mo

BXSB b Yaa males ~  5 mo
females ~ 21 mo

BWF1 develops clinical manifestations most  closely resembling human lupus, 
e.g. female preponderance with early onset glomerulonephritis (GN), IgG 
autoantibodies and a 50% mortality rate at ~9 months.  The NZB mice are 
Coomb’s-positive for hemolytic anemia and IgM autoantibodies and show a 
50% mortality  rate at ~15 months with a slight predominance for females.  
NZW mice have a lower incidence of disease with a low penetrance of GN, late 
onset of IgG autoantibodies and a mortality rate similar to normal mice.  The 
severity of disease in BWF1 results from the dominant contribution from both 
parental strains.  Linkage analysis identified several susceptibility  loci for 
disease among the BWF2, which indicates that the disease both in mice and 
humans is genetically  heterogenous, and therefore a result of multiple genetic 
factors.

MRL-Faslpr and BXSB are also spontaneous mouse models of lupus, differing 
from NZB, NZW and BWF1 in their single mutation.  The MRL-Faslpr mice are 
characterized by the lpr mutation on the FAS receptor, which alters mRNA 
splicing and severely  reduces the functional Fas mRNA.  Gld/.gld mice have a 
mutation in the Fas Ligand (FasL) and develop lymphoproliferation, but not 
severe autoimmunity.  Either the Fas or FasL defects results in incomplete 
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tolerance of peripheral autoreactive cells.  Therefore, these mice have increased 
lymphadenopathy and develop  severe lupus-like disease with GN, when on a 
lupus-prone strain.  The disease is manifested in both male and females even 
though the latter develops a higher mortality rate.  MRL mice lacking the Fas 
mutation have slightly milder disease with later onset of the autoantibody 
production and normal 50% survival rate. (Adachi, 1993; Booker, 1998; Hahne, 
1995; Lynch, 1994; Takahashi, 1994; Watanabe-Fukunaga, 1992)  There is no 
connection between the Fas mutations in mice, which develop disease, and 
humans, who do not, except in two rare diseases where a deficiency in Fas, 
FasL or caspase 10 leads to autoimmune lymphoproliferative (ALPS) or 
Canale-Smith syndrome. (Drappa, 1996; Fisher, 1995; Rieux-Laucat, 1995)

The recombinant inbred BXSB mice carry a recently identified Tlr7 
duplication gene located on the Y chromosome, called the Y-linked autoimmune 
accelerator (Yaa), which induces autoimmune disease together with other 
disease-predisposing alleles.  This strain develops disease only on a lupus-prone 
background if it is not combined with other autoimmune-promoting genes.  It is 
associated with severe disease in male mice. (Eisenberg, 1980; Hudgins, 1985; 
Izui, 1988; Merino, 1989; Pisitkun, 2006; Theofilopoulos, 1985) 

There are a few different induced mouse models, and the mercury-induced 
model has been used for the mapping studies reported in paper I.  This group 
offers the advantage of being able to study the relationship  between 
environment and the genetic susceptibility where the background genes are 
crucial for the results generated. 

There are two different ways to define and detect new genes.  The first is the 
spontaneous and induced mouse models used herein, and the most common 
approach is to characterize the phenotype and use that to map  the trait and 
thereby define a chromosomal region, or loci, which is narrowed down by using 
interval specific congenic mice until the region is small enough to screen for 
possible genes in the area.  The advantage with this approach is that one can 
search for a gene without any prior knowledge of its existence.

The second is gene-manipulated mice wherein genes have been knocked out 
represent the second approach to defining genes involved in lupus.  In this case, 
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the identity of the modified gene is known and the investigation focuses on the 
effects it  has on the disease pathogenesis.  The disadvantage is the fact that the 
contribution of most genes is relatively minor, complicating the determination 
of the precise effect  that  gene actually  has, since most genes interact with one 
each other making it difficult to determine whether the gene plays a major role 
or is simply a modifier of pathogenesis.

Lupus susceptibility loci

Lupus-predisposing loci have been identified on all 19 autosomal 
chromosomes, with intervals on four chromosomes (chromosomes 1, 4, 7, and 
17) being the most promising for experimental study.  The majority of lupus-
susceptibility loci are detected in the spontaneous mouse strains, but  there are 
also intervals from conventional strains such as BALB/c, NOD, and C57BL/6. 
(Kono, 2006)  In all, there are approximately  110 quantitative trait locus (QTL) 
that are currently known to be linked to lupus, some of which are shared among 
other autoimmune diseases as well.  The majority  of these loci are insufficient 
in themselves to induce disease, but need to interact with other susceptibility 
genes.  Depending on the combination they determine the type of disease, and 
even background genes can contribute to disease development.  Table V 
presents the loci that have been confirmed by using interval-specific congenic 
strains.  When Sle1 was mapped with smaller congenic mice it, was found to 
consist of three subloci. (Croker, 2003; Morel, 2001)  Sleb demonstrated the 
strongest link and, depending on the background gene, is either a susceptibility 
gene or, as in the normal C57BL/6 background, a resistance gene.  However, to 
develop GN either Sle2 or Sle3 are also required.
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Table V Loci determined from interval congenic mice 

Chr Loci Trait Reference

1 Sle1
(a-c)

anti-nucleosome Ab Boackle, 2001
Wandstrat, 2004

Nba2 B cell hyperactivity 
autoantibodies

Atencio, 2004
Wither, 2003

BXSB1-4 anti-dsDNA Ab
GN

Haywood, 2004
Haywood, 2006

Cgnz1 anti-chromatin Ab
GN

Waters, 2004

4 Sle2 
(a-c)

B cell hyperactivity 
↑ B1 cells

Xu, 2005

Lbw2 B cell hyperactivity Haraldsson, 2005

Adnz1 GN Waters, 2004

7 Sle3/Sle5 T cell hyperactivity Sobel, 2002
Zhu, 2005

Nba5 GN Kikuchi, 2005

17 Sles1 suppression of disease Subramanian, 2005

Several conclusions can be made from the genetic studies in mouse models of 
lupus.  1) Lupus is polygenic (additive threshold model ± epistasis).  2) Some 
loci map to similar locations in more than one lupus strain, but there is 
substantial heterogeneity.  3) Some lupus susceptibility loci co-cluster with loci 
of other autoimmune phenotypes (diabetes, EAE, arthritis).  4) Some loci 
originate from otherwise non-autoimmune genomes.  5) One locus may 
predispose to several traits.  6) Clinical stages are affected by different 
combinations of loci.  7) A single locus may  be a cluster of loci e.g., Sle1, Sle3/
Lbw5, Nba2, Lbw2.  8) There may be unexpected effects on disease 
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manifestations; phenotypes do not always correlate with initial mapping results.  
9) Background plays a major role in QTL-related phenotypes.  For example 
(129xB6) might skew the lupus manifestations since that mixed background is 
common to the generated knockin/out mice and transgenic mice.  However, it 
can not be accounted for by all findings. (Bygrave, 2004; Gillmore, 2004)  10) 
Enhancing the sensitivity of identifying QTL by increasing number of animals 
(200-300 range) will detect loci with smaller effects, but the contribution of 
these QTL will also be smaller and sometimes undetectable in interval-specific 
congenics.  11) Mapping or expression screening cannot substitute for 
evaluation of congenic and subcongenic lines.

Genes

Only a few susceptibility genes have been identified in the spontaneous lupus 
models.  These include Fas, FasL and Yaa, which were described earlier.  There 
are also several other genes that are considered likely to be susceptibility genes, 
but this has not been unequivocally established.  These include some members 
of the SLAM family  (Wandstrat, 2004) such as Ly108 (Kumar, 2006) -
chromosome 1 locus Sle1b, Cr2 (Boakle, 2001) - chromosome 1 locus Sle1c. 
Ifi202 (Rozzo, 2001) - chromosome 1 locus Nba2, C1q (Miura-Shimura, 2002) 
- chromsome 4 locus Nba1.

There are also four general groups of genes that, when deleted or over 
expressed at single genes can lead to the development of lupus.  1) The first 
group are genes involved in B cell activation and B cell homeostasis.  Examples 
are CD22 and CD19 for the former and CD40L and BAFF for the latter.  2) 
Another group  of genes are involved in T cell activation:  Ctla-4 and p21 are 
examples of genes involved in T cell activation.  3) The genes in the third group 
are involved with defective apoptosis which, might play a role in the 
development of lupus.  Examples are Fas, FasL, Bcl-2 and Bim.  4) Another 
group are involved with reduced clearance of apoptotic material: these include 
C1q and C4.  
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Several studies have shown that immune complexes containing TLR7 or 
TLR9 ligands can activate pDC, DC and self-reactive B cells. (Barrat, 2005; 
Boule, 2004; Lau, 2005; Lövgren, 2006)
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METHODS

Mice

Mouse strains 

The following strains were used: DAB/2J, SJL/J, NZB/BlScr, (SJL x DBA/
2J)F1 (SDF1) and SDF2 (paper I). 

NZB.NZW-Lbw2, NZW.NZB-Lbw2, NZW x (NZB x NZB.NZW-Lbw2)F1, 
NZB x (NZW x NZB.NZW-Lbw2)F1, (NZB.NZW-Lbw2 x NZB)F2 (paper II). 

MRL-Faslpr/MpScr, C57BL/6-Fas lpr and reciprocal congenic mice (paper III). 

MRL-Faslpr/MpScr, C57BL/6-Fas lpr/Scr, MRL.B6-Lmb3 Faslpr, C57BL/6-Fas 

lpr/Scr, C57BL/6Scr-Coro1awt and MRL-FaslprTcrb-/- (T cell receptor β-chain-
deficient) and B6.PL-Thy1a (paper IV)

Care and breeding

All mice used in the studies reported herein were obtained from The Scripps 
Research Institute animal facility  and maintained under specific pathogen-free 
conditions.  All procedures were performed under The Scripps Research 
Institute IACUC approval.

Genotyping Mice (PCR)
A major step from phenotyping to genotyping is the presence of genetic 
markers, microsatellites or single nucleotides polymorphisms.  Microsatellites 
are short DNA segments characterized by repeats of di-, tri- or tetra-nucleotide 
motifs of primarily CA type, which tend to be expressed most frequently  in the 
non-coding regions. (Ellegren, 2004)  Different genotypes have different 
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numbers of repeats, and therefore different sizes of the repeated region, which 
makes it possible to distinguish heterozygous from homozygous.  These regions 
are detected by  designing unique PCR primers to one locus on the genome.  Tail 
DNA and primers were amplified by PCR using standard reagents and protocols 
and the products were run on a 6% or 12% agarose gel with ethidium bromide.  
H-2 haplotypes were determined with microsatellite markers (paper I).  One 
hundred-four markers encompassing all autosomal chromosomes were used in 
paper II.  The distance between these markers was measured in centiMorgans 
(cM) to obtain the probability of a recombination between two markers.  
Twenty markers were used to identify  the Lmb interval (paper III).  Twenty-five 
polymorphic microsatellite markers were used to map the Lmb3 interval (paper 
IV).  PCR primers were generated by using Primer3 (http://frodo.wi.mit.esu/
cgi-bin/primer3/primer3_www.cgi).  

Quantitative Traits Locus Mapping
Linkage mapping determines the approximate position of genes on the 
chromosome and is crucial for identifying genes that cause disease.  If the loci 
are inherited, they are linked, although they may have different sequences 
referred to as alleles, one of which is linked to a polymorphic marker.  The 
mapping population is crucial for the linkage analysis since it is based on the 
assumption that the disease phenotype and polymorphic marker co-segregate in 
a pedigree.  This method identifies chromosomal regions without prior 
knowledge of the genetics or the initiating factors of the disease.  In paper I, a 
resistant strain (DBA/2) was bred with a lupus-prone mouse strain that was 
either non-autoimmune (SJL) or autoimmune (NZB).  Disease development in 
the heterozygous F1 offspring indicates that the disease is caused by  a dominant 
gene, and the rate of incidence indicates disease penetrance rates, since all mice 
are identical except for the sex chromosome.  The F2 generations can be created 
either by  backcrossing to the parental strains or intercrossing F1.  The F2 will 
have a mixture of combinations on the chromosomes, which makes it well 
suited for quantitative trait locus analysis by using a piece of DNA usually 

35 

http://frodo.wi.mit.esu/cgi-bin/primer3/primer3_www.cgi
http://frodo.wi.mit.esu/cgi-bin/primer3/primer3_www.cgi
http://frodo.wi.mit.esu/cgi-bin/primer3/primer3_www.cgi
http://frodo.wi.mit.esu/cgi-bin/primer3/primer3_www.cgi


found on several chromosomes.  There are four main steps to identify genes that 
predispose to quantitative traits.  Figure 1 shows a summary of the different 
steps. 

Figure 1 Cloning Lupus Quantitative Traits13

1)  To investigate the genetic influence in mercury-induced lupus, a genome-
wide scan was performed using the resistant DBA/2 strain and the 
susceptible SJL or NZB strain (paper 1).  The genes were mapped to 
chromosome 1 and weakly to the proximal chromosome 7 as well as 
chromosome 4 on the NZB background.  The Hmr1 on chromosome 1 
overlapped with other QTL-identified loci on the NZB background.  After 
identification, the confidence interval is usually 20 cM  or more.  It is 
virtually  impossible to identify  any susceptibility genes in such a large 
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interval fine mapping and additional studies using interval congenic strains 
are typically required. 

QTL software

QTL were identified using the QTL Cartographer program version 1.13g or 
1.14 (http://statgen.ncsu.edu/qtlcart).  Mapmaker3 was used to create linkage 
maps (http:///waldo.wi.mit.edu/ftp/distribution/software/mapmker3).  
Likelihood ratios (LR) were calculated by the LR-mapqtl program (paper I).  
The interval mapping was achieved by using model 6 of the Zmapqtl program 
(paper I, II).

Generating Congenics
2) Interval-specific congenic strains are developed once mapping has identified 

a significant QTL.  These congenic strains are used to confirm the presence 
of a susceptibility  gene within the congenic interval, to further define the 
effects of the QTL on lupus, to identify component phenotypes (phenotypes 
specific for that QTL), and to identify phenotypes that can be used to more 
precisely map the underlying genetic alteration.  In the congenic mice the 
desired trait is isolated on a different genetic background by backcrossing for 
at least ten generations to remove the undesired alleles outside the QTL 
region of interest.  Marker-assisted selection protocol strategies have made it 
possible to develop speed congenic mice that contain the donor introgressed 
genomic fragments encompassing a specific locus in less than 6 generations.  
Each generation is screened with genetic markers throughout the genome, 
and the two males with the highest rate of conversion to the background 
genome are selected as the founders of the subsequent generation.  The N6 
generation can be analyzed to confirm the mapping studies and analyze the 
effects of the immune system.  (Eighty-five outside markers were used in 
paper II.)  
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3) Further fine mapping requires a large number of smaller interval congenic 
mice, since the aim is to accumulate a number of recombinations and reduce 
the interval size.  The latter is usually  done in two steps: first  to reduce the 
interval to ~5 cM  followed by another round of congenic mice to reduce the 
interval to a  <1 cM-sized fragment.  

4) At the final stage, once the fragment size has been narrowed to 0.5 – 1.0 cM  
genes are selected based on their phenotypic and expression data, a process 
facilitated by  the mouse genome sequence.  The disadvantage of congenic 
mapping is that  only  a fixed region can be investigated, and genetic 
interactions between additional loci cannot be assessed unless double or 
multiple congenic strains are constructed.  

 

Immunopathology 
Selected tissues were fixed with Bouins or zinc formalin, mounted with paraffin 
and then stained with periodic acid-Schiff reagents and hematoxyline (papers II-
IV).  Proteinurea was measured with Bio-RAD protein assay  (paper II and III). 
Blood urea nitrogen (BUN) was analyzed in paper III.

Immunohistology
Tissue sections were frozen in a mixture of dry ice and isopentane, and 24 hours 
later 4-5 mm sections were cut, air-dried and acetone-fixed.  Sections were 
stained with FITC-goat anti-mouse IgG (papers I - III), or double-stained with 
anti-mouse IgM-AP and PNA-biotin or CD4-biotin plus streptavidin-HRP 
(paper IV). 
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Serology

ANA assay

At least 98% of all SLE patients have antibodies binding to antigens located in 
the cell nucleus.  ANA titers are determined by  applying sera to slides coated 
with HEp-2 cells and FITC anti-IgG.  Immunofluorescence microscopy (IF) 
revealed different staining patterns depending on autoantibody  specificity:  A 
homogenous pattern indicated anti-dsDNA whereas a speckled pattern reflected 
the presence of antibodies that are non-histone structures, such as Sm.  The 
presence of IgG antibodies to dsDNA are typical findings for lupus and 
correlate with IC deposition in the glomerula (papers I and III).

ELISA

The enzyme-linked immunosorbent assay (ELISA) is a very  sensitive technique 
for detecting and measuring immunoglobulin and autoantibody levels both 
naturally occurring as well as T-independent and T-dependent after 
immunization.  Conventional protocols were used (paper I – IV).

Isolation of Antibodies from the Kidney
The liver and kidney were homogenized and washed to eliminate free 
immunoglobulins.  Thereafter, the pellet was mixed with citrate buffer (pH 3.2) 
followed by neutralizing buffer and ammonium sulfate precipitation.

 

ELISPOT assays
The ELISPOT assay  can be used to detect a single antibody-secreting cell.  This 
assay was performed with a slight modification of the Sedgwick and Holt 
protocol (paper II). (Sedgwick, 1986)
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Flow Cytometry
Flow cytometry measures a variety of cell characteristics such as size, internal 
structure, and of target molecules, DNA, enzymes, and RNA by using the light 
scattering, light excitation and emission of fluorochrome molecules.  Live and 
dead cells can be differentiated and surface antigens of a single cell in 
suspension can be identified by passage through one or several focused laser 
beams.  The work reported herein was performed with up to six monoclonal 
antibodies conjugated to suitable fluorochromes (papers II – IV). 

 

Ca2+ flux
Calcium ions have an important  role in cell motility, exocytosis, and apoptosis 
and the calcium flux was measured by using Indo-1, a calcium binding dye and 
UV excitation.  Paper IV also measured the release of Ca2+ from intracellular 
stores. 

Cell Transfection
cDNA were cloned into plasmids to generate fusion proteins, which were used 
to transfect the Jurkat cells.  Synapse formation was analyzed between Jurkat  
and SED-pulsed Raji B cells (paper IV).

Migration assay
A video was produced to document mobility  differences between the strains.  T 
cells were stained with two different membrane-permeable dyes that bind to 
intracellular amines and fluoresces when cleaved by  esterases.  Stromal cell-
derived factor-1 (SDF-1) and macrophage inflammatory protein-3beta (MIP-3β) 
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T cell mitogens were added to an agarose plug that was inserted into the 
chamber slide at the opposite side once the cells were affixed to the slide (paper 
IV).

Apoptosis assays
Apoptosis regulation is critical for homeostasis as well as the pathogenesis of 
many diseases.  There are many different methods to investigate apoptotic 
events, and we used several methods to measure and induce apoptosis and 
assess mitochondrial depolarization and cell morphology.  Annexin V was used 
to detect phophatidylserine on the cell surface and propidium iodide to 
discriminate between live, dying and dead cells (papers III and IV).

Mercury-Induced Autoimmunity
Mercury-induced autoimmunity (HgIA) is an important disease pathology since 
mercury is a common environmental pollutant that can be found in fluorescent 
lights, thermometers, dental amalgams and skin products.  Forty µg HgCl2 in 
100 µl PBS was injected into 6 week-old experimental mice s.c. twice per week 
for four weeks, and the resultant serum levels of autoantibodies were scored in 
an ANA assay (paper I).

Antibody Responses
Thirteen-week-old mice were injected s.c. with 50 µl Complete Freund’s 
Adjuvant (CFA) supplemented with 10 mg/ml heat-inactivated Mycobacterium 
tuberculosis H37RA and euthanised 5 weeks later for analysis (paper III).
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T cell Transfer
Isolated lymph node (LN) T cells from MRL-Faslpr or MRL.B6-Lmb3 Faslpr 

were injected into 10 week-old MRL-Faslpr-TcRβ-/- and followed for 
development of systemic autoimmunity (paper IV).
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PRESENT INVESTIGATION

Aims

The general aim of this thesis was to define the genetic contribution of SLE 
susceptibility in NZ and MRL-Faslpr mice, and identify a lupus-suppressing 
locus in mercury-induced autoimmunity.

Specific aims

I. Determine the genetic basis for the resistance of DBA/2J mice to mercury-
induced autoimmunity (HgIA).  These studies used genome-wide analysis to 
identify loci associated with resistance to HgIA in (DBA/2JxNZB)F2 and (DBA/
2xNZB)F2 crosses.  

II. Determine the role of the NZB Lbw2 locus on lupus-like disease in BWF1 
mice.  Interval-specific congenic mice were used to study the effects of NZB and 
NZW Lbw2 alleles on lupus susceptibility and B cell activation. 

III. Define the role of individual Lmb1-4 loci on lupus-like disease.  Reciprocal 
single-locus interval-specific congenic mice of MRL-Faslpr and B6-Faslpr 
backgrounds were characterized for lymphoproliferation and systemic 
autoimmunity.

IV. Identify the genetic alteration responsible for the Lmb3 locus and determine 
how this alteration modified lymphoproliferation and lupus susceptibility.  
Classic mapping procedures were used to identify the Lmb3 gene and 
characterize its effects on the immune system and autoimmunity by a variety of 
approaches.
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RESULTS and DISCUSSION

Paper I: Resistance to Xenobiotic-Induced 
Autoimmunity Maps to Chromosome 1

Introduction
It has been well established that the heavy metal ion mercury induces systemic 
autoimmunity as has the fact that mercury  is an abundant environmental 
pollutant. (Pollard, 1977)  Murine models of mercury-induced autoimmunity 
develop a lupus-like disease in response to this chemical, and most of these 
strains develop  lymphoproliferation manifested as initial T cell activation 
followed by  B cell activation and hypergammaglobulinemia (predominantly 
IgG1) with elevated autoantibody levels.

The background of this study was the finding that among non-autoimmune 
strains, the DBA/2J (H-2d) background is the most resistant to mercury-induced 
autoimmunity (HgIA).  A genome-wide analysis was performed to determine 
the genetic basis for this resistance.  To identify  loci associated with the 
resistance to HgIA in DBA/2, two F2 intercrosses of the highly  susceptible SJL 
(H-2s), a non-autoimmune strain, and NZB, an autoimmune strain, both 
susceptible to HgIA were used. 

Results
Initial studies were performed on the two parental strains, the F1 hybrid, and F2 
intercross generation, which confirmed the lack of response to mercury in DBA/
2 mice and increased autoantibody levels as well as immune complex deposits 
in SJL mice.  The F2 intercross is one of most commonly used strategies for 
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QTL analysis, which is a statistical method for detecting chromosomal regions 
associated with a strong phenotype.  The 211 SDF2 intercross mice were used to 
map the QTL, since the immune responses were between the two parental 
strains.  Ninety-six markers were used, and three QTLs linked to mercury-
induced traits on chromosomes 1, 4 and 17 locus.  To further define the QTL 
composite interval, mapping was performed wherein markers outside the 
defined interval were used as co-factors to increase the statistical power. 
However, the significance was not strong enough for the distal part of 
chromosome 1 called Hmr1 (heavy metal resistance 1).  

To strengthen the susceptibility/resistance loci to HgIA, genome-wide 
analysis were performed on 282 (NZBxDBA/2)F2 mice with ninety-eight 
markers followed by composite interval mapping, which revealed linkage to 
loci on chromosomes 1,4 and 7.  This strain combination was selected because 
it has been shown previously that autoimmune strains, including NZB have 
enhanced susceptibility to HgIA. 

Conclusion
A number of conclusions arose from the data: First, HgIA can be induced in 
NZB mice. Second, a locus on chromosome 1 designed Hmr1 was identified 
that was associated with reduced immune complex deposits in the DBA/2 
background.  Third, the linkage to chromosome 4 was not  reproducible in the 
SDF2 mapping, thus this linkage might be due to the NZB susceptibility  locus 
(nba1, Sle2 and Lbw2).  Fourth, SDF2 linkage to chromosome 17 was linked to 
ANA.  Finally, the overlap of the NZB Hmr1 locus with several NZB 
susceptibility loci, Lmb7 and nba2 supports the hypothesis that lupus-
predisposing genes enhance susceptibility to systemic autoimmunity  induced by 
heavy metals such as mercury.
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Further experiments
All four strain combinations of reciprocal interval congenic lines were 
subsequently  generated: (SJL.DBA/2-Hmr1, DBA/2.SJL-Hmr1, NZB.DBA/2-
Hmr1 and the DBA/2.NZB-Hmr1) and the results are presented in Table VI 
below.

Table VI Summary of Hmr1 Congenic Mice 

Congenic Lines
HgIA Susceptibility

Auto Ab Immune complex 
deposits

SJL.D2-Hmr1  SJL SJL

D2.SJL-Hmr1 DBA/2 DBA/2

NZB.D2-Hmr1 NZB NZB

D2.NZB-Hmr1 DBA/2 ⬆
Hmr1 interval contains Ifi202 (NZB and DBA/2 have the same putative susceptibility allele

For the SJL and DBA/2 congenics, we have not yet  identified a significant 
component phenotype.  In contrast, the DBA/2.NZB-Hmr1 congenic developed 
immune complex deposits in the kidney compared with the parental DBA/2, 
which had no such deposits (p<0.05), indicating that the NZB contains 
additional susceptibility  loci within the Hmr1 locus compared with the SJL 
mice.
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Paper II: Autoimmune Alterations Induced by the New 
Zealand Black Lbw2 Locus in BWF1

Introduction
Several laboratories have identified and characterized genes that predispose to 
spontaneous SLE-like autoimmune disease in mice.  In this paper, congenic 
mice were used to generate BWF1 with one, two or no copies of the NZB Lbw2 
allele (Figure 2) to better define the role of Lbw2 on chromosome 4 in 
autoimmune disease.  

Figure 2 BWF1 Lbw2 Congenic Mice14
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The reciprocal Lbw2 interval-specific congenic mice were generated with 
each containing an introgressed fragment of chromosome 4 extending from 
approximately 31 to 70 cM.  The NZW.NZB-Lbw2 congenic mice did not 
manifest any phenotype in regards of survival, GN and hemolytic anemia.  In 
striking contrast, NZB.NZW-Lbw2 mice had a significant reduction in disease.

Results
Littermate BWF1 mice with one or no copies of Lbw2 (NZB x NZW.NZW-
Lbw2)F1 x NZW littermates showed a marked reduction in mortality and 
severity of glomerulonephritis along with decreased proteinuria and edema. 
Lower amounts of IgM  and IgG glomerular deposits were also observed.  The 
reduced GN and mortality in BWF1 mice lacking the NZB Lbw2 interval could 
not be accounted for by the differences in serum levels of IgG anti-DNA 
autoantibodies or subclasses.  To investigate the possibility that Lbw2 affect  the 
levels of pathogenic autoantibodies, total anti-dsDNA and anti-matrigel IgG 
antibody levels in the sera and kidney eluates of 8-9 month old wild-type and 
congenic BWF1 were measured.  Autoantibodies to unfractionated matrigel 
have been associated with GN and, in some instances, with cross-reactivity to 
dsDNA.  Serum levels of total IgG, anti-dsDNA and, importantly, anti-matrigel 
antibodies were unaffected by the absence of the NZB Lbw2 interval.  Kidney 
eluates obtained at the same time had much lower amounts of IgG per tissue 
weight (~105-fold less), but there was substantial enrichment of anti-dsDNA 
(~28-fold) and particularly anti-matrigel (~30,000-fold) autoantibodies 
consistent with their pathogenic deposition in the kidney.  Consistent with the 
immunofluorescence staining results, kidney eluates from BWF1 mice lacking 
the NZB Lbw2 locus had a significant reduction of total IgG, showing the same 
relative percentages of both anti-dsDNA and anti-matrigel of total IgG as wild-
type and congenic BWF1 mice.  The 25-30 times greater concentration of anti-
dsDNA in BWF1 kidney eluates compared to sera maybe due to the 
pathogenicity of anti-dsDNA antibodies and its cross-reactivity with glomerular 
membrane proteins.  It has been suggested the cross-reactive anti-DNA 
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antibodies could be important in initiating glomerular IgG deposition or 
damage.  Furthermore, it is likely that combinations of autoantibodies with 
different specificities and properties contribute to the overall glomerular 
pathology.

In contrast, BWF1 littermates from (NZW x NZB.NZW-Lbw2)F1 x NZB) 
with one or two copies of the NZB Lbw2 interval showed no differences in 
survival autoantibodies or kidney  pathology, consistent with dominant 
expression of the NZB Lbw2 allele.

Conclusion
These findings indicate that Lbw2 act at an early stage of disease pathogenesis, 
since it promotes both IgM and IgM autoantibody levels and glomerular 
deposits of IgG, with the earliest defect being hyper-responsive B cells.  In 
contrast, many other B cell alterations found in NZB mice, including expansion 
of marginal zone B cells, increased co-stimulatory  molecule expression, 
reduction in pre-B cells and increased B1 cells, were not affected by Lbw2 in 
BWF1 mice, and are therefore likely caused by other susceptibility loci where 
some of these B cell traits have been linked to chromosome 1.

An interesting question is how Lbw2 promotes lupus given the lack of 
increase in IgG autoantibodies.  It is unlikely that the higher levels of IgM 
autoantibodies directly  cause kidney damage, and it has been suggested that 
secreted IgM  may protect against GN in MRL-Faslpr mice.  Moreover, the 
absence of the NZB Lbw2 locus did not significantly  alter levels of anti dsDNA 
IgG subclasses or the overall antigen specificity of glomerular IgG eluates.  One 
possibility could be the C1q polymorphism, but we have smaller interval 
congenic lines that appear to exclude this possibility.  Nevertheless, it  seems 
possible that Lbw2 might act by promoting the deposition of immune 
complexes, and we are currently testing whether congenic mice have reduced 
formation or more efficient clearance of immune complexes than NZB mice. 
Another possible explanation is that Lbw2 enhances polyclonal activation and 
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thereby promotes a more pathogenic repertoire through activation of anergic B 
cells or antibodies with cross-reactivity.  Several findings related to 
autoantibody  production and lupus pathogenesis support this expanded early 
repertoire hypothesis.  Polyclonal B cell activation has been shown to precede 
the production of autoantibodies and to predict the development of nephritis in 
lupus-prone mice.  In fact, increased levels of total IgM  and IgM  anti-ssDNA 
antibodies were observed two months prior to the increases in IgM anti-dsDNA 
and anti-chromatin antibodies. 

Interestingly, the maintenance of IgG autoantibody levels despite the marked 
reduction of IgM autoantibodies and activated B cells also suggests the 
presence of a “checkpoint” controlling the number of activated B cells that can 
further mature to produce IgG.  This is probably related to limited amounts of T 
cell help  or self-antigen presentation, but nevertheless indicates a relatively 
specific contribution of Lbw2 to disease pathogenesis.  Moreover, previous 
studies have suggested that B cell numbers and IgM levels are independently 
regulated.  Since Lbw2 does not appear to influence either IgG production or B 
cell numbers, elucidation of its underlying genetic basis may provide insights 
into the regulation of IgM levels.
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Paper III: Characterization of Reciprocal Lmb1-5 
Interval MRL-Faslpr and B6-Faslpr Congenic Mice 
Reveals Significant Effects from Lmb3 

Introduction
Understanding of the etiopathogenesis of lupus is likely to foster the 
development of optimal treatments with minimal toxicity.  Expanding our 
knowledge of the background genes will make it possible to define subsets of 
loci that predispose to or limit the contributions of lupus, which will provide 
specific targets for therapeutic interventions, thus minimizing toxicities.

Vidal et al. analyzed the F2 intercross generation MRL-Faslpr bred with B6- 
Faslpr   and the QTL revealed 4 significant loci (Lmb 1-4) on chromosomes 4, 5, 
7, and 10.  All four loci demonstrated lymphoproliferation in secondary 
lymphoid organs and the first  three showed linkage to increased dsDNA 
autoantibodies.  In this paper III, we defined the role of each of these four loci 
using reciprocal interval congenic mice (Figure 3) 
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Figure 3  Lbw3  Congenic Mice15

Results 
Reciprocal interval congenic mice were generated for each locus and evaluated 
by characterizing the CFA-induced lupus.  The B6 background promoted 
increased LN weight in conjunction with Lmb1.  On the same background Lmb2 
contributed to a slight increase in LN weight and a decrease in splenic DN T 
whereas on Lmb4 it was only associated with increased LN weight.  The Lmb1  
B6 interval was associated with an increase in spleen weight and an increase of 
T cell subsets (CD8+ and DN T cells).  The Lmb2 and Lmb4 had minimal effect 
on MRL-Faslpr background.  The additive effect of these loci will be studied in 
double- or triple-congenic mice in the future.  The phenotypes of the different 
reciprocal Lmb mice are summarized in Table VII.
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When Lmb3 on chromosome 7 of congenic mice MRL-Faslpr background 
mice were analyzed at  autopsy, it was found that spleen size was decreased 3-
fold and lymph nodes by 50-fold.  BrdU and in vitro stimulation with plate-
bound anti-CD3 confirmed disease reduction as exemplified by lower 
proliferation, primarily  in the lymph nodes where the T subpopulations of T 
helper and DN were reduced.  T cells of these mice also showed increased 
spontaneous apoptosis. The reciprocal B6.MRL-Lmb3-Faslpr mice showed a 
significant increase in lymphoproliferation and autoantibody levels, and a 
reduced number of B cells were found. Smaller interval congenic mice were 
generated and characterized by  smaller lymphoid weights and survival rates as 
criteria.  It was then possible to define two smaller sublines that included the 
B6.Lmb3 allele.

Table VII Summary of Lmb Congenic Mice

Locus
Chr Traits Sus. 

Allele
Lines Phenotype

Lmb1 4 Lymphoid 
hyperplasia, ANAs, 
Sm, IgM RF (IgG1/2a)

C57BL/6 M.B-Lmb1

B.M-Lmb1

↑ Spleen, T cells
↑ LN

Lmb2 5 Lymphoid 
hyperplasia, ANAs, 
IgM RF (all), no Sm

MRL M.B-Lmb2

B.M-Lmb2

None detected
↗ LN ↓ Spleen

Lmb3 7 Lymphoid 
hyperplasia, ANAs, 
not histone, no RF

MRL M.B-Lmb3

B.M-Lmb3

↓ LN, auto Ab, T 
cells
↑ LN, Spleen, T cells

Lmb4 10 Lymphoid 
hyperplasia, GN

MRL M.B-Lmb4

B.M-Lmb4

None detected
↑ LN 

Chr - Chromosome; Sus. - susceptibility; M.B - MRL-Faslpr introgressed fragment from B6; 
B.M - B6-Faslpr introgressed fragment from MRL; Auto Ab - anti chromatin Ab.
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Conclusion                                                                                                                                                                                                 
When Lmb1-4 QTL were further analyzed in reciprocal interval-specific 
congenic mice, all loci had a slight effect on the lymphoproliferation.  Even if 
the effect  of each one was minor, the additive effect might be stronger, which 
will need to be addressed in congenic mice where the loci will be combined. 

However, the Lmb3 loci was found to be a major contribution to disease 
severity in mice regardless of the background (MLR-Faslpr or B6-Fasllpr).  The 
Lmb3 chromosome 7 interval encompasses a region containing more than one 
susceptibility loci, as Sle3 was thought to be in close proximity to Lmb3.  Both 
loci showed T cell hyperactivity  and reduced apoptosis but  for different reasons 
in that the former is an intrinsic defect T cell defect, whereas the latter is caused 
by increased antigen presentation by DC, indicating indicated their association 
with different genes.  Since this paper was published our group  has identified 
and characterized the gene for the Lmb3 locus (see paper IV).
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Paper IV: The Lupus-Related Lmb3 Locus Contains a 
Disease-Suppressing Coronin-1A Gene Mutation 

Introduction
The previous papers discussed herein were based on QTL and congenic fine 
mapping while paper IV describes the identification and characterization of the 
gene for the Lmb3 locus.

Hitherto, the loci Lmb1-4 were identified by QTL and their contribution to 
disease severity  were assumed to be additive, but after reciprocal interval-
specific congenic mice were generated (paper III), only Lmb3 demonstrated a 
strong phenotype with modified lymphoproliferation in CFA-induced lupus on 
both backgrounds.  The MRL-Faslpr with introgressed fragment from B6-Faslpr 
chromosome had less severe disease compared to background strain, while the 
reverse reciprocal congenic had more severe disease than the normal B6-Faslpr.

 Results 
When the Lmb3 was further mapped with smaller interval-specific mice and 
intercrosses, the locus was reduced to less than 1 Mb in size.  This interval, 
nevertheless contained 90 potential transcripts of which 19 were related to the 
immune system either by  previous studies or by expression in immunocytes.  
Sequence polymorphism revealed two possible candidate genes.  Rabep2, 
which was expressed primarily in B cells, had a R255Q mutation in the MRL-
Faslpr strain, and Coro1a, which was expressed mainly in hematopoietic cells, 
including lymphocytes, had a nonsense Q262X mutation in the B6-Faslpr/Scr 
strain.  The latter appeared more likely since previous data had documented 
defects in both B cells and T cells, and the mutation was a function impairing 
mutation in the middle of the Coro1a gene.  Interestingly, the Coro1aLmb3 
mutation turned out to have spontaneously arisen in our Scripps colony.  
Subsequently, backcrossing of the normal Coro1a gene from B6 mice onto the 
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B6-Faslpr/Scr strain resulted in enhanced lymphoproliferation.  This indicated 
that Coro1a was the underlying Lmb3 gene and that Lmb3 was not a 
susceptibility, but a disease suppressing locus.  

Coronin-1A is a 57 kDa actin binding protein that belongs to a family of 
proteins containing an actin binding β-propelled domain, a cell membrane-
region, and a coiled coil domain essential for homotrimerization.  It inhibits 
cross-linking of actin filaments by sequestering the inactive form of the ARP2/3 
complex and is cofactor for the F-actin-degrading cofilin.  Deficiency of 
Coronin-1A leads to accumulation of F-actin.  Coronin-1A contributes to the 
shape and motility of cells. 

As previously described in paper III, the Coro1aLmb3 mutation had a profound 
effect on T cells, with reduced single positive thymocytes and peripheral T 
cells, particularly the naïve CD44lo subpopulation in the lymph nodes.  Mutant 
T cells were found to have several functional alterations.  One was reduced 
migration to a chemokine gradient, which likely  accounted for the marked 
reduction in lymph node T cells.  Another was increased spontaneous apoptosis 
associated with increased mitochondrial depolarization and increased Caspases 
3 and 8 activation.  Finally, there was reduced activation associated with a Ca2+ 

flux defect that was localized to between stored Ca2+ release and activation of 
the CRAC channel.  The Coro1aLmb3 mutation was shown to severely suppress 
T-dependent, but not T-independent humoral responses and was also inhibited 
germinal center formation following immunization.  T cell transfer studies 
showed that the presence of the Lmb3 mutation in T cells was sufficient to 
inhibit the development of lupus

Conclusion
In this paper IV, the gene for Lmb3 loci was cloned and shown to be a 
spontaneous nonsense function-impairing mutation in the Coro1a gene.  The 
Lmb3 mutation was found to result in the accumulation of F-actin and was 
associated with a significant defect in migration.  F-actin accumulation was also 
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associated with reduced T cell activation and a reduction in peak Ca2+ flux 
defect following activation by anti-CD3 and anti-CD28.  Accumulation of F-
actin also induced mitochondrial depolarization linked to increased spontaneous 
apoptosis.  These defects resulted in reduced numbers of single-positive 
thymocytes and peripheral T cells, primarily CD4+ T cells in the lymph nodes, 
which was linked to reduced T-cell-dependent humoral responses and absence 
of germinal centers.  In mice, these defects reduced the occurrence of systemic 
autoimmunity.  Thus, we identified a new lupus suppressing gene from the large 
actin mobilizing family of molecules.  Our findings highlight the complexity  of 
the genetics of lupus and other autoimmune diseases, and further suggest that 
genes involved in controlling the actin cytoskeleton might be viable targets for 
autoimmune therapeutics. 
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CONCLUDING REMARKS

Systemic lupus erythematosus has been extensively studied for years both in 
humans and mouse models.  The fact  that the human and mouse genomes have 
been decoded will hopefully help address some of the problems in dissecting 
the genetic basis for this disease.  However, genetic heterogeneity in 
combination with a complex disease pathogenesis and the influence of 
environmental factors will continue to complicate efforts to define the etiology 
and processes involved in the development of SLE.  Nevertheless, knowledge 
of the predisposing and suppressing genes will undoubtedly  greatly facilitate 
understanding of the mechanisms leading to lupus and should enhance 
development of new approaches to diagnosis and treatment.

Several groups have made significant progress over the past few years in 
defining genetic susceptibility in lupus by  studying both induced and 
spontaneous mouse models.  Here, in this thesis, my work on an induced and 
two spontaneous models of lupus are presented.  These studies encompass 
mapping, characterization of interval congenic mice, and cloning of the Lmb3 
locus gene.  In the first  paper the Hmr1 locus on chromosome 1 was identified 
and found to be associated with reduced immune complex deposits in mice 
containing the DBA/2 Hmr1 interval.  In paper II, the contribution of Lbw2, a 
NZB susceptibility  locus on chromosome 4, to lupus pathogenesis was defined 
in (NZBxNZW)F1 mice using interval-specific congenic crosses.  This study 
identified B cell hyperactivity as the probably underlying defect.  In Paper III, 
the Lmb3, a MRL locus on chromosome 7, was shown to be a major lupus 
predisposing factor in reciprocal congenic mice of both the MRL-Faslpr and B6-
Faslpr backgrounds.  Finally, paper IV identified the genetic basis for Lmb3 loci 
as a spontaneous nonsense function-impairing mutation in the Coro1a gene.  
This mutation suppressed autoimmunity by impairing several major T cell 
functions, including the ability to provide helper function to B cells.  
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Where the results highlight the complexity of the genetics of lupus and other 
autoimmune diseases, and further suggest that genes involved in controlling the 
actin cytoskeleton might be viable targets for autoimmune therapeutics.
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