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Résumé 

 

Le lupus érythémateux disseminé (LED) est une maladie chronique auto-immune 

caractérisée par la production d’autoanticorps dirigés contre les antigènes nucléaires. 

L’étiologie du lupus n’est pas encore claire mais de nombreuses études indiquent un 

rôle des récepteurs Toll-like (TLR) et leurs voies de signalisation dans l’initiation et 

la mise en place du LED. Mon projet de thèse avait deux objectifs dont le premier 

était de comprendre comment le TLR8 et TLR9 contribuent au lupus dépendant de 

TLR7. Des études antérieures de notre laboratoire ont révélé que le TLR8 murin 

contrôle la fonction de TLR7 dans les cellules dendritiques et est aussi impliqué dans 

le lupus. D’autre part, TLR9 contrôle également le lupus dépendant de TLR7. 

Cependant, leur contribution respective dans le contrôle de TLR7 restait inconnue. En 

étudiant des souris doublement déficientes pour TLR8 et TLR9, nous avons constaté 

que les souris TLR8/9
-/- 

présentent une maladie exacerbée avec une splénomégalie 

accrue, des niveaux d’autoanticorps circulants plus élevés et des dépôts de complexes 

immuns plus importants au niveau des reins par rapport aux souris déficientes pour 

TLR8 ou TLR9 uniquement. En outre, nous avons révélé que TLR8 contrôle 

l’expression de TLR7 dans les cellules dendritiques, tandis que le TLR9 contrôle la 

fonction de TLR7 dans les cellules B. Ainsi, TLR8 et TLR9 ont un effet additif dans 

le contrôle du lupus dépendant de TLR7 et leur action est spécifique d’un type 

cellulaire donné. Le deuxième objectif était d'étudier l'implication du répresseur 

transcriptionnel Gfi-1 dans la signalisation des TLR et le développement de lupus en 

utilisant des souris Genista. Ces souris portent une mutation ponctuelle dans le gène 

Gfi-1 qui code pour un répresseur transcriptionnel régulant de façon négative la voie 

TLR4 et potentiellement impliqué dans l’auto-immunité. Nous avons constaté que les 

souris Genista développent un lupus dépendant de TLR7, caractérisé par 

l’augmentation des auto-anticorps circulants et l’apparition d’une pathologie rénale. 

De plus, nous avons montré que Gfi-1 agit comme un répresseur de la transcription en 

aval de TLR7 et contrôle l’expression d’Interféron de type I dépendante des TLR. 

Ainsi, le déséquilibre des interactions entre TLR ainsi que les facteurs 

transcriptionnels en aval de ces TLR peuvent conduire à des mécanismes 

d’inflammation et d’auto-immunité qu’il est important de prendre en compte dans le 

développement d’approches thérapeutiques nouvelles ciblant les TLRs. 
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Abstract 

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease characterized 

by production of autoantibodies against nuclear antigens. The etiology of SLE is still 

unclear, but many studies indicate a role for Toll-like receptors (TLRs) and their 

signaling pathways in the initiation and establishment of SLE. The project of my thesis 

had two aims. The first was to understand how the cooperation of TLR8 and TLR9 

contributes to TLR7-mediated lupus. Previous studies in the laboratory revealed that 

murine TLR8 controls TLR7 function and that TLR8 deficiency in mice leads to 

TLR7-dependent lupus. Moreover, TLR9 also controls TLR7-mediated lupus. 

However, it was unknown if TLR8 and TLR9 act in parallel or in series in the same 

or different cell types and if they have an additive effect or not in controlling TLR7 

function. By studying double TLR8/9
-/- 

mice, we found that TLR8/9
-/-

 mice had 

exacerbated disease as revealed by increased splenomegaly, higher levels of 

antibodies in sera and accumulation of immunocomplexes in kidneys compared to 

single TLR8
-/- 

or TLR9
-/-

 mice. Moreover, we revealed that TLR8 controls TLR7 

expression and function on DCs, while TLR9 restrains TLR7 responses in B cells. 

Thus, TLR8 and TLR9 have an additive effect on controlling TLR7-mediated lupus, 

and that their function is cell type specific. The second aim of my thesis was to study 

the implication of the transcriptional repressor Gfi-1 in TLR-signalling and lupus 

development using Genista mice. Genista mice carry a single-point mutation in the 

Gfi-1 gene. Gfi-1 encodes a transcriptional repressor that negatively regulates the 

TLR4 pathway, and data suggest that might be implicated in autoimmunity. We 

found that Genista mice develop lupus characterized by elevated circulating 

autoantibodies and renal pathology and that the disease is TLR7-dependent. In 

addition, we demonstrated that Gfi-1 act as a transcriptional repressor downstream of 

TLR7 and controls TLR7- dependent type-I IFN expression. Thus, unbalancing TLR-

interactions and transcription factors downstream of TLRs can lead to inflammation 

and autoimmunity. These mechanisms have to be taken into account when novel 

therapeutic approaches are developed that target TLRs. 
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Introduction 

 

1. Innate and Adaptive Immunity  

 

The immune system is a network of cells, tissues and organs that work together to 

protect the body from infection. Host defense mechanisms consist of innate immunity 

which mediates the initial protection against infections and adaptive immunity which 

develops more slowly and provides more specialized and effective defense against 

infection (Janeway C.A. Jr., 2001) 

The basis of innate immunity was formed by the work of Metchnikov in starfish 

larvae. He observed that white blood cells are able to engulf and destroy bodies such 

as bacteria and this process was called phagocytosis (Metchnikov, 1884). Innate 

immunity is a fast, basic and conserved ancient defense system and the first line of 

defense against infection. The characteristics of the innate immune response include 

non-specific killing of microbes by phagocytosis, leukocyte recruitment to sites of 

infection and initiation of inflammation.  

The innate immune system relies on a limited repertoire of receptors called Pattern 

Recognition Receptors (PRRs) for the detection of invading pathogens but 

compensates for this limited number of invariant receptors by targeting conserved 

microbial components that are shared by large groups of microorganisms called 

Pathogen-associated molecular patterns (PAMPs). Innate immunity plays a central 

role in activating the subsequent adaptive immune response which sets in place B and 

T cell responses for the elimination of the pathogen that have been encountered 

(Akira et al., 2006; Janeway and Medzhitov, 2002). The adaptive response is specific 

and is characterized by an immunological memory that will lead to a more efficient 

and rapid destruction at a second contact with the same pathogen (Pulendran and 

Ahmed, 2006). 

The first discoveries about adaptive immunity were due to von Behring and Kitasato 

who produced  passive immunity to diphtheria and tetanus in animals that received 

injections of blood serum from other animals affected by the disease (Behring and 
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Kitasato, 1890). Subsequently, Erhlich proposed a theory that predicted the 

mechanism of antibody production by B cells in response to antigens. Based on this 

proposal, the body produces abundant side-chains (antibodies) able to react with 

specific bacterial toxins (Ehrlich, 1900). Some years later, the adaptive immunity 

started to be categorized in humoral and cellular immunity. In adaptive or acquired 

immunity, pathogen-specific receptors are "acquired" during the lifetime of the 

organism (Janeway and Medzhitov, 2002). The diversity of antigen receptors is due to 

V(D)J recombination which is an irreversible genetic recombination of antigen 

receptor gene segments, and also somatic hypermutation, a process of accelerated 

mutations (Tonegawa, 1983). Because gene rearrangements lead to an irreversible 

change in the DNA of each cell, all the progeny of that cell will inherit genes 

encoding receptors with same specificity. This is particularly relevant for the memory 

B and T cells that are the keys to long-lived specific immunity  

For long time, the innate and adaptive immune response had been considered 

independent from each other and much attention had been focused on the field of 

adaptive immunity. Charles Janeway proposed an integrative theory suggesting a 

close link between innate and adaptive immunity (Medzhitov and Janeway, 1999). 

Currently, innate immunity is no more seeing as “nonspecific immunity” but as a 

proud partner with the adaptive immune system in protecting mammalian hosts from 

infections. Furthermore, much evidence has demonstrated that the activation of innate 

immunity and its cells is a prerequisite for the proper induction of adaptive immunity. 

This paradigm shift changed the thinking on pathogenesis and treatment of many 

diseases (Medzhitov and Janeway, 1999). 

 

2. Autoimmunity and how the immune system can cause disease  

 

The immune system is made to recognize and to respond to several pathogens, but at 

the same time it should remain unresponsive to self-antigens since immune responses 

against self-antigens lead to autoimmunity. The normal consequence of an immune 

response against a foreign antigen is the clearance of the antigen from the body. 

http://en.wikipedia.org/wiki/Immune_receptor
http://en.wikipedia.org/wiki/V(D)J_recombination
http://en.wikipedia.org/wiki/Genetic_recombination
http://en.wikipedia.org/wiki/Somatic_hypermutation
http://en.wikipedia.org/wiki/Mutation
http://en.wikipedia.org/wiki/DNA
http://en.wikipedia.org/wiki/Offspring
http://en.wikipedia.org/wiki/Memory_T_cells
http://www.ncbi.nlm.nih.gov.gate2.inist.fr/books/n/imm/A2528/def-item/A2579/
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Virus-infected cells, for example, are destroyed by cytotoxic T cells, whereas soluble 

antigens are cleared by formation of immune complexes of antibody and antigen, 

which are taken up by cells of the mononuclear phagocytic system such as 

macrophages (Atassi and Casali, 2008). When an adaptive immune response develops 

against self-antigens, it is usually impossible for immune effector mechanisms to 

eliminate the antigen completely, thus provoking a sustained response. As a 

consequence the effector pathways of immunity cause chronic inflammatory injury to 

tissues, which may prove lethal. Some mechanisms of tissue damage in autoimmune 

diseases are similar to those that operate in protective immunity and in 

hypersensitivity diseases (Albani, 1994). Nevertheless, most people do not develop 

autoimmune disease because the pathogenicity of these self-reactive cells is 

counterbalanced by regulatory mechanisms that are constantly at work suppressing 

potentially damaging responses, thus maintaining tolerance to self (Mueller, 2010). 

There are two major types of autoimmune diseases, those in which the expression of 

autoimmunity is restricted to specific organs of the body, known as “organ-specific” 

autoimmune diseases, and those in which many tissues of the body are affected, the 

“systemic” autoimmune diseases (Janeway C.A. Jr., 2001). Examples of autoimmune 

diseases and their prevalence in the world (Figure 1) include: 

 Rheumatoid arthritis (RA) - affects mainly the joints but the eyes, lungs 

and heart may also be affected. Symptoms include swollen and deformed 

joints. 

 Psoriasis - affects the skin. Features include the development of thick, 

reddened skin scales.  

 Crohn’s disease - is a type of inflammatory bowel disease that can affect 

any part of the gastrointestinal tract from mouth to anus, causing a wide 

variety of symptoms. 

 Diabetes (Type I) - affects the pancreas. Symptoms include thirst, frequent 

urination, weight loss and an increased susceptibility to infection.  

 Graves' disease - affects the thyroid gland. Symptoms include weight loss, 

elevated heart rate, anxiety and diarrhea.  

http://www.ncbi.nlm.nih.gov.gate2.inist.fr/books/n/imm/A2528/def-item/A2755/
http://www.ncbi.nlm.nih.gov.gate2.inist.fr/books/n/imm/A2528/def-item/A2575/
http://www.ncbi.nlm.nih.gov.gate2.inist.fr/books/n/imm/A2528/def-item/A2607/
http://www.ncbi.nlm.nih.gov.gate2.inist.fr/books/n/imm/A2528/def-item/A2607/
http://www.ncbi.nlm.nih.gov.gate2.inist.fr/books/n/imm/A2528/def-item/A3119/
http://en.wikipedia.org/wiki/Inflammatory_bowel_disease
http://en.wikipedia.org/wiki/Gastrointestinal_tract
http://en.wikipedia.org/wiki/Mouth
http://en.wikipedia.org/wiki/Anus
http://en.wikipedia.org/wiki/Symptoms
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 Inflammatory bowel disease - including ulcerative colitis and, possibly, 

Crohn's disease. Symptoms include diarrhea and abdominal pain.  

 Multiple sclerosis (MS) - affects the nervous system. Depending on which 

part of the nervous system is affected, symptoms can include numbness, 

paralysis and vision impairment.  

 Systemic lupus erythematosus (SLE) - affects connective tissue and can 

strike any organ system of the body. Symptoms can include joint 

inflammation, fever, weight loss and a characteristic facial rash. 

 

Figure 1: Prevalence of most common autoimmune diseases in the world 

(Reumathoidarthritis.net). 

 

Usually autoimmunity is not set off by a single cause but can be triggered by a variety 

of immunological, environmental and genetic mechanisms. Gender, sex hormones 

and infections can also be risk factors to trigger autoimmunity. However, even if a 

given autoimmune disease were to be initiated primarily by a single trigger, other 

events and regulating mechanisms come into play, thereby adding complexity to the 

process (Atassi and Casali, 2008). Some of the mechanisms that can cause 

autoimmune diseases include escape from central and peripheral tolerance, 

production of autoantibodies, disruption in the level or activity of inhibitory 
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molecules and dysregulated apoptosis. More details on these mechanisms are 

presented below: 

 

2.1 Escape from Central and Peripheral Tolerance  

 

Although autoreactive T lymphocytes are constantly generated in the thymus, many 

of these cells are eliminated before they complete their maturation. However, this 

process is imperfect, because normal healthy individuals have circulating T cells that 

are capable of mounting pathogenic immune responses directed against self-antigens 

(Davis et al., 2011).  

Immunological tolerance is broadly classified in central and peripheral. Central 

tolerance occurs via clonal selection in the thymus and the bone-marrow, the primary 

lymphoid organs where T and B cells develop, respectively. In the bone-marrow, 

autoreactive B cells that interact strongly with membrane-bound self-antigens are 

negatively selected or deleted (Cyster and Goodnow, 1995). To avoid cell loss, B 

cells have a tolerogenic process called “receptor editing” which involves a 

modification in the light chain of the antigen receptor that changes its specificity and 

avoids cell loss during clonal selection (Halverson et al., 2004). In the thymus, 

antigen presenting cells (APCs) interact with developing thymocytes by presenting 

self-antigens via major histocompatibility complex (MHC). T cells expressing a 

receptor with high affinity for self-antigens are negatively selected or deleted (Burnet, 

1959; Hogquist et al., 2005). However, some autoreactive B/T cells can escape from 

the central tolerance and leave the primary lymphoid organs. Still, this escape does 

not automatically lead to autoimmunity because in the periphery there is a second 

tolerogenic mechanism. Peripheral tolerance is mediated by regulatory T cells (Treg) 

and tolerogenic dendritic cells (DCs) (Blanco et al., 2008; Wing and Sakaguchi, 

2010). 

 

 

http://en.wikipedia.org/wiki/Regulatory_T_cells
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2.2 Natural antibodies 

 

 Natural antibodies or autoantibodies arise independently of known and/or deliberate 

immunization. They bind a variety of exogenous antigens, such as bacteria, viruses, 

fungi as well as self-antigens, such as nucleic acids, erythrocytes, serum proteins, 

cellular components, insulin or thyroglobulin (Casali and Schettino, 1996). Most 

natural autoantibodies are IgM and polyreactive, they bind to several unrelated 

antigens, generally with moderate intrinsic affinity, although natural mono-reactive 

antibodies also exist (Casali and Schettino, 1996; Harindranath et al., 1993; Phillips-

Quagliata et al., 2001). Despite the low-to-moderate intrinsic affinity of their antigen-

binding sites, natural IgM antibodies possess a high overall binding avidity because 

of their decavalency, a feature that makes these antibodies particularly effective in 

binding antigens with a repetitive structure on the surface of cells, tissues, bacteria 

and viruses. Natural autoantibodies are produced mainly by B-1 cells (Casali et al., 

1987), the predominant lymphocytes in the neonatal B-cell repertoire, and by 

marginal zone B cells (Casali and Notkins, 1989; Duan and Morel, 2006; Kasaian et 

al., 1991). B-1 cells are highly effective in presenting antigen (Mohan et al., 1998) 

and can have an important function in the production of pathogenic auto-antibodies in 

several autoimmune diseases (Kasaian and Casali, 1993, 1995). 

 

2.3 Apoptosis 

 

Apoptosis, a process of programmed cell death and removal of damaged cells, results 

in the release of cell components that are made accessible to immune recognition. 

This process exposes cytoplasm as well as nuclear components normally protected 

inside the cell, and can thus trigger immune responses to components of the 

cytoplasm, the membrane and/or the nucleus (Kerr et al., 1972). Apoptosis is essential 

for the prevention of autoimmunity because it controls the disposal of autoreactive T 

cells and enables the homeostasis and downregulation of immune responses against 

self-antigens (Elmore, 2007). Several autoimmune disorders have been linked to 
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apoptosis (Franz et al., 2006; Navratil et al., 2006; Viorritto et al., 2007). Defects in T 

cell apoptosis have been reported in autoimmunity associated with type 1 diabetes 

(Gronski and Weinem, 2006) and apoptotic loss of pancreatic β-cells has been 

reported to cause autoimmune responses that contribute to the onset and progression 

of type 1 diabetes (Lee and Pervaiz, 2007). In the presence of defective clearance of 

cellular debris or subcellular particles, apoptosis can be a significant trigger of 

autoimmune responses against nuclear components (Martelli et al., 2001). Defects in 

phagocytosis and/or other clearance of necrotic cells and subcellular particles in the 

germinal centers of secondary lymphoid organs can induce autoimmunity (Cline and 

Radic, 2004), and play a role in the pathogenesis of systemic autoimmune responses, 

such as those in SLE (Gaipl et al., 2006; Wu et al., 2001). 

 

2.4 Inhibitory molecules 

 

The immune system is also regulated by molecular interactions that organize, direct 

and control its functions. Molecular and/or cellular changes that compromise the 

correct performance of this network have been found to be associated with 

autoimmune diseases. The T and B cell activity is affected by inhibitor receptors, like 

cytotoxic T lymphocyte-associated antigen-4 (CTLA4) and programmed death-1 

(PD-1) (Fife and Bluestone, 2008) for T cells and FcRII, CD22 and PD-1 for B cells. 

CTLA4 is a member of the immunoglobulin superfamily, which is expressed on the 

surface of helper T cells and transmits an inhibitory signal to T cells. CTLA4 is 

similar to the T-cell co-stimulatory protein, CD28, and both molecules bind to CD80 

and CD86 on antigen-presenting cells (APCs). CTLA4 transmits an inhibitory signal 

to T cells, whereas CD28 transmits a stimulatory signal (Magistrelli et al., 1999; 

Waterhouse et al., 1995). T cell activation through the T cell receptor and CD28 leads 

to increased expression of CTLA-4, an inhibitory receptor for B7 molecules. Certain 

alleles of the CTLA4 gene have been proposed to act as nonspecific costimulatory 

(exacerbating) elements in autoimmunity. CTLA4 gene polymorphism is associated 

with increased predisposition to certain autoimmune diseases (Vigano et al., 2005). In 

a similar way as CTLA4, PD-1 interactions with PD-L1 and PD-L2 downmodulate 
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immune responses (Fife and Bluestone, 2008). The role of the PD-1/PD-L1 pathway 

in autoimmunity has been investigated in vivo in several experimental animal models 

including insulin-dependent diabetes mellitus, systemic lupus erythematosus, 

myocarditis, encephalomyelitis, rheumatoid arthritis and inflammatory bowel 

diseases. With the advent of candidate gene and genome-wide association studies, 

single nucleotide polymorphisms (SNPs) in the PD-1 gene in humans have 

demonstrated relevant associations with a higher risk for developing autoimmune 

diseases in certain ethnic groups (Gianchecchi et al., 2013). 

FcRII is a receptor for the Fc portion of IgG5, a member of the Ig superfamily and 

the only Fc receptor expressed by B cells. FcRII inhibits signaling through the B cell 

receptor (BCR) when B cells interact with immune complexes containing IgG. Upon 

interaction with IgG, FcRII activates molecules that decrease the recruitment of 

BCR activators to the signalosome complex (Malbec et al., 1999). Evidence of a role 

for defective FcRII inhibition in the pathogenesis of autoimmunity is found in 

studies of FcRII deficient mice, in mouse models of autoimmune disease and in SLE 

patients (Boackle et al., 2001; Bolland and Ravetch, 2000). 

 

3. SLE in humans 

 

Systemic lupus erythematosus (SLE or lupus) is a systemic autoimmune disease that 

can affect any part of the body. SLE most often harms the heart, joints, skin, lungs, 

blood vessels, liver, kidneys and nervous system. The course of the disease is 

unpredictable, with periods of illness, also called flares, alternating with remissions 

(Rahman and Isenberg, 2008). One of the most severe manifestations in SLE is lupus 

nephritis, which remains a cause of substantial morbidity and mortality, either 

secondary to kidney disease, or as a result of intense immunosuppressive drug 

toxicity (Bernatsky et al., 2006; Borchers et al., 2004; Borchers et al., 2010; Hiraki et 

al., 2012). 

The overall incidence of SLE generally ranges from 1 to 5 in 100.000 and the 

prevalence from 20 to 150 in 100.000 people, with women being affected 9 times 

http://en.wikipedia.org/wiki/Systemic_autoimmune_disease
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more frequently than men (Borchers et al., 2010). The frequency of SLE is 2- to 8-

fold higher in non-European populations, particularly those of African ancestry. The 

onset of SLE in most populations occurs most commonly during the third and fourth 

decade of life and somewhat later in populations of European descent. Approximately 

15–20% of patients experience the onset of SLE prior to 18 years of age. The 

frequency of renal involvement is particularly high in juvenile-onset SLE, ranging 

from 50% to 80% in most cohorts described today (Abdwani et al., 2008; Barron et 

al., 1993; Font et al., 1998; Hoffman et al., 2009) and does not differ with ethnicity 

(Barron et al., 1993). In contrast, lupus nephritis is less frequent in patients with late-

onset SLE (≥50 years), with fewer than 30% of patients affected (Boddaert et al., 

2004). Renal disease may be the first manifestation of SLE, but most commonly 

occurs within a year of diagnosis, and almost always within 5 years, but can occur 

any time throughout the course of the disease (Seligman et al., 2002). Renal nephritis 

prevalence differs significantly by ethnicity, being 3.5 in 100.000 for white, 13.3 in 

100.000 for Indo-Asian, 64.6 in 100.000 for Afro-Caribbean and 66.7 in 100.000 for 

Chinese patients. This is in agreement with numerous cohort studies demonstrating 

that SLE patients of European descent have the lowest frequency of renal disease 

(20–45%) (Alonso et al., 2011; Brugos et al., 2006; Cervera and Font, 1993), whereas 

50–70% of SLE patients develop nephritis in African American and certain Asian, 

Arab, Hispanic, indigenous and mestizo populations (Borchers et al., 2010). Non-

European patients, in particular those with African ancestry, often develop nephritis 

earlier in the course of the disease (Alarcon et al., 2006; Bastian et al., 2002; Burgos 

et al., 2011; Hopkinson et al., 2000; Pons-Estel et al., 2004; Seligman et al., 2002). 

The diagnosis of lupus is considered complex because the symptoms vary among the 

patients and can appear at different times. Current guideline revised by the American 

College of Rheumatology requires that patient have 4 out of the 11 criteria (Table 1). 

For diagnosis various laboratorial tests should be done and the gold standard is the 

antinuclear antibody (ANA) test (Sullivan, 2000). 
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1 Malar Rash 

2 Discoid Rash 

3 Serositis, pleuritis, pericarditis 

4 Oral ulcers: usually painless 

5 Arthritis 

6 Photosensitivity 

7 Blood disorders 

8 Renal Disease 

9 ANA positive 

10 Immunologic: Anti-ds DNA, SmRNP, anticardiolipin 

11 Neurologic: seizure or psychosis 

 

Table 1: 1997 American College of Rheumatology Revised Criteria for the 

Classification of SLE (Hochberg, 1997). Abbreviations: ds,double-stranded; SmRNP, 

a small nuclear ribonucleoprotein. 

 

3.1 Autoantibodies in SLE 

 

The central immunological disturbance in patients with SLE is autoantibody 

production. These antibodies are directed against several self-molecules found in the 

nucleus, the cytoplasm, and on the cell surface, in addition to soluble molecules such 

as coagulation factors (Mok and Lau, 2003). Antinuclear antibodies are most 

characteristic and present in more than 95% of patients. Anti-double-stranded DNA 

(ds-DNA) and anti-SmRNP antibodies are unique to patients with SLE (Marks and 

Tullus, 2012; Mok and Lau, 2003; Tan et al., 1982). The SmRNP antigen is 

designated as a small nuclear ribonucleoprotein (SmRNP) and is composed of a 

unique set of uridine rich RNA molecules bound to a common group of core proteins 

and other proteins associated with RNA molecules. Anti-SmRNP antibodies react 
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with smRNP core proteins, whereas anti-DNA antibodies bind to a conserved nucleic 

acid determinant widely present on DNA. Anti-DNA antibody titers frequently vary 

over time and disease activity, while anti-Sm antibody titers are usually constant. 

The most remarkable feature of anti-DNA antibodies is their association with 

glomerulonephritis (Ehrenstein et al., 1995). Anti-DNA antibodies can be isolated in 

an enriched form from glomerular eluates of patients with active lupus nephritis 

(Ehrenstein et al., 1995). These antibodies show preferential deposition in the 

kidneys, suggesting that DNA-anti-DNA antibody immune complexes are the main 

mediators of inflammation (Foster et al., 1993). They can also bind to DNA adherent 

to the glomerular basement membrane via the histones or interact with additional 

glomerular antigens, such as C1q, nucleosomes, heparan sulfate and laminin. The 

binding of anti-DNA antibodies to these antigens may initiate local inflammation and 

complement activation, and may also anchor immune complexes to the kidney sites, 

whether formed in the circulation or in situ. However, the correlation between anti-

DNA antibodies and lupus nephritis is not universal since some patients with active 

nephritis are negative for anti-DNA antibodies, whereas some patients with persistent 

high titers of anti-DNA may not show renal involvement (van Bruggen et al., 1997). 

 

3.2 Treatment for SLE 

 
There is no curative treatment available for SLE. The current treatments are effective 

at reducing morbidity and mortality and they frequently have adverse effects 

(Yildirim-Toruner and Diamond, 2011). An algorithm for the treatment of SLE is 

proposed in Figure 2 (Xiong and Lahita, 2014). Antimalarials and non-steroidal anti-

inflammatory drugs are currently used in almost all SLE patients, due to the many 

beneficial effects associated with their use as reported over the years; reduction in 

mortality, damage, flares, cardiovascular morbidity, and infections may occur due to 

the multiple immunomodulatory and metabolic effects of these compounds (Bertsias 

et al., 2008; Ruiz-Irastorza et al., 2010). Glucocorticoids are still common in the 

treatment of SLE in case of organ involvement; however, they have been associated 

with several adverse events including cardiovascular events, diabetes mellitus, 
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osteoporosis, osteonecrosis, infections, glaucoma, cataracts, psychological disorders, 

among several other deleterious effects (Ruiz-Irastorza et al., 2012). 

Several immunosuppressive drugs have been used in SLE as steroid-sparing or to 

augment their effect when steroids alone have not been able to abate the 

manifestations associated with severe organ system involvement. For example, 

cyclophosphamide has been shown to be efficacious in patients with lupus nephritis 

and neurological involvement. However, as cyclophosphamide has been associated 

with various adverse events, there has been several proposals for reducing the time 

and dose of this medicine (Yildirim-Toruner and Diamond, 2011). 

Mycophenolatemofetil has emerged as another option for the treatment of lupus 

nephritis, being at least as effective as cyclophosphamide for the induction phase. 

Other therapeutic options for these patients are azathioprine, methotrexate, 

cyclosporine, tacrolimus, and leflunomide. However, all these immunosuppressive 

drugs are also associated with several adverse events like infections and malignancies 

(Ugarte-Gil and Alarcon, 2014). Some advances in understanding the 

immunopathogenesis of SLE have led to the development of targeted 

immunotherapies, such as the anti-BAFF antibody belimumab, which has been 

approved as an add-on therapy for patients who have active disease despite receiving 

standard therapy (Sthoeger et al., 2014). 

Despite these treatments, SLE patients still have a threefold increase in all-cause 

mortality compared to the general population (Yurkovich et al., 2013). In addition, 

there is still a big gap between what lupus patients need or expect and what current 

treatment options offer. Therefore, better understanding of the causes and 

mechanisms of SLE pathogenesis is pivotal for the development of novel therapeutic 

means with improved efficacy and lower toxicity. 
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Figure 2: Algorithm for the treatment of SLE. Abbreviations: MMF: mycophenolate 

mofetil; NSAIDs: non-steroidal anti-inflammatory drugs. Adapted from (Xiong and 

Lahita, 2014). 
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4. Toll-like receptors (TLRs) 

Innate immune responses are initiated by PRRs, which recognize microbial 

components that are essential for the survival of the microorganisms. Among the 

PRRs, Toll-like receptors (TLRs) are capable of sensing various microrganisms like 

bacteria, fungi, protozoa, and viruses, and they play a major role in innate and 

adaptive immunity (Hopkins and Sriskandan, 2005). The first receptor belonging to 

the family of TLRs was discovered in Drosophila melanogaster. Initially, its only 

identified function was its essential role for the formation of the dorsoventral axis of 

the fly embryo (Hashimoto et al., 1988). In the early 1990’s, it was revealed that Toll 

had a cytosolic portion homologous to that of IL-1R (Bird et al., 1988; Dower et al., 

1985; Gay and Keith, 1991), the active receptor for IL-1, a cytokine that plays a very 

significant role in several immune responses, mediating a variety of local and 

systemic effects. In 1996, Toll was found to be important for the antifungal defense of 

the adult fly by Hoffman’s group (Lemaitre et al., 1996). In 1997, it was showed by 

Janeway’s group that Toll has a homologue in humans (Medzhitov et al., 1997) and 

one year later, Beutler’s group revealed a role for mammalian TLR4 in the specific 

detection of lipopolysaccharide (LPS), a constituent of the external membrane of 

Gram-negative bacteria (Poltorak et al., 1998a; Poltorak et al., 1998b). 

TLRs are type I integral membrane glycoproteins composed of an extracellular, a 

transmembrane and an intracellular signaling domain (Gay and Gangloff, 2007). The 

extracellular N-terminal domain is specialized in the ligand recognition and consists 

of 16-28 leucine-rich repeats (LRRs), each of which consisting in 20-30 amino acids 

with the conserved motif “LxxLxLxxN” (Kajava, 1998; Kobe and Kajava, 2001). The 

intracellular C-terminal is known as the Toll/IL-1 receptor (TIR) domain and shows 

homology with that of the IL-1 receptor. This domain is required for the interaction 

and recruitment of various adaptor molecules that lead to the activation of 

downstream signaling pathways. 

Until today, 13 mammalian TLRs have been identified (Hopkins and Sriskandan, 

2005). They are expressed by APCs, lymphocytes and non-immune cells and their 

signaling leads to the secretion of cytokine and chemokines. So far, 10 and 12 

functional TLRs have been identified in humans (TLR1-TLR10) and mice (TLR1-
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TLR9, TLR11-TLR13), respectively, with TLR1–TLR9 being conserved in both 

species. Mouse TLR10 is not functional because of a retrovirus insertion, and TLR11, 

TLR12 and TLR13 are not present in the human genome (Kawai and Akira, 2010). 

Studies of mice deficient in each TLR as well as studies on humans have 

demonstrated that each TLR has a distinct function in terms of PAMP recognition and 

immune responses (Akira et al., 2006).  

 

The recognition of PAMPs by TLRs occurs in various cellular compartments, 

including the plasma membrane, endosomes, lysosomes and endolysosomes (Akira et 

al., 2006). The proper cellular localization of TLRs is thought to be important for 

ligand accessibility and, maintenance of tolerance to self-molecules such as nucleic 

acids (Diebold et al., 2006). TLRs function as homodimers or heterodimers. TLR1, 

TLR2, TLR4, TLR5, TLR6 and TLR10 are located on the cell surface and recognize 

mainly components from bacteria (Figure 3). TLR3, TLR7, TLR8, TLR9 and 

TLR11, TLR12 and TLR13 are expressed in intracellular vesicles such as endosomes, 

lysosomes, endolysosomes and endoplasmic reticulum (Figure 3). Intracellular TLRs 

span the endosomal membrane with the ligand-binding domains inside the lumen and 

the signaling domains in the cytoplasm. They mainly function as homodimers and 

recognize nucleic acids, from viral genomic nucleic acids and/or replication 

intermediates (Blasius et al., 2010; Diebold, 2010). 
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Figure 3: Mammalian TLRs and their ligands (Borden et al., 2007). 

 

Despite the wide range of ligands recognized by TLRs, the receptors share a common 

structural framework in their extracellular, ligand-binding domains (Botos et al., 

2011). These domains adopt horseshoe- or ring-shaped structures built from leucine-

rich repeat motifs. Typically, upon ligand binding, two extracellular domains form an 

‘‘m’’-shaped dimer sandwiching the ligand molecule (Figure 4) and bringing the 

transmembrane and cytoplasmic domains in close proximity to trigger a downstream 

signaling cascade. Although the ligand-induced dimerization of these receptors has 

many common features, the nature of the interactions of the TLR extracellular 

domains with their ligands varies markedly between TLRs. Clarification of the crystal 

structure of several TLR ectodomains has provided contributions to understanding the 

ligand recognition and signaling mechanisms of TLRs (Jin and Lee, 2008). PAMPs 

recognized by TLRs include lipids, lipoproteins, proteins and nucleic acids derived 
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from a wide range of microbes such as bacteria, viruses, parasites and fungi (Akira et 

al., 2006).  

 

 

Figure 4: Structure of TLR8 activated dimer complex with the ligand CL097 in front 

(left panel) and side view (right panel). Upon binding of agonistic ligands, the TLR8 

dimer undergoes a large structural rearrangement whereby the ligand molecule 

penetrates the dimerization interface of the unliganded form. In green, orange and 

blue color, TLR8 dimer; in magenta, CL097 (Tanji et al., 2013).   

 

 

4.1 Extracellular TLRs 

 

TLR2 is involved in the recognition of lipopeptides, peptidoglycan and lipoteichoic 

acid from Gram-positive bacteria, lipoarabinomannan from mycobacteria, zymosan 

from fungi, and the hemagglutinin protein from measles virus (Aliprantis et al., 1999; 

Li et al., 2013). TLR2, TLR1 and TLR6 are closely related and form TLR2-TLR1 

and TLR2-TLR6 heterodimers that are responsible for the subtle discrimination 

between lipoproteins (Kang et al., 2009). Moreover, TLR2 has the ability to act 

together with other cell surface coreceptors, such as CD36, which acts together with 

the TLR2-TLR6 heterodimer to mediate the sensing of some TLR2 agonists (Hoebe 

et al., 2005; Triantafilou et al., 2006). The TLR2-TLR1 heterodimer recognizes 

Gram-negative bacteria and mycoplasma, and also the outer-surface lipoprotein 
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(OspA) of the pathogen Borrelia burgdoferi both in mice and humans (Alexopoulou 

et al., 2002; Takeuchi et al., 2002). TLR2-TLR6 heterodimer recognizes Gram-

positive bacteria and mycoplasma. Respiratory infection models of TLR2
-/-

 mice with 

Mycoplasma and Mycobacterium showed increased bacterial burden, tissue damage, 

and death (Yim et al., 2006). The potentially protective role for TLR2 in 

mycobacterial infection was confirmed in humans, where TLR2 polymorphisms that 

decrease TLR2 expression were found to predispose people to tuberculosis (Yim et 

al., 2006) and non-tuberculosis mycobacterial lung disease (Yim et al., 2008). The 

importance of TLR2 in the host defense against Gram-positive bacteria has been 

demonstrated using TLR2
-/-

 mice, which were found to be highly susceptible to 

challenge with Staphylococcus aureus or Streptococcus pneumonia (Echchannaoui et 

al., 2002; Takeuchi et al., 2002). 

 

TLR4 detects bacterial lipopolysaccharide (LPS), a component of the Gram-negative 

bacteria cell wall that can cause septic shock (Poltorak et al., 1998a). For LPS 

recognition, a complex formation of TLR4, MD2, CD14 and LBP is necessary 

(Shimazu et al., 1999). TLR4 is also involved in the recognition of respiratory 

syncytial virus fusion proteins, mouse mammary tumor virus envelope proteins, 

pneumolysin from Streptococcus pneumoniae and the plant-derived cytostatic drug 

paclitaxel (Kawai and Akira, 2010), although structural insights into the interaction 

between TLR4 and these ligands have not yet been provided. TLR4
-/-

 mice are more 

susceptible to infection by protozoa Leishmania major and disseminated candidiasis 

(Kropf et al., 2004; Netea et al., 2002). Defect in TLR4 gene on mice leads to high 

susceptibility to Gram-negative bacteria such as Salmonella typhimurium (Hoshino et 

al., 1999; Poltorak et al., 1998b). In humans, mutations in the extracellular domain of 

TLR4 have been identified and studied for their association with infectious and 

inflammatory diseases, as with increased susceptibility to Gram-negative bacteremia 

and septic shock with Gram-negative organisms (Agnese et al., 2002; Lorenz et al., 

2002). 
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Mammalian TLR5 recognizes bacterial flagellin, a principal component from the 

flagella bacteria (Feuillet et al., 2006; Hayashi et al., 2001; Uematsu et al., 2006). 

Unlike other TLRs, TLR5 is expressed mainly on intestinal CD11c
+
 lamina propria 

cells (LPCs). CD11c
+
 LPCs detect pathogenic bacteria and secrete proinflammatory 

cytokines in a TLR5-dependent way (Uematsu et al., 2006). Moreover, TLR5 

cooperates with TLR4 for the recognition and immune response against 

Pseudomonas aeruginosa and Salmonella typhimurium (Feuillet et al., 2006). 

 

A ligand for human TLR10 has not been described yet. In mouse this receptor is 

disrupted by the insertion of an endogenous retrovirus. But in humans it is functional 

and similar to TLR1, TLR2 and TLR6 (Chuang and Ulevitch, 2001). TLR10 is not 

only able to homodimerize but also heterodimerized with TLR1 and TLR2. TLR10 is 

highly expressed in B cells from peripheral blood, plasmacytoid dendritic cells from 

tonsil and in a CD1a
+
 DC subset that resembles the Langerhans cells of the epidermis 

(Hasan et al., 2005). Some studies identified TLR10 as a key mediator of the 

inflammatory response to Listeria monocytogenes in intestinal epithelial cells and 

macrophages and also in innate immune responses following viral infection (Lee et 

al., 2014; Regan et al., 2013). 

 

4.2 Intracellular TLRs 

 

TLR3 recognizes viral double-stranded (dsRNA) and the synthetic analog called 

polyinosinic-polycytidylic acid (poly I: C) (Alexopoulou et al., 2001; Schulz et al., 

2005).  In mouse studies, it was demonstrated that TLR3 can participate either as a 

protector against viral infection or as an infection aggravator. In infections with West 

Nile virus, a peripheral inflammatory response is initiated through TLR3, leading to 

disruption of the blood–brain barrier, which enables virus entry into the brain. As a 

consequence TLR3-/- mice are more resistant to lethal West Nile virus infection 

(Wang et al., 2004). In humans, TLR3 is vital for natural immunity to Herpes simplex 

virus (HSV-1). HSV-1 is a highly prevalent neurotropic virus that infects the central 
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nervous system and can generate herpes simplex encephalitis in children with inborn 

errors of TLR3 immunity (Zhang et al., 2007). To date, TLR3 is the only TLR that 

has been shown to play a non-redundant role for protection against viral infection in 

the central nervous system (Zhang et al., 2007). 

Genes coding for TLR7 and TLR8 have a strong homology to each other and both in 

human and mice are located on the X chromosome 70 kb apart from each other. 

Single-stranded RNA (ssRNA) has been identified as the natural ligand of TLR7 and 

human TLR8 (Diebold, 2008; Diebold et al., 2004; Lund et al., 2004). They can also 

recognize small chemical compounds with antiviral and antitumor activity (Figure 5), 

such as imiquimod (R837), resiquimod (R848), CL097, loxoribine, bropirimine and 

CL075 (Heil et al., 2003; Hemmi et al., 2002; Lee et al., 2003). 

 

Figure 5: Chemical structures of synthetic TLR7 and TLR8 agonists.  
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TLR7 has been identified as a sensing receptor for several members of the retrovirus 

family, including HIV-1, foamy viruses, and murine gammaretroviruses (Beignon et 

al., 2005; Browne, 2011; Kane et al., 2011) . TLR7 also recognizes Influenza A and 

vesicular stomatitis viruses (Lund et al., 2004). It was show that TLR7
-/-

 mice are 

more susceptible to Pneumovirus infection and predisposed to asthma pathology 

(Kaiko et al., 2013). In vitro studies have shown that retroviral particles stimulate 

secretion of some cytokines from myeloid and plasmacytoid dendritic cells in a 

TLR7-dependent manner (Beignon et al., 2005; Breckpot et al., 2010). HIV-1-derived 

ligands can contribute to the immune activation of NK cells and may play an 

important role in HIV-1 immunopathogenesis during acute and chronic viremic HIV 

infection (Alter et al., 2007). Nevertheless, the impact of TLR7 on HIV in vivo is 

unclear. 

 

Human TLR8 mediates the recognition of viral ssRNA and various chemical 

compounds (Akira et al., 2006; Kawai and Akira, 2006), but not mouse TLR8. A 

study with HEK293 cells transfected with TLRs and a NF-B luciferase reporter 

plasmid showed that human TLR8 could activate NF-B after stimulation with R848 

but not murine TLR8 (Jurk et al., 2002) . For this reason it was thought that murine 

TLR8 was nonfunctional in mouse. Some studies suggested that murine TLR8 could 

be activated by the imidazoquinoline 3M-002 (CL075) simultaneously with polyT 

oligonucleotides (Gorden et al., 2006), or can act as a supressor of neurite outgrowth 

(Ma et al., 2006) or recognize vaccinia virus (Martinez et al., 2010). However these 

studies remain controversial or have been not confirmed by other groups (Bauer et al., 

2010). 

Later, a study was performed to compare the activation of TLR8 from different 

species including mouse, rat, human, bovine, porcine, horse, sheep, and cat by ligand 

recognition. Only the TLR8 from rodent species (mouse and rat TLR8s) failed to 

respond to ligand stimulation in the absence of polyT-ODN (Liu et al., 2010). 

Multiple sequence alignment analysis suggested that these two rodents TLR8 lack a 

five-amino-acid motif that is conserved in the non-rodent species with varied 

sequence  (Ohto et al., 2014). Deletion mutation analysis suggested that this motif is 
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essential for the species-specific ligand recognition of hTLR8, but not required for 

self-dimerization and intracellular localization of this receptor (Ohto et al., 2014). 

Despite the general belief that mouse TLR8 is not functional, previous studies in our 

laboratory revealed an important role for mouse TLR8 as a regulator of TLR7 

expression and signaling (Demaria et al., 2010). By generating and studying TLR8
 -/-

 

mice, our group showed that lack of TLR8 in mice leads lupus development due to 

increased expression and signaling of TLR7 by dendritic cells. (Demaria et al., 2010). 

 

TLR9 recognizes unmethylated 2′-deoxyribo (cytidine-phosphateguanosine) (CpG) 

DNA motifs present in bacteria and viruses, but rare in mammalian cells (Hemmi et 

al., 2000; Lee et al., 2007). Recently, it was described that TLR9 senses RNA: DNA 

hybrids, a novel molecular pattern formed from intracellular replication intermediates 

generated during infection (Rigby et al., 2014). Hemozoin, a product formed from the 

digestion of blood by Plasmodium parasite, has been described as the first non-DNA 

ligand for TLR9 (Coban et al., 2005). DNA viruses such as murine cytomegalovirus 

(MCMV) and herpes-simplex viruses 1 and 2 (HSV-1/HSV-2) are recognized by 

TLR9 and induce production of inflammatory cytokines and type I IFN (Hochrein et 

al., 2004; Krug et al., 2004). The TLR9-mediated IFN-α response to HSV-1 and 

HSV-2 is limited to a subtype of dendritic cells, called plasmacytoid dendritic cell 

(pDCs) or natural interferon-α producing cells, which secrete high amounts of IFN-α 

in response to viral infection (Hochrein et al., 2004; Krug et al., 2004). Interestingly, 

one study showed that TLR9 activation is critical for the production of IFN-γ during 

infection with Propionibacterium acnes that is part of the human flora and associated 

with several human pathologies (Kalis et al., 2005). TLR9 dependent activation via P. 

acnes primes IFN-γ dependent enhanced resistance to murine typhoid fever, which is 

abolished in TLR9 deficient mice (Kalis et al., 2005). It was shown also that TLR9
-/-

 

mice are more susceptible to Klebsiella pneumonie infection (Bhan et al., 2007) . 

 

TLR11 in the mice is highly expressed in the kidney and bladder (Lauw et al., 2005). 

Yarovinsky and colleagues demonstrated that a profilin-like molecule from 

Toxoplasma gondii activates TLR11, and this TLR has an important role during 
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infection in mice (Yarovinsky et al., 2005). Later it was demonstrated that TLR11 

recognizes flagellin from both the uropathogenic Escherichia coli and Salmonella spp 

(Mathur et al., 2012).  Interestingly, in addition to the nucleic acid–sensing TLRs, the 

protein-sensing receptor TLR11 interacts with UNC93B1, a chaperone-like protein 

indispensable for the proper localization and function of all RNA- and DNA-sensing 

TLRs and localizes to the endolysosomal compartment (Kim et al., 2008), which will 

be discusses later. Deficiency in UNC93B1 protein abolishes TLR11-dependent 

responses both in vitro and in vivo (Pifer et al., 2011).  

 

Similar to TLR11, TLR12 is an endolysosomal innate immune receptor that 

colocalizes and interacts with UNC93B1 (Lee et al., 2013). Biochemical experiments 

revealed that TLR11 and TLR12 directly bind to Toxoplasma gondii profilin and are 

capable of forming a heterodimer complex (Raetz et al., 2013). TLR12 is sufficient 

for recognition of T. gondii profilin by plasmacytoid dendritic cells (pDCs), whereas 

TLR11 and TLR12 are both required in macrophages and conventional DCs. In 

contrast to TLR11, TLR12-deficient mice succumb rapidly to T. gondii infection 

(Koblansky et al., 2013). TLR12-dependent induction of IL-12 and IFN-α in pDCs 

leads to production of IFN-γ by NK cells. Consistent with this observation, the partial 

resistance of TLR11
-/-

 mice is lost upon pDC or NK cell depletion (Koblansky et al., 

2013). Thus, TLR12 is critical for the innate immune response to T. gondii, and this 

TLR may promote host resistance by triggering pDC and NK cell function 

 

TLR13 is a murine receptor that recognizes bacterial 23S ribosomal RNA, since 

small interfering RNA (siRNA) against TLR13 reduced cytokine induction by 

bacterial RNA in DCs (Hidmark et al., 2012). Moreover, Chinese hamster ovary cells 

transfected with TLR13 can activate NF-κB in response to bacterial RNA or 

Streptococcus pyogenes in an RNA-specific manner (Hidmark et al., 2012). 
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4.3 Adaptors in TLR signaling 

 

The molecular adaptors downstream of TLRs are: MyD88 (Myeloid differentiation 

primary-response gene 88), TIRAP (TIR associated protein) also known as MAL 

(MyD88 adaptor like protein), TRIF (TIR domain-containing adaptor inducing IFN-

, TRAM (TRIF-related adaptor molecule), sterile and armadillo-motif-containing 

protein (SARM), which is a negative regulator of TRIF; and B cell adaptor for PI3K 

(BCAP), a newly identified inhibitory adaptor (Ni et al., 2012; O'Neill and Bowie, 

2007; Troutman et al., 2012). Their recruitment leads to activation of various 

signaling pathways (Figure 6). MyD88 was the first identified member of the TIR 

family (Hultmark, 1994). It is universally used by all TLRs, except TLR3, and 

activates the transcription factor NF-κB and mitogen-activated protein kinases 

(MAPKs) to induce the expression of inflammatory cytokines (Akira et al., 2006; 

Warner and Nunez, 2013). TRIF is used by TLR3 and TLR4 and induces alternative 

pathways that lead to activation of the transcription factors IRF3 and NF-κB, and 

consequently the induction of type I interferon and inflammatory cytokines. TRAM 

and TIRAP function as sorting adaptors that recruit TRIF to TLR4 and MyD88 to 

TLR2 and TLR4, respectively. Thus, TLR signaling pathways can be largely 

classified as either MyD88-dependent pathways, which drive the induction of 

inflammatory cytokines, or TRIF-dependent pathways, which are responsible for the 

induction of type I interferons as well as inflammatory cytokines (Akira et al., 2006; 

Kawai and Akira, 2010). 

TLR4 is the only TLR that uses all four adaptors and activates both the MyD88- and 

TRIF-dependent pathways (Figure 6). TLR4 initially recruits TIRAP at the plasma 

membrane and subsequently facilitates the recruitment of MyD88 to trigger the initial 

activation of NF-κB and MAPK (Jin and Lee, 2008; Kawai and Akira, 2006). TLR4 

subsequently undergoes endocytosis and is trafficked to the endosome, where it forms 

a signaling complex with TRAM and TRIF to initiate the TRIF dependent pathway 

that leads to IRF3 activation as well as the late-phase activation of NF-κB and MAPK 

(Kawai and Akira, 2006; Rowe et al., 2006; Tanimura et al., 2008). Thus, TLR4 

activates the MyD88-dependent pathway earlier than the TRIF-dependent pathway. 
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The activation of both the MyD88- and TRIF-dependent pathways is necessary for 

the induction of inflammatory cytokines via TLR4 signaling, which is in contrast to 

other TLRs, for which activation of either the MyD88- or the TRIF-dependent 

pathway is sufficient for the induction of inflammatory cytokines.  

 

 4.3.1 The MyD88-dependent pathway 

 

After the activation of TLRs, MyD88 recruits the IL-1 receptor–associated kinases 

IRAK4, IRAK1, IRAK2 and IRAK-M (Figure 6). IRAK4 is activated initially and 

has an essential role in the activation of NF-κB and MAPK downstream of MyD88 

(Akira et al., 2006; O'Neill et al., 2013). IRAK1 and IRAK2 are activated 

sequentially, and activation of both kinases is required for robust activation of NF-κB 

and MAPK. IRAK activation results in an interaction with TRAF6, which is an 

enzyme that activates TAK1 through polyubiquitination. TAK1 can signal through 

two different pathways. It can phosphorylate and activate the I complex, which is 

composed of the kinases IKK, Iand the scaffold protein NEMO. This complex 

phosphorylates the inhibitor of NF-kB, IB, resulting in the polyubiquitination, and 

proteasome mediated degradation of the inhibitor, which frees  nuclear translocation 

the NF-B transcription factor dimers for nuclear translocation and target gene 

expression(Bhoj and Chen, 2009). Polyubiquitination of NEMO by the complex 

constituted by HOIL-1L and HOIP have been shown to be an important process for 

IKK activation (Tokunaga et al., 2009). TAK1 simultaneously activates the MAPKs 

by inducing the phosphorylation of MAPK kinases, which then activate various 

transcription factors, including AP-1. Activation of the MyD88-dependent pathway 

results in the induction of many genes, and some of these have critical roles in 

modulating NF-κB-dependent transcription (Figure 6) to facilitate IL-6 and IL-12p40 

induction (Yamamoto et al., 2004).  
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4.3.2 The TRIF-dependent pathway 

 

The TRIF-dependent pathway culminates in the activation of both NF-κB and IRF3, 

leading to the production of inflammatory cytokines and type-I interferon (Figure 6). 

TRIF forms a multiprotein signaling complex along with TRAF6, TRADD, Pellino-1 

and RIP1 for the activation of TAK1, which in turn activates the NF-κB and MAPK 

pathways. TRIF also recruits a signaling complex involving the noncanonical IKKs 

TBK1 and IKKi (IKKε), which catalyze the phosphorylation of IRF3 and induce its 

nuclear translocation (Hacker and Karin, 2006). The activation of TBK1-IKKi by 

TRIF requires TRAF3. TRAF3 is also incorporated into the MyD88 complex during 

TLR4 signaling. However, this exposes TRAF3 to K48-linked ubiquitination and 

degradation via cIAP1 and cIAP2, which are both components of the MyD88 

signaling complex but not of the TRIF signaling complex. TRAF3 degradation results 

in translocation of the membrane-proximal signaling complex to the cytoplasm, 

which leads to TAK1 activation (Tseng et al., 2010). These findings suggest that 

TRAF3 promotes IRF3 activation as well as inhibits the MyD88-dependent pathway. 
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Figure 6: The TLR signaling pathways (O'Neill et al., 2013). TLR11 is represented as 

extracellular TLR, but later it was described as an endosomal TLR.  

 

 

4.4 Recognition, location and trafficking of intracellular TLRs 

 

 The intracellular TLRs capable of nucleic acid recognition localize within endosomal 

compartments, which should be away from self-nucleic acids in the extracellular 

space (Barton and Kagan, 2009; Barton et al., 2006). While access of the cell surface 

TLRs to their extracellular ligands appears to be less complex, the ligands for the 

intracellular TLRs must be transported into the endolysosomal compartments in 
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which these TLRs reside. How the ligands reach the intracellular TLRs is not yet very 

well understood. The intracellular TLRs can be activated by the addition of their 

ligands to the extracellular medium, indicating that cells can transport nucleic acids 

from outside the cell into the TLR-containing compartments. Whether internalization 

is by phagocytosis or pinocytosis or even by receptor mediated endocytosis is not 

known. For TLR9, it was shown that responses to exogenously added CpG DNA 

were dependent on both endocytosis and on endosomal maturation (Hacker et al., 

1998). CpG DNA is internalized and colocalized with early endosomal markers 

(Ahmad-Nejad et al., 2002; Hacker et al., 1998). Blocking endolysosomal 

compartment acidification by drugs, blocks intracellular TLR signaling suggesting 

that either the intra-compartment pH or the ability of the TLR containing 

compartments to fuse with other vesicles is necessary for TLR function (Ahmad-

Nejad et al., 2002). CpG DNA has also been shown to be internalized from the 

extracellular medium via scavenger receptors on the cell surface. One such cell 

surface receptor that has been described to mediate the internalization of CpG DNA 

and subsequent activation of TLR9 in plasmacytoid dendritic cells (pDC) is termed 

the receptor for advanced glycation endproducts (RAGE) (Tian et al., 2007). RAGE 

associates to high mobility group protein 1 (HMGB1) that binds directly to CpG 

DNA. The internalization of HMGB1-CpG DNA complexes by RAGE results in the 

activation of the pDCs (Tian et al., 2007). How general the use of RAGE is in CpG 

DNA internalization by immune cells remains to be determined. It also remains to be 

determined if there are additional scavenger receptors for other intracellular TLR 

ligands. 

At present, little is known about the mechanisms by which TLR agonists derived 

from viruses or bacteria that replicate within the cell reach the intracellular TLRs. For 

TLR7, recent evidence suggests that autophagy may play a role in providing the viral 

ssRNA and replication intermediates to TLR7-containing compartments (Into et al., 

2012; Lee et al., 2007). Autophagy involves the sequestration of cytoplasmic material 

into membrane-enclosed compartments termed autophagosomes. The content of the 

autophagosomes is delivered to the lysosomes for degradation by direct fusion of 

autophagosomes with the lysosomes. It is proposed that during this sequestration 
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process TLR ligands, including viral nucleic acids and their replication intermediates, 

gain access to autophagosomes for subsequent delivery to TLRs in the endolysosomal 

compartments (Into et al., 2012; Lee et al., 2007). In addition, recent reports suggest 

that various TLR ligands stimulate autophagy in macrophages and DCs (Delgado et 

al., 2008; Sanjuan et al., 2007). However, it remains unclear if TLR ligand-induced 

autophagy is a general phenomenon to promote the trafficking of pathogenic nucleic 

acids to the TLRs.  

The intracellular location of the TLRs within endosomes also suggests a possible 

regulatory mechanism to modulate ligand binding by controlling the 

microenvironment within the endosome. The subcellular localization of TLRs is 

important for its specificity and, in particular, for the discrimination of microbial from 

self DNA (Barton et al., 2006; Brencicova and Diebold, 2013). It was shown that 

intracellular localization of TLR9 is determined by its transmembrane α-helix. A 

chimeric receptor composed of the TLR9 ectodomain and the TLR4 transmembrane 

and cytoplasmic domain can traffic to cell surface. These chimeric TLRs responded 

to self, mammalian DNA and developed inflammation, whereas native TLR9 that was 

present in intracellular compartments responded only to microbial CpG-containing 

DNA. This study suggested that the ability of TLR9 to discriminate between 

microbial and self DNA is location dependent (Barton et al., 2006). 

Endosomal TLRs require proteolytic processing in the endolysosome compartment to 

initiate signaling in response to ligands, and this processing was suggested as a 

mechanism of tight control of TLR signaling (Ewald et al., 2011; Manoury, 2013). 

Proteases from asparagine endopeptidase (AEP) or cathepsin family members cleave 

the ectodomains of TLR3, TLR7 and TLR9 in the endolysosome, leading to the 

activation of adaptors signaling (Sepulveda et al., 2009). Notably, although both the 

full-length and cleaved forms are capable of binding ligand, only the processed form 

recruits the signaling adaptors on activation (Ewald et al., 2011; Ewald et al., 2008; 

Garcia-Cattaneo et al., 2012; Park et al., 2008).   

The finding that blockade of endolysosome acidification prevents TLR3-, TLR7- and 

TLR9-induced responses suggests that the delivery of internalized nucleic acids to the 

endolysosomes is pivotal to interaction with these TLRs. TLR9 and other intracellular 
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TLRs are exclusively sequestered in the ER in unstimulated cells and they need to be 

rapidly trafficked to endolysosomes after ligand stimulation. One protein responsible 

for this trafficking is called UNC93B1, which is a multi-pass transmembrane protein 

localized in the ER (Brinkmann et al., 2007; Kim et al., 2005). Mice homozygous for 

a nonfunctional UNC93B1 (H412R) allele (Unc93b13d/3d) fail to respond to TLR3, 

TLR7, or TLR9 ligands, and mice and humans deficient in UNC93B1 are highly 

susceptible to viral infection (Casrouge et al., 2006; Lafaille et al., 2012; Tabeta et al., 

2004). Later UNC93B1 was also implicated in the function of others intracellular 

TLRs such as TLR8, TLR11, TLR12 and TLR13 (Oldenburg et al., 2012; Pifer et al., 

2011; Tabeta et al., 2006).  

Reports suggest that endosomal TLR trafficking may be influenced at both ER and 

post-Golgi trafficking steps. Molecules like Gp96 functions as an ER folding 

chaperone for many TLRs while PRAT4A has been implicated in TLR trafficking 

from the ER (Lee et al., 2012; Takahashi et al., 2007; Yang et al., 2007). 

Additionally, the HRS/ESCRT pathway is involved in post-Golgi trafficking by 

sorting ubiquitinated TLR7 and TLR9 to endosomal compartments (Chiang et al., 

2012). The adaptor protein-3 (AP-3) has been reported to target TLR9 and TLR7 to 

lysosome related organelles specialized for type I IFN induction (Blasius et al., 2010; 

Honda et al., 2005; Sasai et al., 2010).   

UNC93B1 plays a direct role in facilitating exit of TLRs from the ER as well as a 

later role in recruitment of adaptor protein-2 (AP-2) to facilitate endocytosis of TLR9 

from the plasma membrane. TLR7 does not have the same requirements as TLR9; it 

utilizes distinct trafficking machinery to reach endolysosomes (Figure 7). UNC93B1 

enters the secretory pathway and directly controls the packaging of TLRs into COPII 

vesicles that bud from the ER (Lee et al., 2013). Unlike other COPII loading factors, 

UNC93B1 remains associated with the TLRs through post-Golgi sorting steps. 

Unexpectedly, these steps are different among endosomal TLRs. TLR9 requires 

UNC93B1-mediated recruitment of adaptor protein complex 2 (AP-2) for delivery to 

endolysosomes while TLR7, TLR11, TLR12, and TLR13 utilize alternative 

trafficking pathways (Figure 7) (Lee et al., 2013). 
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Figure 7: Trafficking pathways controlling localization of endosomal TLRs. 

UNC93B1 interacts with TLRs in the ER and facilitates loading into COPII vesicles. 

UNC93B1 remains associated with TLR9 and TLR7 after exit from the ER. Through 

its recruitment of AP-2, UNC93B1 is necessary for endocytosis of TLR9 from the 

plasma membrane into endosomes. TLR7 uses AP-4 to traffic directly to endosomes 

(Lee et al., 2013).  

 

4.5 Negative regulators of TLRs 

 

After TLR activation and establishment of the inflammatory response, there must be a 

checkpoint where TLR signaling is abolished and the system returns to a normal 

physiological state to avoid harmful response towards the host immune system. To 

avoid inappropriate inflammatory responses, negative regulatory mechanisms exist to 

attenuate TLR signaling and to maintain a balance between activation and inhibition 
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of this pathway. Some of TLR regulators of the MyD88-dependent pathway are 

represented in Figure 8 can lead to persistent inflammation in vivo, if disrupted or 

mutated (Carty et al., 2006; Sheedy et al., 2010; Shi et al., 2008; Taganov et al., 2006; 

Tanaka et al., 2007) . So far, many negative regulators that suppress TLR signaling 

pathways at multiple levels have been identified and they can act through three major 

different mechanisms (Cadwell et al., 2008; Carrick et al., 2004; Croker et al., 2008; 

Hampe et al., 2007):  

 Dissociation of adaptor complexes: the TIR domain adaptor proteins have 

several variants that act as antagonists to prevent association among intact 

forms of adaptors and block downstream signaling pathways. Among these 

regulators, A20 has been well studied in relation to autoimmune disordes such 

as inflammatory bowel disease, rheumatoid arthritis and systemic lupus 

erythematosus. A20 functions as a break on the immune system by regulating 

the termination of a number of proinflammatory signals upon TLR activation. 

A20
-/- 

mice present multiorgan inflammation that is MyD88 dependent (Skaug 

et al., 2011).  

 Degradation of signal proteins: mediated by ubiquitination and autophagy 

systems.  Unlike in the case of dissociation of adaptor complexes, this 

mechanism is irreversible. Supressor of cytokine signaling (SOCS) proteins of 

the E3 ubiquitin ligase family are well characterized regulators that promote 

degradation of TIRAP: MyD88-adaptor-like (MAL) or TRAF proteins 

(Yoshimura et al., 2007). 

 Transcriptional regulation: unlike other mechanisms for TLR inhibition, 

transcriptional regulation often enables control of a particular subset of TLR 

target genes without termination of TLR signaling. It can contribute to 

regulate the balance of immunity beyond suppression of TLR signaling. An 

example is TLR-inducible IB protein (IBNS or IB delta) that negatively 

regulates induction of genes such as IL-6 and IL-12p40, but not TNF-. It is 

selectively recruited to the IL-6 promoter and controls NF-kB activation. Mice 
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deficient for IBNS
 
are highly susceptible to LPS-induced endotoxin shock 

and intestinal inflammation (Kuwata et al., 2006).
 
 

 

 

Figure 8: MyD88-dependent TLR pathway and its negative regulators.  In Gray,  

signal  molecule;  lime  green,  competitor;  red,  ubiquitin  ligase  or  autophagy  

protein;  blue,  deubiquitinase  or  phosphatase;  black,  transcriptional regulator;  
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purple,  regulator  of  RNA  stability;  pink,  miRNA;  brown,  pathogen  derived;  

green,  artificial  antagonist;  yellow,  other  categories (Kondo et al., 2012). 

 

4.6 Endosomal TLRs and SLE 

 

The first indications that TLRs might be involved in autoimmune phenomena came 

from studies of Leadbetter et al., which showed that chromatin-IgG complexes 

activate B cells by dual engagement of IgM and TLR9 (Leadbetter et al., 2002). Since 

then, various studies with animal models or humans suggested that improper 

engagement of TLRs by endogenous or exogenous ligands may lead to the initiation 

of autoimmunity responses and tissue injury (Papadimitraki et al., 2007). 

 

4.6.1 Implication of endosomal TLRs in mouse models of lupus  

 

SLE is a polygenic disease that results in a number of complex phenotypes. The 

understanding of disease development and TLR implication over the last decades has 

benefited from the study of murine models. There are numerous murine models that 

have long been employed in an effort to understand the cellular and genetic 

requirements for SLE induction. The classic models of spontaneous lupus include the 

F1 hybrid between the New Zealand Black (NZB) and New Zealand White (NZW) 

strains (NZB/W F1), the MRL/lpr, and BXSB/Yaa strains, whereas induced lupus 

models include the pristane-induced model and the chronic graft-versus-host-disease 

models (cGVHD) (Perry et al., 2011). All of these models have symptoms similar to 

those observed in human SLE patients, namely, autoantibody production, lymphoid 

activation and lupus nephritis. 

Based on the findings that TLR9 is activated by SLE sera or immune complexed self-

DNA, it was anticipated that the deletion of TLR9 gene in lupus-prone murine 

models would be beneficial in terms of anti-ANA antibody production and disease 

progression. However, the first study that depleted TLR9 in the MRL/lpr model 
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demonstrated that although anti-dsDNA and anti-chromatin autoantibodies were 

reduced, glomerulonephritis and immune complexes were still present and some 

disease parameters as lymphadenopathy and splenomegaly were even enhanced, 

suggesting that TLR9 has a protective role (Christensen et al., 2005; Wu and Peng, 

2006). These results were further confirmed in other study with MRL/lpr mice and in 

another model of SLE, named Ali5, which is a model based on hyper-reactive B cell 

activation mediated by mutant phospholipase Cg2 (Nickerson et al., 2010; Yu et al., 

2006).  

The initial interest in TLR7 as a candidate gene for SLE began with the study of 

BXSB mice strain. These mice in male gender present a severe lupus phenotype with 

death at 5-6 months of age (Andrews et al., 1978). Later, it was found that this 

phenotype is due to the Y-linked autoimmune accelerating (Yaa) locus and this locus 

is a translocation of a cluster of 16 genes from the X on the Y chromosome, including 

TLR7 (Pisitkun et al., 2006; Subramanian et al., 2006). Once the translocation of 

TLR7 within the Yaa region had been established, other studies checked the necessity 

of TLR7 for the disease progression. Using knock-out strategies that diminished 

TLR7 expression, TLR7 was proven to be important for severe disease development 

in B6.Sle1Yaa and B6.Nba2/Yaa lupus models (Fairhurst et al., 2008; Santiago-Raber 

et al., 2008). Two studies using the  MRL/lpr model also showed that depletion of 

TLR7 reduced the gravity of the disease and prevented the development of antibodies 

or nephritis, confirming the pivotal role of TLR7 in lupus pathogenesis (Christensen 

and Shlomchik, 2007; Nickerson et al., 2010). 

Surprisingly, ablation of TLR3, a receptor for dsRNA, did not inhibit the formation of 

autoantibodies to either RNA- or DNA-containing antigens and did not alter the 

development of clinical autoimmune disease or nephritis in the MRL/lpr lupic mice 

(Christensen et al., 2005). Table 2 summarizes the in vivo implication of TLRs in 

different mouse models of lupus. 
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Table 2: Implication of aberrant expression of TLRs in Mouse models of lupus 

(Marshak-Rothstein, 2006).  

 

 

Since TLR9 and TLR7 can be engaged by nucleic acids released by dead cells and 

participate in the activation of cells and subsequent production of autoantibodies and 

cytokines, it was a mystery why TLR9 deficiency in mouse lupus models led to more 

severe disease, whereas TLR7 deficiency led to less severe disease (Figure 9).  

Previous studies in our group revealed that in the C57BL/6 background (that is not 

prone to lupus) TLR8
-/-

 mice develop a lupus phenotype, characterized by 

splenomegaly, increased serum levels of IgM and IgG2a, increased serum levels of 

autoantibodies against small nuclear ribonucleoproteins, ribonucleoprotein, dsDNA 

and RNA, as well as IgM, IgG and complement C3 immunodeposits in the kidneys 

(Demaria et al., 2010). Furthermore TLR8
-/- 

mice presented defective development of 

marginal zone (MZ) and B1 B cells. The lupus phenotype in TLR8
-/-

 mice was due to 

increased TLR7 expression and signaling in DCs, suggesting that TLR8 keeps under 

control TLR7 function and TLR7-mediated lupus (Demaria et al., 2010). 
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Figure 9: Controversial roles of TLR9- and TL7- deficient mice in the outcome of 

lupus disease  (Marshak-Rothstein, 2006). 

 

 

Parallel with our studies on TLR8
-/-

 mice it was revealed that TLR9 also keeps under 

control TLR7. The disease exacerbation in MRL/lpr/TLR9-deficient mice was 

completely suppressed by the deletion of TLR7 (Nickerson et al., 2010). The 

enhanced disease in the B6.Nba2 mice deficient for TLR9 was correlated with 

upregulated expression of TLR7, as documented by an increase of TLR7-dependent 
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activation of B cells and plasmacytoid dendritic cells (Nickerson et al., 2010; 

Santiago-Raber et al., 2010).  

Control of TLR7-function by TLR8 or TLR9 has been also observed with human 

TLRs. An in vitro study using HEK293 cells transfected with human TLR7, TLR8 or 

TLR9, revealed that in cells cotransfected with TLR7 and TLR8 or TLR7 and TLR9, 

TLR7 signaling is reduced compared to cells transfected only with TLR7, suggesting 

that both human TLR8 and TRL9 control TLR7 signaling (Wang et al., 2006). 

Interestingly, the group of Miyake has shown that there is a competition of TLR7 and 

TLR9 for Unc93B1-dependent trafficking, where TLR9 predominates and has higher 

affinity than TLR7 for Unc93B1 (Fukui et al., 2009). Indeed, a D34A mutation of 

Unc93B1 does not affect TLR7 or TLR9 expression, but leads to increased TLR7 

trafficking, and mice that carry the mutation Unc93B1-D34A develop TLR7-

dependent systemic lethal inflammation due to increased response to TLR7 ligand 

(Figure 10). Thus, in mice both TLR8 and TLR9 keep under control TLR7-function 

and TLR7-mediated lupus. 

 

 

 

Figure 10: Mice harboring a D34A mutation in Unc93b1 suffer from systemic lethal 

inflammation due to aberrant trafficking of TLR7 and 9 (Fukui et al., 2011). 
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4.6.2 Involvement of TLR7 and TLR9 in human SLE  

 

In humans, data incriminate TLR7 as an essential player in SLE pathology. Two 

independent studies reported that the SNP rs3853839 (C-G) at the 3′ untranslated 

region of TLR7 is associated with elevated transcript expression and increased risk 

for SLE in Eastern Asians (Kawasaki et al., 2011; Shen et al., 2010). Interestingly, 

further studies revealed that the risk G allele is also linked with increased TLR7 

protein levels and is located within a predicted binding site of microRNA-3148 that is 

most likely responsible for the observed association with SLE in three populations of 

non-Asian ancestry (Deng et al., 2013). Furthermore, increased TLR7 copy number is 

a risk factor for childhood-onset of SLE in the Mexican population, and correlates 

significantly with increased TLR7 and IFN-α mRNA levels (Theofilopoulos et al., 

2010). 

Regarding TLR9, four polymorphisms have been associated with SLE in Japanese, 

Chinese, or Brazilian patients; however, none of these findings have been confirmed 

in additional studies (dos Santos et al., 2012; Huang et al., 2012; Ng et al., 2005; Tao 

et al., 2007). Interestingly, the GC haplotype that combines variants at positions -

1174 and -1486 was shown to downregulate TLR9 expression by reporter gene assay, 

which would recapitulate mouse models where TLR9 deficiency exacerbates disease 

and suggests a protective role in SLE (Tao et al., 2007). However, SNPrs352140, 

which was associated with susceptibility in Chinese SLE patients (Xu et al., 2009), 

has been associated with higher TLR9 expression and increased IgM production in 

response to CpG in a study investigating primary biliary cirrhosis (Kikuchi et al., 

2005). Recently, the C variant at position -1237 in the promoter region of TLR9 was 

associated with SLE in Brazilian patients with 3/4 European ancestry (dos Santos et 

al., 2012). However, the same polymorphism was not associated with SLE in UK and 

American Caucasian patients (De Jager et al., 2006; Demirci et al., 2007). More 

studies across multiple ethnicities together with clinical profiling of patients are 

necessary to clarify the role of TLR9 polymorphisms on expression, function and 

association or not with SLE.  
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4.6.3 Perpetuation of autoimmune responses in lupus  

 

In SLE patients the balanced steady state is broken due to one or most probably 

several defects including increased cell death, decreased phagocytosis, and decreased 

or absent DNase activity (Celhar et al., 2012). This leads to increased nucleic acids 

that form immune complexes with auto-antibodies and additional components 

released from dead cells in the serum. Those immune complexes are able to stimulate 

B cells and pDCs to produce even more antibodies and IFN-, which leads to a self-

perpetuating stimulatory loop and severe autoimmunity(Banchereau and Pascual, 

2006). Some of these impaired mechanisms that lead to TLR activation in lupus are 

presented below: 

 

4.6.3.1 Augmented cell death, NETosis and impaired cell clearance 

 

A high rate of cell death and a lack of clearance by myeloid cells result in increased 

cell debris and nucleic acids. Their rapid degradation by DNases and RNases, and 

inherent low uptake into cells, prevents an immune response. Accumulated apoptotic 

cells in either germinal centers of lymph nodes in the skin or bone marrow have been 

shown in subgroups of SLE patients (Gaipl et al., 2007; Hepburn et al., 2007). 

Freshly isolated SLE PBMCs and neutrophils are in a greater state of apoptosis than 

cells isolated from healthy donors and when left in culture the cells display 

accelerated apoptosis compared with healthy donor cells (Donnelly et al., 2006; 

Perniok et al., 1998; Ren et al., 2003). In addition, it has been reported that 

autoreactive T cells in lupus show an increased expression of the apoptotic ligands 

TRAIL, TWEAK, and Fas L that directly mediate the apoptosis of monocytes 

(Kaplan et al., 2002). 

A specialized form of neutrophil cell death, termed NETosis, has been described a 

decade ago (Brinkmann et al., 2004). During NETosis, neutrophils extrude fibrillary 

networks called NETs (Neutrophil extracellular traps) that can be composed of DNA, 

citrullinated histones, and granule peptides such as neutrophil elastase, 



Introduction 

53 
 
 

 

myeloperoxidase, cathepsin G, LL37 and human neutrophil peptide (HNP). Data have 

suggested that the neutrophils participate, thought NETosis, in providing the TLR 

ligands that stimulate the immune system in SLE (Garcia-Romo et al., 2011; Lande et 

al., 2011). Enhanced NETosis has been reported in SLE patients, even in the absence 

of in vitro stimulation, while anti-LL37 and anti-HNP auto-antibodies can drive this 

process in healthy cells (Garcia-Romo et al., 2011; Lande et al., 2011; Villanueva et 

al., 2011). Moreover, it has been reported that a subset of SLE patients cannot clear 

NETs efficiently, either because of the presence of DNase-I inhibitors or the 

production of anti-NETs antibodies, which prevent DNase-I from degrading NETs 

(Hakkim et al., 2010). 

On the other hand, macrophages from SLE patients are characterized by impaired 

phagocytosis of apoptotic cells and other particles in vitro (Gaipl et al., 2007; Ren et 

al., 2003; Tas et al., 2006). Additionally, data obtained from SLE lymph node 

biopsies showed an in vivo defect in apoptotic cell clearance by tangible body 

macrophages in the germinal centers (Baumann et al., 2002). The complement 

system, and specifically, C1q, plays a crucial part in apoptotic cell clearance by the 

myeloid lineage (Korb and Ahearn, 1997; Navratil et al., 2001; Taylor et al., 2000). 

There is evidence for impaired C1q binding on apoptotic neutrophils isolated from 

SLE patients compared with healthy controls (Donnelly et al., 2006). C1q is also 

involved in the clearance of immune complexes (ICs) through its binding to the Fc 

regions on IgG and IgM. This is followed by rapid uptake by phagocytic cells that 

express C1q receptors and activation of the complement via the classical pathway 

(Carroll, 2004).  

DNases and RNAses work rapidly to clear cell debris and nucleic acids under normal 

circumstances. DNase-I
-/-

 mice develop lupus-like symptoms, including accumulation 

of immunocomplexes in the kidney and full-blown glomerulonephritis (Napirei et al., 

2000). In agreement with mouse data, DNAse-I activity is lower in SLE patients 

compared with normal controls and in some patients this has been linked to mutations 

in the DNase-I gene (Martinez-Valle et al., 2009; Puccetti et al., 1995; Tinazzi et al., 

2009; Yasutomo et al., 2001; Yeh et al., 2003). One study identified a rare monogenic 

form of lupus in pediatric patients linked to a loss-of-function mutation in the 
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DNASE1L3 gene (Al-Mayouf et al., 2011). Based on the information that RNA is a 

ligand for TLR7 and RNase treatment of apoptotic or necrotic extracts markedly 

reduces stimulation of type-1 IFN by pDC in vitro, a group created and studied 

RNase A transgenic (Tg) mice and crossed with TLR7 trangenic mice (that 

overexpress TLR7) to obtain TLR7RNase double Tg mice (Sun et al., 2013). Double 

transgenic TLR7/RNAse mice showed increased survival associated with reduced 

activation of T and B lymphocytes and reduced immunodeposition of IgG and C3. 

Moreover, the hepatic inflammation and necrosis were strikingly reduced in DTg 

mice indicating that high concentrations of serum RNase protect against immune 

activation and inflammation associated with TLR7 stimulation (Sun et al., 2013). 

4.6.3.2 Increased formation of immunocomplexes  

 

Patients with SLE have increased plasma levels of components, such as antibodies, 

LL-37, and HMGB1, that were shown to bind to self-nucleic acids and increase their 

uptake in vitro (Abdulahad et al., 2011; Barrat et al., 2005; Ganguly et al., 2009; 

Garcia-Romo et al., 2011; Lande et al., 2011; Ma et al., 2012; Means et al., 2005; Sun 

et al., 2011). The mechanisms of increased self-nucleic acid uptake that leads to 

TLR7 and/or TLR9 stimulation are represented in Figure 11. 

LL37 functions primarily as an antimicrobial peptide and alarmin that recruits and 

activates inflammatory cells such as DCs and mononuclear phagocytes at the site of 

microbial infection. It is stored predominantly in the secondary granules of 

neutrophils and is released upon activation and degranulation as a component of 

NETs (Yang et al., 2009). LL-37 is detected in psoriatic skin lesions and as a 

component of NETs infiltrating the skin and kidneys of patients with SLE and small-

vessel vasculitis (Kessenbrock et al., 2009; Lande et al., 2007; Villanueva et al., 

2011). Additionally, LL37 can be found in DNA-containing immune complexes 

purified from SLE patients with high titers of anti-dsDNA antibodies (Lande et al., 

2011). LL-37 forms complexes with self-nucleic acids in vitro, which results in 

aggregation and formation of condensed structures that are protected from 

degradation with nucleases. The aggregation into particles appears crucial for the 

delivery of RNA/DNA-LL-37 complexes into endosomal compartments of pDCs 
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where they can interact with TLR7, TLR8 and TLR9 (Ganguly et al., 2009; Lande et 

al., 2011; Lande et al., 2007). LL37-DNA complexes stimulate IFN- production 

from pDCs in a TLR9-dependent manner (Lande et al., 2007), while self-RNA-LL37 

complexes activate TLR7-dependent production of IFN- (Ganguly et al., 2009). It 

was shown that when anti-DNA antibodies are present, the LL37-DNA/anti-DNA 

complexes are internalized via FcRII (Lande et al., 2011). Surprisingly, in this 

study, DNA/anti-DNA complexes alone were unable to promote DNA uptake and 

pDC activation, unless LL37 was present, which is in contrast with previous 

observations (Barrat et al., 2005; Means et al., 2005). However, both studies used ICs 

purified from SLE serum, which does not exclude that other components were present 

in the complex besides DNA and anti-DNA antibodies, such as LL37, HMGB1, or 

unknown molecules. Based on their findings, Lande and co-workers propose that 

LL37-induced aggregation of DNA into insoluble particles protects DNA from 

degradation and it is required for the antibodies to promote internalization via 

receptor-mediated endocytosis (Lande et al., 2011). 

HMGB1 is a chromatin-binding non-histone protein, located mainly in the cell 

nucleus (Stott et al., 2006) and is released from the cells during damage, cell death, or 

activation and thus serves as an alarmin or death (or damage)-associated molecular 

pattern (DAMP) (Krieg, 2007). In vitro studies revealed that IFNs promote the release 

of HMGB1 from macrophages (Jiang et al., 2007), which might lead to a perpetual 

loop in SLE patients with elevated IFN-in the sera. Binding of HMGB1 to CpG-A 

enhances IFN- and TNF-production by pDCs, and similarly, binding of HMGB1 

to CpG-B increases IL-6 secretion from bone marrow-derived macrophages and IL-6, 

IL-12, and TNF- from cDCs in a strictly TLR9-dependent way (Ivanov et al., 2007). 

Furthermore, HMGB1 binds to DNA-containing immune complexes and induces 

IFN- secretion from pDCs following engagement of (RAGE) on the surface of the 

cells (Brencicova and Diebold, 2013; Christen and von Herrath, 2005). SLE sera used 

for these studies contained anti-DNA antibodies, but undetectable levels of anti-RNP 

antibodies, so at present it is unknown whether HMGB1 can bind RNA-containing 

immune complexes that would activate TLR7. Nevertheless, mouse experiments 

supports this idea, since HMGB1 has been shown to function as an universal sentinel 
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for nucleic acids, binding B-form DNA, CpG-B, dsRNA (in the form of polyI:C), and 

ssRNA (poly(U)). Moreover, the absence of HMGB1 severely impaired the activation 

of TLR3, TLR7 and TLR9 by their respective nucleic acid ligands (Yanai et al., 

2009). 

 

 

Figure 11: Break of self-tolerance in SLE patients results in autoantibody production 

(A). Anti-nuclear autoantibodies form immune complexes (IC) with nuclear material 

released from dead cells that have not been efficiently cleared (B). Dead cells release 

also proteins and peptides, such as HMGB1 and LL-37, which bind directly to self-

nucleic acids (D). LL-37-DNA complexes are also being released in the process of 

NETosis that can be mediated by anti-LL-37 antibodies binding to LL-37 on the 
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surface of neutrophils or by TLR7 activation in neutrophils induced by RNA-

containing ICs (D). The formed complexes, ICs, DNA-HMGB1, and DNA/RNA-LL-

37 (D), mediate the uptake of self-nucleic acids into the endosomal compartments of 

cells by engaging different receptors, including BCR (B-cell receptor), FcR and 

RAGE (E). RNA-containing complexes activate TLR7, while DNA-containing 

immune complexes activate TLR9 in B cells, pDCs, and murine macrophages (E) 

(Celhar et al., 2012). 

 

5. Zinc finger transcription factor Growth factor independence 1 (Gfi-1) 

 

Gfi-1 gene is localized on chromosome lp22 in humans and encodes a small nuclear 

protein of about 55 kDa that contains six c-terminal C2H2-type zinc-finger domains 

and an N terminal SNAG domain critical for its repressor activity (Zweidler-Mckay et 

al., 1996)(Figure 12). Zinc fingers 3–5 of Gfi-1 are necessary for binding to its 

cognate consensus DNA recognition sequence taAATCac(t/a)gca, zinc fingers 1, 2 

and 6 very likely have a role in the interaction with other proteins  (Bell et al., 1995; 

Duan and Horwitz, 2003; Gilks et al., 1993; Grimes et al., 1996; Hock et al., 2003; 

Person et al., 2003). The function or the structure of the part of the protein, which 

separates the SNAG domain from the zinc-finger is unknown and is also the least 

conserved part among the vertebrate Gfi-1 molecules. It is possible that this middle 

part of the Gfi-1 proteins serves as a specific platform for the interaction with co-

factors.   
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Figure 12: Schematic depiction of the domain structure of Gfi-1. Adapted from 

(Moroy and Khandanpour, 2011). 

 

Gfi-1 exerts its role as transcriptional repressor by interacting with a number of 

histone modifying enzymes (Duan et al., 2005; Saleque et al., 2007). These enzymes 

and Gfi-1 are part of a large protein complex, which binds to a specific promoter area 

defined by the Gfi-1 binding site. The recruitment of this complex by Gfi-1 to 

specific target gene promoters leads to transcriptional silencing at this locus. The 

main components that Gfi-1 can recruit to target genes are the histone demethylase 

complex LSD-1/CoRest, which removes methyl groups from the histone H3 (H3K4) 

and the histone deacetylases HDAC-1 (Figure 13). Both demethylation and 

deacetylation of histones by these enzymes lead to a transcriptional repression, which 

may be reversible once the complex is dissolved or degraded (Duan et al., 2005; 

Saleque et al., 2007). Gfi-1 can also interact with the methyl transferase G9a that 

dimethylates Histone H3 at lysine 9 (H3K9), which in turn can recruit the chromatin 

protein HP-1 and may lead to a heterochromatinization of the locus (Duan et al., 

2005; Saleque et al., 2007). A working model has been proposed in which these 

complexes form in a stepwise manner at Gfi-1 target gene promoters. It is not known 

if the Gfi-1 complex is directed to histones and in particular how it is reorganized 
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after DNA replication, but it can be speculated that other chromatin regulatory 

elements may be involved.  

 

 

Figure 13: Gfi-1 recruits a multiprotein complex to DNA and enables histone 

modifications, in particular the de-methylation of histone H3 at K4, the deacetylation 

of histone H3 at various sites, and the methylation at histone H3K9 (Moroy, 2005). 

 

 

Expression of Gfi-1 was first detected in cells of the immune system in particular 

thymic T-cells (Gilks et al., 1993). Protein and mRNA levels in the thymus are 

precisely regulated during the developmental stages of pre-T cells, and most 

surprisingly, do not show a direct linear correlation. This suggests that an additional 

level of post-transcriptional regulation of Gfi-1 gene expression takes place during 

pre T cell differentiation (Yucel et al., 2004). In contrast to the high, constitutive 

levels of Gfi-1 in most thymic T-cells, peripheral, naive T-cells have only a very low 

basic expression level of Gfi-1, which can be rapidly and transiently induced by T 

cell receptor-mediated activation (Karsunky et al., 2002a). 

Less is known about naive B cells but it is likely that, as in T cells, Gfi-1 expression 

is induced upon antigenic stimulation. Gfi-1 is expressed not only in hematopoietic 

precursors and stem cells but also in more mature cells such as granulocytes, 

monocytes and DCs (Karsunky et al., 2002a; Rathinam et al., 2005). In mature 
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differentiated macrophages, Gfi-1 can be detected when stimulated with endotoxins, 

for instance with lipopolysaccharide, so Gfi-1 is an effector of TLR4 (Karsunky et al., 

2002b). 

In situ hybridization data revealed more recently that Gfi-1 is indeed even more 

widely expressed than previously thought and is by no means restricted to the 

immune system or hematopoietic cells. Clearly, Gfi-1 is expressed in the lung, 

sensory epithelia, neuronal precursors and in particular in the developing epithelia of 

the inner ear (Wallis et al., 2003).  

 

5.1 Biological role of Gfi-1  

 

The generation of Gfi-1
-/-

 mouse strains helped to elucidate the biological role of Gfi-

1. Studies have demonstrated that Gfi-1 plays an important role in hematopoietic stem 

cell (HSC), myeloid cell, B cell and T cells. Defects on Gfi-1
-/-

 HSCs are 

characterized by their severely disturbed self-renewal and their inability to 

reconstitute hematopoietic lineages in a transplanted host (Hock et al., 2004; Moroy, 

2005; Zeng et al., 2004). Two physiological functions of Gfi-1 may explain these 

observations. Gfi-1 restricts HSC proliferation by controlling the expression of the 

negative cell cycle regulator called p21
waf/cip1

. The mechanisms underlying this 

regulation are unclear, but two studies demonstrated that Gfi-1
-/-

 HSCs undergo more 

cell cycling and express reduced levels of p21
waf/cip1

 compared to HSCs from WT 

mice. It is postulated that this increased proliferation impairs the function of Gfi-1
-/-

 

HSCs (Hock et al., 2004; Zeng et al., 2004).  

Moreover Gfi-1 plays an important role in myeloid differentiation. Gfi-1
-/-

 mice have 

increased numbers of common myeloid precursors (CMPs) and granulocyte 

macrophage precursors (GMPs) (Horman et al., 2009; Zeng et al., 2004). Gfi-1 seems 

to down regulate expression of genes that ensure a proper differentiation from CMPs 

to GMPs, and finally to neutrophil granulocytes. Loss of Gfi-1 leads to repression of 

genes favoring a development towards the monocytic lineage and inhibiting the 

development of granulocytes. Consequently, Gfi-1
-/-

 mice are neutropenic, lack 

http://atlasgeneticsoncology.org/Genes/CDKN1AID139.html
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granulocytes and display a strong expansion of atypical Mac-1
+
, Gr1

lo
 monocytes 

(Karsunky et al., 2002a). The requirement of Gfi-1 for the formation of neutrophil 

granulocytes is corroborated by a report that human patients with neutropenia carry 

germline mutations in the coding region of Gfi-1 affecting the zinc finger regions 

(Person et al., 2003).  

Moreover, Gfi-1 plays a role in the early stages of B cell differentiation. Evidence for 

this comes mainly from the study of Gfi-1
-/- 

mice that show reduced numbers of 

common lymphoid progenitors (CLPs) and a defective maturation of early B-lineage 

precursors, which leads to a reduced number of B cells in bone marrow and spleen 

(Rathinam and Klein, 2007; Yasukawa et al., 2000). In addition, Gfi-1 regulates the 

expression of PU.1, which is one transcription factor with an important role in both 

myeloid and lymphoid development. PU.1 enables precursors to differentiate into 

certain lineages and high levels favor myeloid over lymphoid development. In the 

absence of Gfi-1, PU.1 is thus hyperactive and drives precursors into the myeloid 

lineage while impeding the formation of lymphoid cells, in particular B-cells. By 

reducing PU.1 protein quantity in Gfi-1
-/-

 mice, B cell differentiation defects can be 

overcome (Spooner et al., 2009). Based on these and other findings, interactive 

regulatory networks have been proposed, in which Gfi-1 favors B cell development 

whereas PU.1 and Egr1 inhibit B-cell development and favor differentiation. 

To fulfill all these regulatory tasks, Gfi-1 itself has to be induced upon initiation of B-

cell lineage commitment. Ikaros, another transcription factor important for early B-

cell differentiation, acts upstream of Gfi-1 and ensures its up-regulation after 

commitment of the progenitors to the lymphoid lineage (Spooner et al., 2009).  

Gfi-1 is also required for the maturation and activity of B-cells. Gfi-1 restricts an 

overshooting of antibody production after antigenic stimulation. When challenged 

with different antigens in vivo, Gfi-1
-/- 

mice exhibited a higher number of germinal 

center B cells in the spleen and accentuated production of antigen specific IgG2a and 

IgG2b antibodies (Igwe et al., 2008). On the molecular level, increased level of TGF-

 might explain this, as TGF-promotes expression levels of different IgG subtypes. 

In accordance with disturbed regulation of the immune response, Gfi-1
-/- 

mice are 

http://atlasgeneticsoncology.org/Genes/EGR1ID496ch5q31.html
http://atlasgeneticsoncology.org/Genes/IkarosID258.html
http://atlasgeneticsoncology.org/Genes/TGFB1ID42534ch19q13.html
http://atlasgeneticsoncology.org/Genes/TGFB1ID42534ch19q13.html
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characterized by an increased predisposition to develop autoimmunity (Park et al., 

2005; Snapper et al., 1993). 

Gfi-1
-/- 

mice have a reduced number of thymocytes compared to littermate controls 

(Karsunky et al., 2002a). This is the result of a disturbed pre T-cell differentiation at 

different stages (Yucel et al., 2003; Yucel et al., 2004). As in the case of B cell 

development, one explanation for these deficiencies is a function of Gfi-1 in the 

regulation of IL-7R signaling. Gfi-1 is also implicated in the differentiation and 

activation of the mature peripheral T cell subpopulations. Generally, Gfi-1 is 

important for the proper function and development of CD4 T cells (Pargmann et al., 

2007) and more specifically, within the CD4 T cell fraction, Gfi-1 plays a major role 

in Th2 and Th17 cells. Loss of Gfi-1 is associated with decreased number of Th2 

cells, increased number of Treg cells and increased expression of Th17 gene in T 

cells (Ichiyama et al., 2009; Zhu et al., 2006) .  

Gfi-1 is a critical transcription factor in DC differentiation. Gfi-1
-/-

 mice showed a 

global reduction of DCs in all lymphoid organs whereas epidermal Langerhans cells 

were enhanced in number. In vivo, Gfi-1
-/-

 DCs showed phenotypic and functional 

alterations such as decreased MHC class II expression, upregulation of costimulatory 

molecules (CD40, CD80 and CD86), constitutive secretion of IL-12 and impaired 

antigen presentation. In vitro, Gfi1
-/-

 hematopoietic progenitor cells were unable to 

develop into DCs in the presence of GM-CSF or Flt3L (Rathinam et al., 2005). 

5.1.1 Functions of Gfi-1 outside the hematopoietic system 

Outside the hematopoietic system, Gfi-1 is required for the integrity and function of 

inner ear hair cells and in the central nervous system for Purkinje cells (Tsuda et al., 

2005; Wallis et al., 2003). In addition, Gfi-1 plays a role in the lineage decision 

process during intestinal cell differentiation (Bjerknes and Cheng, 2010; Shroyer et 

al., 2005).      
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5.1.2 Role of Gfi-1 in endotoxin-mediated inflammation 

 

It was noticed that Gfi-1
-/-

 mice showed signs of inflammatory response, 

characterized by hunched posture, weight loss and eye infections at two months of 

age (Karsunky et al., 2002b). Histopathological examination of sick Gfi-1
-/- 

animals 

revealed deposits of hyaline material around vessels in the lung that can be 

considered a consequence of toxic chock. Serum levels of inflammatory cytokines 

such as TNF- and IL-1β in young, apparently healthy Gfi-1
-/-

 mice varied but they 

were not significantly higher in Gfi-1
-/-

 than in the wild type and that Gram-negative 

bacteria were absent in both Gfi-1
-/- 

and WT mice. However, Gfi-1
-/- 

macrophages 

produce enhanced levels of inflammatory cytokines, such as tumor necrosis factor 

(TNF) and IL-1β, when stimulated with bacterial lipopolysaccharide (LPS) and that 

Gfi-1
-/- 

mice succumb to low doses of this endotoxin that are tolerated by WT mice 

(Karsunky et al., 2002a). 

Later it was showed that upon LPS stimulation, Gfi-1 interacts with p65 and inhibits 

p65-mediated transcriptional transactivation by interfering with p65 binding to target 

gene promoter DNA. Gfi-1
-/- 

macrophages show abnormally high mRNA levels of the 

TNF gene and many other p65 target genes and a higher rate of TNF promoter 

occupancy by p65 than wild-type cells after LPS stimulation, suggesting that Gfi-1 

functions as an antagonist of NF- activity at the level of promoter binding (Sharif-

Askari et al., 2010). 

 

 

5.2 Genista mice: a neutropenic model with a hypomorphic mutation in the Gfi-1 

gene 

 

Genista mice were generated by N-ethyl-N-nitrosourea-induced (ENU) mutagenesis 

resulting in a point mutation in the Gfi-1 gene (Ordonez-Rueda et al., 2012). This 

mutation is characterized by cysteine residue at position 318 of the third zinc finger 

domain of Gfi-1 into a tyrosine residue, thereby disrupting the Cys2His2 structural 

motif that constitutes the core component of zinc finger domains (Figure 14). The 
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levels of mutated protein expressed in Gfi-1 hypomorphic mutation in the Genista 

mice were comparable to the levels of Gfi-1 proteins found in WT mice. Genista mice 

are neutropenic but have normal viability and no weight loss (Ordonez-Rueda et al., 

2012), in contrast to Gfi-1
-/-

 mice (Karsunky et al., 2002b).  

 

 

Figure 14: Representation of the Gfi-1 protein with the amino-terminal SNAG 

domain (gray) and the six C2H2-type zinc finger domains (pink) (Ordonez-Rueda et 

al., 2012). 

 

It was demonstrated the Genista mutation likely corresponds to a partial loss of 

function mutation of the Gfi-1 gene. When compared to Gfi-1
-/-

 mice, the Genista 

mice have less effect on hematopoietic precursors and the development of lymphoid 

cells (Ordonez-Rueda et al., 2012). Despite the two-fold decreased cellularity of the 

thymus, Genista mice have all stages of thymic T-cells development. The secondary 

lymphoid organs of Genista and WT mice contained identical T cell numbers and 

distribution of CD4 and CD8 cells. B cell development was not affected by the 

Genista mutation, thereby resulting in normal numbers of peripheral B cells. 

Regarding the myeloid compartment, the Genista mutation results in increase of 

monopoiesis, with 4-times more monocytes compared to WT mice in the bone-

marrow (BM). Genista mice are devoid of CD11b
+
Ly-6G

high
 (mature neutrophils) but 

contains an atypical population of CD11b
+
Ly-6G

int
 cells the nuclear morphology of 

which resembled mature WT neutrophils but are less numerous than the CD11b
+
Ly-

6G
high 

neutrophils found in WT. The Gfi1
-/-

 mice also lack mature Ly-6G
high

 

neutrophils but differ from that of Genista mice in that they do not contain atypical 

CD11b
+
Ly-6G

int
 cells (Figure 15). The atypical neutrophils present in Genista mice 

are able to migrate from BM, express myeloperoxidase and are functional (Ordonez-
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Rueda et al., 2012). Indeed, injection of K/BxN serum in WT mice induces arthritis 

by day 2. However, Gfi-1
-/- 

mice do not develop arthritis, while Genista mice develop 

signs of arthritis by day 2, but the arthritis does not worsen over time, like in the case 

of WT mice (Ordonez-Rueda et al., 2012).  

 

 

 

 

Figure 15: Genista mice lack mature neutrophils. BM cells from WT, Genista and 

Gfi-1
-/- 

mice analyzed for CD11b and Ly-6G expression by flow cytometry. Gates 

correspond to mature (CD11b
+
Ly-6G

high
) and immature (CD11b

+
Ly-6G

int
) 

neutrophils, and to monocytes (CD11b
+
 Ly-6G

–
Ly-6C

+
) (Ordonez-Rueda et al., 

2012).  
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Objectives 

 

The objective of my PhD was to study the implication of endosomal TLR interplay 

and signaling in the development of systemic lupus erythematosus (SLE). SLE is an 

autoimmune disease characterized by the production of autoantibodies against nuclear 

antigens (Rahman and Isenberg, 2008). The development of SLE is still not totally 

understood but recent studies implicate TLRs in the initiation and establishment of 

SLE (Kim et al., 2009). TLRs detect conserved microbial components and trigger 

immune responses leading to the engagement of signaling pathways and triggering of 

nuclear factor-κB (NF-κB), interferon-regulatory factors (IRFs) and MAP-kinases 

(O'Neill et al., 2013). A major consequence of TLR signaling is the induction of pro-

inflammatory cytokines and type I-IFNs (Kawai and Akira, 2010). Many studies 

revealed that TLRs respond to endogenous molecules, most of which are released 

from dead cells (Brencicova and Diebold, 2013; Rifkin et al., 2005; Yu et al., 2010). 

Excessive TLR activation upon recognition of exogenous self-ligands by TLRs can 

disrupt immune homeostasis, and may be responsible for the development of 

autoimmune diseases (Kim et al., 2009; Pradhan et al., 2012). To avoid harmful and 

inappropriate inflammatory responses, TLR signaling is controlled by negative 

regulators, which are often induced by TLR ligands to terminate activation of 

signaling pathways (Kondo et al., 2012).  

 

My PhD project had two aims: 

 

Aim 1: Study the cooperation of TLR8 and TLR9 in controlling TLR7-mediated 

lupus. 

Among the TLRs, the endosomal TLR7, TLR8, and TLR9 play a role in the initial 

activation and in the subsequent disease progression of lupus (Christensen and 

Shlomchik, 2007; Demaria et al., 2010). In mice TLR7-deficiency ameliorates SLE, 

but TLR8- or TLR9-deficiency exacerbates the disease due to increased TLR7 

response (Deane et al., 2007; Demaria et al., 2010; Nickerson et al., 2010). Thus, both 

TLR8 and TLR9 control TLR7 function but is was unknown if these TLRs act in 
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parallel or in series in the same or different cell types and if they have an additive or 

not effect in controlling TLR7. In order to address these issues we generated double 

TLR8/TLR9-deficient (TLR8/9
-/-

) mice and analyzed and compared the lupus 

phenotype between TLR8
-/-

, TLR9
-/- 

and TLR8/9
-/-

 mice, using various criteria such as 

spleen size, autoantibody production, frequencies of marginal zone and B1 B cells, 

and renal pathology. Moreover, we studied the immune responses of TLR8
-/-

, TLR9
-/-

 

and TLR8/9
-/- 

or WT cell types, including dendritic cells, macrophages, splenocytes 

and B cells to TLR stimulation. 

 

 

Aim 2: Investigate the implication of Gfi-1 in lupus and TLR signaling by studying 

Genista mice. 

 

Growth Factor Independence 1 (Gfi-1) is a transcriptional repressor that controls NF-

B upon LPS stimulation (Sharif-Askari et al., 2010). Studies with Gfi
-/-

 mice 

demonstrated that Gfi-1 plays an important role in hematopoietic stem cells (HSC), 

myeloid cells, B-cells, T-cells and neutrophils development (Hock et al., 2004; 

Moroy, 2005; Zeng et al., 2004). Moreover, Gfi
-/-

 mice present symptoms of septic 

shock and general inflammation following LPS injection and have a life-spam of 2-3 

months (Karsunky et al., 2002a). Recently, Genista mice carrying a single-point 

mutation in the Gfi-1 gene were generated and characterized as a novel neutropenic 

mouse model (Ordonez-Rueda et al., 2012). As Genista mice present normal lifespan, 

they represent an attractive alternative to study Gfi-1 function. Based on the fact that 

Gfi-1 deficient mice have an increased predisposition to develop autoimmunity (Igwe 

et al., 2008), we hypothesized that Genista mice will also develop lupus. Indeed we 

found that Genista mice present elevated immunoglobulins and autoantibodies in 

their sera and develop renal pathology compared to WT mice. So, the aim of my 

second aim was to characterize the lupus phenotype in Genista mice, study if the 

disease was TLR7-dependent and dissect the molecular pathways that are involved in 

Genista lupus pathology. 
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Aim 1: Study the cooperation of TLR8 and TLR9 in controlling 

TLR7-mediated lupus 
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 Aim 2: Investigate the implication of Gfi-1 in lupus and TLR 

signaling by studying Genista mice 

 

Introduction 

Toll-like receptors (TLRs) sense microbial components as well as endogenous 

molecules, mostly released by dead cells, and play a critical role in activating the 

innate and adaptive immune responses (Kawai and Akira, 2010). The main 

consequence of this sensing is the production of inflammatory cytokines and type-I 

interferons. TLRs play a role not only in antimicrobial defense, but also to the 

induction of autoimmunity, including systemic lupus erythematosus (SLE) (Kim et 

al., 2009). Activation of TLRs is regulated to avoid disruption of immune 

homeostasis and negative regulators act at different levels in the TLR signaling 

pathways (Kondo et al., 2012). Several lines of experimental data support a role for 

the nuclear transcriptional factor Gfi-1 as a regulator of the TLR4 pathway, and as an 

essential modulator preventing an exaggerated inflammatory response to LPS 

stimulation (Karsunky et al., 2002a). 

Gfi-1 is a transcriptional repressor that acts by binding to DNA recognition sequences 

in target genes promoters (Grimes et al., 1996). Gene knock out studies revealed that 

Gfi-1 is important in many cellular processes such as the development of 

granulocytes and in macrophage-dependent cytokine production (Karsunky et al., 

2002a). Gfi-1
-/-

 mice are susceptible to LPS-induced septic shock and stimulation of 

Gfi-1
-/-

 macrophages with LPS leads to an increased production of proinflamatory 

cytokines, including TNF- and IL-1 (Karsunky et al., 2002b). The explanation for 

these observations is thatGfi-1 binds to the p65subunit of NF-B and controls its 

DNA binding activity, thereby regulating the expression of a large numbers of NF-B 

target genes (Sharif-Askari et al., 2010). Interestingly, it has been reported that Gfi-1
-

/- 
mice have higher levels of IgG1, IgG2a and IG2b than WT mice, suggesting that 

Gfi-1 might be also implicated in autoimmune responses (Igwe et al., 2008). 

Based on the data regarding the importance of TLR7 in the immunopathology of SLE 

and the fact that Gfi-1 seems to be implicated in autoimmune pathology, the goal was 
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to study the role of the transcriptional repressor Gfi-1 in TLR signaling and lupus-

development. To do so, we studied Genista mice that carry a hypomorphic mutation 

of the Gfi-1 gene (Ordonez-Rueda et al., 2012). Our studies revealed that Genista 

develop lupus that is TLR7-dependent, while in vitro studies demonstrated that DCs 

from Genista mice produced higher levels of IFN- upon R848 or LPS stimulation. 

Therefore, our results suggest that Gfi-1 acts as a transcriptional repressor 

downstream of TLRs, and controls not only NF-B genes like TNF- but also type-I 

IFN expression.  

Results 

 

Genista mutation leads to development of TLR7-dependent lupus 

 

To determine whether Genista mice that carry a point mutation in Gfi-1 gene develop 

lupus, we used Genista mice in the C57Bl/6 background (Ordonez-Rueda et al., 

2012). These mice are viable, fertile and do not show any obvious phenotypical 

alterations. First, we evaluated by ELISA the levels of IgM and anti-RNA 

autoantibodies in sera of 9 weeks old female WT and Genista mice. Genista mice 

presented significantly increased levels of IgM (Figure 16A) and anti-RNA 

autoantibodies (Figure 16B) compared to WT mice. Kidney sections from WT and 

Genista mice stained with immunofluorescence anti-IgG antibody revealed that 

Genista mice had an increased deposition of IgG in their kidneys compared to WT 

mice (Figure 16C). Thus, Genista mice develop lupus.  

Based on the importance of TLR7 in the immunopathology of lupus in mice (Demaria 

et al., 2010), we were interested to evaluate if the lupus phenotype in Genista mice is 

TLR7 dependent. To do so, we crossed Genista mice with TLR7
-/- 

mice on the 

C57BL/6 background and we generated Genista/TLR7
-/-

. These mice did not present 

any phenotypical abnormalities up to 6 months of age, so we were able to use them 

for our studies. First, serum levels of IgM and IgG2a isotypes were assessed by 

ELISA. The sera from Genista mice showed significantly increased IgM and IgG2a 

levels compared to sera from WT mice, whereas Genista/TLR7
-/- 

sera had normal 

levels (Figure 17A). Next, we evaluated the levels of IgG autoantibodies against 
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dsDNA, RNA and Smith ribonucleoprotein (SmRNP) and found that Genista mice 

presented increased titers compared to WT mice (Figure 17B), whereas 

Genista/TLR7
-/- 

mice
 
resembled WT mice (Figure 17B). These data suggest that the 

increased immunoglobulins and autoantibody production observed in Genista mice is 

TLR7-dependent. Moreover, we investigated the frequencies of plasmablasts and 

germinal centers (GCs) in 4 months old WT, Genista and Genista/TLR7
-/- 

by flow 

cytometry. We found that frequencies of both plasmablasts and GCs were 

significantly increased in Genista compared to WT or Genista/TLR7
-/-

 mice (Figure 

17 C and D and Table3). Next, we evaluated the deposition of IgG in kidneys and 

noticed that Genista mice had increased deposition compared to WT mice, while 

Genista/TLR7
-/- 

mice
 
presented decreased deposition versus WT mice (Figure 17E). 

Thus, our data suggest that Genista mice develop lupus that is TLR7-dependent.  

It has been shown MZ and B1 B (B1a and B1b) cells are altered in lupic mice and 

that TLR7 plays an important role (Demaria et al., 2008; Amano et al, 2003; Deane et 

al 2007).  So we evaluated theses populations and found that both Genista and 

Genista/TLR7
-/- 

mice had a significant increase of the splenic MZ B cells frequencies 

compared to WT mice (Figure 18A and Table 4). In the case of peritoneal cavity B1 

B cells, we found a dramatic reduction of both B1a (B220
lo

CD5
int

) and B1b 

(B220
lo

CD5
lo

) B cells, of these cell populations in Genista and Genista/TLR7
-/-

 mice 

compared to WT mice. However the frequency of B1 B cells in Genista/TLR7
-/-

 mice 

were statistical significant increased compared to Genista mice (Figure 18B and 

Table 4), suggesting that TLR7 signaling contributes partially to the reduction of B1 

B cells in Genista mice.  

  

Frequencies and activation status of immune cells in Genista, Genista/TLR7
-/- 

and WT mice 

 

DCs, pDCs, B cells and T cells play an important role in the pathophysiology of SLE, 

so we evaluated the frequencies and activation status of these cells by flow cytometry 

in WT, Genista and Genista/TLR7
-/-

 spleens. We found that both cDCs and pDCs 

frequencies were significantly increased in Genista mice compared to WT mice, 
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while in the Genista/TLR7
-/- 

mice the frequencies of these cells were normal (Figure 

19A). Next, we accessed the activation status of cDCs (CD11-b like and CD8-

likeand pDCs by evaluating CD86 expression. We found that the CD11-b like and 

pDCs expressed higher CD86 levels in Genista spleens than WT mice, while 

Genista/TLR7
-/-

 behaved similar to WT (Figure 19B). In the case of CD8like DCs, 

both WT and Genista cells presented similar CD86 activation, while Genista/TLR7
-/-

 

cells presented reduced activation compared to Genista cells (Figure 19B). Next, we 

tested the frequencies of naïve (CD62L
+
CD44

-
) and memory-like (CD62L

-
CD44

hi
) 

splenic CD4 and CD8 T cells populations. Genista presented significant reduction of 

naïve CD4 T cells compared to WT mice. Interestingly, Genista/TLR7
-/-

 mice had 

also reduced CD4 naïve T cells compared to WT mice, but showed a significant 

increase compared to Genista mice (Figure 19C). The frequency of naïve CD8 T 

cells was similar in Genista and Genista/TLR7
-/- 

mice and significant reduced 

compared to WT mice. The memory-like CD4 T cells were increased in Genista mice 

versus WT and this phenotype was partially TLR7-dependent for CD4 T cells, since 

there is a reduction of the frequency in Genista/TLR7
-/-

compared to Genista mice but 

the frequency is still significant higher than in WT mice (Figure 19D). The CD8 T 

memory-like cells, Genista and Genista/TLR7 were similar between them and higher 

than WT mice (Figure 19D). Moreover, Genista mice showed higher CD86 

expression on B cells compared to WT or Genista/TLR7
-/-

 cells (Figure 19E). 

In addition, since TLR7 is important for the lupus development in Genista mice, we 

tested the expression of TLR7 in spleens derived from WT, Genista and Gfi-1
-/- 

mice.  

All three mouse groups presented similar levels of splenic TLR7 mRNA expression 

(Figure 20). 

 

Role of Gfi-1 as a transcriptional repressor in TLR signaling 

 

Previous studies have shown that upon LPS (TLR4 ligand) stimulation, expression of 

Gfi-1 is induced in macrophages and that Gfi-1 is a negative regulator of endotoxin-

initiated innate immune response via NF-B (Sharif-Askari et al., 2010). However, it 

is still unknown if Gfi-1 expression is induced by all TLRs and if Gfi-1 acts as a 
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negative regulator downstream of all TLRs. To address these issues, we first 

evaluated Gfi-1 mRNA expression in WT BMMs and BMDCs upon stimulation with 

R848 (TLR7 ligand), LPS (TLR4 ligand), Pam3CSK4 (TLR1/2 ligand), poly I:C 

(TLR3 ligand) and CpG (TLR9 ligand) for 0, 2, 4, 6 and 16 hours using semi-

quantitative RT-PCR. In BMMs, Gfi-1 was expressed upon stimulation with R848 (at 

4 and 6 hours), LPS (at 6 and 16 hours) and Pam3CSK4 (at 6 hours), but not upon poly 

I: C or CpG stimulation (Figure 21A). In BMDCs, Gfi-1 was expressed upon 

stimulation with R848 (at 4 and 6 hours), LPS (at 4, 6 and 16 hours), Pam3CSK4 (at 4 

hours) and poly I: C (at 6 and 16 hours) (Figure 21B). 

 Next, we performed an electrophoretic mobility shift assay (EMSA) to check NF-B 

binding in nuclear extracts from WT, Genista and Gfi-1
-/- 

BMMs stimulated with LPS 

or R848 for 30 and 60 minutes. Similar to previous published data, we observed that 

upon LPS stimulation, Gfi-1
-/- 

BMMs presented increased NF-B binding compared 

to WT cells (Figure 22A). Moreover we found that R848 also induced increased 

NF-B binding in Gfi-1
-/- 

cells to WT BMMs (Figure 22A). However, upon 

stimulation with R848 or LPS Genista BMMs showed similar NF-B binding like 

WT cells (Figure 22A). 

Injection of LPS in Gfi-1
-/- 

mice leads to increased sera levels of TNF- (Karsunky et 

al., 2002). As we found that Gfi-1 is downstream of TLR7, we injected WT and 

Genista mice with R848 and collected sera after 2 and 4 hours and accessed the levels 

of TNF-. We observed that in both time-points, Genista and WT mice produced 

similar levels of TNF- in their sera (Figure 22B), suggesting that Genista mutation 

does not lead to increased TNF production upon TLR7 stimulation. 

 

 

 

 

 

Increased activation and IFN- expression by Genista BMDCs  
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It was showed previously that Gfi-1
-/- 

progenitor cells fail to generate BMDCs upon 

culture with GM-CSF (Rathinham et al., 2005). So, we tested if Genista progenitor 

cells are able to generate BMDCs. We plated equal number of WT and Genista bone-

marrow cells in the presence of GM-CSF and at day 6 we counted the total number of 

cells and evaluated cell viability by flow cytometry. We observed that Genista cells 

presented significant reduced cell counts and viability compared to WT cells (Figure 

23A). Next, we accessed the maturation of DCs on CD11c
+ 

cells based on MHCII 

expression:  immature (CD11c
+ 

MHCII
lo

), intermediate (CD11c
+
 MHCII

int
) and 

mature (CD11c
+
 MHCII

high
) DCs. Genista BMDCs had reduced frequency of 

immature DCs and increased frequencies of intermediate and mature DCs compared 

to WT cells (Figure 23B). In addition, Genista CD11c
+
 DCs presented higher CD86 

expression compared to WT cells (Figure 23C). In order to check if the increased 

activation observed in Genista DCs is correlated with increased TLR7 expression, we 

tested the TLR7 mRNA expression in WT and Genista BMDCs stimulated with R848 

or LPS for 0, 2, 4, 6 or 16 hours. The Genista BMDCs have reduced levels of TLR7 

mRNA expression in all time-points and with both stimuli compared to WT cells 

(Figure 23D). 

In order to evaluate the response of Genista DCs upon TLR stimulation, we evaluated 

by Q-PCR the TNF-, IL-6, IFN- and ISG15 mRNA expression in WT and Genista 

BMDCs stimulated with 50nM of R848 or 1ng/ml of LPS for 0, 2, 4, 6 or 16 hours.  

Both ligands induced the expression of all the tested genes in both genotypes. 

Regarding TNF-R848 induced similar expression in WT and Genista cells, while 

LPS stimulation induced higher expression of this cytokine in WT than in Genista at 

2 hours, but the expression became similar in both genotypes for the later time-points 

(Figure 24). The IL-6 expression was increased upon R848 stimulation in Genista 

cells compared to WT cells at 4, 6 and 16 hours, while LPS stimulation induced 

increased expression in WT versus Genista cells at 2 hours, but the expression 

became similar between the two genotypes at later time points. IFN-expression was 

increased upon R848 stimulation in Genista cells compared to WT cells at 2, 4 and 6 

hours, while LPS stimulation induced higher IFN- expression in Genista compared 

to WT at 4 and 6 hours. We also measured the expression of ISG15, an IFN-
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stimulated gene (Korant et al., 1984). Interestingly after R848 stimulation, there was 

an increased expression of ISG15 by Genista cells compared to control cells at 2, 4 

and 6 hours, while upon LPS stimulation, cells of both genotypes behaved similarly 

(Figure 24). Overall the data demonstrated a significant increased IFN- and IL-6 

expression in Genista BMDCs upon stimulation with R848 (TLR7 ligand) or LPS 

(TLR4 ligand).  
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Materials and Methods 

 

Mice. Genista mice were generated as described previously (Ordonez-Rueda et al., 

2012). Double Genista/TLR7
-/-

 and Genista/TLR8
-/-

 mice were generated by 

intercrossing Genista with TLR7
-/-

 (Lund et al., 2004) or TLR8
-/- 

mice (Demaria et al., 

2010). Mice were housed under specific pathogen-free conditions at the Centre 

d’Immunologie de Marseille-Luminy and experiments were conducted in accordance 

with institutional guidelines for animal care and use and European directives. 

Gfi-1
-/- 

mice were kindly provided by Pierre Brhuns from Département 

d'Immunologie, Laboratoire Anticorps en Thérapie et Pathologie, Institut Pasteur, 

Paris, France 

 

Reagents. R848, LPS from Escherichia coli 0111-B4, Pam3CSK4, CpG ODN 1826, 

and poly I:C were purchased from Invivogen.  

 

Preparation of Cells. Bone marrow cells from mice were extracted from femur and 

tibias and cultured with GM-CSF or M-CSF for the production of bone marrow 

dendritic cells (BM-DCs) or BM-macrophages, respectively as previously described 

(Demaria et al., 2010).  

 

In vivo injection of R848. WT and Genista mice were injected i.p. with 1µg/g of 

body weight with R848 and sera were collected after 2 and 4 hours for evaluation of 

levels of TNF- by ELISA. 

 

Serological Analysis. Evaluation of IgM and IgG2a, and IgG autoantibodies against 

DNA, ribonucleoprotein (RNP) and Smith ribonucleoprotein (smRNP) on serum 

samples were performed as described previously (Demaria et al,2010). For anti-RNA, 

plates were coated with add 50 µl /well of 5µg/ml mouse RNA in PBS and incubated 

overnight at 4°C. Next day, the plates were incubated with 1:50 diluted serum 

samples in working solution (PBS + 0.05% Tween20+1%BSA), and the assay was 

developed with HRP-labeled goat anti-mouse IgG (Southern Biotech).  



Materials and Methods 

99 
 
 

 

Flow Cytometric Analysis. Cell suspensions were incubated with 24G2 hybridoma 

supernatant and then stained using immunofluorescence-labeled antibodies against 

the following antigens: B220, CD3, CD4, CD8, NK1.1, CD19, CD11b, CD11c, 

Ly6G, Ly6C, CD21, CD23, CD5, CD44, CD86, CD38, CD138, from BD 

Biosciences, IA/IE (MHC class II), GL7 from eBioscience. Flow cytometry was 

conducted using an LSR2 (BD Biosciences) and data were analyzed with FlowJo 

(Tree Star). 

 

RNA isolation, RT- PCR and Q- PCR. 

Total RNA was isolated with Trizol (Invitrogen, Carlsbad, USA), contaminant DNA 

was removed using DNA I (Ambion) and first-strand cDNA was synthesized using 3 

g total RNA and SuperScriptII reverse transcriptase (Invitrogen) according to the 

manufacturer’s instructions. PCR primer pairs specific for Gfi-1 and 

hypoxanthinephosphoribosyltransferase (HPRT) which sequences are shown below: 

Gfi-1  5’- GTGGCAAAAGATTCCACCAG -3’ 

 5’- TGAAGCCTGTGTGCTTTCTG -3’ 

HPRT 5′-GTTGGATACAGGCCAGACTTTGTTG-3′ 

 5′ GAGGGTAGGCTGGCCTATAGGCT-3′ 

Taq polymerase (Invitrogen) was used for PCR, and PCR products were separated by 

agarose gel electrophoresis. For Q-PCR, cDNA was amplified with PCR Master Mix 

(Applied Biosystems) and the following primers (shown below) for TLR7, IL-6, 

TNF-ISG15 and β-actin. Q-PCR was performed on an Applied Biosystems PRISM 

7700 Sequence Detection System, and the amount of target was calculated relative to 

the calibrator by 2–ΔCT, resulting in data expressing a target copy number ratio 

(target gene /β-actin). 
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TLR7 5′-TGGCTCCCTTCTCAGGATGA-3′ 

 5′-CCGTGTCCACATCGAAAACA-3 

IFN-β 5′-CGTTCCTGCTGTGCTTCTCC-3 

 5′-TCTTGGAGCTGGAGCTGCTT-3 

IL-6 5’-TGTTCTCTGGGAAATCGTGGA-3 ’ 

  5’-TTTCTGCAAGTGCATCATCGTT-3’ 

TNF- 5’-TTCTATGGCCCAGACCCTCA-3’ 

 5’-CAGCTGCTCCTCCACTTGGT-3’ 

ISG15 5’-ACCCTTTCCAGTCTGGGTCT-3’ 

 5’-TCGCTGCAGTTCTGTACCAC3’ 

β-actin 5′-CCTGAACCCTAAGGCCAAC-3′ 

 5′-GACAGCACAGCCTGGATGG-3′ 

 

Electrophoretic mobility shift assay (EMSA). For nuclear protein extracts, bone-

marrow macrophages were stimulated with 10ng/ml LPS 50nM R848. After 0, 30 and 

60 min, cells were lysed in buffer NAR A [10 mM HEPES (pH 7.9), 10 mM KCl, 1 

mM EDTA (pH 8), 0.1 mM DTT, 1x Complete inhibitor cocktail (Roche, Cat. 

1697498), 0.04 M -glycerophosphate, 1 mM NAF and 0.5 mM PMSF]. Samples 

were incubated on ice for 10 minutes. 11l of 1% NP-40 (Ipegal CA-630, Sigma I-

3021) was added and samples were incubated for 5 minutes at RT, vortexed and 

centrifugated for 1.5 minutes at 4.000 rpm at 4
o
C. The pellet was washed with buffer 

NAR A and incubated in buffer NAR C [20mM HEPES, 0.4M NaCl, 1mM EDTA, 

0.1 mM DTT, 1x Complete inhibitor cocktail (Roche, Cat. 1697498), 0.04 M -

glycerophosphate and 1 mM NAF and 1mM PMSF]. Samples were incubated at 4
o
C 

on a shaker for 30 min, centrifugated for 10 minutes at 13.000 rpm at 4
o
C and 

supernatants containing nuclear extra were transferred to a fresh tube. Protein 

concentrations were determined using Quickstart Bradfort Protein Assay (Bio-Rad 

laboratories).The NF-κB consensus oligonucleotide (5'-AGTTGAGGGGACTTTC 

CCAGGC-3') (Promega. Oligonucleotide) was end labeled with [ϒ-
32

P] ATP (Perkin-
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Elmer) using T4 polynucleotide kinase (Promega). Binding reactions were prepared 

using 3 g of nuclear protein extracts in binding buffer (5 mM MgCl2, 2.5 mM 

EDTA, 2.5 mM DTT, 250 mM NaCl, 50 mM Tris-HCl, 0.5 g poly dIdC (Becton 

Dickinson), 2.5% (v/v) glycerol and 2% (v/v) Ficoll) to a final volume of 20 

l.  Reactions were incubated on ice for 10 min, 1.75 pmol of 
32

P-labeled NF-κB 

oligonucleotide was added and the reactions were incubated for 15 min at room 

temperature. Binding reactions were electrophoresed on a 5% non-denaturing 

polyacrylamide gel and analyzed by autoradiography. 

 

 

Statistical Analysis. Statistics were calculated using Prism5 (GraphPad Software) by 

Mann–Whitney U test with P values indicated throughout as *P < 0.05, **P < 0.01, 

and ***P < 0.001. 
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Discussion and Perspectives 

 

SLE is a complex chronic autoimmune disease that arises spontaneously with divers clinical 

manifestations and characterized by the presence of autoantibodies against nuclear antigens 

(Tan et al., 1982). The pathophysiology of SLE remains incompletely understood and there is 

currently no cure for lupus (Xiong and Lahita, 2014). However, recent studies indicate a role 

for Toll-like receptors (TLRs) and their signaling pathways in the initiation and establishment 

of SLE (Khandanpour et al., 2010; Person et al., 2003). My thesis had two aims: The first was 

to study the cooperation of TLR8 and TLR9 in controlling TLR7-mediated lupus, and the 

second was to investigate the implication of Gfi-1 in lupus development and TLR signaling by 

studying Genista mice. The discussion and perspectives of my two aims are presented below: 

 

Aim 1: Cooperation of TLR8 and TLR9 in controlling TLR7-mediated lupus. 

 

Nucleic-acid TLRs play an important role in SLE not only through their direct signaling, but 

also by regulating the expression and function of each other. TLR7, TLR8, and TLR9 sense 

microbial or endogenous nucleic acids and are implicated in the development of SLE, where 

both TLR8 and TLR9 control TLR7 function and TLR7-mediated lupus (Demaria et al., 2010; 

Nickerson et al., 2010; Santiago-Raber et al., 2010). However, it was unknown if TLR8 and 

TLR9 have an additive effect on controlling TLR7. The first aim of my aim was to investigate 

whether TLR8 and TLR9 act in parallel or in series in the same or different cell types in 

controlling TLR7-mediated lupus. We demonstrated that double TLR8/9
-/-

 mice on the 

C57BL/6 background had increased abnormalities characteristic of SLE compared to single 

TLR8
-/-

 or TLR9
-/-

 mice, suggesting that TLR8 and TLR9 have an additive effect on 

controlling TLR7. Moreover, we found that the additive effect of TLR8 and TLR9 originates 

from the fact that they act on different cell types, where TLR8 controls TLR7 function on 

DCs, while TLR9 restrains TLR7 response on B cells (Desnues et al., 2014). These results 

have been already discussed in our paper (Desnues et al., 2014), so below I extended the 

discussion of our findings by focusing on studies that were reported lately and after the 

publication of our paper. 
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In murine lupus models, deletion of TLR7 limits autoimmune inflammation, whereas deletion 

of TLR9 exacerbates disease, however, whether TLR7 and/or TLR9 signaling on B cells or 

myeloid cells is responsible for these effects has not been fully addressed. To address this 

question a recent study used chimeric mice to evaluate the effect of B cell-intrinsic deletion of 

TLR7 versus TLR9 using the WASp lupus mouse model (Jackson et al., 2014). WASp mice 

carry a mutation that abolishes expression of Wiskott-Aldrich syndrome protein on B cells, 

but not on other hematopoietic lineages. WASp B cells drive the development of lupus that is 

characterized by spontaneous GCs, class-switched IgG2c autoantibodies and 

glomerulonephritis. By studying chimeric mice that were generated by transferring WT, 

WAS
-/-

, WAS
-/-

/TLR7
-/- 

or
  
WAS

-/-
/TLR9

-/- 
B cells in B cell deficient mice, it was shown that 

chimeric mice that were carrying WAS
-/-

/TLR7
-/- 

B cells had reduced autoimmunity compared 

to chimeric mice that received WAS
-/- 

B cells. In contrast, transfer of WAS
-/-

/TLR9
-/- 

B cells 

resulted in decreased DNA-reactive antibodies, but increased antibodies targeting a broad 

range of systemic autoantigens and more severe autoimmunity than chimeric mice that 

received WAS
-/- 

B cells. These data suggest that B cell-intrinsic TLR7 and TLR9 control the 

autoantibody repertoire and systemic inflammation, but have opposing impact, whereas TLR9 

signaling on B cells is protective and TLR7 signaling on B cells is harmful for SLE. 

In accordance with these findings, we demonstrated that TLR9
-/-

 and TLR8/9
-/-

 splenic B cells 

show similar and increased activation upon TLR7 stimulation compared to TLR8
-/-

 or WT 

cells, however this capacity is lost in isolated B-cell cultures. We asked if this effect is B cell 

intrinsic and to do so, we added WT or TLR9
-/-

 B cells in TLR9
-/-

 or WT splenocytes cultures 

depleted of B cells, respectively. We found that TLR9
-/-

 B cells in WT B cell depleted 

splenocytes showed increased activation and response compared to WT B cells in TLR9
-/-

 B 

cell depleted splenocytes (Figure 1 in Annexes). This information confirms the B-cell 

intrinsic TLR9 deletion effect. The fact that we could not see this effect in isolated B cell 

cultures could be due to the fact that B cells require additional signals from other cell types 

either by direct cell to cell contact or as soluble factors.  

 

Regulatory B cells is a subset of B cells that is now recognized as an essential component of 

the immune system that shares surface markers with MZ B and B1a cells and its function  

depends on IL-10  (Sang et al., 2013). It has been demonstrated that regulatory B cells are 

important for disease suppression in lupus, since they inhibit the disease onset in NZB/W F1 
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mice (Watanabe et al., 2010) and suppress the disease manifestation in MRL-Fas (lpr) mice 

by IL-10 dependent mechanisms (Blair et al., 2009). Moreover, regulatory B cells isolated 

from lupus patients produced less IL-10, and lacked the suppressive capacity of their healthy 

counterparts (Blair et al., 2010).  Thus, altered cellular function within regulatory B cells may 

impact effector immune responses in SLE and other autoimmune diseases (Rosser et al., 

2014). Based on the implication of regulatory B cells in SLE it would be interesting to check 

if the regulatory B cells in TLR8
-/-

, TLR8/9
-/-

 and TLR9
-/- 

mice have impaired function and if 

there is a correlation with the disease phenotype.  

 

We have shown that TLR8 controls TLR7 expression and function and that TLR8
-/-

 mice in 

the C57BL/6 background develop TLR7-dependent autoimmunity (Demaria et al., 2010; 

Desnues et al., 2014), but a recent study challenged our findings (Umiker et al., 2014). 

Umiker et al. investigated how the expression of specific TLRs contributes to SLE 

pathogenesis using the 564Igi SLE mouse strain (Umiker et al., 2014). The 564Igi is an SLE 

mouse strain carrying gene-targeted heavy and light chain antibody genes encoding an anti-

RNA autoantibody in the C57BL/6 background (Berland et al., 2006). By crossing 564Igi 

mice with TLR7
-/-

, TLR8
-/-

, TLR9
-/-

, TLR7/9
-/-

 or TLR7/8
-/- 

mice
 
(all mice in the C57BL/6 

background) and evaluating IgG anti-RNA autoantibodies in mouse sera, it was shown that 

564Igi/TLR7
-/- 

mice
 
had lower levels of autoantibodies in their sera compared to 564IgI mice, 

but higher than WT mice, whereas 564Igi/TLR8
-/-

 or 564Igi/TLR9
-/-

 mice had similar IgG 

anti-RNA levels like 564Igi mice. Moreover, 564Igi/TLR7/TLR9
-/- 

mice had decreased 

autoantibody levels compared to 564Igi mice, while in 564Igi/TLR7/TLR8
-/- 

sera
 
no anti-RNA 

autoantibodies were detected. Based on these data, the authors concluded that TLR8 can drive 

the production of anti-RNA autoantibodies by the fact that double deficiency for TLR7/TLR8, 

but not for TLR7/TLR9, leads to absence of autoantibodies in the 564Igi mouse sera. 

However, only by studying 564IgI/TLR8
-/- 

mice conclusions can be driven regarding the role 

of TLR8, but the authors provided very limited data, which makes difficult to really conclude 

what is the role of TLR8 in the 564IgI mouse model.  In addition, by examining TLR8
-/-

, 

564IgI and WT mice in the C57BL/6 background and evaluating IgG2b levels, and anti-RNA 

and anti-DNA autoantibodies, Umiker et al. showed that TLR8
-/-

 mice had reduced 

autoantibodies compared to 564Igi mice, something that is not surprising since we have 

shown before that TLR8
-/-

 mice on the C57BL/6 background present only mild lupus disease. 
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Moreover, similar to our findings [supplementary Fig. 4B (Umiker et al., 2014), see bellow] 

and in the 1/30 sera dilution TLR8
-/-

 had increased anti-RNA IgM compared to WT mice. 

Finally, the authors claim an absence of ANA staining in TLR8
-/-

 mice by comparing them to 

564Igi mice (that show severe lupus disease), but no WT mice were included for direct 

comparison. 

In our case, by studying TLR8
-/- 

and TLR9
-/- 

mice on the C57BL/6 background we showed 

that lack of TLR8 or TLR9 leads to increased autoantibody production compared to WT 

(C57BL/6) mice, while absence of TLR7 leads to lower levels of immunoglobulins IgM and 

IgG2a and absence of ANA staining compared to WT mice (Demaria et al., 2010; Desnues et 

al., 2014). Thus, TLR8
-/-

 mice show signs of lupus when compared to WT mice, and milder 

lupus in comparison to 564Igi mice. 

 

 

 

 

 

Figure paper Umiker et al.,2014: Anti- RNA IgM antibody detected in the sera of 3 months-

old mice using yeast RNA as capture antigen and IgG ANA staining of HEP-2 cells using sera 

from C57Bl/6 mice (Umiker et al., 2014, Supplementary Figure 4). 
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Studies on the role of RNA receptor TLR8 in inflammation have been limited by its different 

function in human versus rodents. Mouse TLR8 does not recognize ssRNA ligands, RNA 

viruses, or small molecules that are potent agonists for human TLR8 (Heil et al., 2003; 

Hemmi et al., 2002) a difference caused by the absence of 5 amino acids that are necessary for 

RNA recognition by human TLR8 (Liu et al., 2010). Thus, in order to study the role of human 

TLR8 in small animal, Guiducci et al. generated multiple transgenic mouse lines that express 

human TLR8. Mice expressing high levels of TLR8 mRNA developed a devastating disease, 

with severe inflammation in the pancreas, salivary glands and joints and failed to breed. 

However, mice expressing lower levels of TLR8 survived normally and when tested for the 

collagen-induced arthritis model, showed increased susceptibility and the levels of huTLR8 

correlated with proinflammatory cytokines in the joints. In same study, a pathogenic role for 

TLR8 in humans was suggested by its increased expression in patients with systemic arthritis 

and a correlation of TLR8 expression with the elevation of IL-1levels and disease status 

(Guiducci et al., 2013). Thus, self-recognition via human TLR8 results in a constellation of 

diseases, strikingly distinct from those related to TLR7 signaling, and points to specific 

inflammatory diseases that may benefit from inhibition of TLR8 activation and signaling in 

humans. However, inhibition of human TLR8 might lead to increased TLR7 function since 

we and others have shown cross-regulatory interaction between TLR7 and TLR8, whereas 

TLR8 keep under control TLR7 expression and function (Demaria et al., 2010; Desnues et al., 

2014; Wang et al., 2006). In accordance, Guiducci et al. revealed that in huTLR8 transgenic 

mice the expression of mouse TLR7 was significantly decreased both in spleens and purified 

cellular subsets (Guiducci et al., 2013). 

 

In our work, we demonstrated that TLR7 is regulated by TLR8 and TLR9 in a cell-specific 

manner, where TLR8 controls TLR7 expression and signaling in DCs and TLR9 controls 

TLR7 function in B cells. The reasons for this TLR-interaction cell type specificity need to be 

clarified. We can speculate that depending on the cell type TLR7, TLR8 and TLR9 can be 

located in the same or distinct intracellular compartments, and/or their trafficking to 

endosomes is mastered by different molecules. Studies that deal with the location and 

trafficking of the individual TLRs in primary cells will be crucial for answering these issues.  
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Aim 2: Investigate the implication of Gfi-1 in lupus development and TLR signaling by 

studying Genista mice  

 

TLR signaling pathways must be tightly regulated because inappropriate TLR stimulation 

may disrupt the fine balance between pro- and anti-inflammatory responses (Kondo et al., 

2012). Such disruptions may harm the host through the development of inflammatory and 

autoimmune diseases such as SLE and rheumatoid arthritis. Several pathways and molecules 

can act individually or in combination to regulate TLR responses. These molecules maintain 

the balance between activation and inhibition and ensure balancing of the beneficial and 

adverse effects of antigen recognition (Kondo et al., 2012). The transcriptional repressor Gfi-1 

has been shown to negatively regulate TLR4 signaling (Sharif-Askari et al., 2010) and Gfi-1
-/-

 

mice show signs of lupus autoimmunity (Igwe et al., 2008). Based on the fact that Gfi-1 

seems to be implicated in autoimmunity and that TLR7 plays a central role in the 

immunopathology of SLE, the second aim of my aim was to study the role of Gfi-1 in lupus 

development and TLR signaling. To do so, we studied Genista mice that carry a hypomorphic 

mutation of the Gfi-1 gene that leads to a novel model of neutropenia (Ordonez-Rueda et al., 

2012). We found that Genista mice in the C57BL/6 background develop spontaneous lupus 

that is TLR7-dependent and Gfi-1 acts as a transcriptional repressor downstream of TLR7 and 

controls type-I IFN expression. 

 

 

MZ B cells are the first subset of B cells to encounter blood-borne antigens (Mebius and 

Kraal, 2005). Antigen activated MZ B cells migrate toward the follicle where they can either 

receive CD4
+ 

T cell help to become plasma cells or they can activate CD4
+
 T cells, which in 

turn activate follicular B cells. A weak affinity for self-antigens suggests that MZ B cells can 

become pathogenic in the context of lupus. We demonstrated that Genista mice have 

increased numbers of MZ B cells compared to WT mice and this phenotype does not depend 

on TLR7. Several lupus models have correlated the disease progression with higher expansion 

of MZ B cells, including New Zealand Black (NZB) mouse and its F1 cross with New 

Zealand White mouse (NZB/W) (Wither et al., 2000). It would be interesting to check if in 

Genista mice there is also a correlation of disease progression and MZ B cell expansion.  
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Another important cell-type correlated with lupus are the B1 B cells, which are a separate 

lineage of B lymphocytes found mostly in the pleural and peritoneal cavities, and in lower 

numbers in the spleen. We found a dramatic reduction in both Genista and Genista/TLR7
-/- 

mice
 
compared to WT mice, however Genista/TLR7

-/- 
presented a significant increase of B1 

population compared to Genista
 
mice. It was showed that LPS injection in vivo leads to 

decreased numbers of B1 cells in the peritoneal cavity in WT mice suggesting that B1 B cells 

actively migrate out of the peritoneal cavity in WT mice (Moon et al., 2012). Moreover, a 

study revealed that germ-free mice accumulate significantly greater numbers of B1 B cells in 

the peritoneal cavity compared with mice kept under specific pathogen–free conditions (Ha et 

al., 2006). Thus, we can speculate that the drastically reduced numbers of B1 B cells in 

Genista mice could be due to a certain degree to increased TLR activation, since 

Genista/TLR7
-/-

 mice show significant increase of this population compared to Genista mice.  

 

Gfi-1 was suggested as a general TLR-regulator, based on the fact that upon stimulation of 

macrophages with TLR4 ligand Gfi-1 expression is induced (Karsunky et al., 2002a; Sharif-

Askari et al., 2010). Since TLR7 is important for the development of lupus in Genista mice, 

we wondered if Gfi-1 expression is induced upon TLR7 activation and if this expression is 

restricted to macrophages or not. In order to do that, we generated BMMs and BMDCs from 

WT mice and we stimulated them with TLR4 (LPS) and TLR7 (R848) ligands. We observed 

that Gfi-1 mRNA expression was induced by both TLR ligands and in both cell types. 

Moreover, we found that Gfi-1 expression was also induced upon TLR3 or TLR2 stimulation 

suggesting that transcriptional repressor Gfi-1 might be a general TLR-regulator.  

 

Since Genista lupus phenotype depends on TLR7, we investigated if TLR7 is overexpressed 

in cells or tissues, but we found normal expression of TLR7, suggesting that the disease 

pathogenesis is not due to overexpression of TLR7. It is possible that Genista mutation leads 

to increased TLR7 signaling to uncontrolled Gfi-1 repression, or there is more availability of 

endosomal TLR ligands that leads to increased TLR signaling. 

 

NF-B is one of the elements of TLR-mediated response in cells of the innate immune system 

and the physiological consequences of TLR stimulation is the release of inflammatory 
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cytokines such as TNF-L-1 and IL-6. In response to LPS stimulation, Gfi-1
-/-

 BMMs 

show increased induction of NF-B complexes and increased expression of TNF- compared 

to WT BMMs, suggesting that Gfi-1 negative regulates the TLR4 signaling pathway by 

antagonizing NF-B DNA binding activity (Sharif-Askari et al., 2010). Moreover, Gfi-1
-/- 

mice succumb to LPS-induced septic shock due to increased TNF-production (Karsunky et 

al., 2002a). We revealed that Gfi-1
-/-

 BMMs show increased induction of NF-B complexes 

not only upon LPS, but also upon R848 stimulation, indicating that Gfi-1 participates in NF-

B DNA binding activity upon TLR4 or TLR7 stimulation. To our surprises, we observed 

that NF-B binding activity in Genista macrophages was normal and sera from Genista mice 

produced normal levels of TNF-upon R848 injection, indicating that NF-B activity was 

not affected in Genista mice. Based on the fact that Genista mice develop lupus that is TLR7-

dependent and that TLR7 activation can trigger strong type-I IFN responses, we wondered if 

Genista mutation leads to impaired type I IFN response. Upon R848 or LPS stimulation 

Genista BMDCs expressed increased levels of IFN- as well as IFN-stimulated gene like 

ISG15, versus WT cells suggesting that the IFN pathway was affected by the Genista 

mutation.  Gfi-1 exerts its role as transcriptional repressor by interacting and forming a 

complex with histone modifying enzymes, as histone deacetylases (HDAC) and lysine 

methyltransferase (G9a) that act together to repress the transcription of genes (Duan et al., 

2005; Saleque et al., 2007). Two recent studies showed that inhibition of HDAC3 and G9 

leads to increased type I IFN gene expression (Fang et al., 2012; Genin et al., 2012). So, we 

can hypothesize that Genista mutation leads to the development of lupus due to uncontrolled 

IFN expression. Further studies have to be done to clarify how the Genista mutation affects 

IFN expression and whether Gfi1-deficiency mirrors the phenotype of Genista mutation. One 

approach will be by checking the activation of signaling molecules involved in TLR7 

signaling pathway. It would be also important to access if Gfi-1 induces transcriptional 

repression in a direct way or indirectly through induction of other molecules by blocking 

protein synthesis.   

 

We should not misprize the fact that Genista is a neutropenic mouse model and that 

neutrophils are the most abundant effector cells of innate immunity. The role of neutrophils in 

the pathogenesis of SLE is still not very clear. Lately several studies revealed that neutrophils 
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can play a role in the perpetuation and exacerbation of the disease by the generation of 

neutrophils extracellular traps (NETs) (Knight and Kaplan, 2012; Yu and Su, 2013). NETs are 

web-like structures composed of chromatin and granular molecules released by activated 

neutrophils through a process called NETosis and can thus provide a source of autoantigens 

(Brinkmann et al., 2004; Christen and von Herrath, 2005). Sera from SLE patients have a 

decreased ability to degrade NETs (Hakkim et al., 2010; Leffler et al., 2012)and the NETs can 

trigger pDCs to produce type-I interferons, which in turn can prime neutrophils for additional 

NETosis leading to a self-amplifying feedback loop (Garcia-Romo et al., 2011; Lande et al., 

2011)(Lande et al., 2011; Garcia-Romo et al., 2011). Moreover, anti-nucleoprotein (RNP) 

immune complexes could activate neutrophils from SLE patients to release NETs and this 

process requires TLR7 activation (Garcia-Romo et al., 2011). So far, the information obtained 

from NETs and lupus patients were based by in vitro studies and the pathogenic role in mouse 

models of lupus remains to be clarified (Garcia-Romo et al., 2011; Hakkim et al., 2010; Lande 

et al., 2011; Leffler et al., 2012). 

 

Based on the information that neutrophils can play a role on the exacerbation of lupus disease, 

we asked whether the lack of neutrophils would affect the development of lupus in TLR8
-/-

 

mice. In order to answer this question, we crossed TLR8
-/- 

mice with Genista mice to generate 

TLR8
-/-

/Genista mice. We found that TLR8
-/-

/Genista mice presented a dramatic increase of 

both plasmablasts and GCs frequencies in the spleen and also had increased deposition of IgG 

in kidneys compared to Genista, TLR8
-/-

 or WT mice (Figure 2 in Annexes). As we showed 

and discussed above, Genista and TLR8
-/-

 mice develop lupus so it was not surprising that 

TLR8
-/-

/Genista mice developed more severe lupus phenotype than the single transgenic mice. 

However, it is not possible to conclude if this is due as a result of an additive effect or the fact 

that absence of neutrophils worsens the lupus phenotype in TLR8
-/-

 mice.  

 

Gfi-1 and other genes as ELA2, HAX-1 and WASP are genes implicated in severe congenital 

neutropenia in humans, which is a primary immunodeficiency disease with bone marrow 

maturation arrest of granulocytic differentiation (Dale et al., 2000; Devriendt et al., 2001; 

Ishikawa et al., 2008; Person et al., 2003). Among these genes, WASP has been well 

investigated and correlated with increased susceptibility to autoimmunity in humans and lupus 

in mice. The mutation in the gene coding for the WASP leads to a X-linked primary 
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immunodeficiency disorder named Wiskott-Aldrich syndrome that can affect many cellular 

processes in immunity, as impairment in adhesion, migration, respiratory burst and 

degranulation of neutrophils (Zhang et al., 2006). Wiskott-Aldrich is marked by a very high 

(up to 70%) incidence of autoimmunity, and patients can manifest complications as vasculitis, 

arthritis and nephropathy (Dupuis-Girod et al., 2003; Imai et al., 2004). It was found that 

WASP
-/-

 mice develop proliferative glomerulonephritis, anti-nuclear and anti-dsDNA 

antibodies at much higher levels than control mice, with titers approaching autoimmune-

prone-mouse strains such as MRL/lpr and NZB/NZWF1 (Humblet-Baron et al., 2007; 

Nikolov et al., 2010). Our data with Genista mice and these above strongly indicate that 

neutropenia can contribute to the pathogenesis of lupus. It is important to keep in mind that 

normal numbers of neutrophils are crucial for immune homeostasis and the proof is that 

chronic neutropenia is often associated with impairment in the function of several immune 

cell types. It would be interesting to check if in other neutropenic mouse models such as 

HCLS1
-/-

 (Skokowa et al., 2012) and G-CSF
-/-

 (Lieschke et al., 1994), neutropenia leads to 

lupus development.   

 

Other possible mechanism by which neutropenia contributes to lupus pathogenesis is the fact 

that arrested maturation of neutrophils at final stages of differentiation can lead to impaired 

neutrophil function due to structural perturbations and malfunction of the neutrophil elastase 

protein and increased cell death, leading to release of autoantigens.  This subsequently leads 

to accumulation of misfolded neutrophil elastase in the endoplasmic reticulum, which triggers 

apoptosis of neutrophil precursors (Grenda et al., 2007). Moreover, impairment in neutrophils 

function by blocking NETosis can increase the disease in lupus prone mouse (Campbell et al., 

2012). Based on the observation that NET formation relies on activity of the enzyme NADPH 

oxidase 2 (Nox2) of neutrophils in both humans and mice, generation and characterization of 

MRL/lpr mice deficient for Nox2 was performed in order to test if inhibition of NETs play a 

role in SLE pathogenesis (Campbell et al., 2012). Surprisingly, Nox2-deficient MRL/lpr mice 

had increased spleen weight, proteinuria levels and renal disease compared to MRL/lpr mice. 

This mutation led to neutrophils with impaired function and cell-death independent of 

NETosis, implicating that neutrophil cell death is important determinant for lupus 

development (Campbell et al., 2012). We cannot ignore the fact that atypical CD11b
+
Ly-6G

int 

neutrophils are present in Genista mice, although they represent a small population, they can 
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be a source of autoantigens and contribute to trigger lupus. It may be complicated to access 

cell death by these atypical neutrophils due to their small numbers, but it would be interesting 

to check if there is recognition and reaction against them by accessing the sera antibodies 

against components from neutrophils, such as MPO and other cytoplasmic components.  

The contribution of neutrophils to SLE and autoimmunity is an expanding field of research 

and there are still many questions unanswered. Studies should be done in order to clarify the 

mechanisms that make the neutrophils change from protectors to pathogenic. Moreover, the 

pathogenic role of NETs that was described so far, by in vitro studies, should be clarified by 

in vivo studies. 

 

In this study we have shown a contribution of Gfi-1 in development of lupus in mice. Studies 

with patients presenting variants in the Gfi-1 allele have been published (Khandanpour et al., 

2010; Person et al., 2003), but there are no information if any of these patients developed 

autoimmunity. It would be of interest to identify if lupus patients present mutations in the 

Gfi-1 gene, and whether in neutropenic patients due to mutation in Gfi-1 gene there are 

alterations in TLR signaling pathways.  

 

Concluding remarks 

SLE is a complex disease with a multifactorial etiology in which many cell-types are 

involved, including B-cells, DCs, T-cells and their subtypes. In the last years it has been 

documented that TLRs and their signaling pathways are important in the pathogenesis of SLE 

(Christensen and Shlomchik, 2007; Theofilopoulos et al., 2010). Among the endosomal 

TLRs, it has been shown that TLR7 is the most pathogenic regarding lupus both in mice and 

humans. In our studies, we showed that both TLR8 and TLR9 keep under control TLR7 

expression and function in different cell types. We also demonstrated the contribution of the 

transcription repressor Gfi-1 in lupus development on the control of TLR7 signaling and type-

I IFN production. These interactions among TLRs and signaling regulation should be taken in 

account in order to target lupus disease. The challenge is to modulate immune signaling 

without exaggerated suppressing innate immune signaling and deregulation of other signaling 

pathways. Therefore, it is important to find a balance between the suppression of disease-

inducing inflammation while keeping the beneficial host immune response.



References 

113 
 
 

 

References 

 

Abdulahad, D.A., Westra, J., Bijzet, J., Limburg, P.C., Kallenberg, C.G., and Bijl, M. 

(2011). High mobility group box 1 (HMGB1) and anti-HMGB1 antibodies and their 

relation to disease characteristics in systemic lupus erythematosus. Arthritis research & 

therapy 13, R71. 

Abdwani, R., Rizvi, S.G., and El-Nour, I. (2008). Childhood systemic lupus erythematosus 

in Sultanate of Oman: demographics and clinical analysis. Lupus 17, 683-686. 

Agnese, D.M., Calvano, J.E., Hahm, S.J., Coyle, S.M., Corbett, S.A., Calvano, S.E., and 

Lowry, S.F. (2002). Human toll-like receptor 4 mutations but not CD14 polymorphisms 

are associated with an increased risk of gram-negative infections. The Journal of 

infectious diseases 186, 1522-1525. 

Ahmad-Nejad, P., Hacker, H., Rutz, M., Bauer, S., Vabulas, R.M., and Wagner, H. (2002). 

Bacterial CpG-DNA and lipopolysaccharides activate Toll-like receptors at distinct 

cellular compartments. European journal of immunology 32, 1958-1968. 

Akira, S., Uematsu, S., and Takeuchi, O. (2006). Pathogen recognition and innate 

immunity. Cell 124, 783-801. 

Al-Mayouf, S.M., Sunker, A., Abdwani, R., Abrawi, S.A., Almurshedi, F., Alhashmi, N., 

Al Sonbul, A., Sewairi, W., Qari, A., Abdallah, E., et al. (2011). Loss-of-function variant 

in DNASE1L3 causes a familial form of systemic lupus erythematosus. Nature genetics 

43, 1186-1188. 

Alarcon, G.S., McGwin, G., Jr., Petri, M., Ramsey-Goldman, R., Fessler, B.J., Vila, L.M., 

Edberg, J.C., Reveille, J.D., Kimberly, R.P., and Group, P.S. (2006). Time to renal 

disease and end-stage renal disease in PROFILE: a multiethnic lupus cohort. PLoS 

medicine 3, e396. 

Albani, S. (1994). Infection and molecular mimicry in autoimmune diseases of childhood. 

Clinical and experimental rheumatology 12 Suppl 10, S35-41. 

Alexopoulou, L., Holt, A.C., Medzhitov, R., and Flavell, R.A. (2001). Recognition of 

double-stranded RNA and activation of NF-kappaB by Toll-like receptor 3. Nature 413, 

732-738. 

Alexopoulou, L., Thomas, V., Schnare, M., Lobet, Y., Anguita, J., Schoen, R.T., 

Medzhitov, R., Fikrig, E., and Flavell, R.A. (2002). Hyporesponsiveness to vaccination 

with Borrelia burgdorferi OspA in humans and in TLR1- and TLR2-deficient mice. 

Nature medicine 8, 878-884. 

Aliprantis, A.O., Yang, R.B., Mark, M.R., Suggett, S., Devaux, B., Radolf, J.D., Klimpel, 

G.R., Godowski, P., and Zychlinsky, A. (1999). Cell activation and apoptosis by bacterial 

lipoproteins through toll-like receptor-2. Science 285, 736-739. 

Alonso, M.D., Llorca, J., Martinez-Vazquez, F., Miranda-Filloy, J.A., Diaz de Teran, T., 

Dierssen, T., Vazquez-Rodriguez, T.R., Gomez-Acebo, I., Blanco, R., and Gonzalez-Gay, 

M.A. (2011). Systemic lupus erythematosus in northwestern Spain: a 20-year 

epidemiologic study. Medicine 90, 350-358. 

Alter, G., Suscovich, T.J., Teigen, N., Meier, A., Streeck, H., Brander, C., and Altfeld, M. 

(2007). Single-stranded RNA derived from HIV-1 serves as a potent activator of NK 

cells. Journal of immunology 178, 7658-7666. 



References 

114 
 
 

 

Andrews, B.S., Eisenberg, R.A., Theofilopoulos, A.N., Izui, S., Wilson, C.B., McConahey, 

P.J., Murphy, E.D., Roths, J.B., and Dixon, F.J. (1978). Spontaneous murine lupus-like 

syndromes. Clinical and immunopathological manifestations in several strains. The 

Journal of experimental medicine 148, 1198-1215. 

Atassi, M.Z., and Casali, P. (2008). Molecular mechanisms of autoimmunity. 

Autoimmunity 41, 123-132. 

Banchereau, J., and Pascual, V. (2006). Type I interferon in systemic lupus erythematosus 

and other autoimmune diseases. Immunity 25, 383-392. 

Barrat, F.J., Meeker, T., Gregorio, J., Chan, J.H., Uematsu, S., Akira, S., Chang, B., 

Duramad, O., and Coffman, R.L. (2005). Nucleic acids of mammalian origin can act as 

endogenous ligands for Toll-like receptors and may promote systemic lupus 

erythematosus. The Journal of experimental medicine 202, 1131-1139. 

Barron, K.S., Silverman, E.D., Gonzales, J., and Reveille, J.D. (1993). Clinical, serologic, 

and immunogenetic studies in childhood-onset systemic lupus erythematosus. Arthritis 

and rheumatism 36, 348-354. 

Barton, G.M., and Kagan, J.C. (2009). A cell biological view of Toll-like receptor 

function: regulation through compartmentalization. Nature reviews Immunology 9, 535-

542. 

Barton, G.M., Kagan, J.C., and Medzhitov, R. (2006). Intracellular localization of Toll-like 

receptor 9 prevents recognition of self DNA but facilitates access to viral DNA. Nature 

immunology 7, 49-56. 

Bastian, H.M., Roseman, J.M., McGwin, G., Jr., Alarcon, G.S., Friedman, A.W., Fessler, 

B.J., Baethge, B.A., Reveille, J.D., and nurture, L.S.G.L.i.M.p.N.v. (2002). Systemic 

lupus erythematosus in three ethnic groups. XII. Risk factors for lupus nephritis after 

diagnosis. Lupus 11, 152-160. 

Bauer, S., Bathke, B., Lauterbach, H., Patzold, J., Kassub, R., Luber, C.A., Schlatter, B., 

Hamm, S., Chaplin, P., Suter, M., et al. (2010). A major role for TLR8 in the recognition 

of vaccinia viral DNA by murine pDC? Proceedings of the National Academy of 

Sciences of the United States of America 107, E139; author reply E140. 

Baumann, I., Kolowos, W., Voll, R.E., Manger, B., Gaipl, U., Neuhuber, W.L., Kirchner, 

T., Kalden, J.R., and Herrmann, M. (2002). Impaired uptake of apoptotic cells into 

tingible body macrophages in germinal centers of patients with systemic lupus 

erythematosus. Arthritis and rheumatism 46, 191-201. 

Behring, E., and Kitasato (1890). Ueber das Zustandekommen der Diphtherie-Immunitat 

und der Tetanus-Immunitat bei thieren. Deutsche medizinsche Wochenschrift 16:1113-

1114 In Milestones in Microbiology: 1556 to 1940, translated and edited by Thomas D 

Brock, ASM Press 1998, p138. 

Beignon, A.S., McKenna, K., Skoberne, M., Manches, O., DaSilva, I., Kavanagh, D.G., 

Larsson, M., Gorelick, R.J., Lifson, J.D., and Bhardwaj, N. (2005). Endocytosis of HIV-1 

activates plasmacytoid dendritic cells via Toll-like receptor-viral RNA interactions. The 

Journal of clinical investigation 115, 3265-3275. 

Bell, D.W., Taguchi, T., Jenkins, N.A., Gilbert, D.J., Copeland, N.G., Gilks, C.B., 

Zweidler-McKay, P., Grimes, H.L., Tsichlis, P.N., and Testa, J.R. (1995). Chromosomal 

localization of a gene, GF1, encoding a novel zinc finger protein reveals a new syntenic 

region between man and rodents. Cytogenetics and cell genetics 70, 263-267. 



References 

115 
 
 

 

Berland, R., Fernandez, L., Kari, E., Han, J.H., Lomakin, I., Akira, S., Wortis, H.H., 

Kearney, J.F., Ucci, A.A., and Imanishi-Kari, T. (2006). Toll-like receptor 7-dependent 

loss of B cell tolerance in pathogenic autoantibody knockin mice. Immunity 25, 429-440. 

Bernatsky, S., Boivin, J.F., Joseph, L., Manzi, S., Ginzler, E., Gladman, D.D., Urowitz, M., 

Fortin, P.R., Petri, M., Barr, S., et al. (2006). Mortality in systemic lupus erythematosus. 

Arthritis and rheumatism 54, 2550-2557. 

Bertsias, G., Ioannidis, J.P., Boletis, J., Bombardieri, S., Cervera, R., Dostal, C., Font, J., 

Gilboe, I.M., Houssiau, F., Huizinga, T., et al. (2008). EULAR recommendations for the 

management of systemic lupus erythematosus. Report of a Task Force of the EULAR 

Standing Committee for International Clinical Studies Including Therapeutics. Annals of 

the rheumatic diseases 67, 195-205. 

Bhan, U., Lukacs, N.W., Osterholzer, J.J., Newstead, M.W., Zeng, X., Moore, T.A., 

McMillan, T.R., Krieg, A.M., Akira, S., and Standiford, T.J. (2007). TLR9 is required for 

protective innate immunity in Gram-negative bacterial pneumonia: role of dendritic cells. 

Journal of immunology 179, 3937-3946. 

Bhoj, V.G., and Chen, Z.J. (2009). Ubiquitylation in innate and adaptive immunity. Nature 

458, 430-437. 

Bird, T.A., Gearing, A.J., and Saklatvala, J. (1988). Murine interleukin 1 receptor. Direct 

identification by ligand blotting and purification to homogeneity of an interleukin 1-

binding glycoprotein. The Journal of biological chemistry 263, 12063-12069. 

Bjerknes, M., and Cheng, H. (2010). Cell Lineage metastability in Gfi1-deficient mouse 

intestinal epithelium. Developmental biology 345, 49-63. 

Blair, P.A., Chavez-Rueda, K.A., Evans, J.G., Shlomchik, M.J., Eddaoudi, A., Isenberg, 

D.A., Ehrenstein, M.R., and Mauri, C. (2009). Selective targeting of B cells with 

agonistic anti-CD40 is an efficacious strategy for the generation of induced regulatory 

T2-like B cells and for the suppression of lupus in MRL/lpr mice. Journal of immunology 

182, 3492-3502. 

Blanco, P., Palucka, A.K., Pascual, V., and Banchereau, J. (2008). Dendritic cells and 

cytokines in human inflammatory and autoimmune diseases. Cytokine & growth factor 

reviews 19, 41-52. 

Blasius, A.L., Arnold, C.N., Georgel, P., Rutschmann, S., Xia, Y., Lin, P., Ross, C., Li, X., 

Smart, N.G., and Beutler, B. (2010). Slc15a4, AP-3, and Hermansky-Pudlak syndrome 

proteins are required for Toll-like receptor signaling in plasmacytoid dendritic cells. 

Proceedings of the National Academy of Sciences of the United States of America 107, 

19973-19978. 

Boackle, S.A., Holers, V.M., Chen, X., Szakonyi, G., Karp, D.R., Wakeland, E.K., and 

Morel, L. (2001). Cr2, a candidate gene in the murine Sle1c lupus susceptibility locus, 

encodes a dysfunctional protein. Immunity 15, 775-785. 

Boddaert, J., Huong, D.L., Amoura, Z., Wechsler, B., Godeau, P., and Piette, J.C. (2004). 

Late-onset systemic lupus erythematosus: a personal series of 47 patients and pooled 

analysis of 714 cases in the literature. Medicine 83, 348-359. 

Bolland, S., and Ravetch, J.V. (2000). Spontaneous autoimmune disease in 

Fc(gamma)RIIB-deficient mice results from strain-specific epistasis. Immunity 13, 277-

285. 

Borchers, A.T., Keen, C.L., Shoenfeld, Y., and Gershwin, M.E. (2004). Surviving the 

butterfly and the wolf: mortality trends in systemic lupus erythematosus. Autoimmunity 

reviews 3, 423-453. 



References 

116 
 
 

 

Borchers, A.T., Naguwa, S.M., Shoenfeld, Y., and Gershwin, M.E. (2010). The 

geoepidemiology of systemic lupus erythematosus. Autoimmunity reviews 9, A277-287. 

Borden, E.C., Sen, G.C., Uze, G., Silverman, R.H., Ransohoff, R.M., Foster, G.R., and 

Stark, G.R. (2007). Interferons at age 50: past, current and future impact on biomedicine. 

Nature reviews Drug discovery 6, 975-990. 

Botos, I., Segal, D.M., and Davies, D.R. (2011). The structural biology of Toll-like 

receptors. Structure 19, 447-459. 

Breckpot, K., Escors, D., Arce, F., Lopes, L., Karwacz, K., Van Lint, S., Keyaerts, M., and 

Collins, M. (2010). HIV-1 lentiviral vector immunogenicity is mediated by Toll-like 

receptor 3 (TLR3) and TLR7. Journal of virology 84, 5627-5636. 

Brencicova, E., and Diebold, S.S. (2013). Nucleic acids and endosomal pattern 

recognition: how to tell friend from foe? Frontiers in cellular and infection microbiology 

3, 37. 

Brinkmann, M.M., Spooner, E., Hoebe, K., Beutler, B., Ploegh, H.L., and Kim, Y.M. 

(2007). The interaction between the ER membrane protein UNC93B and TLR3, 7, and 9 

is crucial for TLR signaling. The Journal of cell biology 177, 265-275. 

Brinkmann, V., Reichard, U., Goosmann, C., Fauler, B., Uhlemann, Y., Weiss, D.S., 

Weinrauch, Y., and Zychlinsky, A. (2004). Neutrophil extracellular traps kill bacteria. 

Science 303, 1532-1535. 

Browne, E.P. (2011). Toll-like receptor 7 controls the anti-retroviral germinal center 

response. PLoS pathogens 7, e1002293. 

Brugos, B., Kiss, E., Szodoray, P., Szegedi, G., and Zeher, M. (2006). Retrospective 

analysis of patients with lupus nephritis: data from a large clinical immunological center 

in Hungary. Scandinavian journal of immunology 64, 433-437. 

Burgos, P.I., McGwin, G., Jr., Pons-Estel, G.J., Reveille, J.D., Alarcon, G.S., and Vila, 

L.M. (2011). US patients of Hispanic and African ancestry develop lupus nephritis early 

in the disease course: data from LUMINA, a multiethnic US cohort (LUMINA LXXIV). 

Annals of the rheumatic diseases 70, 393-394. 

Burnet, M.F. (1959). The Clonal Selection Theory of Acquired Immunity. Cambridge: 

Cambridge University Press. 

Cadwell, K., Liu, J.Y., Brown, S.L., Miyoshi, H., Loh, J., Lennerz, J.K., Kishi, C., Kc, W., 

Carrero, J.A., Hunt, S., et al. (2008). A key role for autophagy and the autophagy gene 

Atg16l1 in mouse and human intestinal Paneth cells. Nature 456, 259-263. 

Campbell, A.M., Kashgarian, M., and Shlomchik, M.J. (2012). NADPH oxidase inhibits 

the pathogenesis of systemic lupus erythematosus. Science translational medicine 4, 

157ra141. 

Carrick, D.M., Lai, W.S., and Blackshear, P.J. (2004). The tandem CCCH zinc finger 

protein tristetraprolin and its relevance to cytokine mRNA turnover and arthritis. Arthritis 

research & therapy 6, 248-264. 

Carroll, M.C. (2004). A protective role for innate immunity in systemic lupus 

erythematosus. Nature reviews Immunology 4, 825-831. 

Carty, M., Goodbody, R., Schroder, M., Stack, J., Moynagh, P.N., and Bowie, A.G. 

(2006). The human adaptor SARM negatively regulates adaptor protein TRIF-dependent 

Toll-like receptor signaling. Nature immunology 7, 1074-1081. 

Casali, P., Burastero, S.E., Nakamura, M., Inghirami, G., and Notkins, A.L. (1987). 

Human lymphocytes making rheumatoid factor and antibody to ssDNA belong to Leu-1+ 

B-cell subset. Science 236, 77-81. 



References 

117 
 
 

 

Casali, P., and Notkins, A.L. (1989). CD5+ B lymphocytes, polyreactive antibodies and 

the human B-cell repertoire. Immunology today 10, 364-368. 

Casali, P., and Schettino, E.W. (1996). Structure and function of natural antibodies. 

Current topics in microbiology and immunology 210, 167-179. 

Casrouge, A., Zhang, S.Y., Eidenschenk, C., Jouanguy, E., Puel, A., Yang, K., Alcais, A., 

Picard, C., Mahfoufi, N., Nicolas, N., et al. (2006). Herpes simplex virus encephalitis in 

human UNC-93B deficiency. Science 314, 308-312. 

Celhar, T., Magalhaes, R., and Fairhurst, A.M. (2012). TLR7 and TLR9 in SLE: when 

sensing self goes wrong. Immunologic research 53, 58-77. 

Cervera, R., and Font, J. (1993). [Activity or inactivity: is this the question in systemic 

lupus erythematosus?]. Medicina clinica 101, 255-257. 

Chiang, C.Y., Engel, A., Opaluch, A.M., Ramos, I., Maestre, A.M., Secundino, I., De 

Jesus, P.D., Nguyen, Q.T., Welch, G., Bonamy, G.M., et al. (2012). Cofactors required 

for TLR7- and TLR9-dependent innate immune responses. Cell host & microbe 11, 306-

318. 

Christen, U., and von Herrath, M.G. (2005). Infections and autoimmunity--good or bad? 

Journal of immunology 174, 7481-7486. 

Christensen, S.R., Kashgarian, M., Alexopoulou, L., Flavell, R.A., Akira, S., and 

Shlomchik, M.J. (2005). Toll-like receptor 9 controls anti-DNA autoantibody production 

in murine lupus. The Journal of experimental medicine 202, 321-331. 

Christensen, S.R., and Shlomchik, M.J. (2007). Regulation of lupus-related autoantibody 

production and clinical disease by Toll-like receptors. Seminars in immunology 19, 11-

23. 

Cline, A.M., and Radic, M.Z. (2004). Apoptosis, subcellular particles, and autoimmunity. 

Clinical immunology 112, 175-182. 

Coban, C., Ishii, K.J., Kawai, T., Hemmi, H., Sato, S., Uematsu, S., Yamamoto, M., 

Takeuchi, O., Itagaki, S., Kumar, N., et al. (2005). Toll-like receptor 9 mediates innate 

immune activation by the malaria pigment hemozoin. The Journal of experimental 

medicine 201, 19-25. 

Croker, B.A., Lawson, B.R., Rutschmann, S., Berger, M., Eidenschenk, C., Blasius, A.L., 

Moresco, E.M., Sovath, S., Cengia, L., Shultz, L.D., et al. (2008). Inflammation and 

autoimmunity caused by a SHP1 mutation depend on IL-1, MyD88, and a microbial 

trigger. Proceedings of the National Academy of Sciences of the United States of 

America 105, 15028-15033. 

Cyster, J.G., and Goodnow, C.C. (1995). Antigen-induced exclusion from follicles and 

anergy are separate and complementary processes that influence peripheral B cell fate. 

Immunity 3, 691-701. 

Dale, D.C., Person, R.E., Bolyard, A.A., Aprikyan, A.G., Bos, C., Bonilla, M.A., Boxer, 

L.A., Kannourakis, G., Zeidler, C., Welte, K., et al. (2000). Mutations in the gene 

encoding neutrophil elastase in congenital and cyclic neutropenia. Blood 96, 2317-2322. 

Davis, M.M., Altman, J.D., and Newell, E.W. (2011). Interrogating the repertoire: 

broadening the scope of peptide-MHC multimer analysis. Nature reviews Immunology 

11, 551-558. 

De Jager, P.L., Richardson, A., Vyse, T.J., and Rioux, J.D. (2006). Genetic variation in 

toll-like receptor 9 and susceptibility to systemic lupus erythematosus. Arthritis and 

rheumatism 54, 1279-1282. 



References 

118 
 
 

 

Deane, J.A., Pisitkun, P., Barrett, R.S., Feigenbaum, L., Town, T., Ward, J.M., Flavell, 

R.A., and Bolland, S. (2007). Control of toll-like receptor 7 expression is essential to 

restrict autoimmunity and dendritic cell proliferation. Immunity 27, 801-810. 

Delgado, M.A., Elmaoued, R.A., Davis, A.S., Kyei, G., and Deretic, V. (2008). Toll-like 

receptors control autophagy. The EMBO journal 27, 1110-1121. 

Demaria, O., Pagni, P.P., Traub, S., de Gassart, A., Branzk, N., Murphy, A.J., Valenzuela, 

D.M., Yancopoulos, G.D., Flavell, R.A., and Alexopoulou, L. (2010). TLR8 deficiency 

leads to autoimmunity in mice. The Journal of clinical investigation 120, 3651-3662. 

Demirci, F.Y., Manzi, S., Ramsey-Goldman, R., Kenney, M., Shaw, P.S., Dunlop-Thomas, 

C.M., Kao, A.H., Rhew, E.Y., Bontempo, F., Kammerer, C., et al. (2007). Association 

study of Toll-like receptor 5 (TLR5) and Toll-like receptor 9 (TLR9) polymorphisms in 

systemic lupus erythematosus. The Journal of rheumatology 34, 1708-1711. 

Deng, Y., Zhao, J., Sakurai, D., Kaufman, K.M., Edberg, J.C., Kimberly, R.P., Kamen, 

D.L., Gilkeson, G.S., Jacob, C.O., Scofield, R.H., et al. (2013). MicroRNA-3148 

modulates allelic expression of toll-like receptor 7 variant associated with systemic lupus 

erythematosus. PLoS genetics 9, e1003336. 

Desnues, B., Macedo, A.B., Roussel-Queval, A., Bonnardel, J., Henri, S., Demaria, O., and 

Alexopoulou, L. (2014). TLR8 on dendritic cells and TLR9 on B cells restrain TLR7-

mediated spontaneous autoimmunity in C57BL/6 mice. Proceedings of the National 

Academy of Sciences of the United States of America 111, 1497-1502. 

Devriendt, K., Kim, A.S., Mathijs, G., Frints, S.G., Schwartz, M., Van Den Oord, J.J., 

Verhoef, G.E., Boogaerts, M.A., Fryns, J.P., You, D., et al. (2001). Constitutively 

activating mutation in WASP causes X-linked severe congenital neutropenia. Nature 

genetics 27, 313-317. 

Diebold, S. (2010). Innate recognition of viruses. Immunology letters 128, 17-20. 

Diebold, S.S. (2008). Recognition of viral single-stranded RNA by Toll-like receptors. 

Advanced drug delivery reviews 60, 813-823. 

Diebold, S.S., Kaisho, T., Hemmi, H., Akira, S., and Reis e Sousa, C. (2004). Innate 

antiviral responses by means of TLR7-mediated recognition of single-stranded RNA. 

Science 303, 1529-1531. 

Diebold, S.S., Massacrier, C., Akira, S., Paturel, C., Morel, Y., and Reis e Sousa, C. 

(2006). Nucleic acid agonists for Toll-like receptor 7 are defined by the presence of 

uridine ribonucleotides. European journal of immunology 36, 3256-3267. 

Donnelly, S., Roake, W., Brown, S., Young, P., Naik, H., Wordsworth, P., Isenberg, D.A., 

Reid, K.B., and Eggleton, P. (2006). Impaired recognition of apoptotic neutrophils by the 

C1q/calreticulin and CD91 pathway in systemic lupus erythematosus. Arthritis and 

rheumatism 54, 1543-1556. 

dos Santos, B.P., Valverde, J.V., Rohr, P., Monticielo, O.A., Brenol, J.C., Xavier, R.M., 

and Chies, J.A. (2012). TLR7/8/9 polymorphisms and their associations in systemic lupus 

erythematosus patients from southern Brazil. Lupus 21, 302-309. 

Dower, S.K., Kronheim, S.R., March, C.J., Conlon, P.J., Hopp, T.P., Gillis, S., and Urdal, 

D.L. (1985). Detection and characterization of high affinity plasma membrane receptors 

for human interleukin 1. The Journal of experimental medicine 162, 501-515. 

Duan, B., and Morel, L. (2006). Role of B-1a cells in autoimmunity. Autoimmunity 

reviews 5, 403-408. 



References 

119 
 
 

 

Duan, Z., and Horwitz, M. (2003). Targets of the transcriptional repressor oncoprotein Gfi-

1. Proceedings of the National Academy of Sciences of the United States of America 100, 

5932-5937. 

Duan, Z., Zarebski, A., Montoya-Durango, D., Grimes, H.L., and Horwitz, M. (2005). Gfi1 

coordinates epigenetic repression of p21Cip/WAF1 by recruitment of histone lysine 

methyltransferase G9a and histone deacetylase 1. Molecular and cellular biology 25, 

10338-10351. 

Echchannaoui, H., Frei, K., Schnell, C., Leib, S.L., Zimmerli, W., and Landmann, R. 

(2002). Toll-like receptor 2-deficient mice are highly susceptible to Streptococcus 

pneumoniae meningitis because of reduced bacterial clearing and enhanced 

inflammation. The Journal of infectious diseases 186, 798-806. 

Ehrenstein, M.R., Katz, D.R., Griffiths, M.H., Papadaki, L., Winkler, T.H., Kalden, J.R., 

and Isenberg, D.A. (1995). Human IgG anti-DNA antibodies deposit in kidneys and 

induce proteinuria in SCID mice. Kidney international 48, 705-711. 

Ehrlich, P. (1900). On immunity with special reference to cell life. Proc Roy Soc 66, 424-

448. 

Elmore, S. (2007). Apoptosis: a review of programmed cell death. Toxicologic pathology 

35, 495-516. 

Ewald, S.E., Engel, A., Lee, J., Wang, M., Bogyo, M., and Barton, G.M. (2011). Nucleic 

acid recognition by Toll-like receptors is coupled to stepwise processing by cathepsins 

and asparagine endopeptidase. The Journal of experimental medicine 208, 643-651. 

Ewald, S.E., Lee, B.L., Lau, L., Wickliffe, K.E., Shi, G.P., Chapman, H.A., and Barton, 

G.M. (2008). The ectodomain of Toll-like receptor 9 is cleaved to generate a functional 

receptor. Nature 456, 658-662. 

Fairhurst, A.M., Hwang, S.H., Wang, A., Tian, X.H., Boudreaux, C., Zhou, X.J., Casco, J., 

Li, Q.Z., Connolly, J.E., and Wakeland, E.K. (2008). Yaa autoimmune phenotypes are 

conferred by overexpression of TLR7. European journal of immunology 38, 1971-1978. 

Fang, T.C., Schaefer, U., Mecklenbrauker, I., Stienen, A., Dewell, S., Chen, M.S., Rioja, I., 

Parravicini, V., Prinjha, R.K., Chandwani, R., et al. (2012). Histone H3 lysine 9 di-

methylation as an epigenetic signature of the interferon response. The Journal of 

experimental medicine 209, 661-669. 

Feuillet, V., Medjane, S., Mondor, I., Demaria, O., Pagni, P.P., Galan, J.E., Flavell, R.A., 

and Alexopoulou, L. (2006). Involvement of Toll-like receptor 5 in the recognition of 

flagellated bacteria. Proceedings of the National Academy of Sciences of the United 

States of America 103, 12487-12492. 

Fife, B.T., and Bluestone, J.A. (2008). Control of peripheral T-cell tolerance and 

autoimmunity via the CTLA-4 and PD-1 pathways. Immunological reviews 224, 166-

182. 

Font, J., Cervera, R., Espinosa, G., Pallares, L., Ramos-Casals, M., Jimenez, S., Garcia-

Carrasco, M., Seisdedos, L., and Ingelmo, M. (1998). Systemic lupus erythematosus 

(SLE) in childhood: analysis of clinical and immunological findings in 34 patients and 

comparison with SLE characteristics in adults. Annals of the rheumatic diseases 57, 456-

459. 

Foster, M.H., Cizman, B., and Madaio, M.P. (1993). Nephritogenic autoantibodies in 

systemic lupus erythematosus: immunochemical properties, mechanisms of immune 

deposition, and genetic origins. Laboratory investigation; a journal of technical methods 

and pathology 69, 494-507. 



References 

120 
 
 

 

Franz, S., Gaipl, U.S., Munoz, L.E., Sheriff, A., Beer, A., Kalden, J.R., and Herrmann, M. 

(2006). Apoptosis and autoimmunity: when apoptotic cells break their silence. Current 

rheumatology reports 8, 245-247. 

Fukui, R., Saitoh, S., Kanno, A., Onji, M., Shibata, T., Ito, A., Onji, M., Matsumoto, M., 

Akira, S., Yoshida, N., et al. (2011). Unc93B1 restricts systemic lethal inflammation by 

orchestrating Toll-like receptor 7 and 9 trafficking. Immunity 35, 69-81. 

Fukui, R., Saitoh, S., Matsumoto, F., Kozuka-Hata, H., Oyama, M., Tabeta, K., Beutler, B., 

and Miyake, K. (2009). Unc93B1 biases Toll-like receptor responses to nucleic acid in 

dendritic cells toward DNA- but against RNA-sensing. The Journal of experimental 

medicine 206, 1339-1350. 

Gaipl, U.S., Munoz, L.E., Grossmayer, G., Lauber, K., Franz, S., Sarter, K., Voll, R.E., 

Winkler, T., Kuhn, A., Kalden, J., et al. (2007). Clearance deficiency and systemic lupus 

erythematosus (SLE). Journal of autoimmunity 28, 114-121. 

Gaipl, U.S., Sheriff, A., Franz, S., Munoz, L.E., Voll, R.E., Kalden, J.R., and Herrmann, 

M. (2006). Inefficient clearance of dying cells and autoreactivity. Current topics in 

microbiology and immunology 305, 161-176. 

Ganguly, D., Chamilos, G., Lande, R., Gregorio, J., Meller, S., Facchinetti, V., Homey, B., 

Barrat, F.J., Zal, T., and Gilliet, M. (2009). Self-RNA-antimicrobial peptide complexes 

activate human dendritic cells through TLR7 and TLR8. The Journal of experimental 

medicine 206, 1983-1994. 

Garcia-Cattaneo, A., Gobert, F.X., Muller, M., Toscano, F., Flores, M., Lescure, A., Del 

Nery, E., and Benaroch, P. (2012). Cleavage of Toll-like receptor 3 by cathepsins B and 

H is essential for signaling. Proceedings of the National Academy of Sciences of the 

United States of America 109, 9053-9058. 

Garcia-Romo, G.S., Caielli, S., Vega, B., Connolly, J., Allantaz, F., Xu, Z., Punaro, M., 

Baisch, J., Guiducci, C., Coffman, R.L., et al. (2011). Netting neutrophils are major 

inducers of type I IFN production in pediatric systemic lupus erythematosus. Science 

translational medicine 3, 73ra20. 

Gay, N.J., and Gangloff, M. (2007). Structure and function of Toll receptors and their 

ligands. Annual review of biochemistry 76, 141-165. 

Gay, N.J., and Keith, F.J. (1991). Drosophila Toll and IL-1 receptor. Nature 351, 355-356. 

Genin, P., Lin, R., Hiscott, J., and Civas, A. (2012). Recruitment of histone deacetylase 3 

to the interferon-A gene promoters attenuates interferon expression. PloS one 7, e38336. 

Gianchecchi, E., Delfino, D.V., and Fierabracci, A. (2013). Recent insights into the role of 

the PD-1/PD-L1 pathway in immunological tolerance and autoimmunity. Autoimmunity 

reviews 12, 1091-1100. 

Gilks, C.B., Bear, S.E., Grimes, H.L., and Tsichlis, P.N. (1993). Progression of interleukin-

2 (IL-2)-dependent rat T cell lymphoma lines to IL-2-independent growth following 

activation of a gene (Gfi-1) encoding a novel zinc finger protein. Molecular and cellular 

biology 13, 1759-1768. 

Gorden, K.K., Qiu, X.X., Binsfeld, C.C., Vasilakos, J.P., and Alkan, S.S. (2006). Cutting 

edge: activation of murine TLR8 by a combination of imidazoquinoline immune response 

modifiers and polyT oligodeoxynucleotides. Journal of immunology 177, 6584-6587. 

Grenda, D.S., Murakami, M., Ghatak, J., Xia, J., Boxer, L.A., Dale, D., Dinauer, M.C., and 

Link, D.C. (2007). Mutations of the ELA2 gene found in patients with severe congenital 

neutropenia induce the unfolded protein response and cellular apoptosis. Blood 110, 

4179-4187. 



References 

121 
 
 

 

Grimes, H.L., Chan, T.O., Zweidler-McKay, P.A., Tong, B., and Tsichlis, P.N. (1996). The 

Gfi-1 proto-oncoprotein contains a novel transcriptional repressor domain, SNAG, and 

inhibits G1 arrest induced by interleukin-2 withdrawal. Molecular and cellular biology 

16, 6263-6272. 

Gronski, M.A., and Weinem, M. (2006). Death pathways in T cell homeostasis and their 

role in autoimmune diabetes. The review of diabetic studies : RDS 3, 88-95. 

Guiducci, C., Gong, M., Cepika, A.M., Xu, Z., Tripodo, C., Bennett, L., Crain, C., 

Quartier, P., Cush, J.J., Pascual, V., et al. (2013). RNA recognition by human TLR8 can 

lead to autoimmune inflammation. The Journal of experimental medicine 210, 2903-

2919. 

Ha, S.A., Tsuji, M., Suzuki, K., Meek, B., Yasuda, N., Kaisho, T., and Fagarasan, S. 

(2006). Regulation of B1 cell migration by signals through Toll-like receptors. The 

Journal of experimental medicine 203, 2541-2550. 

Hacker, H., and Karin, M. (2006). Regulation and function of IKK and IKK-related 

kinases. Science's STKE : signal transduction knowledge environment 2006, re13. 

Hacker, H., Mischak, H., Miethke, T., Liptay, S., Schmid, R., Sparwasser, T., Heeg, K., 

Lipford, G.B., and Wagner, H. (1998). CpG-DNA-specific activation of antigen-

presenting cells requires stress kinase activity and is preceded by non-specific 

endocytosis and endosomal maturation. The EMBO journal 17, 6230-6240. 

Hakkim, A., Furnrohr, B.G., Amann, K., Laube, B., Abed, U.A., Brinkmann, V., 

Herrmann, M., Voll, R.E., and Zychlinsky, A. (2010). Impairment of neutrophil 

extracellular trap degradation is associated with lupus nephritis. Proceedings of the 

National Academy of Sciences of the United States of America 107, 9813-9818. 

Halverson, R., Torres, R.M., and Pelanda, R. (2004). Receptor editing is the main 

mechanism of B cell tolerance toward membrane antigens. Nature immunology 5, 645-

650. 

Hampe, J., Franke, A., Rosenstiel, P., Till, A., Teuber, M., Huse, K., Albrecht, M., Mayr, 

G., De La Vega, F.M., Briggs, J., et al. (2007). A genome-wide association scan of 

nonsynonymous SNPs identifies a susceptibility variant for Crohn disease in ATG16L1. 

Nature genetics 39, 207-211. 

Harindranath, N., Ikematsu, H., Notkins, A.L., and Casali, P. (1993). Structure of the VH 

and VL segments of polyreactive and monoreactive human natural antibodies to HIV-1 

and Escherichia coli beta-galactosidase. International immunology 5, 1523-1533. 

Hasan, U., Chaffois, C., Gaillard, C., Saulnier, V., Merck, E., Tancredi, S., Guiet, C., 

Briere, F., Vlach, J., Lebecque, S., et al. (2005). Human TLR10 is a functional receptor, 

expressed by B cells and plasmacytoid dendritic cells, which activates gene transcription 

through MyD88. Journal of immunology 174, 2942-2950. 

Hashimoto, C., Hudson, K.L., and Anderson, K.V. (1988). The Toll gene of Drosophila, 

required for dorsal-ventral embryonic polarity, appears to encode a transmembrane 

protein. Cell 52, 269-279. 

Hayashi, F., Smith, K.D., Ozinsky, A., Hawn, T.R., Yi, E.C., Goodlett, D.R., Eng, J.K., 

Akira, S., Underhill, D.M., and Aderem, A. (2001). The innate immune response to 

bacterial flagellin is mediated by Toll-like receptor 5. Nature 410, 1099-1103. 

Heil, F., Ahmad-Nejad, P., Hemmi, H., Hochrein, H., Ampenberger, F., Gellert, T., 

Dietrich, H., Lipford, G., Takeda, K., Akira, S., et al. (2003). The Toll-like receptor 7 

(TLR7)-specific stimulus loxoribine uncovers a strong relationship within the TLR7, 8 

and 9 subfamily. European journal of immunology 33, 2987-2997. 



References 

122 
 
 

 

Hemmi, H., Kaisho, T., Takeuchi, O., Sato, S., Sanjo, H., Hoshino, K., Horiuchi, T., 

Tomizawa, H., Takeda, K., and Akira, S. (2002). Small anti-viral compounds activate 

immune cells via the TLR7 MyD88-dependent signaling pathway. Nature immunology 3, 

196-200. 

Hemmi, H., Takeuchi, O., Kawai, T., Kaisho, T., Sato, S., Sanjo, H., Matsumoto, M., 

Hoshino, K., Wagner, H., Takeda, K., et al. (2000). A Toll-like receptor recognizes 

bacterial DNA. Nature 408, 740-745. 

Hepburn, A.L., Lampert, I.A., Boyle, J.J., Horncastle, D., Ng, W.F., Layton, M., Vyse, 

T.J., Botto, M., and Mason, J.C. (2007). In vivo evidence for apoptosis in the bone 

marrow in systemic lupus erythematosus. Annals of the rheumatic diseases 66, 1106-

1109. 

Hidmark, A., von Saint Paul, A., and Dalpke, A.H. (2012). Cutting edge: TLR13 is a 

receptor for bacterial RNA. Journal of immunology 189, 2717-2721. 

Hiraki, L.T., Feldman, C.H., Liu, J., Alarcon, G.S., Fischer, M.A., Winkelmayer, W.C., 

and Costenbader, K.H. (2012). Prevalence, incidence, and demographics of systemic 

lupus erythematosus and lupus nephritis from 2000 to 2004 among children in the US 

Medicaid beneficiary population. Arthritis and rheumatism 64, 2669-2676. 

Hochberg, M.C. (1997). Updating the American College of Rheumatology revised criteria 

for the classification of systemic lupus erythematosus. Arthritis and rheumatism 40, 1725. 

Hochrein, H., Schlatter, B., O'Keeffe, M., Wagner, C., Schmitz, F., Schiemann, M., Bauer, 

S., Suter, M., and Wagner, H. (2004). Herpes simplex virus type-1 induces IFN-alpha 

production via Toll-like receptor 9-dependent and -independent pathways. Proceedings of 

the National Academy of Sciences of the United States of America 101, 11416-11421. 

Hock, H., Hamblen, M.J., Rooke, H.M., Schindler, J.W., Saleque, S., Fujiwara, Y., and 

Orkin, S.H. (2004). Gfi-1 restricts proliferation and preserves functional integrity of 

haematopoietic stem cells. Nature 431, 1002-1007. 

Hock, H., Hamblen, M.J., Rooke, H.M., Traver, D., Bronson, R.T., Cameron, S., and 

Orkin, S.H. (2003). Intrinsic requirement for zinc finger transcription factor Gfi-1 in 

neutrophil differentiation. Immunity 18, 109-120. 

Hoebe, K., Georgel, P., Rutschmann, S., Du, X., Mudd, S., Crozat, K., Sovath, S., Shamel, 

L., Hartung, T., Zahringer, U., et al. (2005). CD36 is a sensor of diacylglycerides. Nature 

433, 523-527. 

Hoffman, I.E., Lauwerys, B.R., De Keyser, F., Huizinga, T.W., Isenberg, D., Cebecauer, 

L., Dehoorne, J., Joos, R., Hendrickx, G., Houssiau, F., et al. (2009). Juvenile-onset 

systemic lupus erythematosus: different clinical and serological pattern than adult-onset 

systemic lupus erythematosus. Annals of the rheumatic diseases 68, 412-415. 

Hogquist, K.A., Baldwin, T.A., and Jameson, S.C. (2005). Central tolerance: learning self-

control in the thymus. Nature reviews Immunology 5, 772-782. 

Honda, K., Ohba, Y., Yanai, H., Negishi, H., Mizutani, T., Takaoka, A., Taya, C., and 

Taniguchi, T. (2005). Spatiotemporal regulation of MyD88-IRF-7 signalling for robust 

type-I interferon induction. Nature 434, 1035-1040. 

Hopkins, P.A., and Sriskandan, S. (2005). Mammalian Toll-like receptors: to immunity 

and beyond. Clinical and experimental immunology 140, 395-407. 

Hopkinson, N.D., Jenkinson, C., Muir, K.R., Doherty, M., and Powell, R.J. (2000). Racial 

group, socioeconomic status, and the development of persistent proteinuria in systemic 

lupus erythematosus. Annals of the rheumatic diseases 59, 116-119. 



References 

123 
 
 

 

Horman, S.R., Velu, C.S., Chaubey, A., Bourdeau, T., Zhu, J., Paul, W.E., Gebelein, B., 

and Grimes, H.L. (2009). Gfi1 integrates progenitor versus granulocytic transcriptional 

programming. Blood 113, 5466-5475. 

Hoshino, K., Takeuchi, O., Kawai, T., Sanjo, H., Ogawa, T., Takeda, Y., Takeda, K., and 

Akira, S. (1999). Cutting edge: Toll-like receptor 4 (TLR4)-deficient mice are 

hyporesponsive to lipopolysaccharide: evidence for TLR4 as the Lps gene product. 

Journal of immunology 162, 3749-3752. 

Huang, C.M., Huang, P.H., Chen, C.L., Lin, Y.J., Tsai, C.H., Huang, W.L., and Tsai, F.J. 

(2012). Association of toll-like receptor 9 gene polymorphism in Chinese patients with 

systemic lupus erythematosus in Taiwan. Rheumatology international 32, 2105-2109. 

Hultmark, D. (1994). Macrophage differentiation marker MyD88 is a member of the 

Toll/IL-1 receptor family. Biochemical and biophysical research communications 199, 

144-146. 

Humblet-Baron, S., Sather, B., Anover, S., Becker-Herman, S., Kasprowicz, D.J., Khim, 

S., Nguyen, T., Hudkins-Loya, K., Alpers, C.E., Ziegler, S.F., et al. (2007). Wiskott-

Aldrich syndrome protein is required for regulatory T cell homeostasis. The Journal of 

clinical investigation 117, 407-418. 

Ichiyama, K., Hashimoto, M., Sekiya, T., Nakagawa, R., Wakabayashi, Y., Sugiyama, Y., 

Komai, K., Saba, I., Moroy, T., and Yoshimura, A. (2009). Gfi1 negatively regulates 

T(h)17 differentiation by inhibiting RORgammat activity. International immunology 21, 

881-889. 

Igwe, E., Kosan, C., Khandanpour, C., Sharif-Askari, E., Brune, B., and Moroy, T. (2008). 

The zinc finger protein Gfi1 is implicated in the regulation of IgG2b production and the 

expression of Igamma2b germline transcripts. European journal of immunology 38, 

3004-3014. 

Into, T., Inomata, M., Takayama, E., and Takigawa, T. (2012). Autophagy in regulation of 

Toll-like receptor signaling. Cellular signalling 24, 1150-1162. 

Ishikawa, N., Okada, S., Miki, M., Shirao, K., Kihara, H., Tsumura, M., Nakamura, K., 

Kawaguchi, H., Ohtsubo, M., Yasunaga, S., et al. (2008). Neurodevelopmental 

abnormalities associated with severe congenital neutropenia due to the R86X mutation in 

the HAX1 gene. Journal of medical genetics 45, 802-807. 

Ivanov, S., Dragoi, A.M., Wang, X., Dallacosta, C., Louten, J., Musco, G., Sitia, G., Yap, 

G.S., Wan, Y., Biron, C.A., et al. (2007). A novel role for HMGB1 in TLR9-mediated 

inflammatory responses to CpG-DNA. Blood 110, 1970-1981. 

Jackson, S.W., Scharping, N.E., Kolhatkar, N.S., Khim, S., Schwartz, M.A., Li, Q.Z., 

Hudkins, K.L., Alpers, C.E., Liggitt, D., and Rawlings, D.J. (2014). Opposing impact of 

B cell-intrinsic TLR7 and TLR9 signals on autoantibody repertoire and systemic 

inflammation. Journal of immunology 192, 4525-4532. 

Janeway C.A. Jr., T.P., Walport M. and  Shlomchik M. J. (2001). Immunobiology: The 

Immune System in Health and Disease. 5th edition. In, N.Y.G. Science, ed. 

Janeway, C.A., Jr., and Medzhitov, R. (2002). Innate immune recognition. Annual review 

of immunology 20, 197-216. 

Jiang, W., Bell, C.W., and Pisetsky, D.S. (2007). The relationship between apoptosis and 

high-mobility group protein 1 release from murine macrophages stimulated with 

lipopolysaccharide or polyinosinic-polycytidylic acid. Journal of immunology 178, 6495-

6503. 



References 

124 
 
 

 

Jin, M.S., and Lee, J.O. (2008). Structures of the toll-like receptor family and its ligand 

complexes. Immunity 29, 182-191. 

Jurk, M., Heil, F., Vollmer, J., Schetter, C., Krieg, A.M., Wagner, H., Lipford, G., and 

Bauer, S. (2002). Human TLR7 or TLR8 independently confer responsiveness to the 

antiviral compound R-848. Nature immunology 3, 499. 

Kaiko, G.E., Loh, Z., Spann, K., Lynch, J.P., Lalwani, A., Zheng, Z., Davidson, S., 

Uematsu, S., Akira, S., Hayball, J., et al. (2013). Toll-like receptor 7 gene deficiency and 

early-life Pneumovirus infection interact to predispose toward the development of 

asthma-like pathology in mice. The Journal of allergy and clinical immunology 131, 

1331-1339 e1310. 

Kajava, A.V. (1998). Structural diversity of leucine-rich repeat proteins. Journal of 

molecular biology 277, 519-527. 

Kalis, C., Gumenscheimer, M., Freudenberg, N., Tchaptchet, S., Fejer, G., Heit, A., Akira, 

S., Galanos, C., and Freudenberg, M.A. (2005). Requirement for TLR9 in the 

immunomodulatory activity of Propionibacterium acnes. Journal of immunology 174, 

4295-4300. 

Kane, M., Case, L.K., Wang, C., Yurkovetskiy, L., Dikiy, S., and Golovkina, T.V. (2011). 

Innate immune sensing of retroviral infection via Toll-like receptor 7 occurs upon viral 

entry. Immunity 35, 135-145. 

Kang, J.Y., Nan, X., Jin, M.S., Youn, S.J., Ryu, Y.H., Mah, S., Han, S.H., Lee, H., Paik, 

S.G., and Lee, J.O. (2009). Recognition of lipopeptide patterns by Toll-like receptor 2-

Toll-like receptor 6 heterodimer. Immunity 31, 873-884. 

Kaplan, M.J., Lewis, E.E., Shelden, E.A., Somers, E., Pavlic, R., McCune, W.J., and 

Richardson, B.C. (2002). The apoptotic ligands TRAIL, TWEAK, and Fas ligand mediate 

monocyte death induced by autologous lupus T cells. Journal of immunology 169, 6020-

6029. 

Karsunky, H., Mende, I., Schmidt, T., and Moroy, T. (2002a). High levels of the onco-

protein Gfi-1 accelerate T-cell proliferation and inhibit activation induced T-cell death in 

Jurkat T-cells. Oncogene 21, 1571-1579. 

Karsunky, H., Zeng, H., Schmidt, T., Zevnik, B., Kluge, R., Schmid, K.W., Duhrsen, U., 

and Moroy, T. (2002b). Inflammatory reactions and severe neutropenia in mice lacking 

the transcriptional repressor Gfi1. Nature genetics 30, 295-300. 

Kasaian, M.T., and Casali, P. (1993). Autoimmunity-prone B-1 (CD5 B) cells, natural 

antibodies and self recognition. Autoimmunity 15, 315-329. 

Kasaian, M.T., and Casali, P. (1995). B-1 cellular origin and VH segment structure of IgG, 

IgA, and IgM anti-DNA autoantibodies in patients with systemic lupus erythematosus. 

Annals of the New York Academy of Sciences 764, 410-423. 

Kasaian, M.T., Ikematsu, H., and Casali, P. (1991). CD5+ B lymphocytes. Proceedings of 

the Society for Experimental Biology and Medicine Society for Experimental Biology 

and Medicine 197, 226-241. 

Kawai, T., and Akira, S. (2006). Innate immune recognition of viral infection. Nature 

immunology 7, 131-137. 

Kawai, T., and Akira, S. (2010). The role of pattern-recognition receptors in innate 

immunity: update on Toll-like receptors. Nature immunology 11, 373-384. 

Kawasaki, A., Furukawa, H., Kondo, Y., Ito, S., Hayashi, T., Kusaoi, M., Matsumoto, I., 

Tohma, S., Takasaki, Y., Hashimoto, H., et al. (2011). TLR7 single-nucleotide 

polymorphisms in the 3' untranslated region and intron 2 independently contribute to 



References 

125 
 
 

 

systemic lupus erythematosus in Japanese women: a case-control association study. 

Arthritis research & therapy 13, R41. 

Kerr, J.F., Wyllie, A.H., and Currie, A.R. (1972). Apoptosis: a basic biological 

phenomenon with wide-ranging implications in tissue kinetics. British journal of cancer 

26, 239-257. 

Kessenbrock, K., Krumbholz, M., Schonermarck, U., Back, W., Gross, W.L., Werb, Z., 

Grone, H.J., Brinkmann, V., and Jenne, D.E. (2009). Netting neutrophils in autoimmune 

small-vessel vasculitis. Nature medicine 15, 623-625. 

Khandanpour, C., Thiede, C., Valk, P.J., Sharif-Askari, E., Nuckel, H., Lohmann, D., 

Horsthemke, B., Siffert, W., Neubauer, A., Grzeschik, K.H., et al. (2010). A variant allele 

of Growth Factor Independence 1 (GFI1) is associated with acute myeloid leukemia. 

Blood 115, 2462-2472. 

Kikuchi, K., Lian, Z.X., Kimura, Y., Selmi, C., Yang, G.X., Gordon, S.C., Invernizzi, P., 

Podda, M., Coppel, R.L., Ansari, A.A., et al. (2005). Genetic polymorphisms of toll-like 

receptor 9 influence the immune response to CpG and contribute to hyper-IgM in primary 

biliary cirrhosis. Journal of autoimmunity 24, 347-352. 

Kim, J., Hamamoto, S., Ravazzola, M., Orci, L., and Schekman, R. (2005). Uncoupled 

packaging of amyloid precursor protein and presenilin 1 into coat protein complex II 

vesicles. The Journal of biological chemistry 280, 7758-7768. 

Kim, W.U., Sreih, A., and Bucala, R. (2009). Toll-like receptors in systemic lupus 

erythematosus; prospects for therapeutic intervention. Autoimmunity reviews 8, 204-208. 

Kim, Y.M., Brinkmann, M.M., Paquet, M.E., and Ploegh, H.L. (2008). UNC93B1 delivers 

nucleotide-sensing toll-like receptors to endolysosomes. Nature 452, 234-238. 

Knight, J.S., and Kaplan, M.J. (2012). Lupus neutrophils: 'NET' gain in understanding 

lupus pathogenesis. Current opinion in rheumatology 24, 441-450. 

Kobe, B., and Kajava, A.V. (2001). The leucine-rich repeat as a protein recognition motif. 

Current opinion in structural biology 11, 725-732. 

Koblansky, A.A., Jankovic, D., Oh, H., Hieny, S., Sungnak, W., Mathur, R., Hayden, M.S., 

Akira, S., Sher, A., and Ghosh, S. (2013). Recognition of profilin by Toll-like receptor 12 

is critical for host resistance to Toxoplasma gondii. Immunity 38, 119-130. 

Kondo, T., Kawai, T., and Akira, S. (2012). Dissecting negative regulation of Toll-like 

receptor signaling. Trends in immunology 33, 449-458. 

Korant, B.D., Blomstrom, D.C., Jonak, G.J., and Knight, E., Jr. (1984). Interferon-induced 

proteins. Purification and characterization of a 15,000-dalton protein from human and 

bovine cells induced by interferon. The Journal of biological chemistry 259, 14835-

14839. 

Korb, L.C., and Ahearn, J.M. (1997). C1q binds directly and specifically to surface blebs 

of apoptotic human keratinocytes: complement deficiency and systemic lupus 

erythematosus revisited. Journal of immunology 158, 4525-4528. 

Krieg, A.M. (2007). TLR9 and DNA 'feel' RAGE. Nature immunology 8, 475-477. 

Kropf, P., Freudenberg, M.A., Modolell, M., Price, H.P., Herath, S., Antoniazi, S., 

Galanos, C., Smith, D.F., and Muller, I. (2004). Toll-like receptor 4 contributes to 

efficient control of infection with the protozoan parasite Leishmania major. Infection and 

immunity 72, 1920-1928. 

Krug, A., French, A.R., Barchet, W., Fischer, J.A., Dzionek, A., Pingel, J.T., Orihuela, 

M.M., Akira, S., Yokoyama, W.M., and Colonna, M. (2004). TLR9-dependent 



References 

126 
 
 

 

recognition of MCMV by IPC and DC generates coordinated cytokine responses that 

activate antiviral NK cell function. Immunity 21, 107-119. 

Kuwata, H., Matsumoto, M., Atarashi, K., Morishita, H., Hirotani, T., Koga, R., and 

Takeda, K. (2006). IkappaBNS inhibits induction of a subset of Toll-like receptor-

dependent genes and limits inflammation. Immunity 24, 41-51. 

Lafaille, F.G., Pessach, I.M., Zhang, S.Y., Ciancanelli, M.J., Herman, M., Abhyankar, A., 

Ying, S.W., Keros, S., Goldstein, P.A., Mostoslavsky, G., et al. (2012). Impaired intrinsic 

immunity to HSV-1 in human iPSC-derived TLR3-deficient CNS cells. Nature 491, 769-

773. 

Lande, R., Ganguly, D., Facchinetti, V., Frasca, L., Conrad, C., Gregorio, J., Meller, S., 

Chamilos, G., Sebasigari, R., Riccieri, V., et al. (2011). Neutrophils activate 

plasmacytoid dendritic cells by releasing self-DNA-peptide complexes in systemic lupus 

erythematosus. Science translational medicine 3, 73ra19. 

Lande, R., Gregorio, J., Facchinetti, V., Chatterjee, B., Wang, Y.H., Homey, B., Cao, W., 

Wang, Y.H., Su, B., Nestle, F.O., et al. (2007). Plasmacytoid dendritic cells sense self-

DNA coupled with antimicrobial peptide. Nature 449, 564-569. 

Lauw, F.N., Caffrey, D.R., and Golenbock, D.T. (2005). Of mice and man: TLR11 

(finally) finds profilin. Trends in immunology 26, 509-511. 

Leadbetter, E.A., Rifkin, I.R., Hohlbaum, A.M., Beaudette, B.C., Shlomchik, M.J., and 

Marshak-Rothstein, A. (2002). Chromatin-IgG complexes activate B cells by dual 

engagement of IgM and Toll-like receptors. Nature 416, 603-607. 

Lee, B.L., Moon, J.E., Shu, J.H., Yuan, L., Newman, Z.R., Schekman, R., and Barton, 

G.M. (2013). UNC93B1 mediates differential trafficking of endosomal TLRs. eLife 2, 

e00291. 

Lee, C.C., Avalos, A.M., and Ploegh, H.L. (2012). Accessory molecules for Toll-like 

receptors and their function. Nature reviews Immunology 12, 168-179. 

Lee, H.K., Lund, J.M., Ramanathan, B., Mizushima, N., and Iwasaki, A. (2007). 

Autophagy-dependent viral recognition by plasmacytoid dendritic cells. Science 315, 

1398-1401. 

Lee, J., Chuang, T.H., Redecke, V., She, L., Pitha, P.M., Carson, D.A., Raz, E., and 

Cottam, H.B. (2003). Molecular basis for the immunostimulatory activity of guanine 

nucleoside analogs: activation of Toll-like receptor 7. Proceedings of the National 

Academy of Sciences of the United States of America 100, 6646-6651. 

Lee, S.C., and Pervaiz, S. (2007). Apoptosis in the pathophysiology of diabetes mellitus. 

The international journal of biochemistry & cell biology 39, 497-504. 

Lee, S.M., Kok, K.H., Jaume, M., Cheung, T.K., Yip, T.F., Lai, J.C., Guan, Y., Webster, 

R.G., Jin, D.Y., and Peiris, J.S. (2014). Toll-like receptor 10 is involved in induction of 

innate immune responses to influenza virus infection. Proceedings of the National 

Academy of Sciences of the United States of America 111, 3793-3798. 

Leffler, J., Martin, M., Gullstrand, B., Tyden, H., Lood, C., Truedsson, L., Bengtsson, 

A.A., and Blom, A.M. (2012). Neutrophil extracellular traps that are not degraded in 

systemic lupus erythematosus activate complement exacerbating the disease. Journal of 

immunology 188, 3522-3531. 

Lemaitre, B., Nicolas, E., Michaut, L., Reichhart, J.M., and Hoffmann, J.A. (1996). The 

dorsoventral regulatory gene cassette spatzle/Toll/cactus controls the potent antifungal 

response in Drosophila adults. Cell 86, 973-983. 



References 

127 
 
 

 

Li, J., Lee, D.S., and Madrenas, J. (2013). Evolving Bacterial Envelopes and Plasticity of 

TLR2-Dependent Responses: Basic Research and Translational Opportunities. Frontiers 

in immunology 4, 347. 

Lieschke, G.J., Grail, D., Hodgson, G., Metcalf, D., Stanley, E., Cheers, C., Fowler, K.J., 

Basu, S., Zhan, Y.F., and Dunn, A.R. (1994). Mice lacking granulocyte colony-

stimulating factor have chronic neutropenia, granulocyte and macrophage progenitor cell 

deficiency, and impaired neutrophil mobilization. Blood 84, 1737-1746. 

Liu, J., Xu, C., Hsu, L.C., Luo, Y., Xiang, R., and Chuang, T.H. (2010). A five-amino-acid 

motif in the undefined region of the TLR8 ectodomain is required for species-specific 

ligand recognition. Molecular immunology 47, 1083-1090. 

Lorenz, E., Mira, J.P., Frees, K.L., and Schwartz, D.A. (2002). Relevance of mutations in 

the TLR4 receptor in patients with gram-negative septic shock. Archives of internal 

medicine 162, 1028-1032. 

Lund, J.M., Alexopoulou, L., Sato, A., Karow, M., Adams, N.C., Gale, N.W., Iwasaki, A., 

and Flavell, R.A. (2004). Recognition of single-stranded RNA viruses by Toll-like 

receptor 7. Proceedings of the National Academy of Sciences of the United States of 

America 101, 5598-5603. 

Ma, C.Y., Jiao, Y.L., Zhang, J., Yang, Q.R., Zhang, Z.F., Shen, Y.J., Chen, Z.J., and Zhao, 

Y.R. (2012). Elevated plasma level of HMGB1 is associated with disease activity and 

combined alterations with IFN-alpha and TNF-alpha in systemic lupus erythematosus. 

Rheumatology international 32, 395-402. 

Ma, Y., Li, J., Chiu, I., Wang, Y., Sloane, J.A., Lu, J., Kosaras, B., Sidman, R.L., Volpe, 

J.J., and Vartanian, T. (2006). Toll-like receptor 8 functions as a negative regulator of 

neurite outgrowth and inducer of neuronal apoptosis. The Journal of cell biology 175, 

209-215. 

Magistrelli, G., Jeannin, P., Herbault, N., Benoit De Coignac, A., Gauchat, J.F., Bonnefoy, 

J.Y., and Delneste, Y. (1999). A soluble form of CTLA-4 generated by alternative 

splicing is expressed by nonstimulated human T cells. European journal of immunology 

29, 3596-3602. 

Malbec, O., Fridman, W.H., and Daeron, M. (1999). Negative regulation of hematopoietic 

cell activation and proliferation by Fc gamma RIIB. Current topics in microbiology and 

immunology 244, 13-27. 

Manoury, B. (2013). Proteases: essential actors in processing antigens and intracellular 

toll-like receptors. Frontiers in immunology 4, 299. 

Marks, S.D., and Tullus, K. (2012). Autoantibodies in systemic lupus erythematosus. 

Pediatric nephrology 27, 1855-1868. 

Marshak-Rothstein, A. (2006). Toll-like receptors in systemic autoimmune disease. Nature 

reviews Immunology 6, 823-835. 

Martelli, A.M., Zweyer, M., Ochs, R.L., Tazzari, P.L., Tabellini, G., Narducci, P., and 

Bortul, R. (2001). Nuclear apoptotic changes: an overview. Journal of cellular 

biochemistry 82, 634-646. 

Martinez-Valle, F., Balada, E., Ordi-Ros, J., Bujan-Rivas, S., Sellas-Fernandez, A., and 

Vilardell-Tarres, M. (2009). DNase 1 activity in patients with systemic lupus 

erythematosus: relationship with epidemiological, clinical, immunological and 

therapeutical features. Lupus 18, 418-423. 



References 

128 
 
 

 

Martinez, J., Huang, X., and Yang, Y. (2010). Toll-like receptor 8-mediated activation of 

murine plasmacytoid dendritic cells by vaccinia viral DNA. Proceedings of the National 

Academy of Sciences of the United States of America 107, 6442-6447. 

Mathur, R., Oh, H., Zhang, D., Park, S.G., Seo, J., Koblansky, A., Hayden, M.S., and 

Ghosh, S. (2012). A mouse model of Salmonella typhi infection. Cell 151, 590-602. 

Means, T.K., Latz, E., Hayashi, F., Murali, M.R., Golenbock, D.T., and Luster, A.D. 

(2005). Human lupus autoantibody-DNA complexes activate DCs through cooperation of 

CD32 and TLR9. The Journal of clinical investigation 115, 407-417. 

Medzhitov, R., and Janeway, C.A., Jr. (1999). Innate immune induction of the adaptive 

immune response. Cold Spring Harbor symposia on quantitative biology 64, 429-435. 

Medzhitov, R., Preston-Hurlburt, P., and Janeway, C.A., Jr. (1997). A human homologue 

of the Drosophila Toll protein signals activation of adaptive immunity. Nature 388, 394-

397. 

Metchnikov, E. (1884). Uber eine sprosspilzkrankheit der daphnien. Beitrag zur lehre uber 

den kampf der phagocyten gegen krankheitserreger. Virchows Arch 96, 177–195. 

. 

Mohan, C., Morel, L., Yang, P., and Wakeland, E.K. (1998). Accumulation of splenic B1a 

cells with potent antigen-presenting capability in NZM2410 lupus-prone mice. Arthritis 

and rheumatism 41, 1652-1662. 

Mok, C.C., and Lau, C.S. (2003). Pathogenesis of systemic lupus erythematosus. Journal 

of clinical pathology 56, 481-490. 

Moon, H., Lee, J.G., Shin, S.H., and Kim, T.J. (2012). LPS-induced migration of 

peritoneal B-1 cells is associated with upregulation of CXCR4 and increased migratory 

sensitivity to CXCL12. Journal of Korean medical science 27, 27-35. 

Moroy, T. (2005). The zinc finger transcription factor Growth factor independence 1 

(Gfi1). The international journal of biochemistry & cell biology 37, 541-546. 

Moroy, T., and Khandanpour, C. (2011). Growth factor independence 1 (Gfi1) as a 

regulator of lymphocyte development and activation. Seminars in immunology 23, 368-

378. 

Mueller, D.L. (2010). Mechanisms maintaining peripheral tolerance. Nature immunology 

11, 21-27. 

Napirei, M., Karsunky, H., Zevnik, B., Stephan, H., Mannherz, H.G., and Moroy, T. 

(2000). Features of systemic lupus erythematosus in Dnase1-deficient mice. Nature 

genetics 25, 177-181. 

Navratil, J.S., Liu, C.C., and Ahearn, J.M. (2006). Apoptosis and autoimmunity. 

Immunologic research 36, 3-12. 

Navratil, J.S., Watkins, S.C., Wisnieski, J.J., and Ahearn, J.M. (2001). The globular heads 

of C1q specifically recognize surface blebs of apoptotic vascular endothelial cells. 

Journal of immunology 166, 3231-3239. 

Netea, M.G., Van Der Graaf, C.A., Vonk, A.G., Verschueren, I., Van Der Meer, J.W., and 

Kullberg, B.J. (2002). The role of toll-like receptor (TLR) 2 and TLR4 in the host defense 

against disseminated candidiasis. The Journal of infectious diseases 185, 1483-1489. 

Ng, M.W., Lau, C.S., Chan, T.M., Wong, W.H., and Lau, Y.L. (2005). Polymorphisms of 

the toll-like receptor 9 (TLR9) gene with systemic lupus erythematosus in Chinese. 

Rheumatology 44, 1456-1457. 



References 

129 
 
 

 

Ni, M., MacFarlane, A.W.t., Toft, M., Lowell, C.A., Campbell, K.S., and Hamerman, J.A. 

(2012). B-cell adaptor for PI3K (BCAP) negatively regulates Toll-like receptor signaling 

through activation of PI3K. Proceedings of the National Academy of Sciences of the 

United States of America 109, 267-272. 

Nickerson, K.M., Christensen, S.R., Shupe, J., Kashgarian, M., Kim, D., Elkon, K., and 

Shlomchik, M.J. (2010). TLR9 regulates TLR7- and MyD88-dependent autoantibody 

production and disease in a murine model of lupus. Journal of immunology 184, 1840-

1848. 

Nikolov, N.P., Shimizu, M., Cleland, S., Bailey, D., Aoki, J., Strom, T., Schwartzberg, 

P.L., Candotti, F., and Siegel, R.M. (2010). Systemic autoimmunity and defective Fas 

ligand secretion in the absence of the Wiskott-Aldrich syndrome protein. Blood 116, 740-

747. 

O'Neill, L.A., and Bowie, A.G. (2007). The family of five: TIR-domain-containing 

adaptors in Toll-like receptor signalling. Nature reviews Immunology 7, 353-364. 

O'Neill, L.A., Golenbock, D., and Bowie, A.G. (2013). The history of Toll-like receptors - 

redefining innate immunity. Nature reviews Immunology 13, 453-460. 

Ohto, U., Tanji, H., and Shimizu, T. (2014). Structure and function of toll-like receptor 8. 

Microbes and infection / Institut Pasteur 16, 273-282. 

Oldenburg, M., Kruger, A., Ferstl, R., Kaufmann, A., Nees, G., Sigmund, A., Bathke, B., 

Lauterbach, H., Suter, M., Dreher, S., et al. (2012). TLR13 recognizes bacterial 23S 

rRNA devoid of erythromycin resistance-forming modification. Science 337, 1111-1115. 

Ordonez-Rueda, D., Jonsson, F., Mancardi, D.A., Zhao, W., Malzac, A., Liang, Y., 

Bertosio, E., Grenot, P., Blanquet, V., Sabrautzki, S., et al. (2012). A hypomorphic 

mutation in the Gfi1 transcriptional repressor results in a novel form of neutropenia. 

European journal of immunology 42, 2395-2408. 

Papadimitraki, E.D., Bertsias, G.K., and Boumpas, D.T. (2007). Toll like receptors and 

autoimmunity: a critical appraisal. Journal of autoimmunity 29, 310-318. 

Pargmann, D., Yucel, R., Kosan, C., Saba, I., Klein-Hitpass, L., Schimmer, S., Heyd, F., 

Dittmer, U., and Moroy, T. (2007). Differential impact of the transcriptional repressor 

Gfi1 on mature CD4+ and CD8+ T lymphocyte function. European journal of 

immunology 37, 3551-3563. 

Park, B., Brinkmann, M.M., Spooner, E., Lee, C.C., Kim, Y.M., and Ploegh, H.L. (2008). 

Proteolytic cleavage in an endolysosomal compartment is required for activation of Toll-

like receptor 9. Nature immunology 9, 1407-1414. 

Park, S.R., Seo, G.Y., Choi, A.J., Stavnezer, J., and Kim, P.H. (2005). Analysis of 

transforming growth factor-beta1-induced Ig germ-line gamma2b transcription and its 

implication for IgA isotype switching. European journal of immunology 35, 946-956. 

Perniok, A., Wedekind, F., Herrmann, M., Specker, C., and Schneider, M. (1998). High 

levels of circulating early apoptic peripheral blood mononuclear cells in systemic lupus 

erythematosus. Lupus 7, 113-118. 

Perry, D., Sang, A., Yin, Y., Zheng, Y.Y., and Morel, L. (2011). Murine models of 

systemic lupus erythematosus. Journal of biomedicine & biotechnology 2011, 271694. 

Person, R.E., Li, F.Q., Duan, Z., Benson, K.F., Wechsler, J., Papadaki, H.A., Eliopoulos, 

G., Kaufman, C., Bertolone, S.J., Nakamoto, B., et al. (2003). Mutations in proto-

oncogene GFI1 cause human neutropenia and target ELA2. Nature genetics 34, 308-312. 



References 

130 
 
 

 

Phillips-Quagliata, J.M., Faria, A.M., Han, J., Spencer, D.H., Haughton, G., and Casali, P. 

(2001). IgG2a and igA co-expression by the natural autoantibody-producing murine B 

lymphoma T560. Autoimmunity 33, 181-197. 

Pifer, R., Benson, A., Sturge, C.R., and Yarovinsky, F. (2011). UNC93B1 is essential for 

TLR11 activation and IL-12-dependent host resistance to Toxoplasma gondii. The 

Journal of biological chemistry 286, 3307-3314. 

Pisitkun, P., Deane, J.A., Difilippantonio, M.J., Tarasenko, T., Satterthwaite, A.B., and 

Bolland, S. (2006). Autoreactive B cell responses to RNA-related antigens due to TLR7 

gene duplication. Science 312, 1669-1672. 

Poltorak, A., He, X., Smirnova, I., Liu, M.Y., Van Huffel, C., Du, X., Birdwell, D., Alejos, 

E., Silva, M., Galanos, C., et al. (1998a). Defective LPS signaling in C3H/HeJ and 

C57BL/10ScCr mice: mutations in Tlr4 gene. Science 282, 2085-2088. 

Poltorak, A., Smirnova, I., He, X., Liu, M.Y., Van Huffel, C., McNally, O., Birdwell, D., 

Alejos, E., Silva, M., Du, X., et al. (1998b). Genetic and physical mapping of the Lps 

locus: identification of the toll-4 receptor as a candidate gene in the critical region. Blood 

cells, molecules & diseases 24, 340-355. 

Pons-Estel, B.A., Catoggio, L.J., Cardiel, M.H., Soriano, E.R., Gentiletti, S., Villa, A.R., 

Abadi, I., Caeiro, F., Alvarellos, A., Alarcon-Segovia, D., et al. (2004). The GLADEL 

multinational Latin American prospective inception cohort of 1,214 patients with 

systemic lupus erythematosus: ethnic and disease heterogeneity among "Hispanics". 

Medicine 83, 1-17. 

Pradhan, V.D., Das, S., Surve, P., and Ghosh, K. (2012). Toll-like receptors in 

autoimmunity with special reference to systemic lupus erythematosus. Indian journal of 

human genetics 18, 155-160. 

Puccetti, A., Madaio, M.P., Bellese, G., and Migliorini, P. (1995). Anti-DNA antibodies 

bind to DNase I. The Journal of experimental medicine 181, 1797-1804. 

Pulendran, B., and Ahmed, R. (2006). Translating innate immunity into immunological 

memory: implications for vaccine development. Cell 124, 849-863. 

Raetz, M., Kibardin, A., Sturge, C.R., Pifer, R., Li, H., Burstein, E., Ozato, K., Larin, S., 

and Yarovinsky, F. (2013). Cooperation of TLR12 and TLR11 in the IRF8-dependent IL-

12 response to Toxoplasma gondii profilin. Journal of immunology 191, 4818-4827. 

Rahman, A., and Isenberg, D.A. (2008). Systemic lupus erythematosus. The New England 

journal of medicine 358, 929-939. 

Rathinam, C., Geffers, R., Yucel, R., Buer, J., Welte, K., Moroy, T., and Klein, C. (2005). 

The transcriptional repressor Gfi1 controls STAT3-dependent dendritic cell development 

and function. Immunity 22, 717-728. 

Rathinam, C., and Klein, C. (2007). Transcriptional repressor Gfi1 integrates cytokine-

receptor signals controlling B-cell differentiation. PloS one 2, e306. 

Regan, T., Nally, K., Carmody, R., Houston, A., Shanahan, F., Macsharry, J., and Brint, E. 

(2013). Identification of TLR10 as a key mediator of the inflammatory response to 

Listeria monocytogenes in intestinal epithelial cells and macrophages. Journal of 

immunology 191, 6084-6092. 

Ren, Y., Tang, J., Mok, M.Y., Chan, A.W., Wu, A., and Lau, C.S. (2003). Increased 

apoptotic neutrophils and macrophages and impaired macrophage phagocytic clearance 

of apoptotic neutrophils in systemic lupus erythematosus. Arthritis and rheumatism 48, 

2888-2897. 



References 

131 
 
 

 

Rifkin, I.R., Leadbetter, E.A., Busconi, L., Viglianti, G., and Marshak-Rothstein, A. 

(2005). Toll-like receptors, endogenous ligands, and systemic autoimmune disease. 

Immunological reviews 204, 27-42. 

Rigby, R.E., Webb, L.M., Mackenzie, K.J., Li, Y., Leitch, A., Reijns, M.A., Lundie, R.J., 

Revuelta, A., Davidson, D.J., Diebold, S., et al. (2014). RNA:DNA hybrids are a novel 

molecular pattern sensed by TLR9. The EMBO journal 33, 542-558. 

Rosser, E.C., Blair, P.A., and Mauri, C. (2014). Cellular targets of regulatory B cell-

mediated suppression. Molecular immunology. 

Rowe, D.C., McGettrick, A.F., Latz, E., Monks, B.G., Gay, N.J., Yamamoto, M., Akira, S., 

O'Neill, L.A., Fitzgerald, K.A., and Golenbock, D.T. (2006). The myristoylation of 

TRIF-related adaptor molecule is essential for Toll-like receptor 4 signal transduction. 

Proceedings of the National Academy of Sciences of the United States of America 103, 

6299-6304. 

Ruiz-Irastorza, G., Danza, A., and Khamashta, M. (2012). Glucocorticoid use and abuse in 

SLE. Rheumatology 51, 1145-1153. 

Ruiz-Irastorza, G., Ramos-Casals, M., Brito-Zeron, P., and Khamashta, M.A. (2010). 

Clinical efficacy and side effects of antimalarials in systemic lupus erythematosus: a 

systematic review. Annals of the rheumatic diseases 69, 20-28. 

Saleque, S., Kim, J., Rooke, H.M., and Orkin, S.H. (2007). Epigenetic regulation of 

hematopoietic differentiation by Gfi-1 and Gfi-1b is mediated by the cofactors CoREST 

and LSD1. Molecular cell 27, 562-572. 

Sang, A., Zheng, Y.Y., and Morel, L. (2013). Contributions of B cells to lupus 

pathogenesis. Molecular immunology. 

Sanjuan, M.A., Dillon, C.P., Tait, S.W., Moshiach, S., Dorsey, F., Connell, S., Komatsu, 

M., Tanaka, K., Cleveland, J.L., Withoff, S., et al. (2007). Toll-like receptor signalling in 

macrophages links the autophagy pathway to phagocytosis. Nature 450, 1253-1257. 

Santiago-Raber, M.L., Dunand-Sauthier, I., Wu, T., Li, Q.Z., Uematsu, S., Akira, S., Reith, 

W., Mohan, C., Kotzin, B.L., and Izui, S. (2010). Critical role of TLR7 in the acceleration 

of systemic lupus erythematosus in TLR9-deficient mice. Journal of autoimmunity 34, 

339-348. 

Santiago-Raber, M.L., Kikuchi, S., Borel, P., Uematsu, S., Akira, S., Kotzin, B.L., and 

Izui, S. (2008). Evidence for genes in addition to Tlr7 in the Yaa translocation linked 

with acceleration of systemic lupus erythematosus. Journal of immunology 181, 1556-

1562. 

Sasai, M., Linehan, M.M., and Iwasaki, A. (2010). Bifurcation of Toll-like receptor 9 

signaling by adaptor protein 3. Science 329, 1530-1534. 

Schulz, O., Diebold, S.S., Chen, M., Naslund, T.I., Nolte, M.A., Alexopoulou, L., Azuma, 

Y.T., Flavell, R.A., Liljestrom, P., and Reis e Sousa, C. (2005). Toll-like receptor 3 

promotes cross-priming to virus-infected cells. Nature 433, 887-892. 

Seligman, V.A., Lum, R.F., Olson, J.L., Li, H., and Criswell, L.A. (2002). Demographic 

differences in the development of lupus nephritis: a retrospective analysis. The American 

journal of medicine 112, 726-729. 

Sepulveda, F.E., Maschalidi, S., Colisson, R., Heslop, L., Ghirelli, C., Sakka, E., Lennon-

Dumenil, A.M., Amigorena, S., Cabanie, L., and Manoury, B. (2009). Critical role for 

asparagine endopeptidase in endocytic Toll-like receptor signaling in dendritic cells. 

Immunity 31, 737-748. 



References 

132 
 
 

 

Sharif-Askari, E., Vassen, L., Kosan, C., Khandanpour, C., Gaudreau, M.C., Heyd, F., 

Okayama, T., Jin, J., Rojas, M.E., Grimes, H.L., et al. (2010). Zinc finger protein Gfi1 

controls the endotoxin-mediated Toll-like receptor inflammatory response by 

antagonizing NF-kappaB p65. Molecular and cellular biology 30, 3929-3942. 

Sheedy, F.J., Palsson-McDermott, E., Hennessy, E.J., Martin, C., O'Leary, J.J., Ruan, Q., 

Johnson, D.S., Chen, Y., and O'Neill, L.A. (2010). Negative regulation of TLR4 via 

targeting of the proinflammatory tumor suppressor PDCD4 by the microRNA miR-21. 

Nature immunology 11, 141-147. 

Shen, N., Fu, Q., Deng, Y., Qian, X., Zhao, J., Kaufman, K.M., Wu, Y.L., Yu, C.Y., Tang, 

Y., Chen, J.Y., et al. (2010). Sex-specific association of X-linked Toll-like receptor 7 

(TLR7) with male systemic lupus erythematosus. Proceedings of the National Academy 

of Sciences of the United States of America 107, 15838-15843. 

Shi, M., Deng, W., Bi, E., Mao, K., Ji, Y., Lin, G., Wu, X., Tao, Z., Li, Z., Cai, X., et al. 

(2008). TRIM30 alpha negatively regulates TLR-mediated NF-kappa B activation by 

targeting TAB2 and TAB3 for degradation. Nature immunology 9, 369-377. 

Shimazu, R., Akashi, S., Ogata, H., Nagai, Y., Fukudome, K., Miyake, K., and Kimoto, M. 

(1999). MD-2, a molecule that confers lipopolysaccharide responsiveness on Toll-like 

receptor 4. The Journal of experimental medicine 189, 1777-1782. 

Shroyer, N.F., Wallis, D., Venken, K.J., Bellen, H.J., and Zoghbi, H.Y. (2005). Gfi1 

functions downstream of Math1 to control intestinal secretory cell subtype allocation and 

differentiation. Genes & development 19, 2412-2417. 

Skaug, B., Chen, J., Du, F., He, J., Ma, A., and Chen, Z.J. (2011). Direct, noncatalytic 

mechanism of IKK inhibition by A20. Molecular cell 44, 559-571. 

Skokowa, J., Klimiankou, M., Klimenkova, O., Lan, D., Gupta, K., Hussein, K., Carrizosa, 

E., Kusnetsova, I., Li, Z., Sustmann, C., et al. (2012). Interactions among HCLS1, HAX1 

and LEF-1 proteins are essential for G-CSF-triggered granulopoiesis. Nature medicine 

18, 1550-1559. 

Snapper, C.M., Waegell, W., Beernink, H., and Dasch, J.R. (1993). Transforming growth 

factor-beta 1 is required for secretion of IgG of all subclasses by LPS-activated murine B 

cells in vitro. Journal of immunology 151, 4625-4636. 

Spooner, C.J., Cheng, J.X., Pujadas, E., Laslo, P., and Singh, H. (2009). A recurrent 

network involving the transcription factors PU.1 and Gfi1 orchestrates innate and 

adaptive immune cell fates. Immunity 31, 576-586. 

Sthoeger, Z., Sharabi, A., and Mozes, E. (2014). Novel approaches to the development of 

targeted therapeutic agents for systemic lupus erythematosus. Journal of autoimmunity. 

Stott, K., Tang, G.S., Lee, K.B., and Thomas, J.O. (2006). Structure of a complex of 

tandem HMG boxes and DNA. Journal of molecular biology 360, 90-104. 

Subramanian, S., Tus, K., Li, Q.Z., Wang, A., Tian, X.H., Zhou, J., Liang, C., Bartov, G., 

McDaniel, L.D., Zhou, X.J., et al. (2006). A Tlr7 translocation accelerates systemic 

autoimmunity in murine lupus. Proceedings of the National Academy of Sciences of the 

United States of America 103, 9970-9975. 

Sullivan, K.E. (2000). Genetics of systemic lupus erythematosus. Clinical implications. 

Rheumatic diseases clinics of North America 26, 229-256, v-vi. 

Sun, C.L., Zhang, F.Z., Li, P., and Bi, L.Q. (2011). LL-37 expression in the skin in 

systemic lupus erythematosus. Lupus 20, 904-911. 

Sun, X., Wiedeman, A., Agrawal, N., Teal, T.H., Tanaka, L., Hudkins, K.L., Alpers, C.E., 

Bolland, S., Buechler, M.B., Hamerman, J.A., et al. (2013). Increased ribonuclease 



References 

133 
 
 

 

expression reduces inflammation and prolongs survival in TLR7 transgenic mice. Journal 

of immunology 190, 2536-2543. 

Tabeta, K., Georgel, P., Janssen, E., Du, X., Hoebe, K., Crozat, K., Mudd, S., Shamel, L., 

Sovath, S., Goode, J., et al. (2004). Toll-like receptors 9 and 3 as essential components of 

innate immune defense against mouse cytomegalovirus infection. Proceedings of the 

National Academy of Sciences of the United States of America 101, 3516-3521. 

Tabeta, K., Hoebe, K., Janssen, E.M., Du, X., Georgel, P., Crozat, K., Mudd, S., Mann, N., 

Sovath, S., Goode, J., et al. (2006). The Unc93b1 mutation 3d disrupts exogenous antigen 

presentation and signaling via Toll-like receptors 3, 7 and 9. Nature immunology 7, 156-

164. 

Taganov, K.D., Boldin, M.P., Chang, K.J., and Baltimore, D. (2006). NF-kappaB-

dependent induction of microRNA miR-146, an inhibitor targeted to signaling proteins of 

innate immune responses. Proceedings of the National Academy of Sciences of the 

United States of America 103, 12481-12486. 

Takahashi, K., Shibata, T., Akashi-Takamura, S., Kiyokawa, T., Wakabayashi, Y., 

Tanimura, N., Kobayashi, T., Matsumoto, F., Fukui, R., Kouro, T., et al. (2007). A 

protein associated with Toll-like receptor (TLR) 4 (PRAT4A) is required for TLR-

dependent immune responses. The Journal of experimental medicine 204, 2963-2976. 

Takeuchi, O., Sato, S., Horiuchi, T., Hoshino, K., Takeda, K., Dong, Z., Modlin, R.L., and 

Akira, S. (2002). Cutting edge: role of Toll-like receptor 1 in mediating immune response 

to microbial lipoproteins. Journal of immunology 169, 10-14. 

Tan, E.M., Cohen, A.S., Fries, J.F., Masi, A.T., McShane, D.J., Rothfield, N.F., Schaller, 

J.G., Talal, N., and Winchester, R.J. (1982). The 1982 revised criteria for the 

classification of systemic lupus erythematosus. Arthritis and rheumatism 25, 1271-1277. 

Tanaka, T., Grusby, M.J., and Kaisho, T. (2007). PDLIM2-mediated termination of 

transcription factor NF-kappaB activation by intranuclear sequestration and degradation 

of the p65 subunit. Nature immunology 8, 584-591. 

Tanimura, N., Saitoh, S., Matsumoto, F., Akashi-Takamura, S., and Miyake, K. (2008). 

Roles for LPS-dependent interaction and relocation of TLR4 and TRAM in TRIF-

signaling. Biochemical and biophysical research communications 368, 94-99. 

Tanji, H., Ohto, U., Shibata, T., Miyake, K., and Shimizu, T. (2013). Structural 

reorganization of the Toll-like receptor 8 dimer induced by agonistic ligands. Science 

339, 1426-1429. 

Tao, K., Fujii, M., Tsukumo, S., Maekawa, Y., Kishihara, K., Kimoto, Y., Horiuchi, T., 

Hisaeda, H., Akira, S., Kagami, S., et al. (2007). Genetic variations of Toll-like receptor 

9 predispose to systemic lupus erythematosus in Japanese population. Annals of the 

rheumatic diseases 66, 905-909. 

Tas, S.W., Quartier, P., Botto, M., and Fossati-Jimack, L. (2006). Macrophages from 

patients with SLE and rheumatoid arthritis have defective adhesion in vitro, while only 

SLE macrophages have impaired uptake of apoptotic cells. Annals of the rheumatic 

diseases 65, 216-221. 

Taylor, P.R., Carugati, A., Fadok, V.A., Cook, H.T., Andrews, M., Carroll, M.C., Savill, 

J.S., Henson, P.M., Botto, M., and Walport, M.J. (2000). A hierarchical role for classical 

pathway complement proteins in the clearance of apoptotic cells in vivo. The Journal of 

experimental medicine 192, 359-366. 



References 

134 
 
 

 

Theofilopoulos, A.N., Gonzalez-Quintial, R., Lawson, B.R., Koh, Y.T., Stern, M.E., Kono, 

D.H., Beutler, B., and Baccala, R. (2010). Sensors of the innate immune system: their 

link to rheumatic diseases. Nature reviews Rheumatology 6, 146-156. 

Tian, J., Avalos, A.M., Mao, S.Y., Chen, B., Senthil, K., Wu, H., Parroche, P., Drabic, S., 

Golenbock, D., Sirois, C., et al. (2007). Toll-like receptor 9-dependent activation by 

DNA-containing immune complexes is mediated by HMGB1 and RAGE. Nature 

immunology 8, 487-496. 

Tinazzi, E., Puccetti, A., Gerli, R., Rigo, A., Migliorini, P., Simeoni, S., Beri, R., Dolcino, 

M., Martinelli, N., Corrocher, R., et al. (2009). Serum DNase I, soluble Fas/FasL levels 

and cell surface Fas expression in patients with SLE: a possible explanation for the lack 

of efficacy of hrDNase I treatment. International immunology 21, 237-243. 

Tokunaga, F., Sakata, S., Saeki, Y., Satomi, Y., Kirisako, T., Kamei, K., Nakagawa, T., 

Kato, M., Murata, S., Yamaoka, S., et al. (2009). Involvement of linear 

polyubiquitylation of NEMO in NF-kappaB activation. Nature cell biology 11, 123-132. 

Tonegawa, S. (1983). Somatic generation of antibody diversity. Nature 302, 575-581. 

Triantafilou, M., Gamper, F.G., Haston, R.M., Mouratis, M.A., Morath, S., Hartung, T., 

and Triantafilou, K. (2006). Membrane sorting of toll-like receptor (TLR)-2/6 and 

TLR2/1 heterodimers at the cell surface determines heterotypic associations with CD36 

and intracellular targeting. The Journal of biological chemistry 281, 31002-31011. 

Troutman, T.D., Hu, W., Fulenchek, S., Yamazaki, T., Kurosaki, T., Bazan, J.F., and 

Pasare, C. (2012). Role for B-cell adapter for PI3K (BCAP) as a signaling adapter linking 

Toll-like receptors (TLRs) to serine/threonine kinases PI3K/Akt. Proceedings of the 

National Academy of Sciences of the United States of America 109, 273-278. 

Tseng, P.H., Matsuzawa, A., Zhang, W., Mino, T., Vignali, D.A., and Karin, M. (2010). 

Different modes of ubiquitination of the adaptor TRAF3 selectively activate the 

expression of type I interferons and proinflammatory cytokines. Nature immunology 11, 

70-75. 

Tsuda, H., Jafar-Nejad, H., Patel, A.J., Sun, Y., Chen, H.K., Rose, M.F., Venken, K.J., 

Botas, J., Orr, H.T., Bellen, H.J., et al. (2005). The AXH domain of Ataxin-1 mediates 

neurodegeneration through its interaction with Gfi-1/Senseless proteins. Cell 122, 633-

644. 

Uematsu, S., Jang, M.H., Chevrier, N., Guo, Z., Kumagai, Y., Yamamoto, M., Kato, H., 

Sougawa, N., Matsui, H., Kuwata, H., et al. (2006). Detection of pathogenic intestinal 

bacteria by Toll-like receptor 5 on intestinal CD11c+ lamina propria cells. Nature 

immunology 7, 868-874. 

Ugarte-Gil, M.F., and Alarcon, G.S. (2014). Systemic lupus erythematosus: a therapeutic 

challenge for the XXI century. Clinical rheumatology. 

Umiker, B.R., Andersson, S., Fernandez, L., Korgaokar, P., Larbi, A., Pilichowska, M., 

Weinkauf, C.C., Wortis, H.H., Kearney, J.F., and Imanishi-Kari, T. (2014). Dosage of X-

linked Toll-like receptor 8 determines gender differences in the development of systemic 

lupus erythematosus. European journal of immunology 44, 1503-1516. 

van Bruggen, M.C., Kramers, C., Walgreen, B., Elema, J.D., Kallenberg, C.G., van den 

Born, J., Smeenk, R.J., Assmann, K.J., Muller, S., Monestier, M., et al. (1997). 

Nucleosomes and histones are present in glomerular deposits in human lupus nephritis. 

Nephrology, dialysis, transplantation : official publication of the European Dialysis and 

Transplant Association - European Renal Association 12, 57-66. 



References 

135 
 
 

 

Vigano, P., Lattuada, D., Somigliana, E., Abbiati, A., Candiani, M., and Di Blasio, A.M. 

(2005). Variants of the CTLA4 gene that segregate with autoimmune diseases are not 

associated with endometriosis. Molecular human reproduction 11, 745-749. 

Villanueva, E., Yalavarthi, S., Berthier, C.C., Hodgin, J.B., Khandpur, R., Lin, A.M., 

Rubin, C.J., Zhao, W., Olsen, S.H., Klinker, M., et al. (2011). Netting neutrophils induce 

endothelial damage, infiltrate tissues, and expose immunostimulatory molecules in 

systemic lupus erythematosus. Journal of immunology 187, 538-552. 

Viorritto, I.C., Nikolov, N.P., and Siegel, R.M. (2007). Autoimmunity versus tolerance: 

can dying cells tip the balance? Clinical immunology 122, 125-134. 

Wallis, D., Hamblen, M., Zhou, Y., Venken, K.J., Schumacher, A., Grimes, H.L., Zoghbi, 

H.Y., Orkin, S.H., and Bellen, H.J. (2003). The zinc finger transcription factor Gfi1, 

implicated in lymphomagenesis, is required for inner ear hair cell differentiation and 

survival. Development 130, 221-232. 

Wang, J., Shao, Y., Bennett, T.A., Shankar, R.A., Wightman, P.D., and Reddy, L.G. 

(2006). The functional effects of physical interactions among Toll-like receptors 7, 8, and 

9. The Journal of biological chemistry 281, 37427-37434. 

Wang, T., Town, T., Alexopoulou, L., Anderson, J.F., Fikrig, E., and Flavell, R.A. (2004). 

Toll-like receptor 3 mediates West Nile virus entry into the brain causing lethal 

encephalitis. Nature medicine 10, 1366-1373. 

Warner, N., and Nunez, G. (2013). MyD88: a critical adaptor protein in innate immunity 

signal transduction. Journal of immunology 190, 3-4. 

Watanabe, R., Ishiura, N., Nakashima, H., Kuwano, Y., Okochi, H., Tamaki, K., Sato, S., 

Tedder, T.F., and Fujimoto, M. (2010). Regulatory B cells (B10 cells) have a suppressive 

role in murine lupus: CD19 and B10 cell deficiency exacerbates systemic autoimmunity. 

Journal of immunology 184, 4801-4809. 

Waterhouse, P., Penninger, J.M., Timms, E., Wakeham, A., Shahinian, A., Lee, K.P., 

Thompson, C.B., Griesser, H., and Mak, T.W. (1995). Lymphoproliferative disorders 

with early lethality in mice deficient in Ctla-4. Science 270, 985-988. 

Wing, K., and Sakaguchi, S. (2010). Regulatory T cells exert checks and balances on self 

tolerance and autoimmunity. Nature immunology 11, 7-13. 

Wither, J.E., Roy, V., and Brennan, L.A. (2000). Activated B cells express increased levels 

of costimulatory molecules in young autoimmune NZB and (NZB x NZW)F(1) mice. 

Clinical immunology 94, 51-63. 

Wu, X., Molinaro, C., Johnson, N., and Casiano, C.A. (2001). Secondary necrosis is a 

source of proteolytically modified forms of specific intracellular autoantigens: 

implications for systemic autoimmunity. Arthritis and rheumatism 44, 2642-2652. 

Wu, X., and Peng, S.L. (2006). Toll-like receptor 9 signaling protects against murine 

lupus. Arthritis and rheumatism 54, 336-342. 

Xiong, W., and Lahita, R.G. (2014). Pragmatic approaches to therapy for systemic lupus 

erythematosus. Nature reviews Rheumatology 10, 97-107. 

Xu, C.J., Zhang, W.H., Pan, H.F., Li, X.P., Xu, J.H., and Ye, D.Q. (2009). Association 

study of a single nucleotide polymorphism in the exon 2 region of toll-like receptor 9 

(TLR9) gene with susceptibility to systemic lupus erythematosus among Chinese. 

Molecular biology reports 36, 2245-2248. 

Yamamoto, M., Yamazaki, S., Uematsu, S., Sato, S., Hemmi, H., Hoshino, K., Kaisho, T., 

Kuwata, H., Takeuchi, O., Takeshige, K., et al. (2004). Regulation of Toll/IL-1-receptor-



References 

136 
 
 

 

mediated gene expression by the inducible nuclear protein IkappaBzeta. Nature 430, 218-

222. 

Yanai, H., Ban, T., Wang, Z., Choi, M.K., Kawamura, T., Negishi, H., Nakasato, M., Lu, 

Y., Hangai, S., Koshiba, R., et al. (2009). HMGB proteins function as universal sentinels 

for nucleic-acid-mediated innate immune responses. Nature 462, 99-103. 

Yang, D., de la Rosa, G., Tewary, P., and Oppenheim, J.J. (2009). Alarmins link 

neutrophils and dendritic cells. Trends in immunology 30, 531-537. 

Yang, Y., Liu, B., Dai, J., Srivastava, P.K., Zammit, D.J., Lefrancois, L., and Li, Z. (2007). 

Heat shock protein gp96 is a master chaperone for toll-like receptors and is important in 

the innate function of macrophages. Immunity 26, 215-226. 

Yarovinsky, F., Zhang, D., Andersen, J.F., Bannenberg, G.L., Serhan, C.N., Hayden, M.S., 

Hieny, S., Sutterwala, F.S., Flavell, R.A., Ghosh, S., et al. (2005). TLR11 activation of 

dendritic cells by a protozoan profilin-like protein. Science 308, 1626-1629. 

Yasukawa, H., Sasaki, A., and Yoshimura, A. (2000). Negative regulation of cytokine 

signaling pathways. Annual review of immunology 18, 143-164. 

Yasutomo, K., Horiuchi, T., Kagami, S., Tsukamoto, H., Hashimura, C., Urushihara, M., 

and Kuroda, Y. (2001). Mutation of DNASE1 in people with systemic lupus 

erythematosus. Nature genetics 28, 313-314. 

Yeh, T.M., Chang, H.C., Liang, C.C., Wu, J.J., and Liu, M.F. (2003). Deoxyribonuclease-

inhibitory antibodies in systemic lupus erythematosus. Journal of biomedical science 10, 

544-551. 

Yildirim-Toruner, C., and Diamond, B. (2011). Current and novel therapeutics in the 

treatment of systemic lupus erythematosus. The Journal of allergy and clinical 

immunology 127, 303-312; quiz 313-304. 

Yim, J.J., Kim, H.J., Kwon, O.J., and Koh, W.J. (2008). Association between 

microsatellite polymorphisms in intron II of the human Toll-like receptor 2 gene and 

nontuberculous mycobacterial lung disease in a Korean population. Human immunology 

69, 572-576. 

Yim, J.J., Lee, H.W., Lee, H.S., Kim, Y.W., Han, S.K., Shim, Y.S., and Holland, S.M. 

(2006). The association between microsatellite polymorphisms in intron II of the human 

Toll-like receptor 2 gene and tuberculosis among Koreans. Genes and immunity 7, 150-

155. 

Yoshimura, A., Naka, T., and Kubo, M. (2007). SOCS proteins, cytokine signalling and 

immune regulation. Nature reviews Immunology 7, 454-465. 

Yu, L., Wang, L., and Chen, S. (2010). Endogenous toll-like receptor ligands and their 

biological significance. Journal of cellular and molecular medicine 14, 2592-2603. 

Yu, P., Wellmann, U., Kunder, S., Quintanilla-Martinez, L., Jennen, L., Dear, N., Amann, 

K., Bauer, S., Winkler, T.H., and Wagner, H. (2006). Toll-like receptor 9-independent 

aggravation of glomerulonephritis in a novel model of SLE. International immunology 

18, 1211-1219. 

Yu, Y., and Su, K. (2013). Neutrophil Extracellular Traps and Systemic Lupus 

Erythematosus. Journal of clinical & cellular immunology 4. 

Yucel, R., Karsunky, H., Klein-Hitpass, L., and Moroy, T. (2003). The transcriptional 

repressor Gfi1 affects development of early, uncommitted c-Kit+ T cell progenitors and 

CD4/CD8 lineage decision in the thymus. The Journal of experimental medicine 197, 

831-844. 



References 

137 
 
 

 

Yucel, R., Kosan, C., Heyd, F., and Moroy, T. (2004). Gfi1:green fluorescent protein 

knock-in mutant reveals differential expression and autoregulation of the growth factor 

independence 1 (Gfi1) gene during lymphocyte development. The Journal of biological 

chemistry 279, 40906-40917. 

Yurkovich, M., Vostretsova, K., Chen, W., and Avina-Zubieta, J.A. (2013). Overall and 

cause-specific mortality in patients with systemic lupus erythematosus: A meta-analysis 

of observational studies. Arthritis care & research. 

Zeng, H., Yucel, R., Kosan, C., Klein-Hitpass, L., and Moroy, T. (2004). Transcription 

factor Gfi1 regulates self-renewal and engraftment of hematopoietic stem cells. The 

EMBO journal 23, 4116-4125. 

Zhang, H., Schaff, U.Y., Green, C.E., Chen, H., Sarantos, M.R., Hu, Y., Wara, D., Simon, 

S.I., and Lowell, C.A. (2006). Impaired integrin-dependent function in Wiskott-Aldrich 

syndrome protein-deficient murine and human neutrophils. Immunity 25, 285-295. 

Zhang, S.Y., Jouanguy, E., Ugolini, S., Smahi, A., Elain, G., Romero, P., Segal, D., 

Sancho-Shimizu, V., Lorenzo, L., Puel, A., et al. (2007). TLR3 deficiency in patients 

with herpes simplex encephalitis. Science 317, 1522-1527. 

Zhu, J., Jankovic, D., Grinberg, A., Guo, L., and Paul, W.E. (2006). Gfi-1 plays an 

important role in IL-2-mediated Th2 cell expansion. Proceedings of the National 

Academy of Sciences of the United States of America 103, 18214-18219. 

Zweidler-Mckay, P.A., Grimes, H.L., Flubacher, M.M., and Tsichlis, P.N. (1996). Gfi-1 

encodes a nuclear zinc finger protein that binds DNA and functions as a transcriptional 

repressor. Molecular and cellular biology 16, 4024-4034. 



Annexes 
 

138 
 
 

 

Annexes 

 

 

 

 

 



Annexes 
 

139 
 
 

 

Genista/TLR8
-/-

 present aggravated lupus phenotype  

 

We showed previously that TLR8
-/-

 mice develop lupus that is TLR7-dependent and our 

current studies revealed that Genista mice also develop a TLR7-dependent lupus 

phenotype. So wondered if the combination of these two mutations would aggravate lupus 

disease. To address this point, we crossed Genista mice with TLR8
-/- 

on the C57BL/6 

background, in order to generate Genista/TLR8
-/- 

mice. Double Genista/TLR8
-/-

 did not 

present any phenotypical abnormalities up to 6 months of age. We tested in serum from 9 

weeks old female WT, TLR8
-/-

, Genista and Genista/TLR8
-/-

 the levels of IgM and anti-

RNA autoantibodies by ELISA.  Sera from TLR8
-/-

, Genista and Genista/TLR8
-/-

 showed 

similar and significantly increased IgM and anti-RNA autoantibody compared to WT 

(Figure 2A). Next, we evaluated by flow cytometry the percentages of plasmablasts 

(B220
lo

CD138
+
) and spontaneous splenic germinal centers in 4 months old female WT, 

TLR8
-/-

, Genista and Genista/TLR8
-/-

. We found that both plasmablasts and germinal 

centerswere increased in all three genotypes compared to WT controls, where 

Genista/TLR8
-/-

 mice showed the highest increase, followed by Genista and TLR8
-/-

 mice 

(Figure 2B and C). Next, we accessed the deposition of IgG in the kidneys and we noticed 

that Genista/TLR8
-/- 

mice presented the strongest deposition and also biggest glomeruli 

size, followed by Genista and TLR8
-/-

 mice (Figure 2D). So, the deficiency of TLR8 leads 

to aggravated lupus phenotype in Genista mice.  
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Resumé  

Le lupus érythémateux disseminé (LED) est une maladie chronique auto-immune 

caractérisée par la production d’autoanticorps dirigés contre les antigènes nucléaires. Des 

nombreuses études indiquent un rôle des récepteurs Toll-like (TLR). Des études 

antérieures de notre laboratoire ont révélé que le TLR8 murin contrôle la fonction de TLR7 

dans les cellules dendritiques et est aussi impliqué dans le lupus. TLR9 contrôle également 

le lupus dépendant de TLR7. Mon projet de thèse avait deux objectifs dont le premier était 

de comprendre comment le TLR8 et TLR9 contribuent au lupus dépendant de TLR7. En 

outre, nous avons révélé que TLR8 contrôle l’expression de TLR7 dans les cellules 

dendritiques, tandis que le TLR9 contrôle la fonction de TLR7 dans les cellules B. Le 

deuxième objectif était d'étudier l'implication du répresseur transcriptionnel Gfi-1 dans la 

signalisation des TLR et le développement de lupus en utilisant des souris Genista qui 

portent une mutation ponctuelle dans le gène Gfi-1. Nous avons constaté que les souris 

Genista développent un lupus dépendant de TLR7 et que Gfi-1 agit comme un répresseur 

de la transcription en aval de TLR7 et contrôle l’expression d’Interféron de type I 

dépendante des TLR. Ainsi, le déséquilibre des interactions entre TLR ainsi que les 

facteurs transcriptionnels en aval de ces TLR peuvent conduire à des mécanismes 

d’inflammation et d’auto-immunité qu’il est important de prendre en compte dans le 

développement d’approches thérapeutiques nouvelles ciblant les TLRs. 

 

Mots-clef: récepteur Toll-like, auto-immunité, Gfi-1, knock out mice, LED 

Summary 

Systemic lupus erythematosus is a chronic autoimmune disease characterized by 

production of autoantibodies against nuclear antigens. Many studies indicate a role for 

Toll-like receptors (TLRs) in the initiation and establishment of systemic lupus 

erythematosus (SLE).  Previous studies in the lab revealed that murine TLR8 controls TLR7 

function in dendritic cells (DCs) and is implicated in SLE. TLR9 also controls TLR7-

mediated lupus. My thesis had two aims: the first was to understand how the cooperation 

of TLR8 and TLR9 contributes to TLR7-mediated lupus. By studying double TLR8/9-

deficient mice we found that TLR8 and TLR9 have an additive effect on controlling TLR7-

mediated lupus, where TLR8 controls TLR7 function on DCs, while TLR9 restrains TLR7 

responses in B cells. The second aim of my thesis was to investigate the implication of Gfi-

1 in lupus and TLR signaling by studying Genista mice that carry a hypomorphic mutation 

of Gfi-1. We found that Genista mice develop TLR7-dependent lupus and that Gfi-1 acts 

as a transcriptional repressor downstream of TLR7 and controls type-I IFN expression. 

Thus, unbalancing TLR-interactions and transcription factors downstream of TLRs can 

lead to inflammation and autoimmunity and these mechanisms have to be taken into 

account when novel therapeutic approaches are developed that target TLRs. 

Key words: Toll-like receptors, autoimmunity, Gfi-1, knock out mice, SLE 
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