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ABSTRACT

Introduction: Type I diabetes (T1D) is an autoimmune disease of children and
young adults that selectively destroys the insulin-producing islet cells in the
pancreas. NOD mice, the best validated animal model of T1D, manifests islet
infiltration as early as 4 weeks, leading to -cell destruction and eventually overt
diabetes. This study was designed to determine the role of TRAIL, FASL and IFN-,
components of innate immune system, in the biology of -cell destruction in NOD
mice.

Experiments: To test the hypothesis that differential expression of TNF
superfamily ligands (TRAIL and FASL) affects tolerance mechanisms, I assessed
the diabetes susceptibility of TRAIL-deficient NOD.Tnfsf10-/- mice and of mice
which exhibited allelic Fasl expression (NOD.D1Bax208m1 and NOD.D1Bax208m2).
Immune cells from these three mouse lines were systematically characterised by
flowcytometry, and their diabetogenic potential determined by adoptive transfer
experiments. -cell response in a TRAIL deficient environment was assayed in islet
cultures. Micro array analysis was performed to compare the -cell response in
mice with allelic Fasl expression. To investigate the role of IFN- in NOD diabetes, I
assessed the diabetes susceptibility of targeted gene deficient mutants of Ifng
(NOD.Ifng-/-) and the  chain of Ifng receptor (NOD.Ifngr2-/-). I examined the role of
IFN- in BCG-induced diabetes protection by assessing diabetes susceptibility of

- ix -

BCG treated NOD.Ifng-/- and NOD.Ifngr2-/- mice, and by characterising their
immune cell compartments. Further, the contribution of IFN- in accelerated
precipitation of lupus in NOD mice was studied by administering 1mg BCG to
NOD.Ifng-/- and NOD.Ifngr2-/- mice.

Results: Targeted deletion of TRAIL resulted in increased severity of spontaneous
insulitis and an increased incidence of diabetes. This was the first ever
demonstration of an increased incidence of spontaneous diabetes in NOD mice
bearing a targeted deletion of TRAIL. Similarly, florid lymphoid infiltrates and high
diabetes incidence in NOD.D1Bax208m2 mice, which exhibited low FASLexpression, provided direct evidence for a protective role of this death ligand in
autoimmune diabetes. Despite increased susceptibility to autoimmunity, tolerance
mechanisms in these mouse strains were unaffected. In adoptive transfer
experiments, numbers of diabetogenic T cells were found to be unchanged in
NOD.Tnfsf10-/- and NOD.D1Bax208m2 donor mice, whereas NOD.Tnfsf10-/- and
NOD.D1Bax208m2 recipient mice showed increased susceptibility to diabetes.
These findings raised the possibility of TRAIL and FASL expression in the
nonhematopoietic compartment conferring protection against T1D. LPS activation
of NOD.Tnfsf10-/--islets and comparison of gene expression profiles between
NOD.D1Bax208m1 and NOD.D1Bax208m2 mice indicated that TRAIL and FASL
regulated the islet-expression of the potent chemokine, Interferon--induced
protein-10 (IP-10) and the suppressor of cytokine signalling (SOCS1), a strong
inhibitor of IFN-signalling. TRAIL and FASL-mediated suppression of IP-10, and
upregulation of Socs1 transcription, rendered the NOD-islets less susceptible to

-x-

immune destruction in T1D. Proinflammatory cytokine IFN-was not essential for
diabetes development in NOD mice, but was vital for BCG-mediated diabetes
protection. Diabetes incidence in NOD.Ifng-/- mice was similar to that of WT
NOD/Lt mice, however, BCG failed to inhibit the disease in mice lacking IFN-signalling. IFN--induced elimination of effector T cells played a role in BCGmediated diabetes protection in NOD mice. At a high-dose of 1mg, BCG
precipitated a systemic form of autoimmunity that had characteristics similar to
human SLE, in these mice. However, I found that deficiency in IFN--signalling
abrogated the influence of BCG in mediating the expression of NODs tendency
towards autoimmunity.

Conclusion: This study assessed the mechanism of protection mediated by TRAIL,
FASL and IFN-components of the innate immune system, in NOD diabetes. I
observed a remarkable parallel between the -cell protective effects of TRAIL and
FASL, the two homologous TNF superfamily ligands. An exciting role for the
proinflammatory cytokine IFN-in modulating NOD diabetes in a BCG-mediated
T1D-protection model, was also identified. Results discussed here provide insight
into the islet immune specific regulatory role of TRAIL, FASL and IFN-in the
pathogenesis of diabetes and suggest therapeutically beneficial strategies for islet
preservation.
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Ch:1 Introduction

It is estimated that over 20 million people aged between 14 and 31 live with type 1
diabetes (T1D), a lifelong autoimmune disease caused by the progressive loss in
the ability to produce insulin. There is no cure for T1D, with patients requiring lifelong insulin treatment. The complications of this disease are severe, and include
kidney failure, nerve damage, blindness, heart disease and stroke. However,
advancements in medical research shows promise in developing therapies and
technologies that could improve the day-to-day management and quality of life of
T1D patients. Most current therapeutic strategies for diabetes management focus
on ameliorating the effects of autoaggressive T cells that infiltrates the islets,
including anti-CD3 therapy. It is believed that the disease process is initiated much
earlier in life and probably triggered by an environmental agent in a genetically
predisposed individual. With increasing evidence suggesting an important role for
innate immune mechanisms in the pathogenesis of T1D, components of this arm of
the immune system might prove to be beneficial therapeutic targets.

Sophisticated mouse models are available, that could help uncover the molecular
pathways of innate immunity linked to T1D development. First section of this
study aims at understanding the role of key members of the TNF superfamily
members, TRAIL and FASL in NOD diabetes development. In the second section,
the role for proinflammatory cytokine IFN- in NOD diabetes will be investigated.
This study will also illustrate how an environmental agent modulates the immune
system to inhibit diabetes in an IFN--dependent manner. Findings from this
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research should identify therapeutic targets that are capable of suppressing -cell
destruction.

Aim: To investigate the role of TNF superfamily ligands TRAIL (Tnfsf10) and
FASL (Tnfsf6) in NOD diabetes inhibition.
Design: Incidence of spontaneous diabetes and severity of pancreatic isletinfiltration will be assessed in targeted gene deficient mutants of Tnfsf10
(NOD.Tnfsf10-/-) and in NOD mice carrying the mutant alleles of D1Bax208
(NOD.D1Bax208m1 & NOD.D1Bax208m2 mice, which exhibits allelic Fasl
Study 1

expression). Immune cells of these mice will be characterised by
flowcytometry and their diabetogenic potential determined by adoptive
transfer experiments. -cell responses in a TRAIL-deficient environment
will be assayed in vitro. Islet-expressed genes will be profiled to determine
the -cell response in mice with allelic FASL expression.
Goal: To identify potential candidates of clinical relevance by determining
mechanisms of TRAIL/FASL-mediated protection against islet destruction.
Aim: To examine the role of IFN- in the initiation and development of NOD
diabetes and to explore the mechanisms by which M.bovis (BCG) inhibit it.
Design: Incidence of spontaneous diabetes will be assessed in targeted gene

Study 2

deficient mutants of Ifng (NOD.Ifng-/-) and the  chain of Ifng receptor
(NOD.Ifngr2-/-). Effects of BCG instillation in NOD.Ifng-/- and NOD.Ifngr2-/mice will be assayed by observing their diabetes incidence and
characterising their immune cell compartments.
Goal: To unravel IFN--associated mechanisms, which could potentially
abrogate insulitis and promote reversion from clinically overt diabetes.

Table 1.1 Overall aims, study design and goals of this thesis
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2.1

Innate immune system and autoimmunity
The innate immune system is a universal, evolutionarily ancient and

immediate but nonspecific form of host defence against infections. The
components of the innate immune system, including pattern-recognition receptors
(PRRs) macrophages, dendritic cells (DC), natural killer (NK) cells, Natural Killer T
(NKT) cells and -T cells and soluble factors like complement, cytokines,
chemokines, acute phase proteins etc. functions as the first line of defence against
invading microbes. They also contribute to the activation of a highly specific but
temporally delayed adaptive immune response. Innate and adaptive arms of the
mammalian immune system continually strive towards the efficient recognition
and elimination of a broad range of invading microorganisms, while causing
minimal damage to self. However, in some instances, due to an unfortunate
combination of events, the immune system plunges into disarray and begins to
operate in a self-destructive manner. Autoimmunity is the failure of an organism
to recognize its own constituents as self, thereby allowing an immune response
against own cells and tissues. Any disease that arises from such aberrant immune
response is termed autoimmune disease. Autoimmune disorders encompass a
wide spectrum of diseases, which are grouped clinically based on their activity,
into organ-specific and systemic disorders (Table 2.1). Some of these diseases are
characterised by autoantibody production while others are distinguished by
anomaly in the selection, regulation or deletion of T/B cells (Table 2.2).
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A. Organ specific autoimmune disorders
Disease

Target Organ

Antibody against

Hashimoto's Thyroiditis

Thyroid cells

Thyroglobulin/ thyroid peroxidase

Graves’ disease

Thyroid follicular cells

TSH receptor

Addison’ disease

Adrenal cortex

Spontaneous male infertility

Sperms

Sperm antigen

Type 1 Diabetes

Pancreas

Pancreatic islet -cells

Myasthenia gravis

Muscle

Muscle, acetylcholine receptor

Goodpasture’s Syndrome

Kidney, Lung

Renal & lung basement membrane

Adrenal cells having 21hydroxylase

B. Systemic autoimmune disorders
Disease
Pemphigoid

Target
Skin basement
membrane

Antibody against
protein type XVII collagen/BP180

Idiopathic thrombocytopenia

Platelet

Platelet

Primary biliary cirrhosis

Liver

Mitochondria

Idiopathic neutropenia

Neutrophils

Neutrophils

Ulcerative colitis

Colon

Colon lipopolysaccharide

Sjogren’s syndrome

Secretory glands

Duct tissue

Vitiligo

Skin

Melanocytes

Rheumatoid arthritis

Joints

IgG

Systemic Lupus
Erythematosus (SLE)

Skin, Kidney, Joints red
blood cells etc.

DNA, RNA, nucleoproteins, RBC

Pernicious anaemia

Red cells

Intrinsic factor, Gastric parietal cell

Table 2.1 Some of the major organ specific (A) and systemic (B) autoimmune disorders with
their target organs and autoantibodies produced.
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A. Antibody mediated autoimmune disorders
Disease
Addison’ disease
Autoimmune
haemolytic anaemia
ITP

Autoantigen
Adrenal cells having 21-hydroxylase

Rh blood group antigens, I antigen
Platelet integrin GpIIb:IIIa

Goodpasture’s
syndrome
Graves’ disease
Hashimoto’s
thyroiditis
Myasthenia gravis
Rheumatoid arthritis
SLE

basement membrane Type IV collagen

Symptoms
Haemolysis, low BP,
hypoglycaemia
Lysis of RBC by complement
and FcR+ cells, anaemia
Abnormal bleeding
Glomerulonephritis,
pulmonary haemorrhage

Thyroid-stimulating hormone receptor

hyperthyroidism

Thyroglobulin, thyroid peroxidase

hypothyroidism

a chain of nicotinic acetylcholine

Progressive muscle

receptor

weakness

Rheumatoid factor IgG complexes

Arthritis

DNA, histones, ribosomes, snRNP,

Glomerulonephritis,

scRNP

vasculitis

B. Cell mediated autoimmune disorders
Disease

Autoantigen
Myelin basic protein, proteolipid

EAE, MS

protein, myelin oligodendrocyte
glycoprotein

Symptoms
Brain invasion by CD4 T cells,
weakness

Hashimoto's thyroiditis

Thyroid antigen(s)

Thyroid under-activity

Type 1 diabetes

Pancreatic -cell antigen(s)

cell destruction

Rheumatoid arthritis

Unknown synovial joint antigen

Joint inflammation, destruction

Table 2.2 Classification of autoimmune disorders based on the mechanism of tissue damage
(Antibody-mediated (A), cell-mediated (B)).
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Type-1 diabetes (T1D), multiple sclerosis (MS), rheumatoid arthritis (RA), Crohn's
disease and systemic lupus erythematosus (SLE/lupus) are among the more than
100 identified autoimmune diseases. These disorders affect around 5-10% of the
developed world’s population and are a significant cause of chronic illness and
death (Cooper et al., 2009a; Shapira et al., 2010; Shoenfeld et al., 2008a). Single or
multiple genetic risk factors and/or environmental factors such as infections,
tobacco use, UV exposure, nutrition, xenobiotics etc. are involved in the breakage
of self-tolerance, leading to autoimmune disease development (Baxter et al., 1994;
Kivity et al., 2009; Mackay, 2009; Pender, 2003; Rieger and Gershwin, 2007;
Shoenfeld et al., 2008b).

A complex link exists between environmental agents and the penetrance of
autoimmune disease, with the infectious events more likely to affect disease
penetrance in genetically predisposed individuals. The role of microbial agents in
the pathogenesis of autoimmunity has been extensively studied; while some of
these agents trigger various forms of autoimmunity, others are known to suppress
the disease (Tables 2.3 and 2.4). Evidence suggest that perinatal infections are
associated with an increased risk of developing T1D, while multiple infections
during the first few years of life decreases the risk, indicating a sophisticated
relationship between environmental factors and the penetrance and expression of
genetically determined autoimmune disorders (EURODIAB, 2000; McKinney et al.,
1999; Wasmuth et al., 2000).
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Organism

Disease Association

Mechanism

Reference

T1D

Bystander damage

(Horwitz et al., 1998)

Rotavirus

T1D

Molecular mimicry

(Honeyman et al., 2000)

Kilham rat virus

T1D

TLR 9 signalling

(Zipris et al., 2007)

Hepatitis B virus

SLE

Molecular mimicry

(Tudela et al., 1992)

Parvovirus

T1D

Change Treg balance

(Tirabassi et al., 2010)

Parvovirus B-19

SLE

Molecular mimicry

(Severin et al., 2003)

EBV

MS or SLE

Autoreactive B cells

(Pender, 2003)

Myasthenia gravis

Cross-reactivity

(Eddy et al., 1999)

Autoimmune hepatitis

HCV mediated
alteration of
hepatocellular LKM1
target antigen

(Lenzi et al., 1990)

Cryoglobulinemic
vasculitis

B cell expansion,
autoantibody & IC

(Ferri et al., 2003)

Rheumatoid diseases

Immune response to
HCV

(McMurray and Elbourne,
1997)

Herpes virus 6

MS

Molecular mimicry

(Cermelli et al., 2003;
Tejada-Simon et al., 2003)

Coxsackie Virus
strains B3 & B4

Autoimmune
myocarditis, Sjogren’s
syndrome

B and T lymphocytic
infiltrates

(Baboonian et al., 1997;
Triantafyllopoulou et al.,
2004)

HSV type 1

Autoimmune Keratitis

Molecular mimicry

(Zhao et al., 1998)

Rubella virus

T1D

Congenital infection

(Ou et al., 2000)

Cytomegalovirus

T1D

Molecular mimicry

(Tirabassi et al., 2010)

Helicobacter pylori

autoimmune gastritis

Cross reactive gastric
T cells

(Amedei et al., 2003;
Appelmelk et al., 1998)

Streptococcus
pyogenes

Acute rheumatic fever
Sydenham’s chorea

Molecular mimicry

(Kirvan et al., 2003)

Novospingobium
aromaticivorans

Biliary cirrhosis

Molecular mimicry

(Selmi and Gershwin,
2004)

Borrelia burgdorferi

chronic autoimmune
diseases

immune response to
spirochete

(Singh and Girschick,
2004)

SLE

Adjuvant effect;
Reactivity to 65kDa
heat shock protein

(Baxter et al., 1994;
Karopoulos et al., 1995;
Rodrigues et al., 1990)

Coxsackie B4 virus

Hepatitic C virus

Bacillus CalmetteGuérin (BCG)

Table 2.3 Environmental agents that trigger or amplify autoimmune disease
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Disease
Organism

Association

Lymphocytic
choriomeningitis virus
(LCMV)

T1D (NOD
and RIP-LCMV
mouse
models)

B Coxsackievirus (CVB3)

T1D (NOD)

Schistosoma mansoni

T1D (NOD)

BCG

T1D (NOD)

Murine Hepatitis Virus
(MHV)

T1D (NOD)

BCG

EAE (C57BL/6)

Mechanism
Extensive IP-10
expression in
pancreatic draining
lymph nodes
Immune response
against CVB3
Modulation of DC &
increase in NKT cell
numbers
Generation of
suppressor cell types
Immune response
against MHV
Shared T cell epitopes;
Redirected trafficking
of activated T cells

Reference

(Christen et al., 2004;
Oldstone, 1988)
(Tracy et al., 2002)
(Zaccone et al., 2003)
(Harada et al., 1990)
(Wilberz et al., 1991)
(Ben-Nun et al., 1995;
Sewell et al., 2003)

Table 2.4 Environmental agents that ameliorate or inhibit autoimmune disease

2.2

Type 1 Diabetes
Type 1 Diabetes (T1D) is an organ specific autoimmune disorder resulting

from the progressive and specific destruction of insulin producing pancreatic βcells by auto-reactive T cells, culminating in loss of insulin secretion leading to
hyperglycaemia and secondary complications including neuropathy, nephropathy,
blindness, and cardiovascular disease. Recent studies in animal models and in
humans suggest that both innate and adaptive immune responses participate in
T1D pathogenesis (Wen et al., 2008; Zipris, 2008).
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2.2.1 Epidemiology
Accounting for about 10-15% of all types of diabetes, T1D currently affects
over 35 million people (in all age groups) worldwide with its incidence increasing
at the rate of 3% every year (Danaei et al., 2011; IDF, 2011; Onkamo et al., 1999).
According to the International Diabetes Federation estimate over 490,000 children
worldwide had T1D with over 78,000 new cases being reported each year (IDF,
2011 http://www.idf.org/diabetesatlas). T1D mostly arises in the first 30 years of
life (usually in childhood) and its complications such as cardiovascular disease,
kidney failure and vascular and neuropathic disease significantly shorten life span
(Chase et al., 2004; Rewers, 1991). Those with a disease onset under the age of
fifteen have a death rate over two times higher than that of general population
(Patterson et al., 2007; Skrivarhaug et al., 2006). The World Health Organization
(WHO) Diamond project group in a recent study found that global incidence of
childhood diabetes incidence consistently escalated during the latter part of the
20th century, compared to the relatively low increment rate at the beginning of the
century (DIAMOND, 2006). In the same study, they reported a 350-fold variation
in the rate of diabetes development across the 100 populations worldwide, which
reflects the global distribution of major ethnic populations. T1D rates are highest
among northern European Caucasian populations, and in North America, Australia,
and New Zealand, where European Caucasians settled in (Figure 2.1). Analysis of
15-year incidence data from 17 European countries predicted the doubling of new
cases of T1D in young children (< 5 years), with a 70% increment in the
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prevalence of the disease in those younger than 15 years (Patterson et al., 2009).
Data available from South Asian countries, home to more than 20% of world’s
population indicate a steady increase of diabetes incidence, suggesting an
increased global presence of this disease in future.

1.2.2 T1D Etiology
Figure 2.1 Geographical distribution of T1D (adapted from Shapira et al., 2010)

2.2.2 Etiology
The etiologic agents that precipitate the autoimmune process and -cell
destruction are not well established. Recent data suggests that autoimmune
disease arise from an unfortunate combination of environmental factors, genetic
susceptibility and stochastic events in the immune system (Figure 2.2).
Environmental agents including, microbial infection (Tables 2.3 and 2.4), UVexposure, dietary factors, and xenobiotics are implicated in the pathogenesis of
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autoimmune diabetes (EURODIAB, 2000; Goldberg and Krause, 2009; Littorin et
al., 2006; Shoenfeld et al., 2008b; Sloka et al., 2010). Large population based
studies aimed at establishing an association between environmental factors and
T1D have not yielded consistently positive results, underscoring its complexity.

Figure 2.2 Multiple facets that lead to the precipitation of autoimmunity. The response elicited
by the innate and adaptive arms of the immune system of a genetically predisposed individual
to an environmental pathogen, in association with defects in immunoregulatory mechanisms
and (or) stochastic event(s), can lead to the development of an autoimmune disease. The
importance of each component represented in this Venn diagram may vary between individuals
and diseases. However, it appears that the precipitation of autoimmunity requires the
convergence of all these components. (modified after Ermann and Fathman, 2001).
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Though several genetic risk factors have been identified that influence the
susceptibility for T1D, progress in understanding its pathogenesis has been
complicated by the individual and synergistic involvement of a large number (>
30) of predisposing genes (Cooper et al., 2008; Hattori et al., 1986; Rainbow et al.,
2008; Todd et al., 1987; Wicker et al., 1995). These include the major
histocompatibility complex (MHC) class II loci as well as non-MHC loci. Of them,
the HLA genes, DR4-DR8 and DR3-DQ2, contribute the greatest risk for
autoimmune diabetes since these haplotypes have been found in 90% of children
diagnosed with the disease (Devendra and Eisenbarth, 2003). The variable
number tandem repeat (VNTR) region of the insulin gene located on chromosome
11 is another major genetic susceptibility factor, with shorter forms of a VNTR on
the insulin gene promoter are associated with disease, while longer forms confer
protection (Bell et al., 1984; Bennett et al., 1995). The cytotoxic T lymphocyte
antigen 4 (CTLA-4) and lymphoid tyrosine phosphatase (LYP) genes, which
control the negative regulation of T-cell activation, are implicated in susceptibility
to autoimmune diabetes (Smyth et al., 2004). Some rare forms of autoimmunity
like Autoimmune Polyendocrine Syndrome (APS1) and X-linked
polyendocrinopathy immunodeficiency and diarrhoea-syndrome (XPID) are
monogenic, caused by defects in the autoimmune regulator gene (AIRE1)
(Nagamine et al., 1997) and Fox-P3 (Bennett et al., 2000; Lyon et al., 1990) genes
respectively. Analysis of disease concordance rates in monozygotic twins revealed
a concordance of 15% in rheumatoid arthritis (Silman et al., 1993), 30-50% in
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Type 1 Diabetes (Redondo et al., 1999) and 57% in lupus patients (Block et al.,
1975; Winchester, 1992), suggesting that genetic predisposition is a major factor
in auto immune disease (AID) susceptibility. Meanwhile the deviation from 100%
concordance in these autoimmune diseases among monozygotic twins suggests a
possibility of susceptibility genes interacting with potential environmental and/or
stochastic factors. Investigators from the Barbara Davis Centre recently reported a
near 95% concordance of autoantibodies among monozygotic twins from families
at risk, yet the disease penetrance rate was 50%, suggesting a possible role of
environmental factors in modulating T1D. The 15 times higher relative risk of
disease for a sibling of T1D patient indicates a strong genetic contribution , but the
etiological effect of an increasingly permissive environment is the most logical
explanation for the rapid increase in T1D incidence in many parts of the western
world since World War II (Patterson et al., 2001).

The dominant hypothesis in autoimmunity is suggestive of a unique
environmental factor acting as a trigger for the autoimmune destruction of β-cells
on a highly polygenic susceptibility background. However, no study so far has
definitively identified the factor that might initiate this process, thus raising a
possible role for stochastic factors in T1D development. Early life stochastic events
could hold the answer to T1D-discordance in monozygotic twins (genetically
identical individuals exposed to similar environments during childhood) of
diabetic parents. Despite having identical genes and sharing the same
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environment, the fact that less than 100% of NOD mice or MRL-lpr mice (inbred
strains prone to diabetes or lupus) develop autoimmunity, with varied time of
onset, severity and pathology, highlights the significance of stochastic factors in its
pathogenesis (Eisenberg et al., 1987; Wen et al., 2008). Germ-free NOD mice or
BB/W rats had higher diabetes incidence than their peers housed in SPF
conditions, however disease onset and progression in germ-free animals varied in
time, similar to that of the SPF animals (Rossini et al., 1979; Wen et al., 2008),
suggesting an important role for stochastic factors in T1D development.

2.3

Role of innate immunity in type 1 diabetes
Discovery of a direct association of islet-autoreactive T cells with β-cell

destruction in T1D patients and the ability of diabetogenic T lymphocytes to
adoptively transfer disease into naive recipients demonstrated that this immune
cell population is crucial in disease development (Bendelac et al., 1987; Coppieters
et al., 2012; Unger et al., 2012). However, the activation of diabetogenic T cells
requires participation form the innate immune system, comprised of both cellular
components including macrophages, DCs, NK cells, NKT cells, and their membrane
bound or secreted factors including PRRs, TNF superfamily members, interferons
(IFNs), chemokines etc. Defects of innate immune system play a major role in the
pathogenesis of T1D both in man and in animal models of this disease. These
include, deregulated activation and function of APCs (Jansen et al., 1995;
Litherland et al., 1999), reduced numbers and functions of regulatory cells such as
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NKT cells and FoxP3+ T cells (Baxter et al., 1997; Brusko et al., 2005; Wilson et al.,
1998) and reduced counts of circulating neutrophils (Valle et al., 2013). Recent
genome-wide association studies have identified genes of the innate immune
system to be associated with susceptibility to autoimmune diabetes. These include
genes encoding MDA-5, that recognises RNA viruses (Liu et al., 2009; Nejentsev et
al., 2009; Smyth et al., 2006), and DHCR7 and CYP2R1, genes involved in vitamin D
metabolism (Bailey et al., 2007; Cooper et al., 2011) and the genes encoding TLR-7
and TLR-8, which triggers host response against enterovirus infections (Cooper et
al., 2009b). These findings demonstrate an important role for innate immune
system in the pathogenesis of T1D.

2.3.1 Macrophages and dendritic cells
Macrophages are one among the foremost immune cells to infiltrate
pancreatic islets in NOD mice (Dahlen et al., 1998), where they secrete
proinflammatory cytokines including IFN-, TNF- and IL-1 that are cytotoxic to
-cells (Yoon et al., 1998). Macrophage depletion results in total protection against
insulitis and diabetes (Jun et al., 1999), suggesting a major role for these cells in
the initiation and progression of T1D. DCs are principal antigen presenting cells
that have an ability to induce activation of a naïve T cells. Increased accumulation
of DCs are observed in the earliest islet infiltrates in T1D patients as well as in
NOD mice, and studies using NOD mice suggest them to be capable of priming
diabetogenic T cells (Green and Flavell, 1999; Turley et al., 2003). Interestingly
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DCs from pancreatic lymph nodes transferred to prediabetic NOD mice protected
them from autoimmune diabetes (Clare-Salzler et al., 1992). Similar results were
achieved when prediabetic NOD mice were treated with granulocyte-macrophage
colony-stimulating factor (GM-CSF), which induced tolerogenic DCs (Gaudreau et
al., 2007), suggesting that DCs could be pathogenic or on the contrary protective in
T1D, depending on the location, timing and cell types to which antigens are being
presented.

2.3.2 NK cells
NK cells are a key component of innate immune response against several
pathogens and tumors (Biron et al., 1999). Evidence suggests both protective and
pathogenic roles for NK cells in T1D. Impaired NK cell numbers and functions
were observed in diabetes patients as well as in NOD mice (Herold et al., 1984;
Rodacki et al., 2007), suggesting a protective role for NK cells in T1D. On the
contrary, NK cells are implicated in the lysis of rat islet cells (MacKay et al., 1986),
and the depletion of NK cells in NOD mice inhibited cyclophosphamide
precipitated diabetes (Maruyama et al., 1991), suggesting a role for NK cells in
autoimmune diabetes development. Despite their pathogenic role in T1D,
protective functions of NK cells have been highlighted in several studies. NOD
mice, which spontaneously develop diabetes, have impaired NK cell functions
(Ogasawara et al., 2004), and NK cells of complete Freund’s adjuvant (CFA)-

- 18 -

Ch:2 Literature Review

administered NOD mice produced INF-, which protected these mice from
diabetes. These findings substantiate the protective role for NK cells in T1D.

2.3.3 NKT cells
CD1d-restricted NKT cells are important immunoregulators, primarily due to
their ability to secrete IL-4. NKT cells play key roles in adaptive immunity and in
the regulation of autoimmune responses. T1D in humans is associated with
reduced NKT cell numbers and a defect in their capacity to secrete IL-4 (Wilson et
al., 1998). Reduced frequency of NKT cells correlate with enhanced disease in NOD
mice and in the BB rat, and a germ line deletion of CD1d exacerbated the disease in
NOD mice (Jordan et al., 2007; Shi et al., 2001). -GalCer-induced activation of NKT
cells protected NOD mice against autoimmune diabetes. The adoptive transfer of
NKT cell into NOD mice achieved similar results (Sharif et al., 2001). These
findings demonstrate a protective role for NKT cells in T1D.

2.3.4 Toll-like receptors
TLRs are type I transmembrane receptors found on the plasma membrane
or in endosomal compartments. They are part of a family of PRRs that play a major
role in detecting microbes and microbial constituents. Depending on the microbe,
signalling through TLRs trigger an array of immune responses, including,
production of inflammatory cytokines such as IL-6, IL-12, IL-18, IFN/, IFN- and
TNF, the stimulation of chemokine-production from various tissue cells and the
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priming of DCs to upregulate MHC I and II and costimulatory molecules that aids T
and B cell activation. Distinct TLR signalling triggered by specific pathogen
associated molecular patterns (PAMPs) can affect autoimmune diabetes. Results
from studies on NOD mice carrying mutant TLR alleles indicate that while some
infectious organisms initiate or exacerbate autoimmune -cell destruction, others
inhibit this destructive process (summarised in Table 2.5).

- 20 -

Ch:2 Literature Review
TLRs

Intervention in NOD mice

Role /Effects of TLR activation on diabetes
Did not develop T1D in SPF conditions, but developed the

NOD.MyD88-/-

References
(Wen et al., 2008)

disease when kept germ-free; upregulation of CD25 and
proliferation of CD4+CD25+ cells were inhibited.

NOD.Myd88 −/−.aire −/− (Aire-deficient mouse is a model

Severe infiltration in various susceptible organs than that

of human APECED, a multiorgan autoimmune

of the NOD.Myd88 +/−.aire −/− controls.

(Gray et al., 2007)

disorder)
NOD.IL1R-/- (TLRs belong to the IL-1R/TLR
MyD88 (Chr 9)

superfamily, which include receptors for the pro-

Slowed the progression but did not prevent diabetes; did

inflammatory cytokines IL-1 and IL-18; All members

not affect diabetes in 8.3 TCR transgenic mice, but

of TLR/IL-1R superfamily contain TIR domain and

prolonged its progression in BDC2.5 TCR transgenic mice.

(Thomas et al., 2004)

signals through MyD88, except TLR3)
NOD/Lt RX OM-85 (bacterial extract

Diabetes incidence halved, probably due to signalling

(Alyanakian et al., 2006)

through MyD88, TLR4/2.
CFA treated NOD.MyD88-/- hepatocytes

NOD NKT cell activation by CFA is independent of MyD88

(Lee et al., 2011)

signalling
Contd.
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TLRs
TLR1 (Chr 5)

Intervention in NOD mice
NOD.C3H 6.VIII (diabetes-resistant congenic strain)

NOD.TLR2-/-

Role /Effects of TLR activation on diabetes

References

Constitutive and specific down-regulation of Tlr1 gene

(Vallois et al., 2007)

Reduced the incidence of diabetes by 50% compared to WT

(Kim et al., 2007)

Dispensable for T1D development; upregulation of CD25 and

(Wen et al., 2008)

proliferation of CD4+CD25+ cells were inhibited.

TLR2 (Chr 3)
NOD/Lt RX zymosan (fungal cell wall component that

Diabetes incidence reduced by about 50% compared to WT

(Karumuthil-Melethil et

interacts with TLR2)

Signalling through TLR2 reduced diabetes incidence.

al., 2008)

Dispensable for T1D development.

(Wen et al., 2008)

Diabetes incidence in TLR3−/− mice not different from

(Wong et al., 2008)

NOD.TLR3-/-

TLR3+/−

TLR3 (Chr 8)
NOD/Lt RX poly(I:C) (ds-RNA mimic and TLR3 agonist)

littermates or wild type mice.

Diabetes precipitated in half of mice within a week of

(Peng et al., 2006)

treatment.
NOD.TLR4-/-

Dispensable for T1D development.

NOD/Lt RX (oral) LPS (ligand for TLR4)

Accelerated development of diabetes and of body weight,
regulates inflammatory functions of adipocytes in T1D
progression.

TLR4 (Chr 4)

Halved the incidence of spontaneous diabetes
NOD/Lt RX LPS activated B cells

80% reduction in spontaneous diabetes

(Wen et al., 2008)
(Gulden et al., 2009)

(Sai and Rivereau, 1996)
(Tian et al., 2001)
Contd.
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TLRs

Intervention in NOD mice

Role /Effects of TLR activation on diabetes

References

TLR5 (Chr 1)

-

-

-

TLR6 (Chr 5)

-

-

-

TLR7/8 (Chr X)

9 week old NOD/Lt RX Coxsackie virus B3 or

Acute infection delayed onset and reduced diabetes

lymphocytic choriomeningitis virus (LCMV)

incidence (probably a result of signalling through TLR7/8).

NOD.TLR9-/-

Delayed onset of diabetes, lower levels of IFN-alpha in PLNs

(Filippi et al., 2009)
(Zhang et al., 2010)

and decreased frequencies of plasmacytoid DCs and
TLR9(Chr 9)

diabetogenic CD8+ T cells compared to NOD.
NOD.TLR9-/-

Reduced incidence of diabetes by about one third compared

(Wong et al., 2008)

to their heterozygous littermates.
NOD/Lt RX 100g CpG DNA (TLR9 ligand)

Diabetes incidence was halved.

(Quintana et al., 2000)

TLR10

-

-

-

TLR11 (Chr 14)

-

-

-

TLR12 (Chr 4)

-

-

-

TLR13 (Chr X)

-

-

Table 2.5 Role of TLRs in mediating environmental influences on T1D. NOD mice carrying mutant TLR alleles were used to determine their role in mediating
environmental influence on diabetes.
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2.3.5 Cytokines and chemokines
Insulitic infiltrates including monocytes, macrophages, dendritic cells and
NK cells produce cytokines such as IL-1, TNF-α and IFN-γ, which are cytotoxic to cells. IL-1 is selectively cytotoxic to rodent and human -cells in vitro (Mathis et
al., 2001), and NOD mice lacking the IL-1 receptor expression had a significantly
delayed diabetes onset (Thomas et al., 2004). Animal experiments suggest that IL1 induces FAS upregulation on -cells, marking them for lysis by autoreactive
cytotoxic T-lymphocytes (Amrani et al., 2000). An important effector of T1D
pathogenesis, TNF-α promotes leukocyte homing, cell adhesion (Yagi et al.,
1995), upregulation of MHC class I and MHC class II within pancreatic islets
(David-Watine et al., 1990), and activation of T cells and APCs. Additional to being
directly cytotoxic to -cells, this cytokine also assists their FAS-dependent
destruction (Varanasi et al., 2012). Results of studies indicating the association of
serum TNF-α level with severity of T1D suggests that it is a crucial cytokine in the
development of diabetes and associated complications (Argiles et al., 1994;
Gustavsson et al., 2008; Schram et al., 2005). IFN-, a proinflammatory cytokine,
though not detrimental to -cells by itself, contributes towards -cell apoptosis in
association with IL-1 and TNF. A targeted mutation of IFN- gene in NOD mice
had little effect on insulitis and spontaneous diabetes (Hultgren et al., 1996). IFN-
is crucial for-cell-specific MHC-I upregulation (Thomas et al., 1998) and iNOS
proteins (Eizirik et al., 1996).
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Activation of TLRs expressed on human and mouse islets mediate the upregulation
of islet chemokines (Giarratana et al., 2004). Chemokines are central mediators of
cellular trafficking and are implicated in diabetes development both in NOD mouse
and in man. High levels of chemotactic cytokines including CCL3, CCL4 and
CXCL10/IP-10 were observed in the sera of new onset T1D patients (Eizirik et al.,
2009). Pancreatic islets under distress produce IP-10 that induces T cells to home
in on islet cells, leading to insulitis and -cell destruction (Roep et al., 2010). IP-10
neutralization in new onset diabetes inhibited -cell destruction (Shigihara et al.,
2005), suggesting a critical role for this chemokine in the autoimmune process.
MIP-1α and MCP-1, chemokines secreted by autoreactive Th1 cells, play a role in
the development of insulitis (Bradley et al., 1999). Protein mediated blockade of
CCR5, receptor for the chemokine RANTES/CCL5 (Regulated on Activation,
Normal T cell Expressed and Secreted) reduced disease in NOD mice (CarvalhoPinto et al., 2004), suggesting a contributory role for it in T1D development.
However, among all chemokines, IP-10 appears to be the most potent and
probably the best-studied chemoattractant in the field of T1D, with several studies
reporting islet-associated IP-10 expression in recent-onset as well as in advanced
stages of T1D (Roep et al., 2010; Tanaka et al., 2009; Uno et al., 2010).
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2.4

TNF superfamily ligands in innate immunity
Tumor necrosis factor superfamily ligands (TNFSFL) represent a family of

type II transmembrane molecules that mediate vital biological functions including
regulation of immune responses, inflammation, antiviral and anticancer defence
(Beutler and van Huffel, 1994; Smith et al., 1994). Programmed cell death is a
critical process in maintaining homeostasis in any cellular environment and it
ensures immune responsiveness without incurring an autoimmune reaction.
Biological elimination of damaged or unwanted cells is mainly achieved by
apoptosis. Tumor necrosis factor superfamily ligands, FAS ligand (FASL) and TNFrelated apoptosis-inducing ligand (TRAIL), induces apoptosis of target cells by
binding to and ligating their complimentary TNF superfamily receptors (TNFSFR),
FAS and DR4/5 respectively (Figure 2.3). Expressed predominantly by activated
immune cells, TNFSFL are widely distributed through the immune system,
suggesting an essential physiological role in innate immunity. NK cells, DCs and
macrophages, effector cells of the innate immune system express TNFSFL on their
plasma membrane, by which they mediate contact-dependent non-secretory
apoptotic activity against a wide range of targets including autoreactive cells and
cancer cells (Falschlehner et al., 2009; Herbeuval et al., 2003; Nielsen et al., 2012).
TNFSFL have also been shown to mediate cross talk between NK cells and DCs,
leading to the polarisation and amplification of Th1 immune mechanisms that
results in heightened innate and adaptive immune functions (Vujanovic, 2011).
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Figure 2.3 TNFSFL-signalling. TRAIL (Apo-2 Ligand/CD253/Tnfsf10) and FAS ligand (Apo-1
Ligand/CD95 Ligand/Tnfsf6) , type II transmembrane proteins of the TNF superfamily, on binding
to its complimentary cell-surface type I-membrane protein receptors, death receptor 4
(DR4/TRAILR1/Tnfrsf10A) or 5 (DR5/TRAILR2/Tnfrsf10B) and FAS (Apo-1/CD95/Tnfrsf6)
respectively, triggers apoptosis of target cells (Nagata and Golstein, 1995; Pan et al., 1997;
Walczak et al., 1997). Trimeric TNFSFL binds to its complimentary receptors triggering its
trimerization, which induces recruitment and activation of the common death signalling molecules
FADD/MORT1. Caspase-8 is then recruited to FADD/MORT1 through binding of each death
effector domains (DED), which in turn may induce self-activation of the protease domain and
eventually leads cell to apoptosis.
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2.4.1 TNFSFL in thymic negative selection
Autoimmune disease results from a breakdown of immunological tolerance
to self-antigens. Maintenance of self-tolerance is achieved by a number of
mechanisms including; thymic negative selection, suppression of autoreactive
lymphocytes and functional inactivation (anergy). Daily, a large numbers of
precursor cells migrate into thymus, where they are educated to discriminate
between self and non-self. Apoptotic mechanisms shape the T cell repertoire by
regulating thymocyte development and by eliminating potentially-autoreactive
immature lymphoid population. Death ligands of TNF superfamily appear to be
major contributors in this intrathymic negative selection process.

The influence of TRAIL on autoimmunity was initially described in two reports
that suggested it to be critical for negative selection of autoreactive thymocytes
(Corazza et al., 2004; Lamhamedi-Cherradi et al., 2003b). However, Simon and
colleagues contested TRAIL’s role in in antigen-induced deletion of thymocytes.
They reported that anti-CD3 or superantigen-induced thymocyte cell death in
human thymic organ cultures were uninhibited after the soluble blocking of
TRAILR2-Fc. Similarly, Antibody mediated TRAIL receptor blockade was unable to
prevent in vivo self-peptide induced deletion in TCR-transgenic mice (Simon et al.,
2001). Moreover, transgenic expression of CrmA or a dominant negative mutant
FADD protein, which inhibit TRAIL induced apoptosis (Suliman et al., 2001), did
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not affect thymocyte elimination during negative selection (Walsh et al., 1998),
and in some cases actually enhanced the deletion of autoreactive thymocytes
(Newton et al., 1998). Using mice bearing a targeted deletion of TRAIL, or by
utilising neutralizing anti-TRAIL mAb, Cretney and colleagues demonstrated a
limited role for TRAIL in thymic negative selection (Cretney et al., 2003). Diehl and
colleagues reported normal negative selection in targeted mutant DR5-/- mice, a
finding consistent with the hypothesis that TRAIL-receptor signalling is not
required for the selection process (Diehl et al., 2004).

Semi-mature (HSAhi CD4+ CD8-) medullary thymocytes expressing non-functional
or strongly autoreactive TCR specificities undergo Fas (CD95/Apo1) mediated
clonal elimination. Negative selection of HSAhi CD4+ CD8- T cells in thymus is FAS
independent at low doses of antigen but FAS dependent at high doses. Kishimoto
and colleagues (Kishimoto et al., 1998) by subjecting purified TCRhi semimature
HSAhi CD4+ CD8- thymocytes, from normal adult B6 and FAS deficient B6-lpr/lpr mice,
to anti-TCR monoclonal antibody (mAb), demonstrated that thymocyte apoptosis
is partly FAS-dependent and is influenced by TCR ligation. It was observed that
TCR/CD28 mediated apoptosis of FAS+ and FAS-deficient cells were identical when
the cells were exposed to a fixed high concentration of plate bound anti-CD28 mAb
and low-to-intermediate concentrations of plate bound anti-TCR mAb. In contrast,
strong TCR/CD28 ligation failed to induce apoptosis of FAS-deficient cells alone,
indicating that apoptosis is FAS-independent with weak-to-moderate TCR ligation
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but becomes highly FAS-dependent with strong ligation. The authors closely
paralleled the above in vitro findings in a series of in vivo experiments. On injecting
a low-to-intermediate dose of soluble super antigen staphylococcal enterotoxin B
(SEB) or anti-TCR mAb into normal C3H mice and FAS-deficient MRLlpr/lpr mice, a
marked depletion of semimature HSAhi CD4+ CD8- medullary thymocytes was
observed in neo-natal (day 4 old) FAS+ and FAS- deficient mice. In contrast, a
higher dose caused the deletion of HSAhi SP cells only in FAS+ and not in FASdeficient mice. Similar results were obtained on injecting various doses of
ovalbumin (ova) 323-339 peptides into FAS+ D011 TCR transgenic mice (having
TCR specificity for ova 323-339, presented by IAd) and FAS-deficient D011lpr/lpr
mice (Kishimoto et al., 1998), thus reiterating the above observations that deletion
becomes FAS-dependent only with high antigen concentrations.
Impaired deletion of autoreactive thymocytes has been associated with
susceptibility to autoimmune diabetes in the NOD mouse (Kishimoto and Sprent,
2001; Lesage et al., 2002). Semimature CD4+8− SP thymocytes from NOD, in
comparison to similar cells from normal and other autoimmune disease prone
mice, are relatively resistant to in vitro apoptosis when their TCRs are cross-linked
with varying doses of anti-TCR antibody (Kishimoto and Sprent, 2001). However,
Villunger and colleagues disputed this finding by demonstrating an efficient in
vitro TCR-CD3 ligation mediated apoptosis of semimature CD4+8− SP thymocytes
from NOD mice. By treating CD4+8-HSAhi cells from normal, FAS-deficient lpr, and
mice expressing a dominant negative mutant of FADD (FADD-DN) with anti-CD3
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plus anti-CD28 antibodies, they furthered their point that FAS, and FADDtransduced death receptor signalling in general, is dispensable for TCR induced
apoptosis of semimature thymocytes in vitro (Villunger et al., 2003). They also
reported that the loss of Bim, a pro apoptotic molecule, but not a deficiency in FAS,
inhibited TCR induced apoptosis of semimature thymocytes in vivo (Villunger et
al., 2004), indicating a limited role for FAS in the clonal elimination of autoreactive
cells in the thymus. Lesage and colleagues analysed thymic deletion in vivo, tracing
differentiation of T cells bearing a high affinity TCR for peptide 46–61 of hen egg
lysozyme (HEL) bound to I-Ak in TCR and insulin promoter:HEL double transgenic
mice backcrossed to H2k congenic NOD or B10 strains (Lesage et al., 2002). These
cells were deleted during the transition between DP and SP cells in the thymus of
autoimmune resistant B10.Br strain mice, but not in the NOD.H2k strain where the
T cells escaped to the periphery and progression to diabetes ensued. The NOD
defect in thymic deletion was comparable in magnitude to that caused by
deficiency of AIRE in the same model (Liston et al., 2003). Taken together, data in
the literature illustrate contradictory roles for TNF superfamily ligands TRAIL and
FASL with respect to thymic selection.

2.4.2 TNFSFL in peripheral tolerance
The regulation of cell proliferation and the elimination of autoreactive cells
in the lymphoid system both occur through the induction of apoptosis. Ashwell
and colleagues reported activation-induced cell death (AICD) in murine T cell
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hybridomas (Ashwell et al., 1987). Even as TRAIL’s role in thymic deletion is
contradictory, several studies have implicated this death ligand in effecting
peripheral T cell tolerance. Functional TRAIL-R is expressed on activated T cells in
human and mouse, but not on resting T cells (Herbeuval et al., 2005; MartinezLorenzo et al., 1998; Zhang et al., 2003), suggesting TRAIL mediated T cell
regulation. The adoptive transfer of TRAIL-overexpressing murine T cells induced
apoptosis of alloreactive T cells, in a DR5-dependent manner (Ghosh et al., 2013).
In a tolerance model developed by Griffith and colleagues, TRAIL-mediatedapoptosis inhibited the expansion of islet-antigen-reactive CD4+ T cells (Griffith et
al., 2007). All these findings are consistent with a role for TRAIL in the regulation
of cell cycle progression and in the elimination of autoreactive cells.

Stimulation of T cell hybridomas with antigens, mitogens or TCR/CD3 specific
antibodies triggered growth arrest, functional activation (secretion of IL-2) and
apoptosis. Mature human T cells were reported to acquire sensitivity to agonistic
anti-CD95 mAb only after a prolonged in vitro activation (Klas et al., 1993; OwenSchaub et al., 1992), suggesting that T cell receptor (TCR) mediated activation
sensitises T cells to CD95 mediated AICD. An In vivo study showed that among
lupus-prone NZB, (NZB x NZW)F1, BXSB and MRLlpr/lpr mice, only FAS- deficient
lpr mice had an impaired deletion of CD8+V8+ cells even following a high dose
administration of the superantigen Staphylococcal enterotoxin B (Scott et al.,
1993). Russell and colleagues used the superantigen staphylococcal enterotoxin

- 32 -

Ch:2 Literature Review

(SEA) in vitro to test the involvement of CD95 in AICD. Mature T cells from CD95
deficient lpr/lpr mice exhibited a normal activation pattern, but were resistant to
apoptosis induced by a subsequent high dose antigenic challenge, indicating that
CD95 is essential for AICD. By stimulating wild type and lpr/lpr T cells with
various concentration of SEA on antigen presenting cells (APC) and plastic
immobilised anti-CD3 antibodies in the absence of APCs, they demonstrated that
peripheral cells reactivated through TCR/CD3 complex, underwent FAS-mediated
AICD in an APC-independent manner (Russell et al., 1993). Russell and Wang
studied CD95L-deficient gld/gld mice adopting a similar methodology as above
and confirmed a role of CD95L in AICD (Russell and Wang, 1993). High
concentrations of immobilized anti-CD3 antibody induced both functional anergy
and apoptosis in wild-type T cell in vitro, while lpr T cell lines were relatively
resistant to apoptosis (Bossu et al., 1993). Singer and Abbas compared the T cell
response in TCR transgenic (specific for the 81–104 peptide of pigeon cytochrome
c) wild type and lpr mice. On chronic exposure to the reactive antigen in vivo, in
contrast to wild-type, the peripheral FAS-defective lpr T cells were persistent,
while similar elimination of thymocytes occurred in both strains, indicating that
the role of FAS is mainly restricted to the periphery (Singer and Abbas, 1994).

In vitro experiments by Brunner and colleagues (Brunner et al., 1995) as well as by
Ju and co-workers (Ju et al., 1995) implicated autocrine stimulation of CD95 in
AICD of hybridoma T cells, while Dhein and colleagues demonstrated this in Jurkat
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T leukaemia cells and non-transformed, preactivated T cells (Dhein et al., 1995).
All three studies showed that TCR stimulation induces CD95 and CD95L, and that
apoptosis can be inhibited by either down regulating CD95 using glucocorticoids
(Ju et al., 1995) or by blocking CD95 with non-stimulatory FAS-specific antibody
fragments or a chimeric CD95-immunoglobulin fusion protein (Brunner et al.,
1995), or else by inhibiting the induced expression of CD95L using cyclosporin A
(Dhein et al., 1995). MacDonald and colleagues showed that normal T cells could
suppress the CD95L-defective gld/gld phenotype in chimeric mice (MacDonald et
al., 1995), indicating that FAS not only mediates apoptosis in a cell-autonomous
way but can also trigger apoptosis of syngeneic, activated neighbouring
lymphocytes (Vignaux and Golstein, 1994). These findings support a role for FAS
in a regulatory mechanism, which controls the expansion of activated T cell
populations.

To demonstrate that activated human peripheral blood B cells acquire sensitivity
to FAS-mediated apoptosis, SCID mice were reconstituted with human peripheral
blood mononuclear cells (PBMC). On an adjuvant-free tetanus toxoid or diphtheria
toxoid challenge in the presence of an agonistic anti-CD95 mAb, these PBMCs
showed antigen specific immunosuppression (Daniel and Krammer, 1994),
suggesting an involvement of FAS in the regulation of humoral immune response.
Rothstein and colleagues in an in vitro study reported CD40-ligand-stimulated
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naïve B cells to be extremely sensitive to FAS-mediated apoptosis, while, anti-IgMstimulated B cells were resistant, regardless of the presence of CD40L (CD154)
(Rothstein et al., 1995). Specific FAS-mediated elimination of CD154+ CD4+ T cellactivated bystander B cells suggests a role for FAS in the selection and expansion
of antigen-activated B cells. Rathmell and co-workers reported that FAS-FASL
system mediated the elimination of self-reactive B cells. They studied the
interaction of transgene encoded autoantigen hen egg lysozyme (HEL)-recognising
B and CD4+Tcells in an in vivo model. The authors observed that HEL-specific
CD4+Tcell eliminated anergic B cells that previously encountered antigen, via FAS
(Rathmell et al., 1995). These reports highlight the crucial role for TNF
superfamily ligands TRAIL and FASL in instituting self-tolerance in the T cell as
well as B-cell compartment.

2.5

TNFSFL in autoimmunity and type 1 diabetes

Mice with targeted gene deletion of TRAIL and mice given anti-TRAIL
monoclonal antibody (sDR5) were more susceptible to autoimmune disease,
including, arthritis and experimental autoimmune encephalomyelitis (EAE)
(Cretney et al., 2005; Hilliard et al., 2001; Lamhamedi-Cherradi et al., 2003b; Song
et al., 2000), suggesting a role for TRAIL in suppressing these autoimmune
conditions. In these studies, TRAIL appeared as a negative regulator of the innate
arm of the immune system. Consistent with this hypothesis, mice deficient in
TRAIL signalling exhibited increased levels of IL-12, IFN- and IFN- (Diehl et al.,
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2004). Contrary to findings from studies that suggest a suppressive role for TRAIL
in T cell-mediated autoimmune disease, evidence of a detrimental role for this
molecule in autoimmunity has emerged. TRAIL blockade within the central
nervous system suppressed EAE by inhibiting brain cell apoptosis (Aktas et al.,
2005). Furthermore, TRAIL-expressing T cells exacerbated parent into F1 graftversus-host disease by positively regulating CD4+ T cell numbers, thereby
sustaining T cell help for B cells, and negatively regulating perforin-mediated CD8+
cytotoxic T lymphocyte-killing that could have potentially eliminated activated
autoreactive B cells (Rus et al., 2007). Absence of TRAIL reduced allergic airway
disease in mice (Weckmann et al., 2007) by mediating the induction of CCL20,
which recruits IL-4 secreting cells. CCL20 and IL-4 secreting cells play a role in
suppressing autoimmune diseases like T1D and EAE. These findings illustrate a
pleiotropic nature for TRAIL in the innate immune system.

Apoptotic signalling by soluble or membrane-bound cell death ligands (FASL and
TRAIL) could play a role in some of the pathways that mediate pancreatic β-cell
death in T1D patients and in NOD mice (Chervonsky et al., 1997; Cheung et al.,
2005). However, the expression of TRAIL and its receptors on human islets is
currently disputed. Immunohistochemical analysis by Sanlioglu and colleagues
indicated that human islets primarily expressed TRAIL and its two decoy receptors
but not the death receptors DR4/5. BioGPS (http://biogps.gnf.org/) the gene
annotation portal of the Novartis Research Foundation reports no message for
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DR4/5 or decoy receptor 1, but expression of TRAIL in human islets. Partly
contrasting with these findings Ou and colleagues reported the expression of DR14 and/or TRAIL on human islet cells by RT-PCR and flow cytometry (Ou et al.,
2002), however, their experiment lacked adequate controls. They also
demonstrated that islet cells are resistant to TRAIL-induced cytotoxicity. Ou and
colleagues examined this by co-culturing recombinant human TRAIL with Crlabelled -cell lines and human primary islet cells. While TRAIL induced killing of
the cell lines CM and HP62 at 2.5ng/ml within 4 hours, the primary islet-cells of
only one of five donors were apoptosed by concentrations as high as
80ug/ml. CDNA array analysis indicated that TRAIL expression is upregulated in
pancreatic islets during the development of T1D in NOD mice (Mi et al., 2003). Mi
and colleagues further demonstrated that TRAIL-signalling was unable to induce
apoptosis in freshly isolated human pancreatic islets. TRAIL-signalling did it have
any significant cytotoxic effect on pancreatic -cell cultures (Tekmen et al., 2007),
suggesting that most normal islet cells are resistant to TRAIL-mediated
cytotoxicity. The transgenic expression of TNF superfamily members on
pancreatic islets exacerbated insulitis and/or diabetes in mouse models
(Chervonsky et al., 1997; Higuchi et al., 1992; Miwa et al., 1998) . On the contrary,
an enhanced incidence of diabetes and aggravated islet cell destruction was
reported in TRAIL-deficient C57BL/6 mice treated with multiple low-dose
streptozotocin (Lamhamedi-Cherradi et al., 2003b). The blockade of TRAIL
signalling using a soluble receptor (sDR5) exacerbated the onset of streptozotocin-
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induced diabetes (Lamhamedi-Cherradi et al., 2003a) and enhanced the adoptive
transfer of the disease into NOD.scid mice by diabetogenic splenocytes from NOD
mice (Mi et al., 2003). Taken together, these findings suggest a -cell protective
role for TRAIL.

Apoptosis of β-cells is a feature of autoimmune diabetes (Kurrer et al., 1997), and
immunohistochemical analysis has revealed FAS expression on both murine and
human -cells (Chervonsky et al., 1997; Stassi et al., 1997). Pancreatic biopsy of
patients with newly diagnosed T1D revealed constitutive expression of FAS on
their -cells, while the islet-infiltrating cells was found to express FASL (Loweth et
al., 1998; Moriwaki et al., 1999). Stassi and colleagues observed extensive
apoptosis among pancreatic -cells located in proximity to FASL-expressing T cell
infiltrates of the islets by immunohistochemistry (Stassi et al., 1997). These
observations suggests an important role for FAS-FASL signalling in -cell
apoptosis. Development of autoimmune diabetes in NOD mice is characterised by
two checkpoints. Firstly, 3-4 week old NOD mice spontaneously develop
lymphocytic infiltrates in islets of Langerhans and secondly, by about 12 weeks of
age the insulin production drops due to FAS-FASL and perforin-granzyme
mediated specific destruction of -cells, resulting in diabetes (Andre et al., 1996;
Chervonsky et al., 1997; Itoh et al., 1997; Kagi et al., 1996; Kagi et al., 1997).
Findings in NOD mice that -cell expression of FAS correlates with the second
checkpoint of autoimmune diabetes (Suarez-Pinzon et al., 1999), suggested a
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causal role of FAS in the transformation of benign infiltration into a detrimental
destruction of islets. Administration of neutralising anti-FASL monoclonal
antibody significantly inhibited CD4+ T cell adoptive transfer of diabetes
(Nakayama et al., 2002), suggesting a significant role for FAS-FASL interaction in T
cell mediated insulitis.

Initial indication of the role of FAS in -cell damage came from studies on FAS
deficient NODlpr/lpr mice (Chervonsky et al., 1997; Itoh et al., 1997). These mice
neither spontaneously developed diabetes or insulitis nor did the transfer of
autoreactive CD8+ T cell clones or diabetogenic splenocytes from NOD mice
initiate its induction. Adoptive transfer of a diabetogenic islet specific perforin
positive CD8+ T cell clone (TGNF-H3) into FAS deficient NODlpr/lpr mice developed
neither diabetes nor insulitis, suggesting that FAS played a more important role
than perforin in the induction of autoimmune diabetes (Chervonsky et al., 1997;
Itoh et al., 1997; Wong et al., 1996). Studies by Kagi and colleagues on transgenic
mice expressing glycoprotein of lymphocytic choriomeningitis virus in the cells
of pancreas indicated that CD8+ T cells require perforin to cause -cell damage
(Kagi et al., 1996). However, their later experiments revealed that although
perforin-deficient mice developed severe insulitis, they had delayed onset and
reduced incidence of diabetes, compared to wild type mice (Kagi et al., 1997).
Adoptive transfer experiments by Amrani and colleagues using diabetogenic CD8+
T cells bearing a T-cell receptor (8.3-TCR) that targets an immunodominant
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peptide/H-2Kd complex on -cells contested a role for perforin in -cell damage.
8.3-cytotoxic T lymphocytes (CTLs) from perforin-deficient NOD mice were as
diabetogenic as 8.3-CTLs from 8.3-NOD.PO+/+ mice when adoptively transferred
into immunodeficient RIP-B7.1–transgenic NOD.scid mice. They reported that
perforin-deficient 8.3-TCR-transgenic NOD mice developed spontaneous diabetes
with a frequency similar to that in their perforin-competent littermates. Further in
vitro experiments by the authors revealed that while 8.3-CD8+ CTLs from both 8.3NOD.PO+/– and 8.3-NOD.PO–/– mice killed NOD islet cells, they were unable to
eliminate NOD.lpr/lpr islet cells, suggesting that -cell damage occurred in a perforin
independent and FAS-dependent manner (Amrani et al., 1999). In the same year
Kreuwel and colleagues used a mouse model that had the influenza hemagglutinin
(HA) transgenically expressed as a self-antigen exclusively on the -cells, to
directly compare both perforin-granzyme and FAS-FASL cytotoxic pathways in cell destruction. Islet destruction and diabetic induction subsequent to the
introduction of HA-specific CTL (clone -4TCR) that was deficient in either FASL or
perforin were compared. It was observed that FASL deficient effector cells (clone 4
TCR-gld) were comparable to normal effectors in their -cell destruction ability,
whereas perforin-deficient clone-4 TCR CTL were 30 fold less efficient in
destroying islets and causing diabetes than normal CTL (Kreuwel et al., 1999),
indicating that perforin is much more efficient in lysing -cells than FAS in this
model. These findings indicate that both FAS and perforin are able to inflict -cell
damage in a mutually exclusive manner.
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Findings that reported defects in FAS-FASL system to provide protection against
NOD diabetes lead to the presumption that FASL expression was detrimental for cell survival. However, the numerous immune abnormalities in NODlpr/lpr mice
were not accounted for in these studies. The absence of insulitis in this model
would suggest the inability of NODlpr/lpr T cells to enter the pancreas; thereby
rendering this model unsuitable for the evaluation of FAS mediated -cell
destruction. Chervonsky and colleagues reported that FAS expression on islet cells
of NOD mice (12 weeks or older) was upregulated after transfer of diabetogenic T
cell clone, but they did not examine the FAS expression in the spontaneous NOD
mouse model (Chervonsky et al., 1997). To test the validity of NODlpr/lpr as a model
for the evaluation of FAS mediated -cell destruction Allison and Strasser
transferred CFSE-labelled NOD spleen cells into irradiated and non-irradiated
NODlpr/lpr hosts, and found that the transferred cells were preferentially depleted
in the hosts (Allison and Strasser, 1998). This could be explained by the fact that
the lpr mutation in mice is associated with upregulation of FASL on CD4- CD8B220+ / T cell population and these cells can kill FAS-expressing cell lines in
vitro (Chu et al., 1995). Apostolou and colleagues suggested that FAS is
dispensable for the induction of insulitis. The authors compared the onset and
development of diabetes in a -cell-specific Fas deficient model of autoimmune
diabetes with that in mice that expressed FAS on -cells (in both cases mice had a
transgenic TCR specific for influenza hemagglutinin (HA) and they expressed HA
under control of the rat insulin promoter. In this model, the elimination of Fas did
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not cause a delay in the onset of diabetes but conversely accelerated the disease in
-cell-specific FAS deficient mice (Apostolou et al., 2003). Using chimeras of the lpr
mutation and a mouse bearing diabetogenic CD4+T cell associated transgenic TCR
(NODlpr/lpr.BDC2.5), Vence and co-workers demonstrated that the modulation of
diabetes in lpr mice was due to abnormalities in T cell function rather than
inhibition of cytotoxicity to the -cell. They observed that NOD lpr/lpr.BDC2.5 mice
have qualitatively and quantitatively less aggressive insulitis than NODBDC2.5 mice.
In vitro proliferation assays indicated that NOD lpr/lpr.BDC2.5 splenocytes proliferated
less vigorously than those from control mice in the presence of islet extracts
(Vence et al., 2004). RNase protection assay by Kim and colleagues showed that
NODlpr/lpr lymphocytes constitutively expressed high levels of FASL. To prove that
abnormal FASL+ lymphocytes from NODlpr/lpr are responsible for the inhibition of
diabetes transfer, they co-transferred splenocytes from diabetic NOD mice and
FASL+ lymphoid cells from NODlpr/lpr or NODlpr/+ mice to sub lethally irradiated
NOD mice. It was observed that none of the nine NOD mice that received
lymphocytes from NODlpr/lpr developed diabetes, while 75% of NOD recipients of
NODlpr/+ lymphocytes became diabetic. Furthermore, administration of anti FASL
monoclonal antibodies reversed the inhibition of diabetes transfer (Kim et al.,
2000). These findings suggest that diabetes protection in Fas/FasL impaired mice
could be an epiphenomenon associated with their distorted immune system.

Su and colleagues reported that FAS deficient NODlpr/lpr and FASL deficient
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NODgld/gld mice are resistant to the development of spontaneous diabetes.
Interestingly in this study NODgld/gld littermates heterozygous for the FASL
mutation (NODgld/+), which lacked the abnormal DN T cell population and
lymphadenopathy seen in NODlpr/lpr and NODgld/gld mice, also failed to develop
diabetes. However, the manifestation of a non-invasive insulitis in these mice
indicated the generation of an anti-islet response, providing evidence supporting a
role for FASL-mediated apoptosis in the pathogenesis of autoimmune diabetes.
Further, they generated a novel NODlpr/lpr-scid/scid mouse model that lacked T and B
cells and in which the FASL mediated lytic activity was abolished. Following
adoptive transfer of splenic cells from diabetic NOD mice, NODlpr/lpr-scid/scid mice had
a reduced diabetes incidence when compared to their FAS-expressing NODscid/scid
littermates. The severity of disease was also significantly reduced in the FASdeficient recipients. While around 90% destructive insulitis was observed in the
NODscid/scid recipients of diabetogenic NOD lymphocytes, the rate of cellular
infiltration in the lpr/scid double mutant recipients was reduced by half (Su et al.,
2000), suggesting a role for islet expressed FAS in the pathogenesis of the disease.
Savinov and colleagues adoptively transferred splenic cells from diabetic NOD
mice to NOD.scid, NODlpr/lpr-scid/scid, NODRIP-FasL.scid (transgenic mice expressing FASL
in -cells) and NODRIP-FasL.lpr/lpr-scid/scid mice (transgenic for FASL and lacking
endogenous FASL-expressing lymphocytes). They reported that while all NOD.scid
and NODRIP-FasL.scid (FAS sufficient) mice became diabetic, only 70% of FASL
expressing NODRIP-FasL.lpr/lpr-scid/scid mice went diabetic. Moreover, the diabetes onset
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in all of the FASL expressing NODRIP-FasLscid was highly accelerated compared to
NODRIP-FasL.lpr/lpr-scid/scid (Savinov et al., 2003), indicating that lack of FAS signalling
delayed the diabetes development and that -cell killing in some measure was
mediated by the ligation of the death ligand with its receptor. It also suggested that
other mechanisms might also be participating in the killing of -cells as FAS
deficient mice became diabetic on adoptive transfer of effector cells. The
transgenic expression in -cells of a decoy receptor (DCR3) protective against
FASL-induced cell death prevented autoimmune insulitis and prolonged
transgenic islet-graft survival in NOD mice (Sung et al., 2004), indicating that the
destruction of -cells in IDDM could be mediated by FAS-FASL interactions. Allison
and co-workers (2005), generated NOD mice that expressed a dominant negative
form of FAS associated death domain (dnFADD) adaptor to block death receptor
signalling in -cells. While -cells from the transgenic mice were resistant to FASmediated apoptosis in vitro and a reduced incidence of diabetes was observed in
mice with higher levels of dnFADD expression (Allison et al., 2005), thereby
suggesting that FAS played a role, although minor, in the pathogenesis of IDDM in
this model.

Despite experiments that overcame the immune abnormalities of lpr recipient
models and redefined the role of FAS in autoimmune diabetes, the basis for a lack
of spontaneous insulitis and diabetes development in FAS deficient NODlpr/lpr mice
remained unresolved. Based on in vitro cytotoxicity assays using infiltrating cells
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from pancreatic islets cells of NOD mice at early and late stages of insulitis on
target NIT-1, BTC-3 or P815 cells, Qin and colleagues reported that perforin
independent damage of  cells (FAS mediated) in early stages of insulitis switched
to a perforin-dependent -cell destruction at later stages of diabetes (Qin et al.,
2004). This finding indicated an age-related change in the apoptotic pathways
used by autoreactive CTLs in NOD mice. Based on this finding they proposed that
the deficiency of FAS and FASL in lpr/lpr and gld/gld mice strains would prevent 
cell apoptosis, if early autoreactive CTLs exclusively utilised FAS-FASL for  cell
destruction. In the absence of this early FAS-mediated apoptosis, there would be
neither antigen shedding nor consequently insulitis, thereby abrogating a
perforin-dependent disease progression. The observations that NODlpr/lpr and
NODgld/gld models did not develop diabetes (Itoh et al., 1997; Su et al., 2000)
support this hypothesis. Also, consistent with the above finding is the fact that
anti-FASL monoclonal antibody affects the development of diabetes most
profoundly when administered to young NOD mice (Nakayama et al., 2002).
Several studies have reported that incomplete triggering of CD8+ T cells, as occurs
through recognition of self-peptides that are antagonist or partial agonists, can
result in FAS-mediated apoptosis but not the release of granule-associated
enzymes (Brossart and Bevan, 1996; Cao et al., 1995; Esser et al., 1996). These
data suggest that a weak triggering of CD8+T cell TCRs could induce FAS-FASL to
become the dominant pathway of cytotoxicity instead perforin-granzyme, which is
consistent with the model proposed by Qin and colleagues (Qin et al., 2004).
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Savinov and colleagues had reported that some essential stages of diabetes
development might depend more on FAS mediated cytotoxicity than others and
that interference with the FAS pathway early in the disease development may
retard or prevent diabetes (Savinov et al., 2003). These findings put together could
provide a unifying model for the discordant observations on the role of FAS-FASL
and perforin-granzyme mediated cytotoxic pathway in the destruction of -cells.

Even as majority of findings summarised so far in this section indicate a role for
FAS-FASL system in pancreatic -cell destruction, there is evidence that points to a
protective role for this ligand in T1D induction. Signore and colleagues reported
that under physiological conditions islet -cells expressed FASL in both diabetesresistant and diabetes-prone mice and that the -cells were not adversely affected
by the presence of FASL on islet -cells, rather it shielded the FAS expressing -cell
from immune attack (Signore et al., 1997). Kim and colleagues studied the
involvement of FAS in the development of diabetes by administering anti-FASL
antibody and by observing FAS-deficient neonatal pancreas grafts from NODlpr/lpr
in diabetic NOD mice (to circumvent the immune abnormalities in lpr recipient).
Anti-FASL antibody administration failed to inhibit diabetes in NOD mice after
cyclophosphamide treatment or adoptive transfer of diabetogenic spleen cells, and
FAS-deficient neonatal pancreata were destroyed by lymphocytic infiltration in
diabetic NOD mice, thereby ruling out a major role for FAS in diabetes induction
(Kim et al., 1999). They further demonstrated in an adoptive transfer model of
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autoimmune diabetes, that rather than a -cell effector function, the FAS-FASL
system had an immune regulatory role (Kim et al., 2000). FASL expressing FoxP3+
regulatory T cells injected into NOD mice in the pre insulitis phase was reported to
provide protection against diabetes-induction (Weber et al., 2006). Su and
colleagues observed that insulitis observed in the lpr/scid double mutant
recipients of diabetic NOD T cells contrasted with the complete absence of cellular
infiltrates after adoptive transfer to irradiated NODlpr/lpr hosts, indicating that
autoreactive T cells might be sensitive to FASL-mediated elimination. NOD mice,
prone to spontaneous diabetes have lower FASL expression compared to
nondiabetes-prone BALB/c mice, owing to a mutation in Fasl (Kayagaki et al.,
1997), suggesting a limited or even a protective role for this death ligand in
autoimmune diabetes.

Timing of TNFSFL expression and the cells/tissue types in which they are
expressed, could determine the effect (whether detrimental or protective) of these
death ligands in autoimmune diabetes, and also explain the discordant findings in
the literature, discussed above. Further investigation is warranted to unravel any
potential -cell protective roles for TRAIL and FASL, which could result in the
development of treatment modalities for T1D management.
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2.6

Mycobacterium bovis (BCG)
Bacillus Calmette-Guerin (BCG), a live attenuated strain of Mycobacterium

bovis (which causes bovine tuberculosis) is used worldwide to prevent
tuberculosis and leprosy. The current vaccine was developed by Calmette and
Guérin, who continuously passaged a strain of M. bovis 230 times in vitro, which
reduced its virulence while preserving the immunogenicity (Calmette and Guérin,
1911; Calmette and Guérin, 1920) . DNA studies by Baess and Mansa revealed that
the human and bovine tubercle bacilli and BCG shared similar genome size and G:C
content (Baess and Mansa, 1978). Mycobacteria have long been known to have a
stimulatory effect on the cells of the immune system. BCG have been shown to
enhance or contrarily, downregulate immune responses under experimental
conditions (Chee and Bodurtha, 1974; Ishibashi et al., 1978). Knowledge of
mycobacterial cell envelope-structure is imperative to understand its effects on
host immune response. Several models have been proposed for the mycobacterial
cell wall (McNeil and Brennan, 1991; Minnikin, 1991; Rastogi, 1991). The
mycobacterial cell envelope is essentially composed of four layers (Figure 2.4).
The first layer consists of the plasma membrane (PM) enclosing the cell’s
cytoplasm. It contains a permeable lipid bilayer with interacting membrane
proteins (MP). The peptidoglycan (PG) / arabinogalactan (AG) moieties that make
up the structural component of the cell wall is situated in the second layer, which
is known as the electron dense (ED) layer by virtue of its staining properties when
observed by transmission electron microscopy. The adjacent layer is electron

- 48 -

Ch:2 Literature Review

transparent (ET) comprising of mycolic acid and other complex lipids like
lipoarabinomannan (LAM). The outermost layers (L1 and L2) vary according to
the species, but are generally fibrillar in nature when observed by freeze fracture
or negative staining (Barrow and Brennan, 1982; Draper, 1974; Rulong et al.,
1991). The components of the outer layers of the mycobacterial cell envelope,
especially glycopeptidolipids are crucial in the initial host interaction. They induce
various host responses to help protect the organism from the detrimental effects
of the phagolysosomal environment in the host macrophages where they reside
during the infectious disease process (Bermudez, 1994; Tassell et al., 1992).
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Figure 2.4 Model of mycobacterial cell envelope (not drawn to scale).Glycopeptidolipid (GPL),
apolar GPL (aGPL), membrane proteins (MP), peptidoglycan (PG), arabinogalactan (AG),
lipoarabinomannan (LAM), outermost layers of the wall (L1 & L2), electron transparent (ET),
electron dense (ED), plasma membrane (PM).

BCG GPLs like phosphatidylinositol dimannosides, phosphatidylglycerol and
cardiolipin, phosphatidylethanolamine, trehalose monomycolate, trehalose
dimycolate (TDM), and mycoside B, traffic within the host macrophage and spread
to uninfected bystander macrophages (Beatty et al., 2000; Rhoades et al., 2003).
The GPLs, by virtue of their inert nature, persist in the host and accumulate within
various sites of the reticuloendothelial system. A retrospective analysis of data on
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AIDS patients who contracted mycobacterial infection revealed the involvement of
the organism mainly in the lymph nodes (74%), spleen (74%) and liver (52%)
(Abdel-Dayem et al., 1996).

Constituents of BCG bind to TLRs 1, 2, 4 and 9, type I transmembrane receptors
found on the plasma membrane or in endosomal compartments of host immune
cells. TLR-signalling activates macrophages and DCs to release pro-inflammatory
cytokines including IL-12 and chemokines. This triggers the functional maturation
of DCs, including the upregulation of CD80/86, which ligates with CD28 on T cells
to initiate antigen-specific adaptive immune response and functional maturation
of T cells. Purified mycobacterial cell-wall components have been shown to
preferentially activate TLR2, and to a lesser extent, TLR4 (Heldwein et al., 2003).
Prolonged signalling with a 19 KDa lipoprotein from Mycobacterium, which
stimulates TLR2, inhibited IFN- production and MHC class II antigen-processing
activity (Pai et al., 2004; Pennini et al., 2006). These findings suggest that,
Mycobacterium may have evolved mechanisms that help it to evade T cell
responses and to persist in the system.

2.7

BCG mediated modulation of autoimmune diabetes
BCG-mediated suppression of autoimmune diseases like autoimmune

diabetes (Harada et al., 1990) and EAE (Ben-Nun et al., 1995; Sewell et al., 2003) in
mice, is by virtue of the protein and lipid constituents of Mycobacterial cell
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envelope, which are capable of activating host adaptive immunity. BCG-derived
protein antigens promptly activate MHC restricted CD4+ and CD8+ T cells, while
the BCG-derived lipid-antigen elicits the activation of CD1 restricted T cells,
monocytes and macrophages in humans (Watanabe et al., 2006). Mycobacteriainduced switch in the cytokine profiles of islet-infiltrating lymphocytes from a
Th1-associated to a Th2-associated pattern appeared to mediate diabetes
prevention in NOD mice (Shehadeh et al., 1993). Harada and colleagues reported
that a single intravenous injection of 0.25-1 mg (4x107 CFU) of live BCG at
approximately 10 weeks of age produced a potent suppression of insulitis and
overt diabetes in NOD female mice, and this protection could be adoptively
transferred to naïve recipients by spleen cells (Harada et al., 1990). This
transferred protection was associated with plastic adherent cells, which expressed
CD11b, but not CD 90 (Yagi et al., 1991). Comparably, a single injection of CFA, in
NOD mice less than 12 weeks of age, prevented the onset of diabetes (Qin et al.,
1993; Sadelain et al., 1990). They suggested that nylon-wool non-adherent, CD90-,
radio resistant leukocytes imparted this protection. The protective ability of
splenocytes was lost on depleting these cells from the donor and recipient mice
with monoclonal antibody (mAb) specific for asialo GM1, while the adoptive
transfer of CD49b (DX5+), CD3- leukocytes reconstituted it. These findings
suggested that NK cells were the likely population of cells that imparted
Mycobacteria-induced diabetes-protection in NOD mice (Lee et al., 2004).
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IFN- was not essential for diabetes development in NOD mice (Serreze et al.,
2000). Recombinant IFN- (rIFN-) administration reduced diabetes incidence and
insulitis in 5-week-old NOD mice in a dose dependent manner, with the highest
dose (105 units i.p for 5 weeks) suppressing the final diabetes incidence to 42%
from the 74% incidence of control mice (Sobel et al., 2002). Furthermore, they
observed low ConA-induced proliferation of responder cells co-cultured with NOD
spleen cells preincubated with rIFN- compared with splenocytes preincubated in
media without rIFN-. They also reported that splenic cells from rIFN- treated
NOD mice expressed higher levels of intercellular adhesion molecule (ICAM 43%
higher), B7-2 (35% higher) and MHC-1 (28% lower) than in control mice. von
Herrath and colleagues using transgenic C57BL/6 and BALB/c mice, reported that
absence of IFN- led to insufficient upregulation of MHC class I molecule on -cells
and class II molecules on APCs, ablating the induction of IDDM (von Herrath and
Oldstone, 1997). This was based on their finding that targeted mutant mice
deficient in IFN-, and transgenically expressing LCMV nucleoprotein (NP; slow onset IDDM) or glycoprotein (GP; rapid - onset IDDM) in their -cells, under the
influence of rat insulin promoter (RIP GP 34-20 / RIP NP 25-3), did not develop
IDDM when compared to IFN--competent RIP GP or NP control mice. Over
expression of suppressor of cytokine signaling-1 (SOCS-1) in -cells completely
prevented diabetes in NOD8.3 TCR transgenic mice carrying the rat insulin
promoter suppressor of cytokine signaling-1 (RIP- SOCS-1) transgene, but were
not protected from accelerated diabetes induced by the adoptive transfer of
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splenocytes from diabetic NOD mice indicating that IFN- in the host is required
for the protection (Chong et al., 2004). These findings suggested that IFN- played
a suppressive role in autoimmune diabetes. BCG/CFA mediated diabetes
protection in animal models was dependent on the production of IFN-, as CFA/
M.bovis -treated, IFN- deficient NOD.Ifng-/- mice were not protected from diabetes
(Serreze et al., 2001).Qin and co-workers who studied the adoptive transfer of
diabetes out of spontaneously diabetic, BCG-treated NOD mice, arrived at a similar
conclusion. Three hundred (300g) BCG administration in diabetic NOD donors
reduced 75% disease in NOD.scid and irradiated NOD recipients by 75%, and this
effect was mostly eliminated by protein-mediated blockade of IFN-signalling.
Moreover, the injection of 20g of rIFN- over 10 days partially replicated the
inhibitory effects of BCG on the efficacy of diabetes transfer (Qin et al., 2004).
These findings indicate a primary role for IFN- in BCG immunotherapy.
BCG treatment enhanced the expression of FAS, FASL, TNF and its receptor on
splenic T cells, while anti-FASL or anti-TNFR1 mAb treatment significantly
decreased the apoptosis of BCG-immunised diabetic NOD splenocytes, in vitro (Qin
et al., 2004), suggesting that BCG-induced apoptosis of diabetogenic T cells
imparted the efficacy of this treatment. These findings were consistent with the
results of Novelli and colleagues (Novelli et al., 1996), who hypothesised that BCG
inhibits diabetes by stimulating the secretion of IFN-, which induces apoptosis of
activated T cells in a FAS-dependent mechanism. Similarly, Martins and coworkers (Martins and Aguas, 1999) observed an increase in FAS, FASL and IFN-
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levels in the splenocytes of NOD mice infected with M. avium (108 viable bacilli per
mouse). They also reported an increase in the number and cytotoxic activity of
FASL expressing splenic CD4 and CD8 T cells in immunised NOD mice as opposed
to uninfected controls, affirming the role of FASL and IFN- in Mycobacteria
mediated diabetes protection.

2.7.1 BCG influence immunoregulatory functions of NKT cells
NKT cells are a subset of T cells with a limited TCR repertoire, restricted by a
nonclassical MHC class I molecule (Bendelac et al., 1995). In C57BL/6 mice, BCG
mediates a shift in the density of IL-4 producing CD4+ NKT cell population of the
liver to a low-density population secreting large amounts of IFN. Chen and
colleagues (Chen et al., 2005) reported that activated NKT cells could inhibit
autoimmune diabetes through tolerogenic recruitment of dendritic cells to
pancreatic lymph nodes. FASL+ iNKT cells may act as ready-to-kill sentinels of
innate immunity, but at the same time assist in tolerance induction by eliciting
FAS/FASL-mediated apoptosis of antigen carrying B cells (Nowak et al., 2006). FAS
expression in the liver is upregulated on activated NKT cells following
Mycobacterial infection, with the NKT cells becoming more susceptible to
apoptosis (Chiba et al., 2008).
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2.7.2 BCG mediated reversal of T1D
Experimental evidence in mice suggests that spleen cells could reverse
autoimmune diabetes by replacing lost islet cells through trans-differentiation
when injected together with an immune adjuvant (CFA) into diabetic NOD mice
(Kodama et al., 2003). However, the contribution of splenocytes towards islet
regeneration was later ruled out by three other groups (Chong et al., 2006; Nishio
et al., 2006; Suri et al., 2006), but each of these three studies supported the
conclusion that an adjuvant dependent dampening of autoimmunity coupled with
the regeneration of residual host islets led to the reversal of autoimmune diabetes
in mice. They observed circumferentially distributed CD4+CD25+FoxP3+ regulatory
T cells mediated the dampening of autoimmunity in the diabetic mice. Following
the success of BCG treatment in mice - subcutaneous injection of BCG into diabetic
patients with recent onset of disease was tested. Shehadeh and colleagues
(Shehadeh et al., 1994) administered 0.1 mL of BCG (1mg/ml) in 17 newly
diagnosed T1D patients, almost all of whom returned to their diabetic state within
a year of treatment. However, they reported increases in the frequency and
duration of the "honeymoon period", based on which other randomised clinical
trials (RCTs) were held. A multicentre RCT in Europe which compared the effect of
BCG + nicotinamide therapy with nicotinamide alone controls in 72 newly
diagnosed IDDM patients, indicated no difference in the remission rates in the two
groups (Pozzilli, 1997). Elliot and colleagues randomised 26 newly diagnosed
diabetic New Zealanders to receive BCG or saline. Their data suggested no
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evidence of an effect on C-peptide levels or the clinical course of the disease
(Elliott et al., 1998). In an RCT conducted in USA by Allen and colleagues (Allen et
al., 1999), 94 children with new onset diabetes received BCG or a placebo. The
authors reported no difference in C-peptide levels, insulin requirements or HbA1c
levels subsequent to treatment. However, one has to bear in mind that doses used
to prevent autoimmune diabetes in NOD mice are 10,000 times greater as a
proportion of body weight than the dose used in these clinical trials. This
suggested that a higher dose (includes possibility of complications) or multiple
low doses of BCG could be more effective. The results from a recent RCT of 6
adults with long-term T1D randomly assigned to two low-dose 0.1 ml BCG (1.6–
3.2×106 CFU/injection) or saline placebo treatment, administered 4 weeks apart,
indicated elevated C-peptide levels compared to controls (Faustman et al., 2012).
This finding is consistent with the successful intervention in mice and suggested
that BCG could have potential value in the treatment of T1D in humans.

2.8

Mouse models of systemic autoimmunity

Many animal models have been generated to study the mechanism of
autoimmune mediated tissue destruction leading to organ specific and systemic
autoimmune disease. BB rats and NOD mice remain the most widely used and
best-characterised animals for modelling the aetiological, immunological,
pathological and genetic aspects of autoimmune diabetes (Mordes et al., 2004).
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Although NOD mice are commonly used as a model of autoimmune diabetes
mellitus, they are also prone to the spontaneous development of a number of other
autoimmune phenomena in senescence. These include antinuclear antibodies
(ANA) and haemolytic anaemia (Baxter and Mandel, 1991; Humphreys-Beher et
al., 1993). While a single dose of heat killed BCG prevents diabetes, it accelerates
the precipitation of a form of autoimmunity similar to human systemic lupus
erythematosus (SLE). BCG-mediated autoimmunity in NOD mice is characterised
by autoimmune haemolytic anaemia (AIHA), raised titres of anti-nuclear
autoantibodies (both anti-ds-DNA and anti-Sm autoantibodies) in sera and
immune complex deposits in renal glomeruli consistent with glomerulonephritis.
M. bovis mediated induction of lupus in NOD mice is being used as a model for
studying the etiopathogenesis of this disease. Some of the murine/rat models that
develop systemic autoimmunity similar to that of lupus in NOD mice are briefly
described in this section.

2.8.1 lpr and gld mice
The lymphoproliferation-associated mutations lpr and gld (generalised
lymphoproliferation) spontaneously occurred in inbred lines of mice and are
recessive, loss of function mutations (Andrews et al., 1978; Roths et al., 1984) of
the Fas and Fasl genes respectively (Takahashi et al., 1994; Watanabe-Fukunaga et
al., 1992). The lymphoproliferative disorder in MRLlpr/lpr and C3Hgld/gld mice is
characterised by the accumulation of an unusual population of DN (CD4-CD8-),
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B220+, J11d+, heat stable antigen (HSA+) T cells in the periphery, over-production
of IgG and IgM antibodies, lymphadenopathy and splenomegaly (Cohen and
Eisenberg, 1991). Lpr/gld syndrome shares many characteristics of the human
disease systemic lupus erythematosus (SLE). Mice and humans carrying mutations
in FasL that prevent FAS ligation exhibit disrupted lymphocyte homeostasis,
resulting in massive lymphoaccumulation and a systemic autoimmune syndrome
similar to lupus.

Unlike other lpr/gld mice strains, which only develop lymphadenopathy and
splenomegaly, MRL mice manifest nephritis or arthritis and die at around 5
months of age (Andrews et al., 1978; Izui et al., 1984). Allen and colleagues
observed that although lpr and gld mutations are non-allelic, they exhibit a similar
phenotype. In a series of in vivo experiments involving bone marrow chimaeras of
lpr, gld and wild-type mice, they demonstrated that lpr and gld represented the
genes for a ligand-receptor pair (Allen et al., 1990). This model also suggested the
lpr product to be a receptor expressed in both bone marrow (BM) and peripheral
cells, and considered gld product to be a soluble cytokine or membrane associated
protein expressed on the BM derived cells. Watanabe and colleagues mapped the
CD95 gene to a location near the lpr locus on the mouse chromosome 19
(Watanabe et al., 1991). Southern blot hybridisation and restriction mapping
performed by Adachi and colleagues revealed that an approximately 5.4-kb DNA
fragment was inserted 3.5 kb upstream of exon 3 in the FAS gene in lpr mice. On
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sequencing, the inserted element was found to be homologous to a mouse early
transposon (ETn) - RMg2 ETn, indicating that an RMg2-like ETn has been inserted
in intron 2 of the CD95 gene of lpr mice (Adachi et al., 1993). Reverse transcription
polymerase chain reaction at particular position of FAS-mRNA consistently yielded
a longer product (around 180 base pair longer) in lpr thymocytes, when compared
to the wild type mice, confirming insertions in the FAS gene intron (Kobayashi et
al., 1993).

Northern hybridisation analysis indicated lower FAS-mRNA level in the liver and
thymus of lpr mice when compared to the wild type (Watanabe-Fukunaga et al.,
1992). Similar analysis by Wu and colleagues indicated higher expression of ETn
RNA in the thymus of MRLlpr/lpr than MRL+/+ mice. They generated a CD2-FAS
transgenic mouse model in which murine FAS cDNA was expressed under the
regulation of the CD2 promoter and enhancer to correct defective FAS expression
in T cells of MRLlpr/lpr mice (Wu et al., 1993). Elimination of glomerulonephritis and
development of lymphadenopathy, decrease in the levels of autoantibodies and
reduced thymic ETn expression was observed in this model (Wu et al., 1993; Wu et
al., 1994), suggesting that early correction of the abnormal FAS expression could
retard the acceleration of autoimmune disease. The reduction in FAS gene
expression was attributed to the premature termination and aberrant splicing of
the FAS gene transcript caused by the polyadenylation signal (AATAAA) carried on
the long terminal repeat of the ETn. Adachi and colleagues noticed a considerable
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reduction in expression efficiency, when this ETn was inserted into the
corresponding intron in a mammalian expression vector (Adachi et al., 1993). The
lprcg gene is allelic to lpr, with a T-A point mutation in the FAS cytoplasmic region,
causing an isoleucine to be replaced by an asparagine. Though lprcg mice express
normal size FAS mRNA at levels similar to that of wild type mice (WatanabeFukunaga et al., 1992), its ability to transduce the apoptotic signal remains
impaired, indicating that lpr mutations are loss of function mutations of the FAS
gene. The gld mutation arose in the inbred C3H/HeJ strain of mice at the Jackson
Laboratories (Roths et al., 1984). Watson and colleagues mapped the gld mutation
to a less than 1 cM segment on distal mouse chromosome 1 (Watson et al., 1992),
near which the CD95L gene was localised (Takahashi et al., 1994). FasL of gld mice
carries a point mutation in the C-terminus of the coding region, causing a
phenylalanine to be replaced by leucine in the extracellular region, thereby
abrogating its ability to bind to FAS. Recombinant gld CD95L expressed in COS
cells could not induce apoptosis in cells expressing CD95, indicating that gld is a
loss of function mutation (Takahashi et al., 1994).

2.8.2 Marshall-Clarke and Playfair model of murine AIHA
Autoimmune haemolytic anaemia (AIHA) was one of the first diseases that was
shown to have an autoimmune pathology, and has been described in a number of
species, including humans, dogs, cats, rabbits and cattle (Loutit and Mollison,
1946). AIHA is an acquired immunologic disease in which premature haemolysis
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of autoantibody sensitised erythrocytes occur via the complement and the
reticuloendothelial system (RES). AIHA in humans is often characterised by an
insidious onset (particularly when extravascular haemolysis predominates)
followed by a waxing and waning course (Dacie, 1962; Gehrs and Friedberg, 2002;
Pirofsky, 1976). It may occur as a primary (idiopathic) disorder or coexist with
some other underlying disease process like lymphoproliferative disorders,
systemic lupus erythematosus (SLE), infectious mononucleosis, viral pneumonia
or cytomegalovirus infection. The common symptoms of AIHA include weakness,
pallor, fatigue, jaundice and frequent occurrence of mild splenomegaly (Mack and
Freedman, 2000).

There exist examples of AIHA in laboratory mice (Helyer and Howie, 1963; Playfair
and Marshall-Clarke, 1973), which either could be spontaneous or induced models
of the disease. The New Zealand Black (NZB) mouse develops AIHA spontaneously
(Barker et al., 1993a; Helyer and Howie, 1963). The disease can also be induced in
other healthy murine strains by repeated immunisation with rat RBCs (Barker et
al., 1993b; Cox and Keast, 1974; Naysmith et al., 1980; Playfair and MarshallClarke, 1973), or by infection of C3HeB/FeJ mice with the docile strain of
lymphocytic choriomeningitis virus (LCMV). In all the above models, the condition
is a classic example of type II hypersensitivity, characterised by autoantibodies
that bind to RBC and destroy them via phagocytosis by splenic macrophages
and/or complement-mediated lysis. The warm AIHA caused by IgG antibodies in
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these experimental animals provides us with a well-characterised model to study
the loss of immunological self-tolerance in this form of autoimmunity.

The experimental model of murine AIHA was developed from the original
observation of Playfair and Marshall-Clarke (1973) that mice injected with RBC
from rats produce RBC auto Abs, which was later confirmed by several other
groups (Cox and Keast, 1974; Naysmith et al., 1980). They observed that after
three intravenous or intraperitoneal injections of 2x108 rat RBCs at weekly
intervals, mice of many strains were positive for Coombs’ Abs. The disease
developed was reported to be similar to AIHA in man, with evidence of anaemia,
reticulocytosis, shortened erythrocyte survival and a high incidence of
autoantibody production. T cell bypass model proposed by Allison, Weigle and
their colleagues (Allison et al., 1971; Weigle, 1971)could explain the mechanism of
induction of RBC autoantibodies in the experimental model under discussion. It
was postulated that the untreated mice harbours B-lymphocytes, which recognise
RBC autoantigens that are homologous to the antigenic determinants on rat RBC.
However, these B cells remain unreactive owing to a lack of signalling from
autoreactive T cells that have been eliminated or suppressed. On immunisation,
the homologous antigenic determinants on rat RBCs are presented to the host with
non-self-structures recognised by other T cells, thereby bypassing the absence of
functional self-reactive T cells. These results support the idea that human AIHA
may be induced by exogenous antigen stimulation (Dacie and Worlledge, 1969).
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2.8.3 Anti-RBC autoantibody transgenic mice
Okamoto and colleagues (Okamoto et al., 1992)generated transgenic mice
expressing the pathogenic IgM anti-mouse RBC (MRBC) autoantibody 4C8. Most
mice in this model demonstrated a dramatic reduction in the number of B cells
expressing the anti MRBC transgene by anergy or deletion in spleen and lymph
nodes. Despite this marked diminution of the number of B cells nearly 50% of the
mice were reported to develop AIHA. In these mice anti-MRBC autoantibodies
were solely generated by CD5+ B cells (or B1 cells) present in the peritoneal cavity,
where the MRBC autoantigens were absent. Murakami and co-workers (Murakami
et al., 1992) reported a reduction of AIHA, following the selective elimination of
CD5+ B cells by injection of MRBC into the peritoneal cavity, in these mice. They
also observed apoptosis of the transgene expressing CD5+B cells after the
intraperitoneal injections. These findings suggested that sequestration of antiMRBC autoreactive CD5+B cells behind an anatomical barrier underlies the
development of AIHA in this transgenic model. To confirm the role of B-1 cells in
induction of AIHA male F1 mice were generated by crossing antiRBC autoAb-Tg
with CBA/N which bear the X-linked immunodeficiency mutation (xid). These Tg
mice which lack the B-1 cells due to the xid mutation did not suffer from AIHA
(Murakami et al. 1994), suggesting the direct involvement of B-1 cells in the
pathogenesis of AIHA in this model. Reduced occurrence of autoimmune
symptoms was reported in NZB/xid and NZB/WF1/xid which congenitally lacked
B1 cells due to xid gene (Steinberg et al., 1982). Elimination of B1 cells by repeated
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injection of anti-IL-10 Ab in vivo prevented and ameliorated the autoimmune
symptoms in NZB/WF1 mice (Ishida et al., 1994). Murakami and colleagues
selectively depleted peritoneal B1 cells by hypotonic shock with repeated
intraperitoneal injection of distilled water once every week. In treated NZB mice
autoAb production was decreased and the occurrence of AIHA was prevented
(Murakami et al., 1992), thus suggesting that peritoneal B1 cells may be the source
of auto Ab production in AIHA of NZB and NZB/WF1 mice. Environmental factors
may be involved in the triggering of autoreactive B cells, and this could account for
the fact that only half of the transgenic mice developed AIHA. The frequency of
AIHA in anti RBC autoAb Tg mice varied depending on the housing conditions.
50% of mice housed in conventional conditions suffered from AIHA while none of
the ones housed in a specific pathogen free condition developed the disease
(Murakami et al., 1997). Injection of bacterial lipopolysaccharides induced AIHA in
asymptomatic transgenic animals. Oral administration was reported to be the
most effective mode when compared to intraperitoneal or intramuscular
administration, in activating peritoneal and lamina propria B1 cells (Murakami et
al., 1994), thereby suggesting that bacterial infection may be responsible for
triggering the AI disease that occurred spontaneously in half of the Tg mice housed
under conventional conditions.
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2.8.4 New Zealand Black (NZB)
NZB strain was one of the first experimental animal models of autoimmunity.
Mice from this strain are genetically predisposed to developing haemolytic
anaemia, associated with anti-erythrocyte auto Abs (AEA), decrease in
haematocrit values, reticulocytosis, hemoglobinemia and splenomegaly, thus
resembling the human counterpart of the disease (Bielschowsky et al., 1959;
Helyer and Howie, 1963). Holmes and colleagues (Holmes et al., 1961) had
reported that this condition could as well be transferred to young isologous mice
by inoculating splenocytes from older mice with signs of the disease. Based on
genetic studies on the crosses of NZB and non-autoimmune New Zealand
Chocolate mice it was reported that 100% of the F1 and 74% of the F2 hybrids
developed AIHA (Bielschowsky and Bielschowsky, 1964), suggesting the presence
of a single dominant gene controlling AEA in NZB . Knight and Adams (Knight and
Adams, 1981) hypothesised that a single dominant susceptibility allele Aia-1
(autoimmune anaemia locus) on chromosome 4 in NZB strain contributed to the
development of AEA. In most mouse strains, except for NZB and NZC the effect of
this gene is suppressed to a varying degree by wild type modifying dominant
alleles. Ochiai and colleagues (Ochiai et al., 2000) using microsatellite markers in
the (C57/BL6 x NZB) F1 x NZB backcross progeny, mapped C57/BL6 modifying
loci for AEA. It was observed that generation of AEA was down regulated by a
combined effect of two major independently segregating dominant alleles, one
(Aem-2) linked to D7MIT30 on Chromosome 7 and the other (Aem-3) linked to
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D10MIT42 on chromosome 10, while splenomegaly was modified mainly by a
C57/BL6 allele (Spm1) linked to D4MIT58 on chromosome 4. These findings
suggested a multigenic control of AIHA in NZB mice. Autoimmune response to
erythrocytic antigens in NZB mice have been reported to be heterogeneous. Two
major groups of autoantigens initially discovered were the X antigens and the HB
antigens. Barker and colleagues (Barker et al., 1993b) reported self-reactive
antibodies against the erythrocyte Band 3, an anion transporter found in the
erythrocyte membranes, to be responsible for spontaneous AIHA in NZB mice.
They studied this Ab this using eluates from Coombs-positive erythrocytes to
immunoprecipitate a molecule that was detected with Abs against the band 3
protein.

2.8.5 Other murine models of AIHA
Viral infections are involved in the pathogenesis of blood related AI diseases
such as AIHA in experimental models (von Herrath and Oldstone, 1996). The
docile strain of LCMV triggers a peripheral haemolytic anaemia in C3HeB/FeJ mice
that is correlated with the production of anti-erythrocyte antibodies recognising
the band-3 antigen (Mazza et al., 1997). Lactate dehydrogenase-elevating viral
(LDV) infection in mice immunised with rat erythrocytes resulted in faster antiRBC autoantibody response, without enhancement of anaemia (Verdonck et al.,
1994). Haemolytic anaemia can be induced into normal mice by administration of
monoclonal antierythrocyte autoantibodies like 34-3C and 4C8 IgG2a, which induce
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it through phagocytosis of opsonised erythrocytes by cells of the reticuleendothelial system and 31-9D IgG, which trigger agglutination of RBCs
sequestered in the spleen and liver (Fossati-Jimack et al., 1999).

2.8.6 Modulation of autoimmune hemolytic anaemia by IFN-
Berney and colleagues (Berney et al., 1992) reported an enhancement of AIHA
mediated by antierythrocyte monoclonal Ab due to macrophage stimulation by
cytokines or growth factors. Viral infections frequently trigger the secretion of
IFN-MarkineGoriaynoffet al, a potent macrophage activator. IFN- is
also reported to be involved in the exacerbation of autoantibody mediated HA or
thrombocytopenia induced by LDV, as an absence of disease was observed in mice
deficient for its receptor (Musaji et al., 2004). This evidence suggests that
microbes may trigger autoantibody-mediated anaemia by activating macrophages
through IFN- production, a mechanism that could also account for the pathogenic
similarities of multiple infectious agents. T helper cells from AIHA patients and
NZB mice proliferating in vitro against the respective RBC autoantigens or
peptides, secrete predominantly IFN-, with little or no IL-4 (Hall et al., 2002; Shen
et al., 1996). The amelioration of disease observed in NZB mice on nasal
administration of soluble peptide containing the dominant helper epitope, was
associated with a deviation of response from an IFN-to IL4 producing T cell
population (Shen et al., 2003), suggesting a pathogenic role for IFN-in
autoimmune haemolytic anaemia.
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2.9

Summary and Rationale
T1D is a well-characterised autoimmune disease, and recent efforts to

modulate the adaptive immune system by antigen-based immunotherapies have
succeeded in protecting animal models against developing the disease (Peakman
and von Herrath, 2010). However, the stochastic nature of pathogenic and
tolerogenic antigen selection in mouse and humans could prevent the successful
translation of these protocols to patients at the time of diagnosis. Recent evidence
suggests components of the innate immune system to be involved in the
precipitation of autoimmune disease, including T1D. Considering its crucial role in
orchestrating adaptive immune responses, it is probable that the innate arm of the
immune system could influence autoimmunity. Hence, innate immune cells or
components of its signalling pathways should be potential targets, therapeutic
manipulation of which could inhibit the autoimmune processes leading to T1D.
TNF superfamily of receptors and their ligands play crucial roles in immune
surveillance and tolerance, and hence are critical in regulating autoimmunity.
TRAIL, a key ligand of the TNF superfamily is implicated in the abrogation of
autoimmune disease like T1D, autoimmune arthritis and EAE. However, on the
contrary, TRAIL exacerbated parent into F1 graft-versus-host disease, and
blockade of this ligand within the CNS suppressed EAE, suggesting a pleotropic
nature of this molecule. FAS ligand, apoptosis inducing ligand of TNF superfamily
play an important role in the regulation of the immune processes, especially T-cell
homeostasis. Spontaneous gene mutation of FAS (lpr mutation) or FASL (gld
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mutation) that rendered these molecules non-functional, inhibited autoimmune
diabetes in NOD mice. However, there are reports that suggest enhanced FAS-FASL
signalling to be beneficial in suppressing diabetogenic cells. Thus, the
contradictory reports on the roles of TRAIL and FASL in the pathogenesis of
autoimmunity raise doubts on their effects in T1D. Since TNF superfamily ligands
are suppressors of innate immunity, a major contributor of T1D pathogenesis,
there exists a possibility that islet-TRAIL/FASL expression could exert unknown
beneficial effects. Moreover, no clear evidence suggests a direct role for these
apoptosis-inducing ligands in the process of β-cell destruction. In this study, TRAIL

deficient NOD mice, and NOD mouse lines with allelic Fasl expression will be used
to identify and characterise TRAIL and/or FASL-associated mechanism(s) that
could control islet susceptibility to immune destruction in T1D. IFN-, though not
detrimental to -cells by itself, contributes towards -cell apoptosis in association
with IL-1 and TNF. This cytokine has also been implicated in the precipitation of
other forms of systemic autoimmunity. Interestingly, mycobacteria-induced
secretion of IFN-appeared to protect NOD mice from diabetes, the mechanism(s)
of which is still not clearly explained. NOD mice with targeted deletional mutation
for IFN- and its receptor  chain will be used in order to investigate the role of
this cytokine in autoimmune diabetes modulation and in the precipitation of other
forms of systemic autoimmunity.
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3.1

Sources and housing of mice
Breeder pairs of NOD/ShiLt (stock number 001289; abbreviated NOD/Lt),

NOD.CB17-Prkdcscid/J (stock number 001303; abbreviated NOD.Scid) mice and
targeted gene-deficient mutants of Ifng (NOD.Ifng-/-) and Ifngr2 (NOD.Ifngr2-/-)
were originally obtained from the Jackson Laboratories. NOD mouse lines bearing
targeted mutations for TLR 2 (NOD.TLR2-/-) was generated by Shahead Chowdhury
by backcrossing from Shizo Akira’s C57BL/6 stocks to NOD/Lt mice.
Other mice strains used in the studies were NOD.Nkrp1b, carrying B6-derived
alleles at the NK complex on chromosome 6 (from D6mit105 to D6mit135),
permitting the use of the NK1.1 marker. Mice carrying mutant alleles of D1Bax208,
spontaneous mutation identified in a tandem repeat sequence adjacent to Fasl, in
inbred NOD line (originally purchased from Jackson laboratory Maine, USA and
from Animal Resource Centre (ARC) in Perth), named as NOD.D1Bax208m1 and
NOD.D1Bax208m2. Targeted gene-deficient mutants of Tnfsf10 (tumor necrosis
factor (ligand) superfamily, member 10), backcrossed from C57BL/6 mice onto
the NOD/ShiLt background (NOD/ShiLt.Tnfsf10-/- (abbreviated NOD.Tnfsf10-/-)), in
association with our collaborators Mark Smyth (Peter MacCallum cancer centre,
Melbourne) and Thomas Kay (St. Vincent's institute of medical research,
Melbourne). All the above mice were housed in specific pathogen free conditions,
in rooms with HEPA-filtered air maintained at 19 ± 1.50C at the Immunogenetic
Research Facility of James Cook University. Sentinel mice were tested at 4-month
intervals for a panel of viral, bacterial and mycoplasmal pathogens including
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mouse hepatitis virus, rotavirus, ectromelia virus, mouse cytomegalovirus,
polyoma virus, murine adenovirus, lymphocytic choriomeningitis virus, mouse
pneumonia virus, reovirus, Sendai virus, Theiler’s murine encephalitis virus,
Bacillus piliformis, Mycoplasma pulmonis, Bordtella bronchiseptica,
Corynebacterium kutscheri, klebsiella species, Pasturella multocide, Pasturella
pneumotropica, Pseudomonas aeruginosa, Staphylococcus aureus, Streptococcus
pneumoniae, Citrobacter freundii, and salmonella species. No mice tested positive
for any of these pathogens.

3.2

Cellular Biology

3.2.1 Organ removal
Mice were sacrificed by CO2 asphyxiation or cervical dislocation prior to
organ harvest. Organs were collected into MACS buffer (PBS containing 2mM
EDTA (Amresco) and 0.5% (w/v) BSA (ICN Biomedicals), adjusted to a pH of 7.4)
and kept in ice during preparation. Approval for all animal experimentation was
obtained from the Institutional Ethics Committee at the James Cook University.

3.2.2 Adoptive Transfer of diabetogenic splenocytes
Diabetogenic splenocytes were obtained from newly diagnosed diabetic
male and/or female NOD/Lt, NOD.Tnfsf10-/-, NOD.D1Bax208m1, NOD.D1Bax208m2,
NOD.Ifng-/-, NOD.Ifngr-/-, and NOD.Nkrp1b mice respectively. After removing the

- 73 -

Ch:3 Materials & Methods

erythrocytes by treatment with RBC lysing buffer (Sigma-Aldrich), cells were
counted using a Z1 Coulter particle counter (Beckman Coulter). The diabetogenic
cells were resuspended in saline and 15-20x106 cells in 200ml PBS were injected
intravenously into 8-10 week old NOD.scid females or into preirradiated (7Gy)
male and/or female NOD.Tnfsf10-/-, NOD.D1Bax208m1, NOD.D1Bax208m2 and
NOD/Lt recipients. In case of titration experiments, preirradiated male and female
recipients from either group were injected with various doses (20x106 cells,
16x106 cells, 12x106 cells, 8x106 cells and 5x106 cells) of diabetogenic splenocytes.

3.2.3 Cell suspension preparation for flowcytometry
Cell suspensions from thymus were prepared by gently grinding the
thymus between frosted microscope slides. Thymocytes were released into ice
chilled MACS buffer (PBS containing 2mM EDTA (Amresco) and 0.5% (w/v) BSA
(ICN Biomedicals), adjusted to a pH of 7.4). Splenocytes were prepared by
disrupting the spleen using a 26-gauge needle and forceps in MACS buffer, and the
resulting cell suspension was treated with RBC lysing buffer. Lymphocytes were
released from the lymph nodes by carefully tearing open the capsule using two 26gauge needles and then gently grinding the capsule between two frosted
microscope slides in ice-cold MACS buffer. Finely cut liver was ground on a sieve
using the plunger of a 5ml syringe and filtered through with cold saline. A 33.75%
percoll (GE Healthcare) gradient was used to isolate hepatic lymphocytes from the
liver cell suspension. A RBC lysis step was carried out when necessary.
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3.2.4 Surface staining of leukocyte subsets for flowcytometry
Cells were labelled with the following antibodies for flowcytometric analyses:
Antibody

Conjugate

Specificity

Clone

Company

anti-TCR

APC

Mouse

H57–597

BD Pharmingen

anti-CD4

Pacific Blue

Mouse

RM4-5

BD Pharmingen

anti-CD25

Biotin

Mouse

7D4

BD Pharmingen

anti CD3

APC

Mouse

145-2C11

BD Pharmingen

anti CD8

PerCP

Mouse

53-6.7

BD Pharmingen

anti CD45

PerCp-Cy5.5

Mouse

3F11

BD Pharmingen

anti CD44

FITC

Mouse

IM7

BD Pharmingen

anti CD3

PE

Mouse

500A2

BD Pharmingen

anti CD4

APC-Cy7

Mouse

GK1.5

BD Pharmingen

anti CD8

APC-Cy7

Mouse

53-6.7

BD Pharmingen

anti CD62L

APC

Mouse

MEL-14

BD Pharmingen

anti CD49b

Biotin

Mouse

DX5

BD Pharmingen

anti V5.1,5.2 TCR

PE

Mouse

MR9-4

BD Pharmingen

anti V TCR

PE

Mouse

KJ25

BD Pharmingen

anti-IL-17

PE

Mouse

TC11-18H10

BD Pharmingen

anti CD3

PE-Cy7

Mouse

145-2C11

BD Pharmingen

anti NK1.1

FITC

Mouse

PK136

BD Pharmingen

Anti TNF

FITC

Mouse

MP6-XT22

BD Pharmingen

anti-TRAIL (CD253)

PE

Mouse

N2B2

Biolegend

anti-FASL

FITC

Mouse

FLIM 58

MBL, Japan

Anti-FOXP3

FITC

Mouse

FJK-16s

eBioscience

Anti NK1.1

FITC

Mouse

PK136

BD Pharmingen

Table 3.1 List of antibodies used in staining mouse cells for flowcytometric analyses.
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Mouse CD1d tetramer conjugated to PE and loaded with -GalCer was produced at
Dale Godfrey laboratory based on Matsuda and colleagues (Matsuda et al., 2000).
For surface staining, antibodies were diluted in FACS buffer. Cells were
preincubated for 20 min with CD16/32 (Fc Block) to prevent FcR binding, before
addition of surface staining Ab cocktails. Viable lymphocytes were identified by
the forward and side scatter profile and in some cases by propidium iodide (PI)
exclusion. A forward scatter-area against forward scatter-linear gate was used to
exclude doublets from analysis. Flow cytometry was performed on a CyAn ADP
flowcytometer (DakoCytomation) or FACSCalibur (BD Bioscience) and analysed
with Summit 4.3 software (DakoCytomation) or Kaluza 1.2 analysis software
(Beckman Coulter, CA).

3.2.5 Intracellular staining of leukocyte subsets for flowcytometry
In the case of intracellular staining, the surface molecules were initially
stained as described above. The cells were then fixed/permeabilised for 3 hours
using the fixation/permeabilisation buffers (Biolegend CA) for FoxP3 staining
after which they were washed and incubated for 15 min with CD16/32 (clone 93;
eBioscience). This was followed by incubation with the anti-mouse Foxp3Ab in
permeabilisation buffer. For IL-17 and TNF staining, splenocytes were initially
incubated with PMA (500ng/ul) and ionomycin (500ng/ul) for 6 hours in the
presence of BD GolgiPlug. The surface molecules were then stained as described
earlier. The cells were then fixed/permeabilised in BD Cytofix/Cytoperm™
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solution for 10 – 20 min at 4°C. This was followed by incubation with the antimouse IL-17 and anti-mouse TNF antibodies in FACS buffer.

3.2.6 NK cell depletion
NK cells from diabetogenic splenocytes were depleted by magnetic cell
sorting using the CD49b MicroBeads or anti FITC MicroBeads (Miltenyi Biotec
GmbH). Splenocytes incubated with CD49b MicroBeads were passed through MS
columns (Miltenyi Biotec GmbH) placed in the magnetic field of a MiniMACS
separator (Miltenyi Biotec GmbH). Unlabelled cells (devoid of NK cells) that passed
through the column were collected and purity determined by flowcytometry.
Alternatively, splenocytes from NOD.Nkrp1b mice were initially incubated with
anti NK1.1 FITC antibody, and then with anti-FITC MicroBeads. FITC labelled cells
were depleted by passing through MS columns placed in the magnetic field of a
MiniMACS separator. Unlabelled cells (devoid of NK cells) that passed through the
column were collected and purity determined by flowcytometry.

3.2.7 Islet isolation
Islets were isolated from 4-6 week old male or female NOD/Lt, NOD.Tnfsf10-/-,
NOD.D1Bax208m1 and NOD.D1Bax208m2 mice. In order to isolate pancreatic islets,
mice were killed by CO2 asphyxiation and their peritoneal cavities opened and the
pancreata exposed. The common bile duct of each mouse were clamped at its
bifurcation immediately proximal to the liver and at the duodenum, and then
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infused with 3ml chilled Collagenase P solution (1.5u/ml in Complete HBSS). The
pancreata were then excised and digestion started by warming to 370C and halted
after 16.5 minutes by rapid chilling. The tissues were then disrupted by vigorous
shaking for one minute, and the digest filtered (500 um stainless steel mesh),
washed in serum free RPMI and centrifuged over Histopaque 1077. Healthy islets
were then handpicked into warm CMRL supplemented with 10% foetal calf serum.

3.2.7.1 Surface staining of Islets for flowcytometry
For flow cytometric analysis, islets were dispersed into single cells with 0.25%
trypsin (Calbiochem, La Jolla, CA), 10mM EDTA in HBSS, and allowed to recover in
culture medium for 1 hour before staining with mAb. Islet cell suspensions were
stained with rat anti-mouse TRAIL conjugated to PE (N2B2; Biolegend, CA). Cells
were finally washed and resuspended in balanced salt solution with 2% FCS.
Analysis was performed on a CyAn ADP flowcytometer (DakoCytomation). Surface
TRAIL expression on islets were detected by gating out leukocytes using anti-CD45
(anti-leukocyte common antigen) conjugated to PerCp-Cy5.5 (3F11; BD
Pharmingen).
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3.3

Molecular Biology

3.3.1 DNA preparation
Extraction of genomic DNA from NOD/Lt, C57BL/6, NOD.D1Bax208m1 and
NOD.D1Bax208m2mouse strains were carried out using the CAS-1810 XTractorGene (Corbett Robotics) and the XTR2 X-tractor gene solid sample reagent
pack (Sigma, Sydney, Australia). Briefly, DNA was extracted by digesting 11mm tail
in 400ul digest buffer (100mM Tris HCl pH 8.0, 10mM EDTA, 100mM NaCl, 0.5%
SDS, 50mM DTT, 100mM Proteinase-K), O/N, 560C, 40 RPM in a VORTEMP 56EVC
(Labnet, Hialeah, FL). Samples were lysed by the addition of 700l 5.25M
Guanidine thiocyanate lysis buffer (5.25M Guanidine thiocyanate, 10mM Tris HCl
pH 6.5, 20mM EDTA, 4% Triton-X, 64.8mM DTT0, loaded on a glass filter (GF/B)
polypropylene microplate (Whatman International, Clifton, USA) and washed 2x in
Propanol Wash Buffer and 1x in 100% Ethanol. Samples were eluted in 150 l
Elution Buffer. The DNA yield was quantified spectrophotometrically using
NanoDrop ND1000 spectrophotometer (BioRad Laboratories, CA, USA).

3.3.2 Genotyping NOD mice carrying polymorphisms in D1Bax208
Identification of simple sequence length polymorphism (SSLP) in NOD/Lt,
C57BL/6, NOD.D1Bax208m1 and NOD.D1Bax208m2 mouse strains was carried out
by genotyping the extracted tail DNA using the following primer pairs: D1Bax208Forward 5’ AGC GAA TGG ATC CAT GAG TG 3’ (20bp between 52275-52294 of
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gb#AC015932, downstream of Fasl, Exon 4), Tm:52C and D1Bax208-Reverse 5’
CAA CCA ACG TTG CTT AGA TCC 3’ (21bp between 52445-52425 of
gb#AC015932, downstream of Fasl, Exon 4), Tm:52C. Analysis of SSLP
polymorphisms were performed on Omn-E thermal cyclers (Hybaid, Basingstoke,
UK) followed by 32P end-labelling of the forward primer using 0.3U T4 PNK
enzyme (Perkin Elmer). The 10ul PCR mix, included 0.38mM each of dATP, dCTP,
dGTP and dTTP(Astral), 1ul 10 x PCR buffer (Roche, Mannheim, Germany), 6mM
MgCl2 (Roche), 0.3mM each primer and 0.02U Taq Polymerase(Roche). Products
were resolved using polyacrylamide gel electrophoresis, transferred to 3M
blotting paper and exposed to Fuji Medical X-ray film O/N.

3.3.3 High Resolution Melt (HRM) analysis
High resolution melt analysis was used to genotype the rederived
NOD.D1Bax208m1 and NOD.D1Bax208m2 mouse lines. DNA samples were labelled
with SYBRGreen™/EvaGreen™, amplified, and HRM analysis performed on a RotorGene 6000 series real time analyser. Melt curves of test DNA sample were
compared with that of known genotypes (control DNA samples of NOD/Lt,
NOD.D1Bax208m1 or NOD.D1Bax208m2). All samples with similar melting curves
(confidence threshold > 85%) were automatically clustered and assigned the
respective genotypes (NOD.D1Bax208m1, NOD.D1Bax208m2 or WT NOD) by the
Rotor-Gene 6000 Series Software v1.7.75 by Corbett Research, a division of
Corbett Life Science.
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3.3.4 Sequence analysis
Alignment of DNA sequences from D1Bax208 loci of NOD/Lt, NOD.D1Bax208m1,
and NOD.D1Bax208m2 mice was performed by gap-placements using Sequencher (v
4.1, Gene Codes Corporation, Ann Arbor, USA). Transcription Element Search
System (TESS), a web tool for predicting transcription factor binding sites in DNA
sequences (http://www.cbil.upenn.edu/cgi-bin/tess/tess), was used to predict
GATA transcription factor binding sites at the D1Bax208 loci of NOD/Lt,
NOD.D1Bax208m1 and NOD.D1Bax208m2 mice.

3.3.5 Gene expression analysis
For profiling the gene expression of mouse islets, whole islets from male
preinsulitic (3-4 week old) NOD.D1Bax208m1 and NOD.D1Bax208m2 mouse
strains were isolated by our collaborator Stacey Walters (Shane T Grey’s
laboratory at the Department of Gene Therapy and Autoimmunity, Garvan
Institute of Medical Research, NSW). Samples were stored in RNA-later at 80 C
until RNA extraction. My collaborator, Dr Margaret Jordan extracted RNA from
these islets for microarray analysis by individually homogenizing them in RLT
buffer (Qiagen RNeasy kit). Extensive washing with RNAse-free-DNase-free-water
between homogenates minimized any chance of contamination. Samples were
passed through Qiashedder columns (Qiagen) to ensure complete homogenization
of the tissues and RNA was then extracted using the standard RNeasy protocol
(Qiagen). The RNA yields were quantified spectrophotometrically on the
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Nanodrop ND-1000 using the convention that 1 absorbance unit at 260nm equals
40ug/ml RNA. Absorbance of samples at 260 and 280 nm was checked and
aliquots electrophoresed for determination of sample concentration and purity. A
comparison of at least 7 independent islet RNA samples were undertaken to study
the gene effects of mice with allelic Fasl expression. Dr Margaret Jordan labelled
and hybridized 100ng RNA from each sample to Affymetrix Mouse Gene 1.0 ST
arrays, that contain more than 750 000 unique probes (representing >28 000
well-substantiated mouse genes). Washing and staining of probe arrays was
carried out using the Fluidics Station 450 and the probe arrays were scanned
using the Affymetrix 7G scanner. The images (.dat files) were processed using
Affymetrix GeneChip Operating Software version 1.4 (GCOS, Affymetrix) and the
.CEL files were imported into Partek Genomics Suite 6.0 (Partek Ltd, U.S.A)) using
an RMA summarisation algorithm for further analysis. A statistical significance
threshold was set by a Mann Whitney U-test and a U-statistic of 0 (i.e. no overlap
in signals between the two groups) so as to refine the gene list of highly
differentially expressed genes.
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3.4

Immunisation / in vivo treatment of mice

3.4.1 BCG immunisation
ImmuCyst (Bacillus Calmette-Guérin/Connaught, a freeze dried preparation of
an attenuated strain of Mycobacterium bovis, Aventis Pasteur, Ontario, Canada),
resuspended in phosphate buffered saline (PBS) at a final concentration of 0.1mg,
0.25mg, 0.5mg or 1.0mg per 200µl, was pasteurized at 650 C for 40 min and
sonicated at 50% of maximum power for 15s using a Branson sonifier 450
(Branson Ultrasonics, Danbury, CT). The homogenized suspension of
mycobacteria in saline was injected via the lateral tail vein in the experimental
mice at 8 weeks of age, while the control mice received only saline. Any further
mention of BCG usage hereafter in this document is assumed to mean ImmuCyst,
unless otherwise specified.

3.4.2 Cyclophosphamide treatment
Pre-diabetic male and female NOD.Tnfsf10-/-, NOD.Tnfsf10+/- and NOD.Tnfsf10+/+
mice intraperitoneally (IP) with Cyclophosphamide (CY, 200mg/kg, Sigma) twice,
on day 0 and day 10. This work was carried out by our collaborators Erika Cretney
and Anabel Silva, staff at the Peter MacCallum institute, Melbourne.
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3.4.3 Streptozotocin treatment
Streptozotocin (SZ, Sigma) was prepared by dissolving in sterile PBS minutes
before administration. Pre-diabetic male NOD.Tnfsf10-/- and NOD/Lt mice were
challenged IP with a single dose of 120 mg/kg SZ.

3.4.4 -Galactosylceramide treatment
lphaGalactosylceramideGalCer; Alexis Biochemicals) was prepared in
saline supplemented with 0.5% Tween-20 (wt/vol). Eight week old
NOD.D1Bax208m1, NOD.D1Bax208m2, NOD.Tnfsf10-/-, NOD/Lt and NOD.Cd1d-/- mice
were injected i.v. with 2g of GalCer, while the control groups received the
vehicle alone (0.5% Tween-20 in saline). The mice were bled by retro-orbital
venepuncture 2 h post injection; the whole blood plasma was collected, snap
frozen and stored at -800C for cytokine estimation.

3.4.5 Concanavalin A treatment
Concanavalin A (Con A, Sigma) was prepared by dissolving in sterile PBS as
described by Seino and colleagues (Seino et al., 1997), minutes before
administration. Pre-diabetic female NOD.D1Bax208m1 and NOD.D1Bax208m2 mice
were injected intravenously with a single dose of 15mg/kg Con A. Hepatic
lymphocytes from individual mice were isolated 2 hours post treatment.
Flowcytometric analysis of anti-FASL mAb (FLIM58)-stained hepatic T cells and
NKT cells were performed to identify levels of FASL expression in these mice.
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3.5

in vitro assays

3.5.1 Islet-cell-culture
Islets were isolated from 6 week old male or female NOD.Tnfsf10-/- and WT
NOD mice using the method described earlier. Freshly isolated islets were rested
O/N in a 6cm bacterial petri dish in 3ml warm complete CMRL media. Healthy,
islets were then handpicked and plated in a 96 well flat-bottomed plate @ 35islets
per well in 150l fresh warm CMRL media supplemented with 10% FCS, 2mM
glutamine, filter sterilised Pen/Strep. Islet cells were stimulated with LPS 1mg/mL
(serotype 0111:B4, Sigma) for 48 hours in a 5%CO2 incubator at 370C. IP-10 levels
in the islet-culture supernatant was measured using an IP-10 FlowCytomix
simplex kit (BenderMedSystems GmbH, Vienna, Austria) by flowcytometry.

3.6

Anatomical pathology

3.6.1 Assessment of insulitis development
The degree of insulitis was scored by blind histological analysis of
hematoxylin/eosin (H&E) stained sections of pancreata from female and male
NOD.D1Bax208m1, NOD.D1Bax208m2, NOD.Tnfsf10-/- and NOD/Lt mice. Pancreas
were fixed in 10% neutral buffered formalin for 18h, alcohol dehydrated and
paraffin embedded. Paraffin blocks were sectioned at three levels at least 60
apart, and the 6 sections were transferred onto Superfrost plus slides. Slides
were deparaffinised, rehydrated and then stained with H&E. 10 to 100 islets were
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scored from each pancreas. The proportion of islets exhibiting each degree (scale
0–5) of insulitis was determined and expressed as a percentage of the total
number of islets scored. Grade 0 represents no infiltrate, scale 1 represents
periislet accumulation of mononuclear cells (<25% infiltration), scale 2 represents
circumferential accumulation of mononuclear cells (25-50% infiltration), scale 3
represents 50-75% intraislet infiltration, scale 4 represents severe structural
derangement and complete loss of beta cells, and scale 5 is diabetic.

3.7

Clinical pathology

3.7.1 Assessment of diabetes development
Random blood glucose (RBG) estimations of mouse peripheral blood were
recorded every two weeks from the 8th to the 35th week for all mice included in
the diabetes incidence study. RBG estimations in mice treated with BCG or saline
were initially recorded on the day of treatment, and thereafter it was monitored
fortnightly from 12-35 week of age. CY and SZ induced diabetes onset was
monitored by RBG estimations performed every alternate day from the day of
injection, until 30 and 50 days respectively. Adoptive transfer of diabetes was
monitored by RBG estimations, thrice a week, starting 1-week post injection. Mice
were reported diabetic if two blood glucose readings > 11.1mM were obtained, or
one reading > 11.1mM was followed by otherwise unexplained disease. All the
blood glucose estimations were performed on retro-orbital venous blood samples
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by the glucose oxidase technique using CareSens™ blood glucose monitoring
system (i-SENS Inc. Seoul, Korea).

3.7.2 Assessment of anaemia
After BCG or PBS injections the mice were bled at monthly intervals by retroorbital venepuncture. Whole blood haemoglobin levels were determined by the
sodium nitrite/azide method using a HemoCue Hb 201+ (HemoCue AB, Ängelholm,
Sweden). Haematocrits were determined by centrifuging the blood in heparinised
capillary tubes (Becton Dickinson, Parsippany, NJ) at 1000 g for 30min. After
removing the plasma, direct Coombs tests were performed by washing the packed
red cells three times in MACS buffer. 5µl of the washed red cells were resuspended
in 1ml of the same buffer. Neat and five serial dilutions (1 in 100) of each sample
were then incubated in round-bottom microtiter plates with 10l of 5g/ml
polyclonal goat anti-mouse IgG (Sigma-Aldrich, St. Louis, USA) for 3 h at 370C.
Wells in which the cells collected in a button were reported negative, while those
with any signs of agglutination were recorded as positive. Red cells from female
NOD/Lt mice> 500 days of age, which spontaneously developed haemolytic
anaemia, served as positive controls.

3.7.3 Detection of antinuclear autoantibodies by Immunofluorescence
30l of diluted sera (1:10 in PBS) were incubated for 30 min at room
temperature on HEp-2 slide monolayers (ImmuGloTM, IMMCO Diagnostics, Inc.
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Buffalo, NY) in a moistened incubation chamber. Slides were washed in PBS and
incubated with 20g/ml human adsorbed FITC conjugated goat anti-mouse IgG
(Southern Biotechnology Associates, Birmingham, USA) for 40 min. Slides were
then washed thrice with PBS and the presence of antinuclear autoantibodies
(ANA) was detected by fluorescence microscopy. Positive control sera were taken
from female NOD/Lt mice> 500 days of age, previously demonstrated to produce
ANAs. Relative levels of ANAs were not titrated. Samples were declared as either
positive (staining) or negative (no staining).

3.7.4 Detection of IC deposition by direct Immunofluorescence
Glomerular immune complex depositions in NOD mice were detected by
immunohistochemical findings (deposition of C3c). Kidneys for
immunofluorescence studies were snap frozen in Tissue-Tek O.C.T. compound
(Miles Inc., Bloomington, IN) and stored at -70°C. Five µm cryostat sections were
fixed in acetone, and direct immunofluorescence staining performed using
tetramethyl rhodamine isothiocyanate (TRITC)-conjugated goat anti-mouse
immunoglobulin M (IgM), IgG and IgA antibodies (Southern Biotechnology,
Birmingham) and anticomplement C3c conjugated to fluorescein isothiocyanate
(FITC; Nordic Immunology, Tilburg, the Netherlands). After rehydrating the
sections in PBS, they were treated with 10% normal horse serum for 20 min,
excess serum was blotted from around the sections, and the appropriate
antibodies added. The samples were incubated in humidified chambers at room

- 88 -

Ch:3 Materials & Methods

temperature for 30 min, washed three times for 5 min in PBS, mounted and
examined using a fluorescence microscope.

3.7.5 Estimation of cytokine production
Cytokine levels in the whole blood plasma were determined by bead based
multiple analyte detection system, including, CBA Mouse flex sets (IL-3, IL-9, IL12p70, IL-13, KC, MCP-1, MIG, MIP1a, MIP1b and RANTES), mouse Th1/Th2
cytokine kit (TNF, IFN-, IL-2, IL-4, IL-5), mouse inflammation kit (, IL-6, IL-10,
MCP-1 TNF, IFN-and IL-12p70) all from BD Biosciences, San Diego, USA, and
mouse Th1/Th2 10plex FlowCytomix Multiplex (GM-CSF, IFN-, IL-1, IL-2, IL-4,
IL-5, IL-6, IL-10, IL-17 and TNF-) from Bender MedSystems GmbH, Vienna.
Capture beads (30 µl each, of respective analyte) together with 30 µl of mice blood
plasma samples and 30 µl of PE detection reagent, were incubated in dark for 2
hour in a round-bottom microtiter plate. Beads were then washed twice with 200
µl of wash buffer, resuspended, and analysed using FACSCalibur or Cyan ADP
flowcytometer. Cytokine standards were serially diluted and assayed as described
above, to generate standard curves. Standard curves were generated and samples
were quantified using the BD CBA software (BD Biosciences) or the FlowCytomix
Pro 2.2 software (Bender MedSystems GmbH, Vienna, Austria). IP-10 levels in the
islet-culture supernatant was measured using an IP-10 FlowCytomix simplex kit
(BenderMedSystems GmbH, Vienna, Austria) according to the manufacturer’s
instructions on a FACSCalibur flowcytometer. Serial dilutions of the provided
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cytokine standards were prepared and assayed to generate standard curves. The
samples were quantified using the FlowCytomix Pro 2.2 software.

3.8

Statistical analysis

Data were analysed using GraphPad Prism software versions 5.0 and 6.0 for
Mac/Windows. Results are expressed as mean ± standard error of the mean (SEM)
unless otherwise stated. In survival studies and flowcytometry experiments data
was entered/exported into MS Excel and copied into GraphPad Prism. Depending
on the sample size appropriate statistical tests were performed. Normality test
was performed wherever sample size was more than 5 in each group, and
depending on the outcome, a non-parametric or a parametric test was performed.
P< 0.05 was deemed statistically significant. Statistical comparisons between
treatments were calculated with one-way analysis of variance (ANOVA) using
Dunn’s multiple comparisons test. Fisher's exact test was used in the analysis of
contingency tables, while Mann Whitney U-test was used for direct comparison of
data sets. Survival distributions were analysed using Mantel-Cox log-rank test. A
Mann Whitney U-test was undertaken to identify differentially regulated genes
from the microarray data. A U-statistic of 0 was used as a conservative significance
threshold; this value coincided with a lack of overlap in signal values between the
two groups being compared.
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TRAIL MEDIATED PROTECTION OF DIABETES IN NOD MICE
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4.1

Introduction

Members of Tumor Necrosis Factor (TNF) superfamily have been
implicated in the destruction of pancreatic β-cells leading to the development of
autoimmune diabetes in humans and in NOD mice (Chervonsky et al., 1997;
Cheung et al., 2005; Ishizuka et al., 1999; Itoh et al., 1997). Tumour necrosis factor
(TNF)-related apoptosis-inducing ligand (TRAIL/APO2L/TNFSF10) is a typical
member of the structurally related TNF superfamily. TRAIL is a type II
transmembrane protein ligand for death receptors 4 (DR4/TRAILR1) and 5
(DR5/TRAILR2), decoy receptors 1 (TRAILR3) and 2 (TRAILR4) and
Osteoprotegerin (Degli-Esposti et al., 1997; MacFarlane et al., 1997; Pan et al.,
1997; Pitti et al., 1996; Sheridan et al., 1997; Walczak et al., 1997). TRAIL
signalling through DR4/5 triggers multiple cell signals, including the recruitment
of FADD and caspase-8, which subsequently lead to apoptosis via the extrinsic
pathway with, or without the activation of Bid/Bax mediated intrinsic pathway
(Suliman et al., 2001; Werner et al., 2002).

TRAIL is expressed on various cells of innate and adaptive immune system,
including monocytes, macrophages, NK cells, DCs, activated T cells and B cells
(Halaas et al., 2000; Wiley et al., 1995). Although TRAIL-deficient mice do not
show signs of spontaneous autoimmunity, they are more susceptible to
autoimmune diseases including experimental autoimmune encephalomyelitis
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(EAE, an induced model of multiple sclerosis (Cretney et al., 2005; Hilliard et al.,
2001)), an induced form of autoimmune arthritis (Lamhamedi-Cherradi et al.,
2003b), autoimmune thyroiditis (Wang et al., 2005a) and autoimmune diabetes
(Lamhamedi-Cherradi et al., 2003a).

Lack of TRAIL expression in TRAIL targeted mutant C57BL/6 mice enhanced
autoimmune diabetes incidence and increased the degree of islet inflammation
following multiple low-dose streptozotocin treatment (Lamhamedi-Cherradi et al.,
2003b). The blockade of TRAIL signalling using a soluble receptor (sDR5) also
exacerbated the onset of streptozotocin-induced diabetes (Lamhamedi-Cherradi et
al., 2003a) and enhanced the adoptive transfer of the disease into NOD.scid mice
by diabetogenic splenocytes from NOD mice (Mi et al., 2003), indicating a
protective role for TRAIL in this disease. The mechanism(s) by which TRAIL
signalling confers resistance to autoimmune diabetes in NOD mice is still unclear.
Using the recently established targeted gene deficient mutants of Tnfsf10
(NOD.Tnfsf10-/-) mouse strain, this study aims to improve our understanding of the
role of this death receptor ligand in the biology of β-cell destruction.
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4.2

Results

4.2.1 Incidence and severity of diabetes in the TRAIL deficient
NOD.Tnfsf10-/- mice.
Exacerbation of autoimmune diabetes in NOD mice as a result of TRAILsignalling blockade by a soluble TRAIL receptor suggested a critical role for this
ligand in autoimmune diabetes (Lamhamedi-Cherradi et al., 2003a). Adopting an
alternative approach to validate the protective effect of TRAIL in diabetes
pathogenesis, I used TRAIL deficient NOD mice with a targeted deletional mutation
of Tnfsf10 (NOD.Tnfsf10-/-), generated in association with our collaborators
Thomas Kay and Mark Smyth.

4.2.1.1 Spontaneous diabetes in TRAIL deficient NOD.Tnfsf10-/- mice.
To examine the effect of targeted deletion of TRAIL on the onset of type 1
diabetes in NOD/Lt mice, blood glucose levels were monitored in a cohort of 18
male and 21 female NOD.Tnfsf10-/- mice from 8 weeks to 32 weeks age, and the
incidence of diabetes compared with that of male and female NOD/Lt mice (n=22
and 37 respectively, Figure 4.1). The genetic ablation of TRAIL in male
NOD.Tnfsf10-/- mice trebled their incidence of spontaneous diabetes (NOD.Tnfsf10/-

15/18 (83%) vs. NOD/Lt 6/22 (27%; p=0.0005, Fisher’s exact test; p < 0.0001,

life table analysis)). TRAIL deficiency did not have any significant effect on the
incidence of spontaneous diabetes in female mice (NOD.Tnfsf10-/- 18/21 (86%) vs.
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NOD/Lt 27/37 (73%)). The higher incidence of spontaneous diabetes in female
NOD mice compared to their male littermates is a standard feature of the model
and the higher penetrance of diabetes in female NOD mice could have masked any
evidence of an enhancement of this trait.

Figure 4.1 Spontaneous diabetes in TRAIL deficient NOD.Tnfsf10-/- mice. Incidence of
spontaneous type 1 diabetes in male (diamonds) and female (circles) TRAIL deficient (black)
and control NOD/Lt mice (white). Statistical comparison performed by life table analysis.
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4.2.1.2 Cyclophosphamide-accelerated diabetes in NOD.Tnfsf10-/- mice.
Onset of autoimmune diabetes can be expedited in male and female NOD
mice by treatment with the cytotoxic drug cyclophosphamide (CY), via a
mechanism proposed to involve the inhibition or elimination of “suppressor cells”
(Charlton et al, 1989). In order to determine the effect of TRAIL on CY accelerated
diabetes, our collaborators Erika Cretney and Anabel Silva, staff at the Peter
MacCallum institute, Melbourne, challenged pre-diabetic male and female
NOD.Tnfsf10-/-, NOD.Tnfsf10+/- and NOD.Tnfsf10+/+ mice intraperitoneally (i.p.) with
200mg/kg Cyclophosphamide on day 0 and day 10. While all TRAIL deficient
female mice (10/10) developed diabetes within 12 days of CY administration
(Figure 4.2A), only 71% (5/7) of NOD.Tnfsf10+/- and 80% (8/10) of wild type
littermates became diabetic (p<0.0001, life table analysis) in the study period.
Furthermore, TRAIL deficiency enhanced the rate of onset of diabetes in male
NOD.Tnfsf10-/-mice, all of which become diabetic (10/10) while the disease
developed in only 71% (5/7) of the NOD.Tnfsf10+/- and 80% (8/10) of wild type
littermates (Figure 4.2b; p<0.005; life table analysis) during the study period. This
suggests that the actions of cyclophosphamide and TRAIL ablation are at least
additive, and that the role of TRAIL in inhibiting diabetes onset in NOD mice is not
mediated via a cyclophosphamide-sensitive mechanism.

- 96 -

Ch:4: Role of TRAIL in T1D

Figure 4.2 Cyclophosphamide-accelerated diabetes in TRAIL deficient NOD mice. Induction of
diabetes in male (A) and female (B) NOD.Tnfsf10-/- (black), NOD.Tnfsf10+/- (grey) and
NOD.Tnfsf10+/+ (white) mice. Statistical comparison performed by life table analysis.
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4.2.1.3 M. bovis exposure protects NOD.Tnfsf10-/- mice from diabetes
BCG (M.bovis) treatment provides close to total protection against diabetes
in female NOD mice (Harada et al., 1990). M.bovis mediated suppression of insulitis
and overt diabetes in NOD mice is dependent on the production of IFN-; M.bovis
treated NOD.Ifng-/- mice were not protected (Serreze et al., 2001) – a result
confirmed by our studies of targeted gene deficient mutant NOD. Ifng -/- (Figure
6.5). In light of studies that implicate IFN- in the upregulation of TRAIL on
macrophages, DCs and NK cells in mice (Fanger et al., 1999; Griffith et al., 1999;
Takeda et al., 2001), it was postulated that the predominantly proinflammatory
cytokine milieu (e.g. IL-2, IL-12 and IFN-), generated in response to the M.bovis
stimulation, induces TRAIL upregulation and its associated immunosuppressive
effects in NOD mice. Diehl and colleagues reported an up-regulation in TRAIL
expression and an enhancement of cytokine production in M. bovis stimulated
macrophages from TRAIL receptor deficient mice (Diehl et al., 2004), suggesting a
role for TRAIL signalling in the negative regulation of innate immune responses.

In order to test the hypothesis that TRAIL signalling contributed to the M.bovis
mediated diabetes protection in NOD mice, 0.25 mg BCG was administered to 8
week old female NOD.Tnfsf10-/- and NOD/Lt mice and the onset of diabetes
monitored until 36 weeks of age by two-weekly random blood glucose
determinations. TRAIL deficient NOD mice were protected from diabetes by BCG
injection, albeit to a lesser extent than parental NOD/Lt mice (Figure 4.3). While
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M.bovis treatment reduced the incidence of diabetes in NOD/Lt mice from 86%
(12/14) to 21% (4/19; p<0.0002; life table analysis), genetic ablation of TRAIL
moderately diminished the level of protection in NOD.Tnfsf10-/- mice, with a
reduction of disease from 9/11 (82%) in the PBS treated group to 6/13 (46%;
p<0.002; life table analysis) in the group that received BCG. This suggests that
TRAIL signalling plays a limited role in diabetes protection mediated by BCG.

Figure 4.3 Protection from diabetes of NOD.Tnfsf10-/- mice by M.bovis exposure. Incidence of
diabetes in PBS (circles) and heat-killed M.bovis treated (0.25mg i.v.; diamonds) NOD/Lt
(white) and NOD. Tnfsf10-/- (black) mice. Statistical comparison performed by life table analysis.
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4.2.2 TRAIL signaling in Intra-thymic negative selection and
peripheral T cell regulation
The influence of TRAIL on autoimmunity was initially attributed to its role
in antigen-induced thymic negative selection (Corazza et al., 2004; LamhamediCherradi et al., 2003b), a role that was later contested (Cretney et al., 2003; Diehl
et al., 2004). As such a role would provide an explanation for the increased
severity of spontaneous diabetes in male TRAIL-deficient NOD mice, the effects of
the targeted deletion on endogenous mammary tumour virus (MTV) derived
superantigen (SAGs) induced negative selection of Vβ3+ and Vβ5+ reactive
thymocytes were studied. NOD mice bear Mtv3 on chromosome 11, which is
responsible for negative selection (deletion) of V3+ thymocytes (Fairchild et al.,
1991; Tomonari et al., 1993). Similarly, it is likely that the NOD background
contains either Mtv8 or Mtv9, as the number of CD4+ T cells bearing V5 family
TCR is comparatively low in the strain (Brenden and Bohme, 1999) and shows
reduced proportions through thymic development.

4.2.2.1 Intra-thymic negative selection occurs normally in the absence of
TRAIL signalling
The proportions of Vβ3 and Vβ5 cells in developmentally defined subsets of
freshly isolated thymocytes from NOD/Lt and NOD.Tnfsf10-/- mice were defined by
flowcytometry using a panel of antibodies (viz. anti- CD4, CD8, CD24, CD69,
V3/V5 and TCR). Within the CD4+CD8+CD24+CD69hi, CD4+CD24+CD69hi,
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CD4+CD24+CD69 lo, CD8+CD24+CD69 lo, CD4+CD8+CD24+CD69hi, CD4+CD24+CD69 hi,
CD4+CD24+CD69 lo, CD8+CD24+CD69 hi and CD8+CD24+CD69lo subsets, the
proportions of total βTCR+ cells expressing Vβ5 and Vβ3 were determined. No
significant differences in numbers or proportions of Vβ5+ T cells (Figure 4.4) and
Vβ3+ T cells (Figure 4.5) were found between male NOD.Tnfsf10-/- and parental
male NOD/Lt mice; consistent with the hypothesis that TRAIL-receptor signalling
is not involved in the thymic selection process. Similar results were obtained
studying the effects of targeted ablation of TRAIL on Vβ5+ and Vβ3+ T cell
proportions in thymocytes from female mice (Figures 4.6 and 4.7). It is therefore
unlikely that differences in thymic deletion are responsible for the dissimilarity
observed in the incidence of diabetes in NOD.Tnfsf10-/- mice.

4.2.2.2 T cell subsets in NOD.Tnfsf10-/- mice
Although the above results suggest a limited role for TRAIL in thymic
tolerance induction in the context of autoimmune diabetes, its function in
regulating peripheral T cell autoreactivity needs to be investigated. It is likely that
T cells primed by antigens shed during the physiological wave of -cell death,
initiate this autoreactivity (Trudeau et al., 2000; Turley et al., 2003). The potential
for TRAIL to induce apoptosis in islet-antigen activated T cells was evident in a
tolerance model developed by Griffith and colleagues (Griffith et al., 2007).
Induction of the death receptor ligand appeared to inhibit the expansion of
antigen-reactive CD4+ T cells.
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Figure 4.4 V5 proportions in male NOD mice. Proportions of total TCR+ thymic cells
expressing V5 amongst various developmental subsets from NOD.Tnfsf10-/- (n=8; black) and
NOD/Lt (n =8; clear) mice applying a gating strategy (A) based on CD4, CD8, HSA and CD69
expression. The ratio of v5+ to total TCR+ cells is represented by histogram (B).
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Figure 4.5 V3 proportions in male NOD mice. Proportions of total TCR+ thymic cells
expressing V3 amongst various developmental subsets from NOD.Tnfsf10-/- (n=8; black) and
NOD/Lt (n =8; clear) mice applying a gating strategy (A) based on CD4, CD8, HSA and CD69
expression. The ratio of V3 + to total TCR+ cells is represented by histogram (B).
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Figure 4.6 V5 proportions in female NOD mice. Proportions of total TCR+ thymic cells
expressing V5 amongst various developmental subsets from NOD.Tnfsf10-/- (n=8; black) and
NOD/Lt (n =8; clear) mice applying a gating strategy (A) based on CD4, CD8, HSA and CD69
expression. The ratio of v5+ to total TCR+ cells is represented by histogram (B).
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Figure 4.7 V3 proportions in female NOD mice. Proportions of total TCR+ thymic cells
expressing V3 amongst various developmental subsets from NOD.Tnfsf10-/- (n=8; black)
and NOD/Lt (n =8; clear) mice applying a gating strategy (A) based on CD4, CD8, HSA and
CD69 expression. The ratio of V3 + to total TCR+ cells is represented by histogram (B).
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Moreover, the detection of functional TRAIL-R expression on human (Herbeuval et
al., 2005)and mouse (Zhang et al., 2003) activated T cells, but not on resting T
cells, suggest that TRAIL could play a role in induction of peripheral tolerance.

In order to test the inhibitory role of TRAIL on the proliferation and survival of
activated T cells, the proportions of activated (CD4+CD44+CD62L- ), memory
(CD4+CD44intCD62Lint) and naïve (CD4+CD44lowCD62L+) phenotype CD4+ and CD8+
T cells in the spleens, livers and pancreatic lymph nodes of NOD.Tnfsf10-/- and
NOD/Lt mice were examined. Flow cytometric analyses failed to identify any
robust differences after correction for multiple hypotheses testing (Bonferroni
multiple comparison test, Figure 4.8). Similar results were obtained analysing T
cell subsets of female NOD.Tnfsf10-/- and NOD/Lt mice (Figure 4.9).

4.2.3 Adoptive transfer of diabetes by TRAIL deficient diabetogenic
splenocytes
To determine whether the increased proportions of memory CD8+ T cells in
spleens of NOD.Tnfsf10-/- mice was of functional significance, adoptive transfer of
diabetogenic splenocytes from NOD.Tnfsf10-/- and parental NOD/Lt mice, into 8-10
week old female NOD.scid recipients was performed. There was no difference in
the diabetogenic activity of splenocytes from male (Figure 4.10A) or female
(Figure 4.10B) mice of either strain, suggesting no role for TRAIL in controlling T
cell expansion and/or activation.
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Figure 4.8 Peripheral T cell subsets in male NOD.Tnfsf10-/- mice. Representative plots of
proportions of CD4+CD44lowCD62L+ (naïve), CD4+CD44+CD62L- (effector) and
CD4+CD44intCD62Lint (memory) T cells from spleens, livers and pancreatic lymph nodes of male
NOD.Tnfsf10-/- (n=5; black filled) and NOD/Lt mice (n =5; clear) (A). T cell subset proportions
(mean ± SEM) and absolute numbers (mean ± SEM) represented by histograms (B and C
respectively). Significance by Mann-Whitney U test; values are not corrected for multiple
hypothesis testing. * represents p< 0.05.
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Figure 4.9 Peripheral T cell subsets in female NOD.Tnfsf10-/- mice. Representative plots of
proportions of CD4+CD44lowCD62L+ (naïve), CD4+CD44+CD62L- (effector) and
CD4+CD44intCD62Lint (memory) T cells from spleens, livers and pancreatic lymph nodes of male
NOD.Tnfsf10-/- (n=5; black filled) and NOD/Lt mice (n =5; clear) (A). T cell subset proportions
(mean ± SEM) and absolute numbers (mean ± SEM) represented by histograms (B and C
respectively). Significance by Mann-Whitney U test; values are not corrected for multiple
hypothesis testing. * represents p< 0.05.
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This result raised the questions whether the enhanced beta cell destruction seen
in the mutant mice was a characteristic of the responding T cells, or whether it was
even a haematopoietic cell-intrinsic trait? To examine these questions, reciprocal
spleen cell transfers into irradiated recipients were performed between
NOD.Tnfsf10-/- and NOD/Lt mice. On transferring TRAIL deficient diabetogenic
splenocytes into irradiated male NOD.Tnfsf10-/-(n=5) and parental NOD/Lt (n=8)
mice, all the TRAIL deficient recipients developed diabetes within 3 weeks, while a
significant delay in diabetes onset (> 14 weeks) and a decrease in proportion
(6/8) occurred in the wild type recipients (p<0.0003; life table analysis, Figure
4.11A). Similar results were observed when diabetogenic wild type splenocytes
were transferred into irradiated NOD.Tnfsf10-/-(n=6) and NOD/Lt (n=10)
recipients. Whereas 6/6 TRAIL deficient mutants became diabetic within 5 weeks,
the disease was manifested in only 5/10 NOD/Lt recipients, in the course of 14
weeks post transfer (p<0.0003; life table analysis; Figure 4.11A). A significant
difference in the rate of onset of diabetes in irradiated female recipients also
occurred following the adoptive transfer of splenocytes from diabetic female
TRAIL KO mice. While all TRAIL deficient female recipients (n=3) became diabetic
within 2 weeks, the onset of disease in the parental NOD/Lt mice (n=4) was
delayed by 8 weeks (p<0.02, life table analysis, Figure 4.11B). Similarly, following
transfer of diabetogenic wild type splenocytes into irradiated NOD.Tnfsf10-/- (n=5)
and NOD/Lt (n=3) recipients, all the TRAIL deficient mutants became diabetic
within 3 weeks, while there was a significant delay (>14 weeks) before diabetes
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Figure 4.10 Adoptive transfer of diabetogenic splenocytes into NOD.scid mice. Adoptive
transfer of diabetes into 8-10 week old female NOD.scid mice from male (A) or female (B)
NOD/Lt (clear) or NOD.Tnfsf10-/- (solid) mice.
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Figure 4.11 Reciprocal spleen cell transfers into irradiated male (A) and female (B) recipients.
Diabetes development following reciprocal transfer of splenocytes between TRAIL-deficient
(solid) and control NOD mice (clear). Pooled splenocytes from diabetic NOD.Tnfsf10-/- mice
transferred into irradiated NOD.Tnfsf10-/- and NOD/Lt (solid circles and clear circles
respectively); and splenocytes from diabetic NOD/Lt into NOD.Tnfsf10-/- and NOD/Lt (solid
diamonds and clear diamonds respectively). Statistical comparison performed by life table
analysis.
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occurred in the parental NOD/Lt recipients (p<0.009; life table analysis; Figure
4.11B). To summarise, regardless of whether the experiments were performed in
male or female mice, accelerated diabetes was associated with TRAIL-deficient
recipients, not donors, raising the possibility that TRAIL plays some previously
unidentified role in immune regulation, resulting in diabetes suppression in wild
type NOD mice.

Although the adoptive transfer experiments indicated that the major variable
affecting outcome was the genotype of the recipient (Figures 4.11A and B), dose
titration of the diabetogenic splenocytes transferred revealed slight but significant
differences in the autoimmune potential of TRAIL deficient cells. Diabetes
occurred rapidly in all cohorts of irradiated male NOD.Tnfsf10-/- mice that received
20x106, 16x106, 12x106, 8x106 or 5x106 diabetogenic TRAIL deficient splenocytes
(Figure 4.12A). However the rate of disease induction by the lowest dose (5x106
cells) was slightly delayed compared to the highest dose of 20x106 cells (p<0.05;
life table analysis). A similar titration of male NOD/Lt splenocytes transferred into
same sex irradiated NOD.Tnfsf10-/- recipients revealed a significant disparity in the
autoimmune potential of the transferred cells (Figure 4.12B). While the transfer of
20 million splenocytes could induce the disease in within 4-5 weeks, disease
induction was delayed in case of the lowest dose (5 million splenocytes; p<0.02;
life table analysis), recipients of which became diabetic during the course of 14
weeks post transfer. Rapid onset of diabetes was noted in irradiated female
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Figure 4.12 Dose titration of the autoimmune potential of male NOD.Tnfsf10-/- splenocytes.
Dose titration of the autoimmune potential of splenocytes adoptively transferred from diabetic
NOD.Tnfsf10-/- (A) and NOD/Lt (B) mice into irradiated male NOD.Tnfsf10-/- recipients. Every
dose had 3 recipients or more. Comparison of the autoimmune potential of the highest
(square) and lowest (inverted triangles) doses of diabetogenic splenocytes from NOD.Tnfsf10-/(black) and NOD/Lt (grey), transferred into a TRAIL deficient environment (C). Statistical
comparison performed by life table analysis.
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Figure 4.13 Dose titration of the autoimmune potential of female NOD.Tnfsf10-/- splenocytes.
Dose titration of the autoimmune potential of splenocytes adoptively transferred from diabetic
NOD.Tnfsf10-/- (A) and NOD/Lt (B) mice into irradiated male NOD.Tnfsf10-/- recipients. Every
dose had 3 recipients or more. Comparison of the autoimmune potential of the highest
(square) and lowest (inverted triangles) doses of diabetogenic splenocytes from NOD.Tnfsf10-/(black) and NOD/Lt (grey), transferred into a TRAIL deficient environment (C). Statistical
comparison performed by life table analysis.
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NOD.Tnfsf10-/- recipients following the adoptive transfer of 20x106, 16x106,
12x106, 8x106 or 5x106 TRAIL deficient splenocytes from recently diabetic female
NOD.Tnfsf10-/- mice (Figure 4.13A). However a significant disparity in the rate of
disease induction was evident between the highest and the lowest dose transfers
(p<0.007; life table analysis). The difference in the rate of disease induction in
irradiated NOD.Tnfsf10-/- recipients was more dramatic with diabetogenic
splenocytes transferred from female NOD/Lt mice (Figure 4.13B; p<0.009; life
table analysis).

Summing up, the reciprocal transfer experiments revealed a higher incidence of
diabetes in TRAIL deficient recipients (Figure 5.11A and 5.11B) but the adoptive
transfers into NOD.scid mice showed no difference in the diabetogenic activity of
splenocytes from mice of either strain (Figure 5.10A and 5.10B), indicating that
the diabetes phenotype of TRAIL deficient mice is not lymphoid cell intrinsic. The
more sensitive titration experiments (especially the lowest dose), however,
revealed slight differences in the diabetogenic activity of splenocytes bearing the
targeted deletional mutation of Tnfsf10. (Figure 4.12C and 4.13C). The median
survival time (MST) for male recipients of lowest dose of diabetogenic NOD and
NOD.Tnfsf10-/- splenocytes were 89.5 days and 24 days respectively (p<0.03, life
table analysis), while MST for female recipients were 43.5 days and 18 days
respectively (p<0.03, life table analysis).
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4.2.4 Streptozotocin induced diabetes
The accelerated diabetes associated with TRAIL-deficient recipients was
suggestive of a protective effect of TRAIL signalling on the pancreatic-cells in
NOD/Lt mice. Streptozotocin is a toxin that induces superoxide radical and nitric
oxide mediated pancreatic -cell damage (Szkudelski, 2001). In order to determine
if the diabetes protective effect of TRAIL was due to differences in susceptibility of
pancreatic -cells to cell death, parental NOD/Lt (n=4) and NOD.Tnfsf10-/- mice
(n=4) were treated with 120mg/kg SZ. The highest recorded random blood sugar
readings were similar in both the strains (Figure 4.14A) and all of them developed
diabetes within the 2-week study period (Figure 4.14B). As NOD.Tnfsf10-/- mice
were no more susceptible to SZ induced diabetes than the parental control strain,
it is unlikely that the accelerated diabetes associated with NOD.Tnfsf10-/- mice is
due to an increase in susceptibility to damage of TRAIL deficient islets. However, it
needs to be mentioned that susceptibility of TRAIL deficient -cells to immune
effector mechanisms of killing were not tested while arriving at this conclusion.

4.2.5 Effect of TRAIL deficiency on numbers of immunoregulatory cells
Natural regulatory T cells (Tregs) and NKT cells are two potent immunoregulatory T cell phenotypes involved in peripheral tolerance. A reduction in their
numbers and/or functions is reported in autoimmune-prone mice (Baxter et al.,
1997; Hammond et al., 2001; Piccirillo et al., 2005).
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Figure 4.14 Maximum blood sugar levels and diabetes development following 120mg
streptozotocin treatment of NOD.Tnfsf10-/- and control NOD/Lt mice. Highest recorded random
blood sugar readings in male NOD/Lt (empty bar, n=4) and NOD.Tnfsf10-/- (solid bar, n=4)
mice, post a 120mg/kg SZ treatment (A). Life table analysis of streptozotocin induced diabetes
in NOD.Tnfsf10-/- and NOD/Lt mice (B).
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The TRAIL/DR5 pathway is one of the mechanisms proposed to be used by these
immunosuppressive cells to regulate immune responses (Nieda et al., 2001; Ren et
al., 2007). In order to determine whether genetic ablation of TRAIL in NOD.Tnfsf10/- mice

affected the numbers of TCR+CD4+CD25+FoxP3+ immunoregulatory T cell

population, flow cytometric analysis was performed on the thymi, spleens, livers
and pancreatic lymph nodes of male NOD.Tnfsf10-/- and NOD/Lt mice. The only
significant difference identified was an increase in Treg proportions in the thymi
of NOD.Tnfsf10-/- mice (6.95±0.31 % vs. 5.63±0.09 %; p<0.0079; Man-Whitney U
test; Figure 4.15). This difference remained significant after correction for multiple
hypotheses testing (Bonferroni multiple comparison test), but cannot explain the
increased susceptibility of male NOD.Tnfsf10-/- mice to diabetes. Slight increases
were identified in proportions of Treg in the thymi (4.76±0.15 % vs. 4.21±0.14 %;
p<0.0079; Man-Whitney U test) and spleens (8.26±0.36 % vs. 6.08±1.05 %;
p<0.0079; Man-Whitney U test) of female NOD. Tnfsf10-/- mice (not shown), but
these differences did not withstand correction for multiple hypothesis testing
(Bonferroni multiple comparison test).

On comparing the numbers of NKT cells in the thymi and peripheral lymphoid
organs of TRAIL deficient NOD mice with those of wild type NOD/Lt by flow
cytometry, male NOD.Tnfsf10-/- mice were found to have significantly higher
proportions of alphaGalCer/CD1d-tetramer+ NKT cells in their thymi (0.41±0.04 %
vs 0.21±0.03 %; p<0.002; Man-Whitney U test). However, in the periphery,
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Figure 4.15 Regulatory T cells in male NOD.Tnfsf10-/- mice. Representative plots of
proportions of TCR+CD4+CD25+FoxP3+ Tregs in thymi, spleens, livers and pancreatic lymph
nodes of male NOD.Tnfsf10-/- (n=5) and NOD/Lt (n=5) mice. Treg proportions (mean ± SEM)
and absolute numbers (mean ± SEM) represented by histograms (B and C respectively).
Significance by Mann-Whitney U test.
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a significant difference was observed only in the livers (15.99±1.44 % vs
10.2±1.36 %; p<0.04; Man-Whitney U test; Figure 4.16). Similar observations
were made in the thymi of female NOD.Tnfsf10-/- mice, which had significantly
higher proportions of NKT cells (0.32±0.02 % vs 0.18±0.02 %; p<0.001; ManWhitney U test). Among the peripheral lymphoid organs of female mice, higher
proportions of NKT cells were seen only in the spleen (0.57±0.05 % vs 0.25±0.02
%; p<0.001; Man-Whitney U test; Figure 4.17).

The increased susceptibility of diabetes in NOD.Tnfsf10-/- mice was not due to a
defect in the numbers of immunoregulatory cells, as genetic ablation of TRAIL did
not create a deficiency in neither CD4+CD25+FoxP3+Tregs or Gal-Cer/CD1dtetramer+ NKT cells in NOD mice. Interestingly, NOD.Tnfsf10-/- mice had higher
numbers of NKT cells in the thymus and periphery. In contrast, a flow cytometric
enumeration of the numbers of NKT cells in the thymi and peripheral lymphoid
organs of TRAIL deficient C57BL/6 mice revealed no difference when compared to
the parental control strain (Figure 4.18).

4.2.6 Cytokine levels in NOD.Tnfsf10-/- mice post Gal-Cer treatment
NKT cells, like Tregs are capable of immediate regulatory function
following TCR stimulation, however, unlike Tregs, NKT cells are not always
inhibitory in action; they may also play a role in exacerbating autoimmunity (Fuss
et al., 2004; Griseri et al., 2005; Jahng et al., 2001). This can be attributed to their
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Figure 4.16 NKT cells in male NOD.Tnfsf10-/- mice. Representative plots of proportions of
CD1d/ Gal-Cer tetramer-positive T cells (CD3 positive) in the thymi, spleens, livers and
pancreatic draining lymph nodes (PDLN) of male NOD.Tnfsf10-/- (n=5) and NOD/Lt (n=5) mice
(A). NKT cell proportions (mean ± SEM), absolute numbers (mean ± SEM) represented by
histograms (B and C respectively). Significance by Mann-Whitney U test; values are not
corrected for multiple hypothesis testing.
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Figure 4.17 NKT cells in female NOD.Tnfsf10-/- mice. Representative plots of proportions of
CD1d/ Gal-Cer tetramer-positive T cells (CD3 positive) in the thymi, spleens, livers and
pancreatic draining lymph nodes (PDLN) of male NOD.Tnfsf10-/- (n=8) and NOD/Lt (n=8) mice
(A). NKT cell proportions (mean ± SEM), absolute numbers (mean ± SEM) represented by
histograms (B and C respectively). Significance by Mann-Whitney U test; values are not
corrected for multiple hypothesis testing.
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Figure 4.18 NKT cells in C57BL/6.Tnfsf10-/- mice. Proportions of the thymic and splenic NKT
cells in female C57BL/6 and C57BL/6.Tnfsf10-/- mice. Thymocytes and splenocytes from
C57BL/6 (n=5) and C57BL/6.Tnfsf10-/- (n=5) mice were analysed on a flow cytometer. Viable
cells were gated while an empty vs PI plot was used to exclude dead and auto fluorescent cells
(A). The percentages of CD1d/ GalCer tetramer-positive T cells (TCR positive) were compared
between C57BL/6 and C57BL/6.Tnfsf10-/- mice and represented in the histograms (B).
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ability to promptly produce proinflammatory cytokines. Therefore, it is possible
that an elevation in NKT cell numbers and function could play a proinflammatory
role and exacerbate disease in models of autoimmunity. To determine whether the
increased susceptibility of diabetes in NOD.Tnfsf10-/- mice was due to the
increased NKT cell numbers, functional analysis was performed by in-vivo
activation of NKT cells with 2g of Gal-Cer injected i.v.. The quantitative analysis
of the secreted cytokines using cytometric bead array revealed no significant
functional difference in NKT cell activity between TRAIL deficient NOD.Tnfsf10-/mice and parental NOD/Lt strain (Figure 4.19), suggesting that the elevated
numbers of NKT cells in NOD.Tnfsf10-/- mice played no role in its increased
susceptibility to diabetes.

Figure 4.19 Cytokine levels in NOD.Tnfsf10-/- mice. No difference was observed between
cytokine levels in NOD/Lt and NOD.Tnfsf10-/- sera measured two hours post 2mg -GalCer
treatment. Significance by Mann-Whitney U test. Error bars denote standard error of the mean.
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4.2.7 Severity of insulitis in male NOD.Tnfsf10-/- mice
Histological analysis of the pancreata of pre-diabetic (10/52wk) TRAIL
deficient male NOD mice revealed a dramatic increase in lymphocyte recruitment
to the islets, compared to the wild type NOD/Lt mice (Figure 4.20, Table 4.1).
While the pancreatic islets of NOD mice (306 islets scored) were normal or mildly
infiltrated by leukocytes, severe insulitis and extensive destruction were observed
in majority of islets of the mutant mice (385 islets scored). Similarly, more islets
with high degree of infiltration (scale of 4) were observed in female NOD.Tnfsf10-/mice (50 islets scored) compared to parental NOD/Lt mice (88 islets scored, Table
4.1). These findings suggested that the death receptor ligand TRAIL played a role
in inhibiting islet infiltration in NOD mice.
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Table 4.1 The proportion of islets exhibiting various degrees of insulitis expressed as a
percentage of the total number of islets scored. Insulitis scores for male and female NOD/Lt and
NOD.Tnfsf10-/- mice are depicted on the upper and lower panels respectively. Islets of H&E
stained pancreata were scored for the degree of insulitis on a scale of 0-5: 0, no infiltrate; 1,
periislet infiltrate (<25%); 2, 25-50% accumulation of inflammatory cells; 3, 50-75% intraislet
infiltration; 4, severe structural derangement and complete loss of cells. Comparison of NOD/Lt
and NOD.Tnfsf10-/- insulitis scores was performed by Fisher’s exact test.
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Figure 4.20 Histological analysis of H&E stained pancreas of NOD.Tnfsf10-/- mice. A total of
385 and 306 islets of age matched (10 week) male NOD.Tnfsf10-/- (n=10) and NOD/Lt (n=11)
mice respectively, were scored for the degree of insulitis. Insulitis severity of H&E stained
pancreata was scored on a scale of 0-4: 0, no infiltrate; 1, periislet infiltrate (<25%); 2, 25-50%
accumulation of inflammatory cells; 3, 50-75% intraislet infiltration; 4, severe structural
derangement and complete loss of cells. NOD.Tnfsf10-/- mice had more islets with higher
degrees of insulitis (scales 2 to 4), while the parental NOD/Lt mice had more islets with modest
levels of insulitis. Results of Fisher’s exact analysis listed in Table 4.1
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4.2.8 TRAIL expression on murine pancreatic islets
The increased severity of insulitis seen in 10-week old male NOD.Tnfsf10-/mice is not consistent with a beta cell intrinsic protective effect but may be
consistent with difference in local selectin/chemokine/integrin/cytokine
expression. TRAIL signalling may therefore be a mechanism by which islet cells
(including -cells) inhibit infiltration and destruction. Such a mechanism would
seem to require the expression of TRAIL on islets. Although BioGPS, the gene
annotation portal of the Novartis Research Foundation (http://biogps.gnf.org/),
reports no message for death receptors 4, 5 or decoy receptor 1 on human islets,
TRAIL does appear to be expressed. In order to confirm TRAIL expression on
murine  cells, islets isolated from young (7-8 weeks) male NOD/Lt mice and from
NOD mice bearing the targeted deletional mutation of Tnfsf10 were analysed by
flowcytometry. While TRAIL expression was detected on wild type cells, the
targeted deletion of TRAIL in NOD mice eliminated this expression (Figure 4.21).

Figure 4.21 TRAIL expression on -cells of NOD mice. Representative flowcytometry plot
illustrating the elimination of TRAIL expression on NOD beta cells bearing targeted deletional
mutation of Tnfsf10.

- 127 -

Ch:4: Role of TRAIL in T1D

4.2.9 NOD.Tnfsf10-/- mice exhibit enhanced IP-10 secretion on LPS
challenge
Chemokines are key signalling molecules that attract immune cells to the
site of infection or inflammation. Interferon- inducible protein – 10kD (IP-10)/
CXCL10, the ligand of the CXCR3 chemokine receptor, is a member of the CXC
subfamily of chemokines, which plays a crucial role in immune system
development and deployment. This chemoattractant cytokine is mainly expressed
by activated T cells, macrophages, endothelial cells, fibroblasts and keratinocytes
in response to IFN-or TNF(Gattass et al., 1994; Luster and Ravetch, 1987).
Higher levels of serum IP-10 levels in NOD mice are reported in the diabetic period
(20-24 weeks of age) than in the pre-diabetic period (4,8 and 16 weeks of age)
(Shigihara et al., 2006). TRAIL signalling has been reported to suppress the
secretion of IP-10 (Secchiero et al., 2005). To test whether TRAIL signalling
suppressed the levels of serum IP-10 in NOD mice, this chemokine was quantified
in serum samples from NOD/Lt and NOD.Tnfsf10-/- mice using the FlowCytomix
simplex bead assay. No difference in IP-10 levels was observed in the serum of 8
week-old (pre-diabetic) or 20 week-old NOD/Lt mice and NOD mice bearing the
targeted deletional mutation of Tnfsf10 (Figure 4.22A), suggesting that any
differences in TRAIL signalling mediated chemokine suppression is more likely to
be local rather than systemic. Recent experiments using RIP-LCMV mice suggest
IP-10 expression on islet -cells, in response to virus infection of the pancreas
(Frigerio et al., 2002; Rhode et al., 2005). Further, in vitro stimulation of human
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islets and rat -cells by IFN- or IL-1 induced islet IP-10 secretion (Cardozo et al.,
2003). Inorder to test the possibility that TRAIL signalling in pancreatic islets
inhibits the secretion of chemokines responsible for T cell recruitment to the
islets, IP-10 levels in the culture supernatants of islets from young (6-7 weeks)
NOD.Tnfsf10-/- mice (4 replicates) and NOD/Lt mice (10 replicates) were
determined. Islets isolated from either strain, stimulated in vitro with 1g/ml LPS
for 48 hours, secreted large amount of IP-10; however, the targeted deletional
mutation of Tnfsf10 appeared to significantly increase in IP-10 secretion in NOD
mice (Figure 4.22B, p<0.03, Mann-Whitney test).
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Figure 4.22 TRAIL mediated suppression of islet IP-10/CXCL10 secretion in NOD mice.
Serum levels of IP-10 at 8 wks. and 20 wks. age in NOD.Tnfsf10-/- mice and NOD/Lt mice (A).
IP-10 secretion by -cells of TRAIL deficient NOD.Tnfsf10-/- mice (4 replicates) compared with
secretion by -cells from NOD/Lt mice (10 replicates) after 1mg/ml LPS challenge (B).
Significance by Mann-Whitney U test.
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4.3

Discussion

TRAIL, which is primarily expressed on the surface of activated NK cell, T
cells, macrophages and dendritic cells, mediates immune surveillance and antitumor cytotoxicity (Bouralexis et al., 2005; Kayagaki et al., 1999; Smyth et al.,
2003; Strebel et al., 2002; Takeda et al., 2002). TRAIL-bearing circulating immune
cells selectively eliminate tumor cells, while constitutively protecting normal
tissues (Kavurma et al., 2008; Klefstrom et al., 2002; Nesterov et al., 2004;
Secchiero et al., 2004; Wang et al., 2005b). Unlike other members of TNF family,
significant levels of TRAIL transcripts have been detected in many human tissues
and cell lines (Bouralexis et al., 2005), suggesting additional roles. Contradictory
results on the requirement of TRAIL in thymic negative selection as well as on its
role in the suppression of T cell mediated autoimmunity exists in the literature,
necessitating the employment of a robust approach to dissect the role of TRAIL at
the molecular and cellular level. To achieve this, in collaboration with Thomas Kay
and Mark Smyth, a targeted deletional mutation of Tnfsf10 was backcrossed from
C57BL/6 mice onto the NOD/Lt background. Genetic homogeneity of these mice
was confirmed by typing 647 single nucleotide polymorphisms (Australian
Genome Resource Facility, Melbourne, Australia).

Male NOD mice bearing targeted deletion of TRAIL (NOD.Tnfsf10-/-), housed under
tightly controlled environmental conditions at the SPF facility of Comparative
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Genomincs Centre of James Cook University, trebled their incidence of
spontaneous diabetes. TRAIL deficiency induced an earlier onset of diabetes in
female NOD mice, but disease incidences in female mice were not significantly
different. It was possible that the naturally high penetrance of spontaneous
diabetes in female mice masked any evidence of an enhancement of this trait in a
TRAIL deficient environment. However, the effects of targeted deletion of TRAIL
on diabetes incidence are clearly seen in female NOD mice treated with
cyclophosphamide (Figure 4.2B) or by adoptive transfer (Figure 4.11C). TRAIL
blockade in NOD mice using a soluble TRAIL receptor (sDR5) exacerbated the
onset of streptozotocin induced diabetes (Lamhamedi-Cherradi et al., 2003a) and
enhanced adoptive transfer of the disease into NOD.scid mice by splenocytes from
spontaneously diabetic NOD mice (Mi et al., 2003). Even though protein mediated
blockade of TRAIL in the above studies suggested a potential role for TRAIL in
NOD diabetes, our finding is the first and most robust demonstration of increased
incidence of spontaneous diabetes in NOD mice bearing a targeted deletion of
TRAIL. TRAIL deficiency did not affect BCG mediated protection of diabetes in NOD
mice, suggesting that the actions of M.bovis and TRAIL are independent.

Previous reports have implicated TRAIL in thymic deletion (Corazza et al., 2004;
Lamhamedi-Cherradi et al., 2003b). Such a role for TRAIL would provide an
explanation for the increased severity of spontaneous diabetes in male
NOD.Tnfsf10-/- mice. NOD mice express Mtv-3 and 9, which induce negative
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selection of Vβ3+ and Vβ5+ reactive thymocytes (Brenden and Bohme, 1999;
Fairchild et al., 1991; Tomonari et al., 1993). No difference in numbers or
proportions of V3+ or V5+ T cells between male NOD.Tnfsf10-/- and parental
NOD/Lt mice was found, suggesting a limited role for TRAIL in in the thymic
selection process. This finding is in agreement with normal negative selection
reported in TRAIL deficient B6 mice (Cretney et al., 2003) and also in DR5
deficient mice (Diehl et al., 2004). Moreover, thymic negative selection was found
to be unaffected in mice that had impaired TRAIL induced cytotoxicity due to
transgenic expression of CrmA or a dominant negative mutant FADD protein
(Walsh et al., 1998). It was therefore unlikely that differences in thymic deletion
were responsible for the differences observed in diabetes incidence.

Besides thymic deletion, TRAIL also plays a role in the induction of peripheral
tolerance. In a recent study, adoptive transfer of TRAIL-overexpressing murine T
cells was reported to induce apoptosis of alloreactive T cells, in a DR5-dependent
manner (Ghosh et al., 2013). Griffith and colleagues developed a tolerance model
in which TRAIL-mediated-apoptosis inhibited the expansion of islet-antigenreactive CD4+ T cells (Griffith et al., 2007). Previous studies have demonstrated
functional TRAIL-R expression on activated T cells in human and mouse, but not
on resting T cells (Herbeuval et al., 2005; Zhang et al., 2003), suggesting TRAIL
mediated regulation of T cell activity. Such a role for TRAIL could also account for
the increased severity of spontaneous diabetes found in NOD.Tnfsf10-/- mice.
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However, there was no evidence of a systemic increase in numbers or proportions
of activated and memory phenotype CD4+ and CD8+ T cells in the peripheral T cell
compartments of NOD.Tnfsf10-/- mice compared to parental NOD/Lt mice.
Furthermore, adoptive transfer of splenocytes from male or female mice of either
strain into NOD.scid recipients did not reveal any significant difference in their
diabetogenic activity. These findings indicated that TRAIL was unlikely to inhibit
-cell destruction by eliminating or suppressing the functions of autoreactive T
cells in the periphery. The increased susceptibility of diabetes in NOD.Tnfsf10-/mice was not due to a defect in the numbers of immunoregulatory cells, as genetic
ablation of TRAIL did not create a deficiency in CD4+CD25+FoxP3+ Tregs or GalCer/CD1d-tetramer+ NKT cells in central or peripheral lymphoid organs of NOD
mice. However slightly increased NKT cell proportions were observed in the thymi
and spleens of NOD.Tnfsf10-/- mice, but these did not appear to be of functional
significance (Figures 4.16 and 4.17). Interestingly, reciprocal spleen cell transfers
into irradiated recipients performed between NOD.Tnfsf10-/- and NOD/Lt mice
revealed that susceptibility to adoptive transfer of diabetes depended on the
genotype of the recipient, not donor. This suggested a protective effect of TRAIL
signalling on nonhematopoietic tissues. However, the resistance of NOD.Tnfsf10-/mice to diabetes induced by a single dose SZ treatment (a -cell toxin) is not
consistent with TRAIL playing an intrinsic role in -cell protection.
Even as the mechanism(s) or cells responsible for the diabetes-protective effect of
TRAIL remain unclear, its ability to inhibit lymphocytic infiltration and
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inflammation has been previously demonstrated. In EAE, an induced model of
multiple sclerosis (Baxter, 2007), TRAIL blockade by anti-TRAIL monoclonal
antibody, as well ablation of TRAIL by targeted gene deletion, led to a higher
degree of inflammation in the central nervous system, and a more severe disease
(Cretney et al., 2005; Hilliard et al., 2001). In experimental autoimmune
thyroiditis, recombinant TRAIL treatment caused a significant decrease in
mononuclear infiltration in the thyroid, resulting in less thyroid follicular
destruction (Wang et al., 2005a). Consistent with TRAIL’s ability to inhibit
lymphocytic infiltration, NOD.Tnfsf10-/- mice showed a dramatic increase in
lymphocyte recruitment to the pancreatic islets. The increased severity of insulitis
and extensive destruction observed in majority of islets of 10-week old male
NOD.Tnfsf10-/- mice was not consistent with a -cell intrinsic protective effect, but
the rampant insulitis observed in TRAIL-deficient NOD mice was similar to the
phenotypes of mice bearing transgenes for pro-inflammatory cytokines expressed
under the rat insulin promoter, suggesting that the mutant mice over expressed
one or more cytokines or chemokines. Freshly isolated NOD islets secreted
significant levels of chemokines, especially IP-10, but the islets from diabetesresistant NOR mice (characterised by negligible insulitis) and from BALB/c mice,
secreted only negligible levels of chemoattractants (Giarratana et al., 2004),
suggesting constitutive secretion of chemokines to be a possible contributing
factor in -cell destruction. IP-10 is a chemokine that specifically attracts CXCR3expressing effector CD8 T cells, on which the pathogenesis of diabetes in NOD mice
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is dependent. This chemoattractant cytokine is implicated in human T1D, as
elevated serum levels of chemokines including IP-10 have been reported in
diabetes patients and in subjects at risk of developing the disease (Lohmann et al.,
2002; Nicoletti et al., 2002; Schloot et al., 2002; Shimada et al., 2001). IP-10
neutralisation by monoclonal antibody treatment halved cyclophosphamide
precipitated diabetes in NOD mice and CXCR3-deficient transgenic mice had a
delayed onset of the disease (Frigerio et al., 2002; Morimoto et al., 2004). Isletspecific expression of IP-10 in RIP-NP-CXCL10 transgenic mice accelerated the
autoimmune process by enhancing the migration of antigen-specific lymphocytes
to their target site (Rhode et al., 2005). All these findings suggest IP-10 to be a
chemoattractant of islet-specific effector cells. Secchiero and colleagues
demonstrated that exposure of endothelium to TRAIL caused a significant
reduction in leukocyte adhesion and inhibition of secretion of IP10 and MCP2
(Secchiero et al., 2005). The dramatic increase in lymphocyte recruitment to the
pancreatic islets seen in NOD.Tnfsf10-/- mice is consistent with a role for TRAIL in
inhibiting islet chemokine secretion. In accordance with the above hypothesis, ex
vivo IP-10 secretion by islets from NOD.Tnfsf10-/- mice was found to be
significantly higher than the chemokine secreted by islets from parental NOD/Lt
mice.
The result of the islet-chemokine assay is consistent with constitutive TRAIL
signalling inhibiting the release of chemoattractants in pancreatic islets. However,
it is still unclear how TRAIL signalling inhibits islet chemokine secretion. IFN- is
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known to induce pancreatic islet-cells to secrete several chemokines including IP10 (Cardozo et al., 2001a; Cardozo et al., 2001b; Cardozo et al., 2003). Previous
studies demonstrated that IFN-secreting T cells were sensitive to TRAILinduced apoptosis (Roberts et al., 2003; Zhang et al., 2003) and that TRAIL-Rdeficient mice had elevated levels of IFN-(Diehl et al., 2004), suggesting a
suppressive role for TRAIL signalling on IFN-production. In a mouse model of
autoimmune thyroiditis, the presence of TRAIL was reported to be associated with
IFN-downregulation, which in turn regulated chemokine production, thereby
reducing lymphocytic infiltration into thyroid glands (Wang et al., 2005a).
Considering the above findings, it appears that IFN--induced-chemokines are
involved in the destruction of pancreatic islet cells. Moreover, there exists the
possibility of a “dialogue” between invading lymphocytes and the target islet-cells
during the course of insulitis (Figure 4.23A). Thus, activated effector cells homing
into the islets, produce proinflammatory cytokines, including IFN-γ, inducing βcells to release chemokines including IP-10. These chemokines are likely to create
a chemokine gradient that will attract additional mononuclear cells.
Uninterrupted, this vicious cycle, will exacerbate islet infiltration and β-cell
destruction. In view of the observations made in this study, I hypothesize that
TRAIL on islets, by inhibiting IFN- as well as IFN--induced-chemokines from
T cells, checks this cycle of β cell destruction (Figure 4.23 B). In a recent study,
adenoviral mediated systemic delivery of TRAIL in NOD mice conferred protection
against diabetes by activating tissue inhibitor of metalloproteinase 1 (TIMP-1),
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Figure 4.23 Proposed model of TRAIL mediated islet-cell protection. In a TRAIL deficient
-/-

environment (NOD.Tnfsf10 mice) activated effector cells homing into the islets, produce
proinflammatory cytokines, including IFN-γ, inducing β-cells to release chemoattractants
including IP-10, thereby creating a chemokine gradient that attracts additional mononuclear
cells (A). TRAIL interrupts this amplification feedback loop by inhibiting islet IP-10 secretion and
by eliminating islet-infiltrating cells that produce IFN-γ (B). Moreover, TRAIL signalling confers
protection to pancreatic β-cells by elevating levels of SOCS1, TIMP-1 or via the NF-B survival
response (B).
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a natural inhibitor of matrix metalloproteinase (MMP 2 and 9) activity (Kang et al.,
2010). TIMP-1 upregulation protected pancreatic  cells from cytokine-induced
apoptosis as well as suppressed the transmigration of diabetogenic T cells into
pancreatic islets, possibly since MMP-mediated proteolysis increases chemotactic
potency of certain chemokines (Van den Steen et al., 2000; Van Den Steen et al.,
2003). Suppressor of cytokine secretion 1 (SOCS1), a protein known to moderate
the sensitivity of -cells to key inflammatory cytokines associated with diabetes
(Chong et al., 2002; Eizirik et al., 2009), was found to be elevated in human
pancreatic islets in response to in vitro recombinant TRAIL exposure. Similarly,
TRAIL-treated NOD mice had reduced severity of diabetes, and this was associated
with increased pancreatic SOCS1 mRNA (Zauli et al., 2010). These recent findings
suggest additional TRAIL signalling pathway mediated mechanisms of  cell
protection (Figure 4.23 B).

In summary, we have found that targeted deletion of TRAIL in male autoimmune
diabetes-prone NOD mice trebled the incidence of diabetes in this line.
Paradoxically, this effect did not appear to affect the generation or regulation of
diabetogenic T cells and the trait was not haematopoietic cell intrinsic in adoptive
transfers. In contrast, it was associated with a dramatic increase in lymphocyte
recruitment to the pancreatic islets that overexpressed chemoattractants,
consistent with a previously reported, inhibitory effect of TRAIL signalling on
chemokine production.
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CHAPTER 5
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POLYMORPHISM IN A FAS LIGAND SIMPLE SEQUENCE REPEAT
AFFECTS TYPE 1 DIABETES IN NOD MICE
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6.1

Introduction

The FAS ligand (Apo-1 Ligand/CD95 Ligand/Tnfsf6), a 40-kDa type II
transmembrane protein of the TNF superfamily, is a key apoptotic signalling entity
in the extrinsic apoptotic pathway. Defective FAS death receptor and/or its ligand
are associated with several pathological conditions in both mouse and man
including autoimmune disorders, lymphoproliferative syndrome and cancer
(Adachi et al., 1996; Del-Rey et al., 2006; Fisher et al., 1995; Hashemi et al., 2013;
Krammer, 2000; Peter et al., 2005; Rieux-Laucat et al., 1995; Sneller et al., 1992;
Sun et al., 2004; Takahashi et al., 1994; Watanabe-Fukunaga et al., 1992; Wu et al.,
2003; Zhang et al., 2005), suggesting a crucial role for FAS ligand in the
maintenance of immune tolerance.

Transcription levels of Fasl are affected by allelic variations of its coding or
promoter sequences. A single-nucleotide polymorphism in CAAT/enhancerbinding protein  (C/EBP) element in the enhancer region of human Fasl affects
basal gene expression both in vitro and in vivo. The higher activity allele of
the Fasl C/EBPβ element contributes to the development of systemic
autoimmunity (Wu et al., 2003). Two naturally occurring alleles of Fasl in mice,
mFasL.1 (B6, C3H, MRL, SJL, NOD, NZB and NZW) and mFasL.2 (BALB/c, DBA/1
and DBA/2) differ functionally (Kayagaki et al., 1997), FASL in the latter allotype is
more effective in lysing FAS-bearing target cells. These findings suggest that

- 141 -

Ch:5: Role of FASL in T1D

genetic polymorphism/s of CD95 ligand or its promoter sequence affect Fasl
expression, and that FASL function depends on the context and gene expression
levels.

Fasl gene expression is controlled by a host of transcription factors, including,
NFAT (Latinis et al., 1997), NF-B (Matsui et al., 1998), AP-1 (Kasibhatla et al.,
1998), Sp1 (Kavurma et al., 2001) etc. The GATA transcription factors (GATA-1 to
GATA-6), having conserved C4 zinc finger DNA-binding domains, act as cisregulatory elements in the expression of diverse genes involved in differentiation
and proliferation in a wide range of cells and tissues (Orkin, 1992). GATA-1, GATA2 and GATA-3 are mainly expressed in the hematopoietic system (Weiss and
Orkin, 1995). GATA-4, GATA-5 and GATA-6 are expressed in several tissues,
including intestine, lung and the heart (Molkentin, 2000). Previous studies indicate
that GATA transcription factors can activate (Chin et al., 1995; Fung et al., 2005;
Kieffer et al., 2002; Ko et al., 1991; Lee et al., 2001; Masuda et al., 2004; Migliaccio
et al., 1993) , or repress (Chen et al., 2001; Imagawa et al., 1997; Kaminuma et al.,
2004; Ramchandran et al., 2000; Schwenger et al., 2005; Usui et al., 2003), the
expression of various genes, depending on the cellular context (Wei et al.,
2011). Deletion of Gata3, affected the expression of 623 genes in mouse T cells,
including the upregulation of Fasl (Wei et al., 2011), suggesting an inhibitory role
for GATA-3 on Fasl expression.
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Simple sequence repeats (SSR), or microsatellites, are polymorphic genetic loci
with short tandem polynucleotide repeats. Such repetitions occur primarily due to
slipped-strand mispairing, a unique mutational process, and subsequent error(s)
during DNA replication, repair, or recombination (Levinson and Gutman, 1987).
Mutations occur in these loci by insertions or deletions of one or a few repeat units
(Wierdl et al., 1997). One such locus, D1Bax208, located immediately 3’ to Fasl in
NOD/Lt strain, was found to be highly mutable. D1Bax208 microsatellite consisted
of tandem GATA repeats, which incorporated the consensus DNA sequence,
WGATAR (in which W denotes A/T, and R denotes A/G), the binding sites for
GATA transcription factor family. It is therefore possible that, if GATA
transcription factors bind to GATA elements in D1Bax208 lying immediately 3' to
Fasl, polymorphism at this microsatellite could modify the level of transcription in
a dose dependent manner.

This study utilises NOD mouse lines carrying 2 minor alleles of D1Bax208
(NOD.D1Bax208m1 mice and NOD.D1Bax208m2 mice). Experiments were designed
to test the hypothesis that the variation in the repeat length of D1Bax208 (putative
binding sites for transcription factors GATA1 and GATA3), adjacent to Fasl in NOD
mouse lines could cause allelic variation of Fasl expression and alter the diabetes
incidence in these mice.
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6.2

Results

5.2.1 Genotyping the NOD.D1Bax208m1 and NOD.D1Bax208m2 mice
A project performed in our laboratory aimed at analysing the genetic
control of NKT cell numbers in NOD mice required large-scale genome screening.
Over 300 established and novel tandem repeat sequences were characterised and
primer pairs produced for this purpose. While screening the genome of an inbred
NOD line, a member of the laboratory (Tatiana Toutsman), incidentally observed
the expression of different alleles in the NOD background in one of the tandem
repeats, D1Bax208, which lies between and immediately 3’ to both Fasl and a
putative glutamic pyruvate transaminase (alanine aminotransferase) 2 gene
Gm5049 (Figure 5.1). Female NOD/Lt mice were purchased from Jackson
Laboratory (Maine, USA) and from ARC in Perth and analysed for polymorphism at
D1Bax208, identifying 4 alleles in total. The most common allele was 179bp long,
and the three minority alleles were 167bp, 187bp and 171bp. The 167bp allele
was found only in a single lineage of mice obtained from ARC, while the 187bp
allele was found in 9/50 NOD mice from Jackson laboratory and 8/92 NOD mice
from ARC. The fourth allele (171bp) was found in 4/130 NOD mice from the ARC.
This degree of variation is unlikely to be due to genetic contamination, because
none of the 13 other polymorphic markers on chromosome 1, or any other marker
of 137 tested on the rest of the autosomes showed any variability. It was therefore
likely that the D1Bax208 microsatellite is relatively highly mutable. The NOD line
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carrying the 167bp allele was named NOD.D1Bax208m1, while the line carrying the
179bp allele was named NOD.D1Bax208m2. Mice expressing the 187bp allele and
171bp allele were not available for this study.

- 145 -

genes that flank the highly mutable tandem repeat and the distance between them (kb).

Figure 5.1 Genetic map of D1Bax208. Physical map indicating the genetic location of D1Bax208, depicting known
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The D1Bax208 loci from control NOD/Lt mice and from a NOD congenic line with a
C57BL/6 segment and from the NOD lines carrying the mutant alleles were
amplified (Figure 5.2) and sequenced (Australian Genome Research Facility
(AGRF), Melbourne, Australia; Table 5.1). Alignment of D1Bax208 sequences from
NOD.D1Bax208m1 mice (which lacked eight nucleotides compared to NOD/Lt) and
NOD.D1Bax208m2 mice (which had extra four nucleotides compared to NOD/Lt)
with that of the wild type NOD/Lt mice revealed a variation in number of putative
transcription factor (GATA) binding sites among these mouse lines (Figure 5.3).
Members of GATA transcription factor family are zinc-finger transcription factors
that bind to the consensus DNA sequence, WGATAR (W = A/T; R = A/G). The
analysis of D1Bax208 sequence using Transcription Element Search System (TESS;
http://www.cbil.upenn.edu/tess), a web tool for predicting transcription factor
binding sites in DNA sequences, revealed putative binding sites for the
transcription factors GATA-1, GATA-3 and GATA-4 within this locus (Figure 5.4).
The variation in (GATA) repeat numbers at D1Bax208 in NOD.D1Bax208m1 and
NOD.D1Bax208m2 mice (a difference of 3 (GATA) repeats) resulted in over 16%
difference in the number of putative GATA binding sites at this locus as
summarised in Table 5.2.
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Figure 5.2 PCR amplification products of the D1Bax208 tandem repeat resolved by
polyacrylamide gel electrophoresis (PAGE). PAGE profile of the amplicons of D1Bax208 locus
demonstrating the wild type allele (A, 175bp, NOD/Lt) and the two mutant alleles identified in
the inbred NOD line (B, 179bp, NOD.D1Bax208m2) and (D, 167bp, NOD.D1Bax208m1).
Amplification profile of the D1Bax208 microsatellite in NOD.D1Bax208m2b, congenic with a
C57BL/6 segment (C, 171bp). ‘MW’ indicates the lane with the molecular weight marker (190bp
and 147bp).
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represent the primer pairs used for D1Bax208 amplification.

the mutant alleles, confirming the absence of any new polymorphism at this locus. The nucleotides indicated by bold letters

Sequencing data of PCR amplified products of D1Bax208 loci from control NOD/Lt mice and from the NOD lines carrying

Table 5.1 Sequence of D1Bax208 alleles from NOD/Lt, NOD.D1Bax208m1, NOD.D1Bax208m2 and NOD.D1Bax208m2b.
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Figure 5.3 Alignment of DNA sequences from D1Bax208 loci of NOD/Lt NOD.D1Bax208 , NOD/Lt and
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Figure 5.4 TESS output depicting the putative binding sites for transcription factors at
D1Bax208. Analysis done using TESS (http://www.cbil.upenn.edu/tess), a web tool for
predicting transcription factor binding sites in DNA sequences.
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Transcription factor NOD.D1Bax208m1
binding sites

NOD/Lt

NOD.D1Bax208m2

GATA 1

63

71

75

GATA 3

14

16

17

GATA 4

15

17

18

Table 5.2 Variation in the numbers of GATA1, GATA3 and GATA4 transcription factor binding
sites at D1Bax208 in the three NOD lines. Analysis performed using TESS
(http://www.cbil.upenn.edu/tess), a web tool for predicting transcription factor binding sites in
DNA sequences.

5.2.2 FASL expression in NOD.D1Bax208m1 and NOD.D1Bax208m2 mice
Polymorphisms in D1Bax208 affect putative GATA binding sites as
identified in the sequence analysis (Table 5.2). Among the members of the GATA
family of transcription factors, GATA-1, 2, and 3 are active in haemopoetic cells of
vertebrates. Binding of these transcription factors to GATA elements in the human
erythropoietin gene promoter negatively regulated its expression (Imagawa et al.,
1997). Overexpression of GATA-3 inhibits IL7R, M-CSF-R, PreT, Rag-1 and Rag-2
expression, and upregulates c-kit and SCL in mouse T cells (Anderson et al., 2002;
Taghon et al., 2007). GATA-4 is implicated in controlling various murine genes
involved in cardioprotection, ovarian development and function and somatic cell
reprogramming (Broderick et al., 2012; Laitinen et al., 2000; Serrano et al., 2013).
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It is therefore possible that, if GATA transcription factors bind to GATA elements in
D1Bax208 lying immediately 3' to FasL, polymorphism at this microsatellite could
modify the level of transcription in NOD.D1Bax208m1 and NOD.D1Bax208m2 mice in
a dose dependent manner. Con A, a plant mitogen originally extracted from the
jack bean Canavalia ensiformis, is known for its ability to stimulate lymphocytes
and to elevate their FASL expression; especially on T and NKT cells (Dwyer and
Johnson, 1981; Takeda et al., 2000; Trautwein et al., 1998) . In order to determine
whether FASL expression between NOD.D1Bax208m1 and NOD.D1Bax208m2 mouse
lines differed, hepatic lymphocytes isolated from these mice 2 hours post Con A
injection were stained with anti-mouse FASL monoclonal antibody (FLIM58) and
analysed by flowcytometry.

Two hours post Con A administration, FASL was found to be upregulated in TCR+
and TCR- hepatic cells when compared to vehicle (saline) treated control mice.
The expression levels of FASL on TCR+ cells of NOD.D1Bax208m1 mice was
however no greater than that on T cells of NOD.D1Bax2082 mice (Figure 5.5A).
Nevertheless, post Con A injection, the proportions of FASL+ T cells in
NOD.D1Bax208m1 mice expanded more than that in NOD.D1Bax2082 mice,
compared to saline treated controls (Figure 5.5B; p<0.02; Mann-Whitney U test).
The proportions of FASL+TCR+ and TCR- hepatic cells in NOD.D1Bax208m1 mice
were higher than in NOD.D1Bax2082 mice (Figure 5.5B; p<0.04 in both; MannWhitney U test). Saline treated NOD.D1Bax208m1 and NOD.D1Bax208m2 mice had
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similar numbers of T cells in their livers, however, ConA treatment caused
expansion in T cell numbers and this appeared to be greater in NOD.D1Bax208m2
mice which expressed lower levels of FASL, than in NOD.D1Bax208m1 mice (Figure
5.5C, p<0.03; Mann-Whitney U test). Total numbers of CD4+ T cells in both these
ConA treated mouse lines were similar and the difference in T cell numbers
appeared to be due to an elevation in CD8+ T cell numbers in NOD.D1Bax208m2
mice (Figure 5.5C, p<0.006; Mann-Whitney U test). There was however no
difference in the numbers of non-T cells in these mouse lines post ConA treatment.
As activated murine T cells undergoing proliferation are sensitive to FAS/FASLmediated cell death (Fortner and Budd, 2005; Ju et al., 1995), it was therefore
possible that FASL triggered the apoptosis of proliferating FAS+ T cells in Con A
treated mice. The larger pool of FAS ligand expressing cells found in
NOD.D1Bax208m1 mice might have therefore caused a greater contraction of the
numbers of stimulated T cells in these mice than in NOD.D1Bax208m2 mice, which
had significantly fewer numbers of FASLhi T cells.

Even though the proportions of FASL expressing hepatic lymphocytes in
NOD.D1Bax208m1 mice were significantly higher than in NOD.D1Bax2082 mice post
2 hour Con A treatment, difference in CD95L expression levels on TCR+ and TCRhepatic cells between the two mouse lines was subtle. Since Con A injection
rapidly upregulate membrane FASL expression on murine hepatic NKT cells than
on T or NK cells (Takeda et al., 2000), disparity in FASL expression between
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NOD.D1Bax208m1 and NOD.D1Bax208m2 mouse lines would be more pronounced in
this cell type. Flowcytometric analysis revealed similar levels of FAS-ligand
expression on NKT cells of saline treated NOD.D1Bax208m1 and NOD.D1Bax208m2
mice. However, post Con A injection, FASL expression on NKT cells and NKT
subsets, (CD4+ and DN cells) of NOD.D1Bax208m1 mice, which had fewer GATA-1
and 3 transcription factor binding sites, was significantly higher than that on those
of NOD.D1Bax208m2 mice (Figure 5.6C; p<0.008; Mann-Whitney U test), an
observation consistent with the previously reported repressive effects of GATA-3
on gene expression (Anderson et al., 2002; Imagawa et al., 1997; Taghon et al.,
2007). Saline treated control NOD.D1Bax208m1 and NOD.D1Bax208m2 mice
displayed similar hepatic NKT cell proportions and absolute numbers (Figure
5.6A), however 2 hours after the Con A treatment, NOD.D1Bax208m1 mice had
significantly lower numbers of hepatic NKT cells than NOD.D1Bax208m2 mice
(Figure 5.6B; p<0.008, Man-Whitney U test). While there was a dramatic
diminution in proportions and numbers of NOD.D1Bax208m1 NKT cells (p<0.008
and 0.04 respectively, Man-Whitney U test) and both NKT subsets (CD4+: p<0.008
and 0.008 respectively, Man-Whitney U test; DN: p<0.008 and 0.04 respectively,
Man-Whitney U test), the NKT cell proportions remained similar in
NOD.D1Bax208m2 mice. As activated mouse NKT cells in vitro can undergo
apoptosis via FAS/FASL (Leite-de-Moraes et al., 2000), it is therefore possible that
enhanced apoptosis of activated NKT cells occurred in Con A treated
NOD.D1Bax208m1 mice owing to their higher level of FASL expression.
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Figure 5.5. Difference in FASL expression on hepatic TCR+ and TCR- cells from Con A
treated NOD.D1Bax208m1 and NOD.D1Bax208m2 mice. Lymphocyte subsets were electronically
gated applying the strategy as shown in panel A. Histograms(B) demonstrating numbers of
FASL expressing T cells and non-T cells from saline and Con A treated NOD.D1Bax208m1 and
NOD.D1Bax208m2 mice. Histograms (C) representing the total numbers of T and non-T cells
from saline and Con A treated NOD.D1Bax208m1 and NOD.D1Bax208m2 mice. n=5, statistical
analysis performed using Mann-Whitney U test.
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Figure 5.6 Difference in hepatic NKT cell numbers and FASL expression in Con A treated
NOD.D1Bax208m1 and NOD.D1Bax208m2 mice. NKT cell subsets were electronically gated
applying the strategy as shown in panel (A).

(figure legend continued next page)

- 157 -

Ch:5: Role of FASL in T1D

Histograms (B) represents the absolute numbers of NKT cells and their CD4+ and DN subsets
from Con A and saline treated NOD.D1Bax208m1 and NOD.D1Bax208m2 mice. Histograms (C)
illustrates the Mean Fluorescence Intensity of FASL expression on CD1d-GalCer
tetramer+TCR+ NKT cells and their CD4+ and Double Negative (DN) subsets and from Con A
and saline treated NOD.D1Bax208m1 and NOD.D1Bax208m2 mice. n=5, statistical analysis
performed using Mann-Whitney U test.

5.2.3 Diabetes Incidence in NOD.D1Bax208m1 & NOD.D1Bax208m2 mice
Flow cytometric analysis revealed a variation in FASL expression in NOD
mice carrying the mutant alleles of D1Bax208 (Figures 5.5 and 5.6). Female NOD
mice bearing a loss-of-function mutation of Fasl were totally protected from T1D
(Anderson and Bluestone, 2005; Su et al., 2000) and defects in the FAS-signalling
protect against EAE in this animal model of multiple sclerosis (Sabelko et al., 1997;
Waldner et al., 1997). The blockade of the FAS/FASL pathway therefore appears to
have a protective effect against organ-specific autoimmune diseases. Hence the
reduced FASL expression in NOD.D1Bax208m2 could possibly confer resistance
against diabetes in these mice as opposed to the mutant NOD.D1Bax208m1 mice,
which showed comparatively higher FASL expression. To examine whether the
allelic FASL expression had any effect on the diabetes phenotype on the NOD
background, blood glucose levels of cohorts of NOD.D1Bax208m1 (42 female and 39
male mice) and NOD.D1Bax208m2 (41 female and 15 male mice) were monitored
from 8 weeks to 32 weeks of age, and the incidence of diabetes compared with that
of female and male NOD/Lt mice (n= 37 & 22 respectively, Figures 5.7A and 5.7B).
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Figure 5.7 Life table analysis of spontaneous diabetes in NOD/Lt, NOD.D1Bax208m1 and
NOD.D1Bax208m2 mice. Incidence of spontaneous T1D in female (A) and male (B) NOD/Lt
(empty circles), NOD.D1Bax208m1 (diamonds) and NOD.D1Bax208m2 (filled circles) mice.
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NOD mice carrying the mutant alleles of D1Bax208 displayed significant
differences in their diabetes incidence, while an intermediate disease incidence
was noted in the control NOD/Lt mice. Contrary to the proposed protective effect
of low FASL expression in autoimmune diabetes, more NOD.D1Bax208m2 mice
(which exhibited lower levels of FASL expression as opposed to NOD.D1Bax208m1
mice) became diabetic compared to NOD.D1Bax208m1 mice (31/41 (76%) vs.
21/42 (50%) in case of females; p<0.003, life table analysis; p<0.03, Fisher's exact
test and 8/15 (53%) vs. 8/39 (21%) in case of males; p<0.03, life table analysis;
p<0.05, Fisher's exact test).

5.2.4 SNP typing NOD.D1Bax208m1 & NOD.D1Bax208m2 mice
The difference in diabetes incidence observed in NOD lines carrying the
mutant alleles of D1Bax208 was likely an outcome of their allelic FASL expression;
however, there existed a possibility that background genetic contamination in
either mouse line could have contributed to this effect. 689 single nucleotide
polymorphisms (SNPs) from NOD.D1Bax208m1, NOD.D1Bax208m2 and control NOD
mice were genotyped (Australian Genome Resource Facility, Melbourne, Australia)
in order to confirm the genetic homogeneity of these mice lines. Except for four
markers linked to the killer cell lectin-like receptor subfamily B member 1C
(Klrb1c/CD161/NK1.1; between 91414637-117084506 bases on chromosome 6)
in NOD.D1Bax208m1 mice (Table 5.3), the three mice lines appeared to be
genetically identical.
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Chr#

Position

Marker

NOD.D1Bax208m1

NOD. D1Bax208m2

NOD/Lt

6

91414637 rs13478887

G

A

A

6

103501481 rs13478939

G

A

A

6

109597329 rs13478963

T

G

G

6

117084506 rs13478991

C

A

A

Table 5.3 Genetic variation was noted in NOD.D1Bax208m1 mice line. Comparison of SNP
typing revealed nucleotide dissimilarity at positions linked to Klrb1c on chromosome 6 in DNA
samples from NOD.D1Bax208m1 mice (n=5) when compared to samples from
NOD.D1Bax208m2 line (n=5) and the control NOD/Lt strain (n=5). As for the remaining 685
SNPs spanning the genome, the three lines were identical.

To exclude the possibility that the Klrb1c allele affected autoimmune diabetes
phenotype in NOD.D1Bax208m1 and NOD.D1Bax208m2 mice, these strains were
backcrossed with the parental NOD/Lt strain and the F1 mice intercrossed. The
NK1.1 allele present on the NOD.D1Bax208m1 intercross (IC) progeny carrying
Klrb1c, selectively expressed on the surface of their NK and NKT cell subsets, was
identified by means of flowcytometry on peripheral blood lymphocyte samples
stained with mouse anti-CD161 monoclonal antibody (Figure 5.8).
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Figure 5.8 NOD.D1Bax208m1 mouse expressing the NK1.1 marker. NOD.D1Bax208m1 mice
having cells expressing NK1.1 marker were identified by applying the gating strategy as shown.
These mice were excluded from the breeding program.

Mice homozygous or heterozygous for NK1.1 were excluded while male and
female mice in which the NK1.1 allele was absent, but were homozygous for the
167bp allele at the D1Bax208 locus, were selected and mated to re-establish
NOD.D1Bax208m1 line. Similarly NOD.D1Bax208m2 IC progeny homozygous for the
179bp allele at the D1Bax208 locus were selected and mated to re-establish the
NOD.D1Bax208m2 line. In both cases the PCR results were validated using High
Resolution Melt (HRM) analysis (Figure 5.9 and 5.10). Genetic homogeneity of the
re-established NOD lines carrying the mutant alleles of D1Bax208 was confirmed
by typing 687 SNPs (Australian Genome Resource Facility, Melbourne, Australia),
none of which differed from the NOD/Lt parental strain (Table 5.4).
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Figure 5.9 High Resolution Melt analysis of D1Bax208 locus distinguishing NOD/Lt,
NOD.D1Bax208

m1

and NOD.D1Bax208

m2

genotypes. Representative difference graphs compares

the melting curves of test DNA sample (each represented by the different coloured curves) with a
given genotype control (viz. DNA samples of NOD/Lt, NOD.D1Bax208

m1

m2

or NOD.D1Bax208 ).

The samples with similar melting curves (confidence threshold > 85%) were automatically
clustered into groups in the post-PCR HRM analysis as explained in figure 5.10. HRM analysis
performed on a Rotor-Gene 6000 series real time analyser.
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Figure 5.10 Genotypes clearly distinguished by HRM analysis of D1Bax208 locus. Melt curves
of test samples were compared with positive control (PC). Samples with confidence threshold
above 85% in their difference graphs were automatically assigned the genotypes of
NOD.D1Bax208m1, NOD.D1Bax208m2 or NOD/Lt by the Rotor-Gene 6000 Series Software v1.7.
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Chr#

Position

Marker

NOD.D1Bax208m1

NOD. D1Bax208m2

NOD/Lt

6

91414637 rs13478887

A

A

A

6

103501481 rs13478939

A

A

A

6

109597329 rs13478963

G

G

G

6

117084506 rs13478991

A

A

A

Table 5. 4 SNP analysis of the re-established NOD lines carrying the mutant alleles of
D1Bax208. Confirmation of genetic homogeneity of the re-established NOD lines carrying the
mutant alleles of D1Bax208. n=5 for all three mouse lines.

5.2.5 Increased diabetes incidence in rederived NOD.D1Bax208m2 mice
The difference in diabetes incidence observed in the NOD lines carrying the
mutant alleles of D1Bax208 could have been an outcome of the background genetic
contamination present in NOD.D1Bax208m1 line. In order to verify the preliminary
findings, diabetes incidence study was repeated in cohorts of re-established
female and male NOD.D1Bax208m1 (n=26 and 22 respectively) and
NOD.D1Bax208m2 (n= 24 and 26 respectively) mouse lines (Figures 5.11 A and
5.11 B). Consistent with the earlier findings in NOD mice carrying the mutant
alleles of D1Bax208, the re-established mouse lines also significantly differed in
their diabetes incidence.
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Figure 5.11 Life table analysis of spontaneous diabetes in NOD/Lt, NOD.D1Bax208m1 and
NOD.D1Bax208m2 mice. Incidence of spontaneous T1D in female (A) and male (B) NOD/Lt
(empty circles), NOD.D1Bax208m1 (diamonds) and NOD.D1Bax208m2 (filled circles) mice.
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Mice of either sex of the low-FASL-expressing NOD.D1Bax208m2 line displayed
significantly higher incidence of the disease when compared to NOD.D1Bax208m1
mice (22/24 (92%) vs. 10/26 (38%) in case of females; p<0.0001, life table
analysis; p<0.0002, Fisher's exact test, and 23/26 (88%) vs. 10/22 (45%) in case
of males; p<0.0007, life table analysis; p<0.002, Fisher's exact test).

5.2.6 Severity of insulitis in NOD.D1Bax208m1 & NOD.D1Bax208m2 mice
NODgld/+ mice or wild type NOD mice treated with FASL-neutralizing
antibody (MFL4), remained relatively free of insulitis (Kim et al., 2000; Kim et al.,
1999; Mohamood et al., 2007; Su et al., 2000), indicating that a variation in FASL
expression can affect the rates of islet-cell destruction. In order to examine
whether the allelic FASL expression noted in NOD mice carrying the mutant alleles
of D1Bax208 affected the severity of insulitis, histological analysis was performed
on the pancreata of 36-wk-old female and male NOD.D1Bax208m1 and
NOD.D1Bax208m2 mice. While the pancreatic islets of NOD.D1Bax208m1mice, which
expressed higher levels of FASL, were moderately infiltrated by leukocytes, severe
insulitis and extensive destruction were observed in majority of islets of the
NOD.D1Bax208m2 mice (Figure 5.12 A and 5.12 B, Table 5.5), indicating that the
death receptor ligand played a major role in inhibiting islet infiltration in NOD
mice.
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Figure 5.12 Histological analysis of H&E stained pancreata of NOD.D1Bax208m1 and
NOD.D1Bax208m2 mice. Analysis of severity of insulitis in female (A) and male (B)
NOD.D1Bax208m1 and NOD.D1Bax208m2 mice at 36 week of age. Islets of H&E stained
pancreata were scored for the degree of insulitis on a scale of 0-5: 0, no infiltrate; 1, periislet
(<25%); 2, 25-50% accumulation of inflammatory cells; 3, 50-75% intraislet infiltration; 4,
severe structural derangement and complete loss of cells; 5, diabetic. NOD.D1Bax208m1 mice
had more islets with lower degrees of insulitis (scales 0 and 1), while islets with higher degrees
if infiltration (scale 2-5) were significantly higher in NOD.D1Bax208m2 mice.
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Scale of insulitis

0

1

2

3

4

5

NOD.D1Bax208m1

39

45

13

1

2

38

NOD.D1Bax208m2

3

16

27

33

21

92

p

0.0001

0.0001

0.0208

0.0001

0.0001

0.0001

NOD.D1Bax208m1

44

38

10

2

6

88

NOD.D1Bax208m2

0

6

25

23

46

45

p

0.0001

0.0001

0.0085

0.0001

0.0001

0.0001

Table 5.5 The proportion of islets exhibiting various degrees of insulitis expressed as a
percentage of the total number of islets scored. Islets of H&E stained pancreata were scored for
the degree of insulitis on a scale of 0-5: 0, no infiltrate; 1, periislet infiltrate (<25%); 2, 25-50%
accumulation of inflammatory cells; 3, 50-75% intraislet infiltration; 4, severe structural
derangement and complete loss of cells; 5, diabetic. Insulitis scores for female and male
NOD.D1Bax208m1 and NOD.D1Bax208m2 mice are depicted on the upper and lower panels
respectively. Comparison of NOD.D1Bax208m1 and NOD.D1Bax208m2 insulitis scores
performed by Fisher's exact test.
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5.2.7 Peripheral T cell compartment in NOD.D1Bax208m1 and
NOD.D1Bax208m2 mice
Based on these data, we therefore hypothesise that the disparity in GATA
binding site numbers in D1Bax208 (immediately 3’ to FasL) in NOD.D1Bax208m1
and NOD.D1Bax208m2 mice affected their incidence of diabetes via effects on
lymphocyte FASL expression. Modulation of FASL expression on lymphocytes can
influence their ability to trigger apoptosis (Kayagaki et al., 1997). Mice with
missense mutations in Fas or Fasl developed acute lymphoproliferative disorders,
characterized by progressive accumulation of abnormal double negative T cells
(TCR+, CD4-, CD8-, Thy1+ and B220+), development of lymphadenopathy,
splenomegaly and spontaneous production of autoantibodies to nuclear antigens
(Adachi et al., 1996; Takahashi et al., 1994; Watanabe-Fukunaga et al., 1992).
Autoimmune lymphoproliferative syndrome (ALPS), a similar systemic
autoimmune condition in man, was identified in individuals who had a mutation in
FAS coding sequence (Fisher et al., 1995). These genetic autoimmune disorders
were characterized by polyclonal expansion of abnormal lymphocytes due to a
defect in apoptosis, suggesting a crucial role for FAS and its ligand in preserving
peripheral tolerance. We therefore sought to determine if the allelic FAS ligand
expression in NOD mice carrying the mutant alleles of D1Bax208 resulted in a
functional phenotype. In order to determine whether variation in FASL expression
had any effect on activated T cell survival, proportions of activated
(CD4+CD44+CD62L-), memory (CD4+CD44intCD62Lint) and naïve
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Figure 5.13 Splenic T cell subsets in NOD.D1Bax208m1 and NOD.D1Bax208m2 mice.
Representative plots of proportions of CD4+CD44lowCD62L+ (“naïve”), CD4+CD44+CD62L(“effector”) and CD4+CD44intCD62Lint (“memory”) T cells in spleens of female NOD.D1Bax208m1
(n=5; black), NOD/Lt (n =5; white) and NOD.D1Bax208m2 (n=5; grey) mice. CD4+ and CD8+ T cell
subset proportions are shown in the plots (mean ± SEM) and the absolute numbers (mean ±
SEM) represented by histograms. Significance by Mann-Whitney U test; p values are not
corrected for multiple hypothesis testing.
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Figure 5.14 Hepatic T cell subsets in NOD.D1Bax208m1 and NOD.D1Bax208m2 mice.
Representative plots of proportions of CD4+CD44lowCD62L+ (“naïve”), CD4+CD44+CD62L(“effector”) and CD4+CD44intCD62Lint (“memory”) T cells in spleens of female NOD.D1Bax208m1
(n=5; black), NOD/Lt (n =5; white) and NOD.D1Bax208m2 (n=5; grey) mice. CD4+ and CD8+ T cell
subset proportions are shown in the plots (mean ± SEM) and the absolute numbers (mean ±
SEM) represented by histograms. Significance by Mann-Whitney U test; p values are not
corrected for multiple hypothesis testing.
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Figure 5.15 T cell subsets in the lymph nodes of NOD.D1Bax208m1 and NOD.D1Bax208m2 mice.
Representative plots of proportions of CD4+CD44lowCD62L+ (“naïve”), CD4+CD44+CD62L(“effector”) and CD4+CD44intCD62Lint (“memory”) T cells in spleens of female NOD.D1Bax208m1
(n=5; black), NOD/Lt (n =5; white) and NOD.D1Bax208m2 (n=5; grey) mice. CD4+ and CD8+ T cell
subset proportions are shown in the plots (mean ± SEM) and the absolute numbers (mean ±
SEM) represented by histograms. Significance by Mann-Whitney U test; p values are not
corrected for multiple hypothesis testing.
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(CD4+CD44lowCD62L+) phenotype CD4+ and CD8+ T cells in the spleens, livers and
lymph nodes of pre-diabetic female NOD mice carrying the mutant alleles of
D1Bax208 were compared to those of parental NOD/Lt mice. A flow cytometric
analysis failed to identify any robust differences after correction for multiple
hypotheses testing (Bonferroni multiple comparison test, Figures 5.13, 5.14 and
5.15 respectively). This result eliminated the possibility of a lymphoaccumulationmediated exacerbation of diabetes in NOD.D1Bax208m2 mice.

5.2.8 Reciprocal adoptive transfer of diabetogenic splenocytes into
irradiated NOD.D1Bax208m1 and NOD.D1Bax208m2 mice.
Although variation in the level of FASL expression was insufficient to cause
quantitative differences in T cells of NOD.D1Bax208m1 and NOD.D1Bax208m2 mice,
it was possible that it could affect the diabetogenic activity of T cells via some
other mechanism (Su et al., 2000). To determine whether the decreased FASLexpression in the hematopoietic compartment of female NOD.D1Bax208m2 mice
played a role in enhancing its autoimmunity, the diabetogenic activity of
splenocytes from these mice were compared to that of splenocytes from the
parental NOD/Lt mice in adoptive transfer into 8-10 week old female NOD.scid
recipients. Irrespective of the donor, diabetes occurred in all the recipient mice
within five-week post transfer (Figure 5.16 A), suggesting a limited intrinsic role
for FASL in regulating the diabetogenicity of splenocytes. To examine the
possibility that the enhanced beta cell destruction seen in NOD.D1Bax208m2 mice
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was a non-hematopoietic trait, reciprocal spleen cell transfers into irradiated
recipients were performed between NOD.D1Bax208m1 and NOD.D1Bax208m2 mice.
On transferring diabetogenic splenocytes from female NOD.D1Bax208m1 mice,
diabetes occurred in all 13 NOD.D1Bax208m2 recipients within 4 weeks, while a
significant delay (> 14 weeks) occurred in the 10 NOD.D1Bax208m1 recipients
(p<0.0001; life table analysis, Figure 5.16 B). While NOD.D1Bax208m2 recipients
(n=6) of diabetogenic splenocyte from NOD.D1Bax208m2 mice had a median
survival of 19 days, NOD.D1Bax208m1 recipients (n=8) of the same donor had a
slower progression of the disease, with a median survival rate of 43.5 days,
suggesting that accelerated diabetes was associated with low-FASL-expression in
NOD.D1Bax208m2 recipients. The fact that, the difference in survival between
NOD.D1Bax208m1 and NOD.D1Bax208m2 recipients of diabetogenic splenocyte from
NOD.D1Bax208m2 mice was not statistically significant (p=0.063; life table analysis;
Figure 5.16 B), suggested a minor intrinsic role for FASL signalling. To summarise,
accelerated diabetes was associated with low-FASL-expressing recipients, and to a
lesser extent, with low-FASL-expressing donors. This raised the possibility that
expression of this death ligand in the nonhematopoietic compartment confers a
protective effect against autoimmune diabetes in NOD mice through some
previously unidentified mechanism/(s). Also evident was an additional minor
intrinsic role for FASL in regulating the diabetogenicity of splenocytes. Severe
insulitis and extensive destruction observed in the pancreatic islets of low FASL
expressing NOD.D1Bax208m2 mice is reminiscent of the florid lymphoid infiltrates
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Figure 5.16 Adoptive transfer of diabetes into NOD.scid mice (A).Development of diabetes
following reciprocal adoptive transfer of splenocytes into irradiated recipients between mice
carrying the mutant alleles of D1Bax208 (B). Pooled splenocytes from diabetic female
NOD.D1Bax208m1 mice transferred into irradiated NOD.D1Bax208m1 and NOD.D1Bax208m2
recipients (white circles and black circles respectively) and NOD.D1Bax208m2 splenocytes into
irradiated NOD.D1Bax208m1 and NOD.D1Bax208m2 recipients (white diamonds and black
diamonds respectively). Statistical comparison performed by life table analysis.
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I found in NOD mice that lacked TRAIL (Chapter 4). Moreover, results of the
reciprocal adoptive transfer experiments raised the possibility that expression of
TRAIL and FASL in the nonhematopoietic compartment confers a protective effect
against autoimmune diabetes. TRAIL-signaling exerted inhibitory effects on
chemokine production in the islets (Figure 4.22). Considering that among all TNF
superfamily members, FASL is most homologous to TRAIL, it was possible that
FASL-signaling affected the islets in ways similar to that of TRAIL.

5.2.9 Microarray analysis of islet transcripts
In order to identify differentially expressed cytokines or chemokines, whole
islets from preinsulitic (3 week old) NOD.D1Bax208m1 mice (n=6) and
NOD.D1Bax208m2 mice (n=5) were isolated by our collaborator Stacey Walters
(Shane T Grey’s laboratory at the Department of Gene Therapy and Autoimmunity,
Garvan Institute of Medical Research, NSW) for expression profiling. Margaret
Jordan extracted RNA from the islets and performed the microarray analysis.
Applying a Mann-Whitney U threshold of zero (no overlap between groups), we
identified 1107 highly differentially expressed genes in the islets of
NOD.D1Bax208m1 and NOD.D1Bax208m2 mice. This analysis identified the
downregulation of Socs1 in NOD.D1Bax208m2 mice. SOCS1 (suppression of cytokine
signalling) binds to cytokine-receptors and Janus-activated Kinases (JAK), and
attenuate the pathogenic effects of cytokines, especially IFN-. Mice with
mutations and deletion of Socs1 had excessive IFN- responses and manifested
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mutations and deletion of Socs1 had excessive IFN- responses and manifested
extensive IFN-dependent pathology (Alexander et al., 1999; Marine et al., 1999).
This finding suggested that -cell protective effects of FASL was possibly mediated
by SOCS1 suppressing IFN--induced islet damage.
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5.3

Discussion

Type 1 diabetes results from a systemic breakdown in central and peripheral
tolerance mechanisms, leading to expansion of autoreactive T cells that attack and
destroy the insulin-producing β-cells in pancreatic islets. FAS ligand is a key death
receptor in the extrinsic apoptotic pathway (Nagata and Golstein, 1995). The
FAS/FASL system, through apoptosis, provides an effective self-regulatory
mechanism to eliminate autoreactive cells and maintain homeostasis (Brunner et
al., 1995; Dhein et al., 1995; Ju et al., 1995; Nagata and Suda, 1995).

5.3.1 GATA transcription factors affect FASL expression.
The D1Bax208 locus is a simple sequence repeat which lies between and
immediately 3’ to Fasl and a putative glutamic pyruvic transaminase gene Gm5049.
In NOD mice, it was found to be highly mutable. The degree of variation in repeat
numbers at the D1Bax208 locus was unlikely to be due to genetic contamination,
as none of the 51 other polymorphic markers on chromosome 1 or 636 markers
tested on the rest of the autosomes showed any variability (Table 4.4). Out of the
three alleles identified at the D1Bax208 locus, the largest disparity in genetic
repeat length was observed between NOD.D1Bax208m1 (on NOD line carrying the
167bp allele) and NOD.D1Bax208m2 (on NOD line carrying the 179bp allele) mouse
lines (Figure 5.2 and Table 5.1). It was therefore anticipated that functional
phenotypes, if any, resulting from allelic differences at D1Bax208, were more likely
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to be identified in comparisons of these mice. The D1Bax208 microsatellite
consisted of tandem GATA repeats, sequence analysis of which revealed putative
binding sites for the transcription factors GATA-1, GATA-3 and GATA-4. Previous
studies indicate that GATA-1 or GATA-3 could act as both activators and
repressors of transcription (Cheng et al., 2009; Fujiwara et al., 2009; Wei et al.,
2011; Yu et al., 2009). Owing to D1Bax208 allelic variation, NOD.D1Bax208m2 mice
had 16% more putative GATA binding sites than NOD.D1Bax208m1 mice at this
locus. To determine whether differences in the numbers of putative GATA binding
sites in these mice is of functional significance, FASL expression on hepatic
lymphocytes in these mice was compared 2 hours after Con A treatment. The
proportions of FASL-expressing hepatic lymphocytes in NOD.D1Bax208m1 mice
were significantly higher than in NOD.D1Bax2082 mice. The disparity in CD95L
expression levels on hepatic TCR+ and TCR- lymphocytes between the two
mouse lines, however, was subtle. Evidence of any disparity in FASL expression
between Con A treated NOD.D1Bax208m1 and NOD.D1Bax208m2 mice was likely to
be more pronounced on their NKT cells since Con A injection rapidly upregulate
membrane FASL expression on murine hepatic NKT cells than on T or NK cells
(Takeda et al., 2000). Consistent with this assumption, FASL expression levels on
NKT cells from NOD.D1Bax208m1 mice, which had fewer numbers of GATA-1 and 3
transcription factor-binding sites, was significantly higher than that on NKT cells
from NOD.D1Bax208m2 mice. These findings suggest an inhibitory role for GATA
transcription factors on FASL transcription, an observation consistent with
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previously reported repressive effects of GATA-3 on gene expression (Anderson et
al., 2002; Imagawa et al., 1997; Taghon et al., 2007). In a recent genome-wide
analysis, GATA-3 was found to affect the expression of 623 genes in mouse T cells,
and the deletion of Gata-3 resulted in FASL upregulation (Wei et al., 2011). This is
consistent with the greater FASL expression observed in NOD.D1Bax208m1 mice,
which had fewer GATA-3 binding sites than in NOD.D1Bax208m2 mice.

5.3.2 Polymorphism in FASL expression affects T1D
Studies using FAS deficient NODlpr/lpr mice and FASL deficient NODgld/gld mice,
which demonstrated the defects in FAS/FASL system to provide complete
protection against diabetes (Chervonsky et al., 1997; Su et al., 2000), led to the
conclusion that FAS or FASL expression was detrimental to -cell survival. Mice
bearing homozygous lpr or gld mutations (defective Fas or FasL respectively),
develop an age-dependent lymphoproliferative disorder, characterised by
progressive accumulation of abnormal DN T cells (Watanabe-Fukunaga et al.,
1992). It is possible that diabetes protection in these lpr and gld NOD mice could
be an epiphenomenon associated with their ill health and grossly distorted
immune system. The specific deletion of Fas on -cells did not protect them from
autoimmune destruction (Apostolou et al., 2003; Kim et al., 1999), suggesting
limited role for FAS in -cell destruction. Mice bearing lpr mutation compensated
for FAS deficiency by overexpressing FASL on their T cells (Chu et al., 1995; Oura
et al., 2013), and contrary to the assumption of FASL being detrimental in
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autoimmune diabetes, it is possible that diabetes protection in these mice was an
outcome of increased FASL expression on their cells. Chervonsky and colleagues
found that NOD-RIP-FASL-31 mice with high levels of -cell FASL expression
resisted infiltrating T cells better when compared to NOD-RIP-FASL-24 mice
whose -cells expressed lower levels of FASL (Chervonsky et al., 1997).
Paradoxically, in two other transgenic mouse models (RIP-CD95Lhi mice and
NOD/FASL mice) high-level expression of CD95L was found to be detrimental to cells (Allison et al., 1997; Petrovsky et al., 2002). However, T or B cell infiltrates
were remarkably absent in the islets of these mice, consistent with a FASLmediated resistance against infiltrating cells. A mutation in the Fasl gene in NOD
mice results in much lower activity than Fasl rom BALB/c mice, which are not
prone to diabetes. This raises the likelihood that high FASL activity may have a
protective effect on autoimmune diabetes. Consistent with the suggested
protective role for FAS ligand, enhanced FASL expression in NOD.D1Bax208m1 mice
was found to restrict their spontaneous diabetes incidence, when compared to
NOD.D1Bax208m2 mice. NOD.D1Bax208m1 mice, which had increased expression of
FASL had delayed diabetes onset, and the disease incidence was significantly
reduced compared to NOD.D1Bax208m2 mice, which express lower levels of FASL.
An intermediate disease incidence was noted in the control NOD/Lt mice, which
express intermittent level of FASL. Even as the above results suggest a protective
role for FAS death ligand in autoimmune diabetes, there existed a possibility that
background genetic contamination, in either mouse line, could have contributed to
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the differences in their disease development. A genome wide homogeneity
screening revealed that NOD.D1Bax208m1 mice harboured a B6 DNA segment
linked to the killer cell lectin-like receptor subfamily B member 1C
(Klrb1c/CD161/NK1.1), between bases 91414637 to 117084506 on chromosome
6. Rest of the 685 single nucleotide polymorphisms (SNPs) genotyped from
NOD.D1Bax208m1, NOD.D1Bax208m2 and control NOD/Lt mice appeared to be
identical. To exclude the possibility that differences in diabetes incidence in these
two mouse lines, was an artefact of their respective genetic background,
NOD.D1Bax208m1 and NOD.D1Bax208m2 mice were backcrossed with the parental
NOD/Lt strain and the F1 mice intercrossed to re-establish the mouse lines. Genetic
homogeneity of the re-established NOD lines carrying the mutant alleles of
D1Bax208 was confirmed by typing 687 SNPs, none of which differed from the
NOD/Lt parental strain. Diabetes incidence in the re-established NOD.D1Bax208m1
and NOD.D1Bax208m2 mouse lines confirmed earlier findings, and in fact, the
difference in survival rates between the two mouse lines appeared to be much
more robust in the re-established lines (initial incidence of 76% vs. 50% in female
and 53% vs. 21% in male, improved to 92% vs. 38% in female and 88% vs. 45% in
male NOD.D1Bax208m1 mice and NOD.D1Bax208m2 mice respectively).This result
suggested diabetes resistance in NOD.D1Bax208m1 mice to be an outcome
exclusively attributable to its enhanced FASL expression. Kim and colleagues
demonstrated that FASL overexpressing T cells could provide protection against
diabetes by the elimination of FAS bearing autoreactive cells in an adoptive
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transfer model (Kim et al., 2000), and more recently, chimeric FASL protein
displayed on NOD diabetogenic splenocytes was demonstrated to be instrumental
in delaying the progression and lowering the incidence of diabetes in an adoptive
transfer model (Franke et al., 2007). Our data demonstrating delayed onset and
reduced diabetes incidence in NOD line having enhanced FASL expression is
consistent with the above findings, affirming a protective role for this apoptosisinducing ligand in autoimmune diabetes. NOD mice which are prone to
spontaneous diabetes have lower FASL expression and their T lymphocytes are
less effective in triggering apoptosis of target cells compared to nondiabetes-prone
BALB/c mice (Kayagaki et al., 1997). It was therefore likely that the increased
prevalence of diabetes in NOD.D1Bax208m2 mice, which had lower FASL
expression, was an outcome of defective elimination of autoreactive cells by
cytotoxic T cells in the peripheral lymphocytic compartments in these mice. A flow
cytometric examination of activated T cells in the spleens, livers and lymph nodes
of NOD.D1Bax208m1 mice and NOD.D1Bax208m2 mice failed to identify any robust
differences in their numbers or proportions after correction for multiple
hypotheses testing. Even as the proportions of T cells in these two mouse lines
appeared similar under unmanipulated situation, following stimulation by the
mitogen Con A, T cells in the livers of NOD.D1Bax208m2 mice expanded
significantly more than that in NOD.D1Bax208m1 mice (Figure 5.5 C). As activated
murine T cells are sensitive to FAS/FASL-mediated cell death (Fortner and Budd,
2005; Ju et al., 1995), it was possible that, enhanced FASL expression on
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NOD.D1Bax208m1 lymphocytes triggered the apoptosis of proliferating FAS+ T cells
in their livers in a more efficient manner than in NOD.D1Bax208m2 mice. It has
been reported that activated NKT cells upregulated FAS death ligand and its
receptor and that they exhibited FASL mediated cytotoxicity (Arase et al., 1994;
Chiba et al., 2008; Nowak et al., 2006; Wingender et al., 2010), and that they
undergo rapid FASL-mediated apoptotic elimination in the livers of Con A treated
mice (Takeda et al., 2000). Consistent with the above findings, hepatic NKT cells
and NKT cell subsets of higher FASL expressing NOD.D1Bax208m1 mice contracted
at a significantly greater rate post Con A injection than in NOD.D1Bax208m2 mice
(Figure 5.6 A,B). This suggested that FASL expressing lymphocytes from
NOD.D1Bax208m1 mice were more efficient in eliminating activated T and NKT
cells than the lymphocytes from NOD.D1Bax208m2 mice.

Reciprocal adoptive transfer experiments in NOD.D1Bax208m1 and
NOD.D1Bax208m2 mice revealed that accelerated diabetes was associated with
low-FASL-expressing recipients (NOD.D1Bax208m2 recipients had a median
survival time (MST) of 15 days as opposed to a MST of 67 days for
NOD.D1Bax208m1 recipients, p<0.0001, life table analysis). This finding suggested a
crucial role for FAS ligand expressed on nonhematopoietic tissues, in conferring a
protective effect against autoimmune diabetes in NOD mice. While moderate
leucocytic infiltration was noted in the islets of high-FASL-expressing
NOD.D1Bax208m1 mice, florid lymphoid infiltrates were observed in the islets
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NOD.D1Bax208m2 mice (Figure 5.12). Constitutive expression of FASL has been
reported in human and NOD -cells (Loweth et al., 1998; Redd et al., 2002) and
FASL on islet cells have been reported to shield -cells from immune attack
(Signore et al., 1998). Yolcu and colleagues demonstrated FASL to be instrumental
in extending the survival of allogeneic islets. Islets allografts co-transplanted with
splenocytes displaying FASL chimeric with streptavidin (SA-FASL) prevented graft
rejection and leucocytic infiltration (Yolcu et al., 2002). In a recent transplantation
study, allogeneic islet grafts engineered to display SA-FASL on their surface
overcame not only transplant rejection, but also autoreactive immunity in NOD
mice (Yolcu et al., 2013). These findings suggest that FASL expression on islet cells
could play a role in eliminating the infiltrating autoreactive cells in a FAS
dependent manner (Figure 5.17). Moreover, islet-infiltrating effector cells are
reported to be susceptible to FAS mediated apoptosis (Dharnidharka et al., 2002;
Sainio-Pollanen et al., 1998). Consistent with this hypothesis, moderate level of
islet infiltration was observed in high-FASL-expressing NOD.D1Bax208m1 mice as
opposed to severe insulitis and extensive destruction in most of pancreatic islets
of the low-FASL-expressing NOD.D1Bax208m2 mice. This finding is in accordance
with the outcome of the reciprocal transfer experiment, which suggested a
protective role for FASL expressed on nonhematopoietic tissues. FASL expression
on endothelial cells was associated with VCAM-1 downregulation, which markedly
reduced inflammatory cell migration (Sata and Walsh, 1998). VCAM- 1 blockade is
known to delay the onset of diabetes in NOD mice, with a marked reduction in
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lymphocytic infiltration (Baron et al., 1994; Kommajosyula et al., 2001). The
moderate leucocytic infiltration observed in the pancreata of high FASL expressing
NOD.D1Bax208m1 mice, compared to the massive infiltration seen in the pancreata
of NOD.D1Bax208m2 mice could therefore be an outcome of islet-cell-FASLmediated inhibition of chemokine secretion.

Figure 5.17 Proposed mechanism of FASL mediated islet-cell immune privilege.

Using bone marrow chimeras that expressed gld/gld mutation either in the
hematopoietic or in the nonhematopoietic compartment of NOD mice Mohamood
and colleagues illustrated that FASL levels in either of these compartments could
affect autoimmune diabetes in NOD mice (Mohamood et al., 2007). Our reciprocal
transfer experiments clearly demonstrated a protective role for FASL expressed on
nonhematopoietic tissues, meantime it also suggested a minor intrinsic role for
FASL in regulating the diabetogenicity of splenocytes. Mice receiving diabetogenic
splenocytes from NOD.D1Bax208m2 mice had a MST of 43.5 days, whereas
recipients of high-FASL-expressing NOD.D1Bax208m1 splenocytes had a MST of 77
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days, indicating that higher FASL expression on splenocytes reduced their
diabetogenicity. This finding is consistent with earlier reports that demonstrated
FASL overexpression on T cells or Chimeric FASL protein displayed on
diabetogenic cells inhibited diabetes in an adoptive transfer model (Franke et al.,
2007; Kim et al., 2000). Moreover, T lymphocytes from higher-FASL-expressing
BALB/c mice (non-diabetes prone) were more effective in triggering apoptosis of
target cells compared to T cells from NOD mice (diabetes prone) that had lower
levels of FASL expression (Kayagaki et al., 1997), indicating a role for lymphocytic
FASL in regulating its diabetogenicity. In our study, increased FASL signalling (in
NOD.D1Bax208m1 mice) was found to be associated with resistance to spontaneous
diabetes, efficient elimination of lymphocytes and inhibition of cell proliferation
after activation with Con-A. FASL, besides its role in delivering apoptotic signals
through its receptor FAS, also functions as a negative modulator of certain immune
responses, including, inhibition of T cell proliferation, cell cycle progression and
IL-2 secretion, by means of FAS-FASL engagement or FASL reverse signalling
(Bosque et al., 2008; Desbarats et al., 1998; Janssen et al., 2003; Luckerath et al.,
2011). Significant upregulation of several genes implicated in lymphocyte
proliferation and activation, including, NFATc1,25 NF-κB1/p50, and Interferon
Regulatory Factor 4 (IRF4) were noted in mice lacking the FASL intra-cellular
domain (Luckerath et al., 2011). The deficiency of IRF4, expression of which is
regulated by FASL signalling, is reported to have impaired the ability of T cells to
secrete cytokines, including, IL-2 and IFN-γ (Mittrucker et al., 1997), suggesting
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FASL reverse signalling mediated negative regulation. Contrary to our data that
suggested FASL to be beneficial, Mohamood and colleagues suggested that
inactivation or blockade of FASL expression was protective against autoimmune
diabetes. They concluded based on adoptive transfer experiments using BM
chimera that expressed gld/gld mutation and FASL neutralisation using anti-FASL
antibody (MFL4) in NOD mice (Mohamood et al., 2007). However, in light of
findings by Kayagaki and colleagues that lower FASL expressing T cells are less
effective in triggering apoptosis of target cells (Kayagaki et al., 1997) and the
above discussion on FASL-reverse-signalling mediated negative regulation, it
appears that Mohamood and colleagues discounted the impaired diabetogenicity
of T cells in their experimental models. Consistent with the finding that T cells had
impaired ability to secrete cytokines, including, IL-2 and IFN-γ in mice lacking the
FASL expression, our microarray analysis of islet transcripts identified the
downregulation of Socs1 (suppression of cytokine signalling) in the low FASL
expressing NOD.D1Bax208m2 mice. SOCS1 is a strong inhibitor of JAK/STAT
pathway and can attenuate the pathogenic effects of IFN-among others. SOCS1 is
highly effective in protecting -cells from perforin/cytokine mediated destruction.
Overexpression of SOCS1 in insulin producing cells prevented IFN--mediated  cell death in vitro (Cottet et al., 2001). In vivo NOD-RIP-SOCS1-Tg mice had
reduced incidence of autoimmune diabetes, and the disease protection correlated
with decreased IFN--induced STAT-1 activation in  -cells and with reduced
sensitivity of these cells to destruction by diabetogenic cells (Flodstrom-Tullberg
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et al., 2003). NOD 8.3 mice with SOCS1 overexpression on their -cells (NOD-RIPSOCS1-Tg), did not proceed to diabetes (Chong et al., 2004). Expression of the
highly potent chemokine IP-10 was inhibited in -cells of RIP-GP/SOCS1+ mice,
transgenic mice that expressed SOCS1 within the pancreatic -cells (Barral et al.,
2006). Results from the above studies suggest that SOCS1 is a key modulator of
IFN- action and that it confers protection to islets at multiple levels. Thus, it was
possible that FASL induction of SOCS1 in NOD.D1Bax208m1 mice negatively
regulated IFN--mediated -cell destruction as well as IFN--induced expression of
chemokines. Our finding of low diabetes incidence and moderate islet infiltration
in high-SOCS1-expressing NOD.D1Bax208m1 mice as opposed to the higher disease
frequency and severe insulitis in low-SOCS1-expressing NOD.D1Bax208m2 mice is
consistent with the -cell protective effects of this protein described previously in
NOD-RIP-SOCS1-Tg mice, NOD-RIP-SOCS1-Tg mice and RIP-GP/SOCS1+ mice.
Taken together, the above findings suggest non-redundant roles for FASL
expression in hematopoietic and non-hematopoietic compartments in the
pathogenesis of autoimmune diabetes, and that some of the diabetogenic signals
relied on interactions of FAS expressed on hematopoietic cells with FASL
expressed on pancreatic cells and vice versa (Figure 5.18).

In summary, this study demonstrated that the pathogenic inflammatory responses
leading to autoimmune diabetes are multifactorial, and depended on a complex
combination of molecular, cellular and stochastic elements. Polymorphism at
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Figure 5.18 Proposed model illustrating how polymorphism in a Fasl simple sequence repeat
affected T1D in NOD mice.
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D1Bax208 microsatellite, which contained the binding sites for GATA transcription
factor family, lying immediately 3’ to Fasl, modified the level of transcription.
Enhanced FASL expression was observed on lymphocytes from NOD.D1Bax208m1
mice, which had fewer GATA-3 transcription factor binding sites, consistent with a
negative regulatory role of this transcription factor. Enhanced FASL expression in
NOD.D1Bax208m1 mice appeared to play a crucial role in providing protection
against autoimmunity as these mice were found to have significantly delayed onset
and reduced incidence of spontaneous autoimmune diabetes compared to
NOD.D1Bax208m2 mice, which expressed lower levels of FASL. The outcome of
reciprocal transfer experiment, suggested a crucial role for FASL expressed on
nonhematopoietic tissues, in providing protection against islet-reactive effector
cells. Results of microarray analysis of islet transcripts suggest FASL-signallingmediated inhibition of SOCS1 secretion. SOCS1 can attenuate the pathogenic
effects of cytokines, especially IFN-. It was also likely that FASL expressed by the
islet-cells themselves provided immune privilege against effector-cell infiltration.
Activated lymphocytes in higher-FASL-expressing NOD.D1Bax208m1 mice were
found to contract at a higher rate than lymphocytes in NOD.D1Bax208m2 mice. It
was therefore likely that increased level of FASL expression in NOD.D1Bax208m1
mice, besides inducing increased apoptosis of activated autoreactive cells, also
induced higher levels of FASL reverse-signalling, dampening cell proliferation, and
inhibiting the secretion of proinflammatory cytokines in these mice; all these
amounting to reduced diabetogenicity of lymphocytes.
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6.1.1 Introduction

T1D is an organ specific autoimmune disorder, possibly precipitated by
environmental agent(s) acting in the context of a predisposing genetic
background. Exposure to microbes or microbial products initially triggers an
immune response mediated by the innate immune system. Such exposure may
initiate, enhance or even suppress autoimmunity both in humans and in animal
models of T1D (illustrated in Tables 2.3 and 2.4), suggesting a potential role for
innate immunity in autoimmune disease predisposition. The NOD mouse strain is
a well-characterised animal model of autoimmune diabetes, the disease incidence
of which is greatly affected by environmental factors.

Microbial agents have long been used (in the form of vaccines or adjuvants) to
modulate immune responses. NOD mice treated with BCG (live attenuated M.bovis)
or CFA (killed M. tuberculosis) are protected from autoimmune diabetes (Harada et
al., 1990; Qin et al., 1993; Sadelain et al., 1990). IFN-appeared to mediate the
protection in the above cases as neither BCG nor CFA was successful in preventing
diabetes in IFN-deficient NOD.Ifng-/- mice (Serreze et al., 2000). BCG
(mycobacteria) recognition by innate immune cells via pattern recognition
receptors known as Toll like receptors (TLRs) resulted in rapid activation of the
innate immune system (Heldwein et al., 2003; von Meyenn et al., 2006). IFN-
production is the key for protection against mycobacterial infection (Cooper et al.,
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1993; Flynn et al., 1993; Hogan et al., 2001), and NK cells, another constituent of
innate immune system, are crucial in the initial response against mycobacterial
infections (de la Barrera et al., 2004; Wolfe et al., 1976). BCG, an attenuated
mycobacterial preparation, is known to elicit the expansion of NK cell-numbers
and also to induce the upregulation of IFN- secretion by NK cells (Lee et al., 2008;
Yang et al., 1995). Thus, an intriguing association exist between environmental
agents (BCG), its recognition receptors (TLRs), innate lymphocytes (NK cells) and
proinflammatory cytokines (IFN-). 

This study hypothesizes that the association between microbes and the innate
immune system in NOD mice could influence the strains expression of
autoimmunity. Using NOD mouse lines bearing targeted mutations for Ifn-
(NOD.Ifng-/-) and the  chain of Ifn- receptor (NOD.Ifngr2-/-) and congenic
NOD.NK1.1 mice (NOD.Nkrp1b), this study aims at characterizing the underlying
mechanism(s) and specific roles of various components of innate immune system,
in BCG mediated modulation of autoimmunity in NOD mice.
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6.1.2 Results
6.1.2.1 Spontaneous diabetes incidence in NOD/Lt mice.
NOD mice were originally derived from a single diabetic female detected
during the breeding of a cataract-prone strain. They vary in the incidence of
diabetes between colonies, even those that are genetically homogeneous. It is
therefore advisable that the incidence of diabetes in each NOD colony be
monitored and used as a reference. In order to determine the spontaneous
diabetes incidence of NOD mice colony housed at our SPF facility, random blood
glucose from 37 female and 22 male NOD/Lt mice were monitored from 8 weeks
to 32 weeks of age (Figure 6.1 A). More than 70% female mice developed the
disease, significantly higher than that of around 25% in males (27/37 (73%) vs.
6/22 (27.3%); p<0.0005, life table analysis; p<0.0007, Fisher's exact test).

6.1.2.2 BCG provides protection against diabetes in NOD mice.
A low to high dose-titration was performed to determine the effects of BCG
(Mycobacterium bovis) on diabetes incidence in NOD mice. While mid to high doses
of BCG (0.25, 0.5 and 1.0mg) delayed the onset of diabetes and provided significant
protection against the disease (p<0.01, life table analysis), mice that received
0.1mg BCG were only marginally protected compared to the saline group (Figure
6.1 B).
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Figure 6.1 Spontaneous diabetes in NOD/Lt mice. Female mice had a higher incidence
compared to male NOD mice (A). Diabetes incidence in female NOD mice immunized at 8 week
of age with a series of M.bovis preparations (B). Higher doses of BCG (0.25mg, 0.5mg and
1mg) delayed the onset of

diabetes and provided significant protection while 0.1mg dose had

no effect when compared to saline group (significance calculated by Fisher’s exact test).
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However, the disease resistance conferred by 0.25mg was comparable to that
offered by 0.5mg and 1mg groups (Table 6.1), and hence was the preferred dose
used in all further experiments.

BCG Rx dose

% diabetic

None (saline)
0.1mg
0.25mg
0.5mg
1.0mg

73.7 (n=19)
57.1 (n=14)
14.3 (n=14)
11.1 (n=9)
12.5 9n=8)

p value (vs. control,
Fisher's exact test)
0.4587
0.0013
0.0036
0.0085

Table 6.1 The lowest dose of BCG that offered significant protection against autoimmune
diabetes in NOD mice was 0.25mg.

6.1.2.3 Diabetes can be adoptively transferred into irradiated
recipients.
Various concentrations of diabetogenic splenocyte preparations (5 million,
10 million, 15 million or 20 million cells) were transferred into irradiated female
NOD recipients. All the recipients of 20 and 15 million cells developed diabetes
within 8 weeks, however only 1 recipient of 10 million cells and none from the
group that received 5 million cells developed the disease during the 12 week study
(Figure 6.2 A, p<0.04 (20 million vs. 5 million group, life table analysis)).
Splenocyte preparations with 15 or 20 million cells were used in all further
adoptive transfer experiments.
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Figure 6.2 Titration of diabetogenicity of splenocytes transferred from diabetic NOD mice into
irradiated female NOD/Lt recipients (A, n= 3 in each group). 0.25mg BCG protected adoptive
transfer of diabetes in NOD.Scid mice (B, n= 6 in either groups, p<0.02, Fisher’s exact test).
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6.1.2.4 BCG protects against disease in the adoptive transfer model.
Having known the protective nature of BCG against spontaneously
occurring autoimmune diabetes in NOD mice, it was interesting to explore the
effect of a similar treatment in an adoptively transferred model of the disease.
Splenocytes from diabetic NOD mice were transferred into twelve NOD.scid
recipients, of which 6 were treated with 0.25mg BCG and the remaining with
saline. None of the 6 NOD.scid recipients immunised with BCG developed the
disease while 5 out of 6 (83.3%) saline administered mice developed diabetes
during the 100 day study period (Figure 6.2B; p<0.006, life table analysis, p<0.02,
Fisher's exact test), confirming a role for BCG in inhibiting the efficacy of
diabetogenic cells.

6.1.2.5 BCG induced an elevation in systemic TNF and IFN-levels.
BCG induces cytokine production in mice. Levels of IL-2, IL-4, IL-5, TNF and
IFN- in NOD/Lt serum were quantified using a cytometric bead array at 30
minutes, 90 minutes, 180 minutes and 4 weeks post 1mg BCG instillation. A
temporal elevation in the levels of TNF and IFN-was noted Figure 6.3). While
IFN- levels gradually increased over the 4 weeks post BCG treatment, an
immediate spike in TNF production (even as early as 30 minutes post treatment)
was observed. Levels of other cytokines measured, (IL-2, IL-4 and IL-5) were
below the detection limits (not shown).
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Figure 6.3 Quantitation of serum cytokines in response to 1mg BCG (ImmuCyst) treatment in
NOD/Lt mice. Levels of IFN- and TNF in treated mice depicted in the box plot. Levels of IL-2,
IL-4 and IL-5 were below detection limits at these time points.
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6.1.2.6 IFN-deficiency did not alter spontaneous diabetes in female
NOD mice.
Previous studies considered IFN- to be essential for the development of
autoimmune diabetes (von Herrath and Oldstone, 1997; Wang et al., 1997). The
blood glucose levels of female NOD.Ifng-/- mice and their WT counterparts were
assessed at regular intervals for 35 weeks to determine the role played by this
cytokine in diabetes development. The results however revealed a similar disease
incidence in either group (Figure 6.4 A). However, female NOD mice with the
functionally inactivated gene encoding the -chain of the Ifn- receptor
(NOD.Ifngr2-/-), had a significantly lower incidence (NOD 27/37(73%) vs.
NOD.Ifngr2-/- 11/31 (35.5 %) p<0.002; NOD.Ifng-/- 14/22 (63.6%) vs. NOD.Ifngr2-/11/31 (35.5 %) p<0.02, Fisher's exact test). Early disease onset and higher diabetes
incidence was observed in

male NOD.Ifng-/- mice when compared to WT or

NOD.Ifngr2-/- mice (mean survival time of 211 days, 238 days and 242 days
respectively; p=0.0814, life table analysis, Figure 6.4 B). The lower incidence of
spontaneous diabetes in male NOD mice compared to their female littermates is a
standard feature of the model. Albeit subdued, the male NOD.Ifngr2-/- mice, similar
to their female counterpart, had late onset and reduced diabetes incidence than WT
NOD/Lt mice. It was likely that the naturally low penetrance of diabetes in male
NOD mice could have potentially masked further evidence of inhibition of this trait
in the NOD.Ifngr2 deficient environment.
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Figure 6.4 Spontaneous diabetes development in female (A) and male (B) NOD.Ifng-/-,
NOD.Ifngr2-/- and the wild type NOD/Lt mice. While incidence in female NOD.Ifng-/- was similar
to the WT, there was a significant reduction in disease incidence of NOD.Ifngr2-/- mice (p<0.002,
Fisher’s exact test). The incidence in the male cohorts was not different.
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6.1.2.7 IFN-deficiency nullified the protection offered by a low dose
mycobacterial immunisation in NOD mice.
The immunisation dose of BCG that prevented diabetes development in
NOD/Lt mice (0.25mg) failed to evoke a similar response in IFN- deficient NOD
mice. BCG treated WT NOD mice were mostly protected from diabetes with the
disease incidence around 20% (4/19), compared to around 80% (12/15) in the
saline group (Figure 6.5A and B). Interestingly, BCG administered NOD.Ifng-/- mice
had 15% more diabetics (89.5% (17/19)) compared to the saline treated group
(73.7% (14/19)). Meanwhile the incidence in NOD.Ifngr2-/- mice was similar
irrespective of the treatment (46.7 % (7/15) and 44.4 % (4/9) respectively,
Figures 6.5A and B). Even as the 0.25mg BCG treatment offered no protection
against diabetes in the IFN- and the IFN-R2 deficient mice, immunisation with
1.0mg BCG conferred a near total protection in all the 3 mouse lines (Figure 6.5C).
The above findings suggest that while IFN- is crucial for BCG mediated diabetesprotection in NOD mice, at higher doses IFN- independent diabetes protective
mechanism(s) might come into action.

6.1.2.8 BCG offered no protection against adoptively transferred
disease from diabetic NOD.Ifngmice or NOD.Ifngr2-/- mice.
Splenocytes from recently diabetic NOD/Lt, NOD.Ifng-/- and NOD.Ifngr2-/mice were intravenously transferred into NOD.scid mice. Cells from IFN- deficient
mice transferred diabetes in an accelerated manner compared to splenocytes from
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Figure 6.5 Survival of female NOD/Lt, NOD.Ifng-/-, NOD.Ifngr2-/- mice treated with 0.25mg and
1mg dose of BCG, compared with saline controls. P values by Fisher’s exact test.
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Figure 6. 6 Adoptive transfer of diabetogenic splenocytes into female NOD.scid mice from
diabetic NOD/Lt, NOD.Ifng-/- and NOD.Ifngr2-/- mice (A). 0.25mg BCG offered total protection
against adoptively transferred diabetes from NOD/Lt, while it failed to protect the transfer of
disease effected by cells from IFN- and IFN-R2 deficient NOD mice (B). * p<0.0001 vs.
NOD/Lt and p<0.003 vs. NOD.Ifngr2-/-, life table analysis.
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WT mice (p<0.0001, life table analysis) or from mice deficient in the IFN-
receptor 2 (p<0.003, life table analysis, Figure 6.6A). Immunisation of NOD.scid
recipients with 0.25mg BCG 7 days post transfer did not confer any protection
against disease transferred from IFN- or IFN-R2 deficient mice, as opposed to the
recipients of WT cells, which were totally protected against the disease (p<0.0001,
life table analysis, Figure 6.6B).

6.1.2.9 Higher proportions of Foxp3+ T cells observed in INF- and IFN receptor  chain deficient NOD mice.
The regulatory T cell population, defined by the expression of forkhead box
P3 (Foxp3) protein, was detected by intracellular staining and flowcytometry. An
increased proportion of Foxp3+ T cells was observed in the spleens of both the
gene knockout mutant strains when compared to wild type NOD mice (p<0.008 in
both cases, Mann Whitney U test, Figure. 6.7). Similarly higher proportions of
Tregs were seen in the livers of NOD.Ifng-/- mice (p<0.008, Mann Whitney U test,
Figure. 6.7). FoxP3+ T cell proportions in lymph nodes in all three groups of mice
appeared similar (Figure. 6.7). Proportions and numbers of Tregs did not differ
between the thymi of these mice (data not shown). Taken together these results
indicate that the genetic ablation of IFN- or IFN-R2 did not diminish the
proportions of Tregs in NOD mice. On the contrary, the higher proportions of
peripheral Tregs in these mice compared to WT mice suggest an inhibitory role for
IFN- in the induction of this immunoregulatory cell population.
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Figure 6.7 Higher proportions of regulatory T cells in the secondary lymphoid organs of IFN-
and IFN-R2 deficient NOD mice. Absolute numbers of Tregs however, were similar in these
mice. 5 mice in each group. p value by Mann-Whitney U statistics

- 209 -

Ch:6: Role of IFN- in T1D

6.1.2.10 Higher proportions of NKT cells observed in INF- and IFN-
receptor  chain deficient NOD mice post BCG treatment.
The numbers and proportions of NKT cell populations were analysed in
untreated wild type NOD, NOD.Ifng-/- and NOD.Ifngr2-/- mice. No differences were
observed except for a reduction of NKT cell numbers in NOD.Ifngr2-/-spleens when
compared to wild type NOD mice (p<0.008, Mann Whitney U test, Figure 6.8 A). In
a separate experiment, NOD/Lt, NOD.Ifng-/- and NOD.Ifngr2-/- mice were treated
with BCG and their NKT cell numbers compared one-week post treatment. An
increased splenic NKT cell proportion was observed in NOD.Ifngr2-/- mice when
compared to both NOD/Lt and NOD.Ifng-/- mice (p<0.003 and p<0.009
respectively, Mann Whitney U test, Figure 6.8 B). Higher numbers of NKT cells
were observed in livers of NOD.Ifngr2-/- mice when compared to NOD/Lt and
NOD.Ifng-/- mice (p<0.009 and p<0.02 respectively, Mann Whitney U test, Figure
6.8 B). Spleen NKT cell numbers and proportions of NKT cells in livers of
NOD.Ifngr2-/- mice followed a similar trend, but did not attain statistical
significance. These findings indicate that absence of IFN- or IFN-R2 did not affect
the proportions of NKT cells in NOD mice.
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Figure 6.8 Proportions and numbers of NKT cells in the peripheral organs of untreated (A) and
BCG treated (B) NOD mice and its IFN- and IFN-R2 deficient counterparts. Representative
dot plots showing the NKT cell gating scheme in experiments consisting 5 mice per each group
in A and NOD/Lt =5, NOD.Ifng-/- =6 and NOD.Ifngr2-/- =5 in B.
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6.1.2.11 Higher proportions of effector T cells observed in INF- and
IFN- receptor  chain deficient NOD mice post BCG treatment.
The proportions of naïve (CD44lowCD62L+) and effector (CD44+CD62L-)
phenotype CD4+ and CD8+ T cells in the spleens and livers of pre-diabetic female
NOD mice carrying the mutant alleles of Ifng and Ifngr2 were compared to that of
parental NOD/Lt mice one week post 0.25mg BCG administration. Flow cytometric
analyses revealed significantly higher proportions and numbers of activated T
cells in the secondary lymphoid organs of NOD.Ifng-/- and NOD.Ifngr2-/- mice
(summarised in Figure 6.9 A, Table 6.2 (spleen) and Figure 6.10 A and Table 6.3
(liver)). The ratio of naïve: effector T cells in the wild type NOD/Lt mice were
significantly higher compared to that of NOD.Ifng-/- and NOD.Ifngr2-/- mice (Figure
6.9 B (spleen), 6.10 B (liver), Table 6.4, the differences were true after multiple
hypothesis testing by the Bonferroni method). Higher proportions and numbers of
activated T cells represented by cell surface markers CD4, CD122, CD132, and
CD25 were observed in the lymph nodes of NOD.Ifng-/- and NOD.Ifngr2-/- mice
when compared to that of parental NOD/Lt mice (data not shown). These findings
are suggestive of an IFN--mediated suppression or elimination of effector T cells
in BCG treated NOD mice.
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Figure 6. 9 T cell subsets of spleen. Proportions and numbers of naive and effector CD4+ and
CD8+ T cells (A) and naive: effector T cell ratio (B) in the spleens of IFN- and IFN-R2 deficient
NOD mice along with wild type NOD/Lt mice. N = Naive, E = Effector, N:E = Naive to Effector
ratio. p value by Mann-Whitney U statistics.
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Figure 6. 10 T cell subsets of liver. Proportions and numbers of naive and effector CD4 + and
CD8+ T cells (A) and naive: effector T cell ratio (B) in the spleens of IFN- and IFN-R2 deficient
NOD mice along with wild type NOD/Lt mice. N = Naive, E = Effector, N:E = Naive to Effector
ratio. p value by Mann-Whitney U statistics.
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Comparison
NOD vs. NOD.Ifng-/-

NOD vs. NOD.Ifngr2-/-

N.Ifng-/- vs. N.Ifngr2-/-

T cells

% Naive

% Effector

# Naïve

# Effector

CD4

ns

<0.005

ns

<0.005

CD8

ns

<0.005

ns

<0.005

CD4

<0.003

<0.003

<0.003

<0.02

CD8

<0.003

<0.003

<0.003

<0.005

CD4

<0.005

ns

<0.005

<0.04

CD8

<0.04

ns

<0.009

<0.005

Table 6. 2 Summary of statistical comparisons of the proportions (%) and numbers (#) of naïve
and effector CD4+ and CD8+ T cells in the spleen. Significance by Mann Whitney U test.

Comparison
NOD vs. NOD.Ifng-/-

NOD vs. NOD.Ifngr2-/-

N.Ifng-/- vs. N.Ifngr2-/-

T
cells

%

%

%

#

#

#

Naive

Effector

Memory

Naïve

Effector

Memory

CD4

ns

<0.009

ns

ns

<0.04

ns

CD8

ns

<0.009

<0.04

ns

<0.04

ns

CD4

<0.003

ns

ns

<0.003

ns

ns

CD8

<0.02

ns

ns

<0.003

ns

ns

CD4

ns

ns

<0.005

ns

ns

<0.005

CD8

ns

ns

ns

ns

ns

<0.02

Table 6.3 Summary of statistical comparisons of the proportions (%) and numbers (#) of naïve
and effector CD4+ and CD8+ T cells in the liver. Significance by Mann Whitney U test.
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Comparison
NOD vs. NOD.Ifng-/-

NOD vs. NOD.Ifngr2-/-

N.Ifng-/- vs. N.Ifngr2-/-

T cells

Spleen

Liver

CD4

<.0005

<0.02

CD8

<.0005

<0.04

CD4

<.0003

<0.009

CD8

<.0003

<0.009

CD4

<.0005

ns

CD8

<.0519

ns

Table 6.4 Summary of statistical comparisons of naïve to effector T cell ratios in the secondary
lymphoid organs of NOD/Lt, NOD.Ifng-/- and NOD.Ifngr2-/- mice. Significance by Mann Whitney
U test.

6.1.2.12 BCG induced IL-17 levels were lower in NOD.Ifngr2-/- mice.
IL-17 is a proinflammatory cytokine known to synergise with both IFN-
and TNF in the induction of autoimmune disease (Bending et al., 2009; MartinOrozco et al., 2009). However, a recent study suggests a protective role for CFAinduced IL-17 in NOD diabetes (Nikoopour et al., 2010). We compared IL-17 and
TNF- production in IFN- and IFN-R2 deficient NOD mice with that of wild type
NOD mice. Intracellular flowcytometry on whole splenocytes 24 hours post
0.25mg BCG immunisation revealed higher numbers and proportions of IL-17
producing cells in wild type NOD mice when compared to NOD.Ifngr2-/- mice
(p<0.003 and p< 0.009 respectively, Mann Whitney U test, Figure 6.11A). The
absolute numbers and proportions of IL-17 producing splenocytes in NOD.Ifng-/-
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Figure 6.11 TNF and IL-17 expressing splenocytes of IFN- and IFN-R2 deficient NOD mice,
compared to WT NOD mice. IFN-R2 deficient NOD mice had higher numbers of TNF
expressing cells, but significantly lower IL-17 production, especially evident in NK cells.
NOD.Ifng-/- (n=5), NOD.Ifngr2-/- (n=6) NOD/Lt (n=6); p values by Mann Whitney U test.
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mice were higher when compared to NOD.Ifngr2-/- mice (p<0.005 and p<0.02
respectively, Mann Whitney U test, Figure 6.11A). Numbers of TNF producing
splenocytes were similar in all three groups, but its proportions were higher in
NOD.Ifngr2-/- mice compared to the other two groups (p<0.003 (NOD/Lt Vs.
NOD.Ifngr2-/-) and p<0.005 (NOD.Ifng-/- Vs. NOD.Ifngr2-/-), Mann Whitney U test,
Figure 6.11A). IL-17 and TNF secretion by NK cells was determined by gating on
splenic NK cells defined by the pan-NK cell marker DX5. In a trend similar to that
of whole splenocytes, wild type NOD mice had higher numbers and proportions of
IL-17 producing NK cells compared to NOD.Ifngr2-/- mice (p<0.03 and p<0.05
respectively, Mann Whitney U test, Figure 6.11B). Numbers of NK cells that
secreted TNF were similar in all three groups, however proportions of NK cells
that produced TNF were higher in the spleens of NOD.Ifngr2-/- mice compared to
both NOD/Lt and NOD.Ifng-/- mice (p<0.02 in both cases, Mann Whitney U test,
Figure 6.11B). From the above findings, it appears that BCG-induced IL-17
upregulation in NOD mice is IFN--dependent, and NK cells are the likely
producers.

6.1.2.13 BCG-induced IL-17 levels in an adoptive transfer model.
To further understand the role of BCG-induced IL-17 responses in diabetes
protection, diabetogenic splenocytes from NOD/Lt, NOD.Ifng-/- and NOD.Ifngr2-/mice were transferred into three separate groups of NOD.scid mice. All the
NOD.scid recipients were then immunised with 0.25 mg BCG. While 60% (3/5) of
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Figure 6.12 Life table analysis of 0.25mg BCG immunised NOD.scid recipients of diabetogenic
splenocytes from wild type NOD/Lt and IFN- and IFN-R2 deficient NOD mice (A). Intracellular
IL-17 levels in the above NOD.scid recipients 2 weeks post transfer (B). p values by unprotected
Fisher’s LSD test.
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recipients of IFN--deficient splenocytes and 80% (4/5) of recipients of IFN-R2deficient cells developed diabetes within 2 weeks of transfer, none of the
recipients of wild type splenocytes (0/6) developed the disease in the 2 week
study period (p<0.04 (NOD/Lt Vs. NOD.Ifng-/-) and p<0.007 (NOD/Lt Vs.
NOD.Ifngr2-/-), life table analysis, Figure 6.12 A). Intracellular flowcytometry on
NOD.scid splenocytes at the end of the study revealed that proportions and
numbers of IL-17 secreting cells were lower in the recipients of IFNgR2- deficient
cells than in the recipients of wild type cells (p=0.0445 and 0.0302, unprotected
Fisher’s LSD test, Figure 6.12 B). Although not statistically significant, a similar
trend of lower IL-17 levels was observed in NOD.scid recipients of IFN--deficient
cells as well (Figure 6.12 B). These findings are indicative of an association
between IFN--signalling and IL-17 production in BCG-mediated immune response
in NOD mice.

6.1.2.14 NK cell depletion did not alter BCG mediated diabetes
protection in a syngeneic adoptive transfer model.
Role of NK cells in diabetes development as well as its influence on BCGmediated protection against the disease was determined by adoptively
transferring diabetogenic splenocytes which were magnetically depleted of cells
expressing the NK cell marker (NK1.1), from NOD.Nkrp1b mice (Figure 6.13A) into
NOD.scid mice. Seven days later, recipients were immunised with 0.25mg BCG or
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were saline treated. NK cell depletion did not diminish the BCG-mediated
protection

Figure 6.13 Diabetogenicity of NK cell depleted splenocytes. Significant reduction of NK1.1
expressing cells post depletion confirmed by flowcytometry (A). BCG mediated protection of
diabetes in an adoptive transfer model. Undepleted or NK cell-depleted diabetogenic
NOD.Nkrp1b splenocytes transferred into NOD.scid recipients, immunised with BCG or saline 7
days post transfer (B). Comparison of survival curves summarised in Table 6.6.
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against diabetes observed in the recipients of undepleted cells (Figure 6.13B).
Absence of NK cells however caused a significant delay in the transfer of diabetes
in saline treated recipients. While 85% of NOD.scid recipients of undepleted
splenocytes developed diabetes within 3 weeks of transfer, none of the recipients
of NK cell-deficient transfers went diabetic in the same period (p=0.0001, life table
analysis, Figure 6.13B), suggesting a role for these cells in precipitating NOD
diabetes. Outcomes of the transfer experiments and comparisons of survival
curves are summarised in tables 6.5 and 6.6 respectively.
NK cells

Treatment

Diabetes development

Undepleted

Saline

7/7

Depleted

Saline

7/8

Undepleted

BCG

2/5

Depleted

BCG

1/5

Table 6.5 Development of diabetes in BCG or saline treated NOD.scid mice adoptively
transferred with diabetogenic splenocytes from NOD.Nkrp1b mice, before or after NK cell
depletion.

Rx

PBS

PBS

BCG

BCG

NK Cells

+

-

+

-

0.0001

0.001

0.001

<0.05

<0.02

NK Cells

Rx

+

PBS

-

PBS

0.0001

+

BCG

0.001

<0.05

-

BCG

0.001

<0.02

NS
NS

Table 6.6 Summary of survival curve comparisons. Significance by Mantel-Cox test (log-rank test).
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6.1.2.15 Characterisation of diabetes susceptibility in NOD.Tlr2-/- mice.
Among known agonists for mammalian Toll like receptor (TLR) proteins
are several products derived from mycobacteria that have been found to activate
cells in a TLR2-dependent manner. It is therefore likely that TLRs, especially TLR2,
might affect spontaneous diabetes as well as influence BCG mediated modulation
of NOD autoimmunity. To test this hypothesis, blood glucose levels of NOD.Tlr2-/mice and their heterozygous and WT littermates were assessed at regular
intervals to 35 weeks age. Comparison of the incidence of spontaneous diabetes
indicated that TLR2 deficiency conferred a significant protection against the
development of the disease. Life table analysis revealed that while 80% (24/30) of
NOD.Tlr2+/+ mice became diabetic, only less than 50% (10/22) of NOD.Tlr2-/littermates developed the disease during the same observation period
(Figure 6.14A; p<0.01, Mantel-Cox test; p<0.02, Fisher's exact test), suggesting a
significant contribution of TLR2 in the development of spontaneous autoimmune
diabetes. Immunisation of NOD.Tlr2−/− mice with 0.25mg BCG offered significant
protection from autoimmune diabetes when compared to saline treated control
mice. While none of the 13 BCG treated TLR 2 deficient mice became diabetic, 43%
of its saline treated littermates developed the disease in the 35 week study period
(Figure 6.14 B; p<0.02, Mantel-Cox test; p<0.02, Fisher's exact test).
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Figure 6.14 Cumulative incidence of spontaneous diabetes in litter mate female NOD.Tlr2+/+,
NOD.Tlr2+/- and NOD.Tlr2-/- mice (A). BCG mediated protection against spontaneous diabetes in
NOD.Tlr2-/- mice (B)
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Environmental agent mediated precipitation of autoimmunity in
NOD mice
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6.2.1 Introduction

NOD mice spontaneously develop autoimmune diabetes, but immunization
with BCG prevents the onset of this disease. Even as BCG provides protection
against diabetes in NOD mice, it mediates the precipitation of an autoimmune
condition similar to SLE (Baxter et al., 1994). While M. bovis- mediated IFN-
secretion appeared to play a key role in diabetes protection in NOD mice (Serreze
et al., 2001), an elevated expression of this cytokine was reported in SLE patients
(Harigai et al., 2008). Over production of IFN- was found to be required for lupuslike disease in MRL-lpr mice (Balomenos et al., 1998). The fact that a single BCG
injection prevented diabetes but induced lupus, and that IFN-appeared to be
crucially associated with these two outcomes, suggested a possible pleiotropic role
for this cytokine in NOD autoimmunity. Excessive IFN-production in response to
BCG could have possibly caused the switch between the two phenotypic
expressions of the same general tendency for autoimmunity in this mouse line.

SLE is a heterogeneous and unpredictable disease. In order to better understand
the role of IFN- and its receptor in the pathogenic mechanisms underlying this
disease, NOD mouse lines bearing targeted mutations for Ifng (NOD.Ifng -/-) and
the  chain of Ifn receptor (NOD.Ifngr2-/-) were utilised.
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6.2.2 Results
6.2.2.1 BCG mediates early precipitation of lupus in NOD mice.
NOD mice spontaneously develop organ-specific autoimmunity against
insulin producing islet cells, leading to diabetes. They also display some features of
systemic autoimmunity such as anti-nuclear autoantibodies and the development
of haemolytic anaemia in senescence. M.bovis can trigger an early precipitation of
systemic autoimmunity in NOD mice (Baxter et al., 1994; Hawke et al., 2003). It
was interesting to examine whether immunisation with heat-killed, attenuated
strain of M.bovis that prevented autoimmune diabetes development (Figure 6.1B),
would induce any other form of autoimmunity in NOD mice. Female NOD mice of
8-weeks were i.v. injected with 0.25mg, 0.5mg and 1mg heat-killed BCG, and blood
collected at monthly intervals to determine levels of haematocrit, haemoglobin
and presence of Coombs’ antibodies. Early precipitation of a systemic autoimmune
disease similar to SLE was observed in 50% (4/8) of mice, which received 1mg
BCG (Figure 6.15A). Lupus like autoimmune disease in NOD mice was
characterised by Coombs’ positive haemolytic anaemia (HA, Figure 6.15B),
lowered haematocrit and haemoglobin levels in blood (Figure 6.15C and D),
presence of anti-nuclear antibodies (ANA) in sera (Figure 6.15 E) and immune
complex (IC) deposition in renal glomeruli (Figure 6.15 F). Mice that received
lower doses of BCG (0.25mg or 0.5mg) failed to precipitate any of the above signs
of autoimmunity (Figure 6.15A, C, D and Table 6.7).
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Figure 6.15 Survival of female NOD/Lt mice treated with various doses of BCG (A). Inverted red
triangles represent mice that displayed characteristics of lupus. Direct Coombs’ test for AIHA (B),
columns 2, 3 and 4 on the microtiter plate are representative of Coombs’ positive anti-RBC
antibodies. Haematocrit (C) and haemoglobin (D) levels in NOD mice treated with various doses
of BCG. Haematocrit and haemoglobin levels dropped significantly in response to an increase in
BCG dose (p<0.007 and p<0.005 respectively, Kruskal-Wallis test). However, the most
significant drop in haematocrit and haemoglobin levels were seen in mice that received

(contd.)
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1mg BCG when compared to saline controls (p=0.004 and p<0.003 respectively, Dunn’s
multiple comparisons test, multiplicity adjusted).Direct immunofluorescent detection of ANA in
sera of BCG administered mice (E) and immune complex deposition in the renal glomerulus of
mice that developed SLE like autoimmunity (F). ND: normal distribution in untreated controls
(n=117).
NOD/Lt

Haematocrit (%)

Haemoglobin (mg/ml)

Saline (n=6)

56.5 ± 0.55

171.8 ± 6.8

0.25mg (n=7)

53.50 ± 0.84

155 ± 4.73

0.5mg (n=9)

53.33 ± 1.58

156.9 ± 6.39

1mg (n=8)

49.38 ± 6.87 *

143.0 ± 21.52 *

ND (n=117)

55.63 ± 2.71

172.5 ± 15.01

Table 6.7 Haematocrit and haemoglobin levels in NOD peripheral blood (Mean ± SD). *
p=0.004 (haematocrit) and p<0.003 (haemoglobin), Dunn’s multiple comparisons test). ND:
normal distribution of values in untreated control mice.

6.2.2.2 Genetic ablation of Ifng or its signalling receptor prevented the
onset of BCG-induced autoimmunity in NOD mice.
To determine whether IFN- or its downstream-signalling played a role in
BCG mediated early precipitation of systemic autoimmunity in NOD mice, blood
from saline treated NOD/Lt, NOD.Ifng-/- and NOD.Ifngr2-/- mice were compared
with that from mice immunised with either 0.25mg or 1mg BCG. Mice were bled at
monthly intervals for the detection of Coomb’s antibodies and to assess haemolytic
anaemia (by estimating haematocrit, haemoglobin levels). By 35-week age, 40%
(4/10) NOD/Lt mice in the 1mg treatment group developed Coomb’s antibodies,
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while none of the IFN- or IFN-R2 deficient mice tested positive for anti-red cell
antibodies (Fig. 6.16 A, p<0.002, Mantel-Cox test). Haematocrit levels significantly
dropped in all three groups of mice treated with 1mg BCG when compared to
saline controls (p<0.02 (NOD/Lt), p<0.0002 (NOD.Ifng-/-), p<0.008 (NOD.Ifngr2-/-)
Mann Whitney U test, Figure 6.16 B, Holm-Sidak's multiple comparisons test).
However, while haemoglobin levels dropped significantly in 1mg BCG treated WT
mice (p<0.003 Mann Whitney U test, Holm-Sidak's multiple comparisons test), the
levels in NOD.Ifn--/- and NOD.Ifn-r2-/- mice remained unchanged (Figure 6.16 C).
The average haematocrit and haemoglobin levels for all treatments in the three
groups of mice at 30 weeks of age are listed in Table 6.8. The above findings
illustrate that the genetic ablation of IFN-γ or its signalling receptor prevent the
onset of BCG-induced lupus, suggesting an essential role for this cytokine in
precipitating systemic autoimmunity in NOD mice.
Haematocrit

Haemoglobin

Saline

0.25mg

1mg

Saline

0.25mg

1mg

NOD/Lt

56.50 ±
0.55

54.55 ±
1.76

49.38 ±
6.87

171.8 ± 6.8

158.3 ± 6.38

143 ± 21.52

NOD.Ifng-/-

52.89 ±
2.26

55.33 ±
1.57

46.64 ±
3.34

156.5 ± 14.33

162.7 ± 13.61

151.2 ± 13.01*

NOD.Ifngr2-

53.63 ±
2.07

52.10 ±
1.60

48.43 ±
4.73

163.2 ± 11.63

163.6 ± 18.57

167.3 ± 14.98*

/-

Table 6.8 Peripheral blood haematocrit and haemoglobin levels (Mean ±SD). * p<0.05
compared with WT NOD mice (Mann Whitney U test).
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Figure 6.16 Survival of female NOD/Lt, NOD.Ifng-/- and NOD.Ifngr2-/- mice treated with 1mg
BCG (A). Haematocrit (B) and haemoglobin (C) levels in BCG treated mice and saline controls.
While 4 out of 10 NOD/Lt mice developed Coombs’ antibodies (depicted as red diamonds),
none of the IFN- and IFN-R2 deficient mice did. Red diamonds in B and C represents mice
that developed Coombs’ antibodies.
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6.3

Discussion

The incidence of spontaneous diabetes in female NOD mice housed under tightly
controlled environmental conditions at the SPF facility of Comparative Genomics
Centre during the period of this study was over 70%. Similar to earlier findings of
Harada, Kishimoto and Makino (Harada et al., 1990) who demonstrated diabetes
protection in NOD mice immunised with live BCG at a young age, a single injection
of 0.25mg ImmuCyst (Bacillus Calmette-Guérin/Connaught), a freeze dried
preparation of an attenuated strain of M. bovis, nearly totally prevented diabetes in
our NOD colony. While diabetes was adoptively transferred into irradiated naïve
recipients of more than 15x106 diabetogenic splenocytes, BCG immunisation almost
completely protected the recipients, suggestive of an inhibitory effect of
mycobacteria on the efficacy of diabetogenic cells.

IFN-, a proinflammatory cytokine, has been acknowledged as a major contributor
to T1D pathogenesis (Thomas et al., 2009). IFN- blockade by specific monoclonal
antibodies (Campbell et al., 1991; Debray-Sachs et al., 1991) or soluble receptors
(Nicoletti et al., 1996) in NOD mice, reduced spontaneous diabetes as well as
diabetes induced by either cyclophosphamide or adoptive transfers. On the
contrary, data from other studies indicate that autoimmune diabetes development
in NOD mice does not require IFN- signalling (Hultgren et al., 1996; Kanagawa et
al., 2000; Nicoletti et al., 1996; Serreze et al., 2000; Thomas et al., 1998). NOD mice
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with functionally inactivated gene encoding IFN-, developed diabetes later and at
a lower incidence (Hultgren et al., 1996; Serreze et al., 2001). However, in our
environment, we found that susceptibility to spontaneous autoimmune diabetes in
NOD.Ifng-/- mice was either equal (in females) or slightly higher (in males) than in
parental NOD/Lt mice (Figure 6.4 A and B). It was likely that the naturally high
penetrance of diabetes in female NOD mice could have potentially masked any
evidence of an enhancement of this trait; however, a pro-diabetic effect of targeted
deletion of IFN- was clearly seen after adoptive transfer (Figure 6.6 A). These
findings raised the possibility that IFN- played a suppressive role in T1D
development. This observation is in accordance with earlier studies that
demonstrated diabetes inhibition in NOD mice being associated with IFN-producing T cells, or administration of recombinant IFN- (Akhtar et al., 1995;
Sobel et al., 2002; Zekzer et al., 1997). If the above hypothesis of an inhibitory role
for IFN- in T1D development was true, it might be expected that any blockage of
IFN- signalling would exacerbate the disease in NOD mice. However, in a previous
study, Serreze and colleagues reported that despite a slight delay in diabetes onset
in NOD.Ifngr2-/- mice, the cumulative incidence of long standing diabetes in these
mice were similar to WT (Serreze et al., 2000). Intriguingly, we found (in two
separate experiments, Figures 6.4 A and 6.5 A) that diabetes incidence in NOD
mice with the functionally inactivated gene encoding the -chain of the IFN-
receptor was significantly reduced. This finding was in agreement with an earlier
report of diabetes resistance in NOD mice carrying a null mutation at the IFN-

- 233 -

Ch:6: Role of IFN- in T1D

receptor  locus (Wang et al., 1997). However data from a subsequent study
suggested that a closely linked diabetes resistance allele transferred to the NOD
background from the 129 donor strain conferred the disease protection reported
by Wang and colleagues, rather than the functionally inactivated IFN-receptor
chain (Kanagawa et al., 2000). As it was possible that the diabetes resistance
observed in our NOD.Ifngr2-/- colony is affected by loci linked to the targeted gene,
genetic homogeneity with the parental NOD/Lt strain was confirmed by typing
687 single nucleotide polymorphisms (Australian Genome Resource Facility,
Melbourne, Australia) in random representatives. Of the 5 NOD.Ifngr2-/- mice that
were typed, none differed from the parental strain. Having possibly excluded the
risk of genetic contributions from donor strain conferring diabetes resistance in
our NOD.Ifngr2-/- mice, there were two possible explanations for our incidence
data in these mice. i) IFN-plays an important pro-diabetogenic role (this
assumption is based on the reduced diabetes incidence observed in NOD mice with
functionally inactivated gene encoding the -chain of the IFN- receptor), or,
paradoxically, ii) IFN- played an inhibitory role in NOD diabetes development.
The second presumption arise from the possibility that IFN- could signal through
alternate molecule(s), thereby conferring some level of resistance against
autoimmune diabetes in mice that lack the -chain of the IFN- receptor. However,
an extensive literature search did not identify any alternate receptor for IFNsignalling, and any further study to identify such a factor lies beyond the scope of
this thesis. In a recent study, Yi and colleagues employed an adoptive transfer
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model in which -cell specific CD8+ but not CD4+ effector T cells were successful in
transferring diabetes into IFN-γR2 deficient NOD.scid mice (Yi et al., 2012). The
lack of pathogenicity of CD4+ effector T cells was attributed to the resistance of
IFN-γR2 deficient -cells to inflammatory-cytokine-induced cell-death. Thus, the
inherent resistance of IFN-γR2 deficient -cells to proinflammatory cytokineinduced destruction could be the most likely explanation for the partial diabetes
protection observed in our NOD.Ifngr2-/- colony (Figure 6.17).

We have demonstrated that a low dose BCG immunisation (0.25mg) provided near
total protection against diabetes in NOD mice, a finding in agreement with
previous reports (Harada et al., 1990; Serreze et al., 2001). However, at the same
dose, BCG did not protect targeted mutant NOD.Ifn--/- mice and NOD.Ifn-r2-/- mice
from spontaneous diabetes or from disease induced in an adoptive transfer model,
suggesting that IFN- signalling through its receptor is indispensable in BCGmediated protection of NOD mice from autoimmune diabetes (Figures 6.5 A and B,
6.6 A and B). The temporal elevation of serum titres of IFN- in BCG treated NOD
mice that were protected against T1D further raised the possibility of this cytokine
being associated with mycobacteria-mediated immune protection.
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damage, and not CD8+ cytotoxic T cell mediated death.

developed diabetes, which might be because lack of IFN-R2 expression on -cells prevents CD4+ effector T cell mediated

partial protection against diabetes seen in NOD.Ifngr2 mice (ref). However, around 50% of IFN-R2 deficient NOD mice

-/-

resistance of IFN-R2 deficient islet b-cells to proinflammatory cytokine-induced destruction might play a role in providing the

Figure 6.17 Possible mechanism of inhibition of spontaneous autoimmune diabetes in NOD.Ifngr2 mice. Inherent
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This conclusion is in agreement with earlier studies in which CFA or M.bovis
treated NOD.Ifng-/- mice were poorly protected from autoimmune diabetes
(Serreze et al., 2000), and anti- IFN- mAb administration eliminated diabetes
protection offered by M.bovis in an adoptive transfer model of this disease. Qin and
colleagues demonstrated that the inhibitory effect of mycobacteria on the efficacy
of diabetes transfer could be partially replicated by the administration of IFN-
(Qin et al., 2004). Inasmuch as exacerbation of diabetes in IFN- deficient NOD
mice and the necessity of this cytokine in BCG-mediated protection of NOD mice
from diabetes, it appears that this cytokine can play a role in suppressing
autoimmune diabetes development.

The increased susceptibility of diabetes or the inability of BCG to mediated disease
suppression in NOD mice carrying the mutant alleles of Ifn- and Ifn-r2 were not
due to defects in the numbers of immunoregulatory cells, as genetic ablation of
IFN--or the -chain of its receptor did not create a deficiency in proportions of
CD4+CD25+FoxP3+ Tregs or Gal-Cer/CD1d-tetramer+ NKT cells in peripheral
lymphoid organs of NOD mice (Figures 6.7 and 6.8 A). In fact, we observed
significantly higher proportions of Tregs in the spleens of NOD.Ifng-/- mice and
NOD.Ifngr2-/- mice and in the livers of NOD.Ifng-/- mice than in spleens and livers of
parental NOD/Lt mice, suggesting a role for IFN- in Treg homeostasis. This
finding is in agreement with previous studies that demonstrated an inhibitory role
for IFN- in the induction of FoxP3+ Tregs (Chang et al., 2009; Wang et al., 2006;
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Wei et al., 2007). However, NOD.Ifng-/- mice, which had more Tregs than WT NOD
mice, were equally, or more (in males) susceptible to diabetes, indicating that the
increased proportion of these regulatory cells did not have any inhibitory effect on
diabetes development in mice that lacked IFN- signalling. Even as previous
reports suggest the involvement of Tregs in mycobacteria mediated diabetes
protection (Manirarora et al., 2008; Qin et al., 1993), data from a more recent
study by Mori and colleagues indicated that CFA caused no change in the
proportions or numbers of Tregs in peripheral lymph nodes of NOD mice with
non-functional IFN- signalling (Mori et al., 2009). They further demonstrated that
T cells lacking IFN- signalling were resistant to the suppressive effects of Tregs
both in vitro and in vivo, suggesting that IFN-signalling is crucial for the
suppression of pathogenic T cells via Tregs. Thus, despite a boost in proportions of
Tregs observed in our mice that lacked IFN-, the inability of these cells to confer
any inhibitory effect on diabetes development in NOD.Ifng-/- mice might be due to
the above suggested resistance of IFN- deficient T cells against the suppressive
effects of Tregs.

Even while the results discussed so far suggest a suppressive role for IFN-
signalling on autoimmune diabetes as well as in BCG mediated diabetes protection
in NOD mice, the precise mechanism(s) by which this cytokine confers disease
protection remains unclear. 0.25mg BCG treatment offered no protection against
diabetes in the IFN- and the IFN-R2 deficient NOD mice, while it protected WT
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NOD mice from developing the disease. A flow cytometric examination revealed
significantly higher proportions and numbers of effector T cells (CD44hiCD62Llo) in
the secondary lymphoid organs of BCG immunised NOD.Ifng-/- and NOD.Ifngr2-/mice than in BCG treated WT NOD mice. Therefore, it appears that BCG-mediated
IFN- production caused the suppression or elimination of activated T cells in NOD
mice. This finding is supported by those of Qin and colleagues who demonstrated
that BCG induced the production of TNF- and IFN-, which selectively eliminated
diabetogenic T cells via FAS or TNF pathways, in NOD mice (Qin et al., 2004).
Kodama and colleagues in an in vitro islet cytotoxicity assay, found that CFA
treatment selectively killed CD45RBlow cells (activated or memory T cells) isolated
from NOD mice, while it spared cells that were CD45RBhigh (naïve T cells) (Kodama
et al., 2005), moreover T cells from NOD mice that lacked IFN- signalling were
found to be resistant to Treg-mediated suppression in an adoptive transfer
experiment (Mori et al., 2009). In a recent clinical trial, Faustman and colleagues
reported BCG vaccination in T1D patients to cause a rapid increase in circulating
insulin-autoreactive T cells that were mostly dead (Faustman et al., 2012). Taken
together, the above findings suggest that one of the probable mechanisms by
which mycobacterial components confers diabetes protection in NOD mice is by
mediating the relatively selective elimination or suppression of islet autoreactive T
cells, via mechanisms regulated by cytokines, including IFN-and TNF- (Figure
6.18).
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receptor abrogates the protection offered by BCG against diabetes in NOD mice.

production is the key for BCG-mediated diabetes protection, and any deficiency of IFN- or its signalling

Figure 6.18 Simplified mechanism of BCG mediated inhibition of spontaneous diabetes in NOD mice. IFN-
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T cells deficient in IFN- signalling were shown to polarise towards an IL-17
producing pathogenic T cell population (Komiyama et al., 2006). Expansion of IL17 producing T cells has been reported in pancreatic lymph nodes and peripheral
blood of T1D patients (Ferraro et al., 2011; Honkanen et al., 2010). IL-17 was
found to be highly expressed in the pancreas of autoimmune diabetes prone NOD
mice (Vukkadapu et al., 2005). BDC 2.5 T cells that were polarised to an IL-17
producing T cell population induced autoimmune diabetes in NOD.scid mice
(Martin-Orozco et al., 2009) and treatment with anti-IL-17 mAb prevented
development of diabetes in NOD mice (Emamaullee et al., 2009). All these findings
suggest an intimate association of this cytokine with T1D development. IFN-and
IL-17 are known to counter-regulate each other (Cruz et al., 2006; Harrington et
al., 2005; O'Connor et al., 2009) , and hence it might be expected that a deficiency
in IFN-would enhance IL-17 levels. However, contrary to the expectation, we
found no increase in proportions of IL-17 producing cells in the spleens of BCG
treated NOD mice which lacked IFN- or the -chain of its signalling receptor.
Instead, BCG immunised NOD/Lt mice had significantly higher numbers of IL-17
expressing cells in their spleens than in NOD mice deficient in IFN-signalling. The
higher proportions of IL-17 secreting cells observed in BCG treated NOD mice was
in accordance with the findings of Scriba and colleagues, who demonstrated that
stimulation of human CD4+ T cells with mycobacterial products including BCG
caused an elevation in levels of IL-17 (Scriba et al., 2008). Our observation
suggests an association between IL-17 and IFN-in BCG mediated immune
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response in NOD mice. Genetic ablation of Il-17a or silencing of IL-17 by RNA
interference in NOD mice had no effect on the frequency of spontaneous or
cyclophosphamide-induced diabetes (Joseph et al., 2012; Kuriya et al., 2013),
suggesting that IL-17 is not essential in the pathogenesis of autoimmune diabetes.
Diabetogenic potential of NOD splenocytes remained unaltered even after
polarisation to an IL-17 producing phenotype (Nikoopour et al., 2008). Th17
polarised splenocytes from CFA treated NOD mice delayed diabetes development
in NOD.scid recipients of NOD diabetogenic splenocytes, and this protection was
reduced when T cells treated with anti-IL-17 mAb were used for transfer
(Nikoopour et al., 2010). These findings suggested a role for IL-17 in mycobacteria
mediated diabetes inhibition in NOD mice. Data from a recent study demonstrated
a collective role for IL-17A and IFN-γ in inhibiting chlamydial lung infection in
mice (Zhang et al., 2012). In light of the above mentioned association of IL-17 with
IFN-and their suppressive roles in NOD autoimmune diabetes, it is possible that
IL-17 acts as an accessory for IFN-γ-mediated diabetes protection conferred by
BCG. This hypothesis is in agreement with a recent finding that reported a
concomitant rise in the levels of IFN-and IL-17, with protection against diabetes
induced by mycobacteria in NOD mice (Nikoopour et al., 2010). Thus, it appears
that adjuvant mediated diabetes protection in NOD mice relies on a synergistic
action of IFN-and IL-17 cytokines.
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NK cells are crucial in the initial response against mycobacterial infections (de la
Barrera et al., 2004; Wolfe et al., 1976), and these cells are the predominant
producers of IFN-γ, a crucial cytokine in the innate immune response (Schoenborn
and Wilson, 2007; Yang et al., 1995). NK cells are believed to be one of the earliest
infiltrators of the pancreatic islets in NOD mice and these cells have also been
detected in the pancreas of diabetic patients (Brauner et al., 2010; Dotta et al.,
2007; Feuerer et al., 2009; Poirot et al., 2004). IFN-plays a crucial role in
promoting NK cell activity (Boehm et al., 1997), and IFN-secreted by activated
NK cells has been reported to activate auto-reactive T cells, unleashing them to
aggressively attack and destroy pancreatic islets in NOD mice (Feuerer et al.,
2009). Thus, it appears that NK cell activation and subsequent release of IFNcytokine by these cells is crucial in the precipitation of autoimmune diabetes.
In agreement with a pro-diabetogenic role for NK cells, we found that depletion of
NK cells from splenocytes of diabetic NOD mice, significantly delayed the transfer
of disease into NOD.scid recipients (Figure 3.9B). Contrary to a pro-diabetogenic
role for these cells, impaired NK cell function was observed in the blood of diabetic
patients and in lymphoid tissues of NOD mice, which spontaneously develop T1D
(Carnaud et al., 2001; Rodacki et al., 2007). Recently, Beilke and colleagues
demonstrated that though antibody mediated NK cell depletion in NOD mice
caused a slight delay in spontaneous and adoptively transferred diabetes, the
cumulative incidence of long standing diabetes in these mice was similar to WT
NOD mice (Beilke et al., 2012). These findings raise some doubts over the role for
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NK cells in T1D onset and progression. To add to this confusion, several studies
suggest a protective role for NK cells in T1D. Lee and colleagues demonstrated
that mycobacterial components increased the frequency and cytotoxicity of NK
cells in blood and spleen, and that these cells are needed for CFA mediated
diabetes protection in NOD mice (Lee et al., 2004). The same group later
demonstrated that NK cells protected CFA treated NOD mice against diabetes via
the secretion of IFN- (Lee et al., 2008). Contrary to the findings of Lee and
colleagues, we observed that BCG treated NOD.scid mice were protected from
diabetes irrespective of whether they received normal or NK-depleted splenocyte
preparations, indicating a limited role for NK cells in BCG mediated diabetes
protection. Thus, the role of NK cells in the induction of spontaneous diabetes or
its role in mycobacteria mediated diabetes protection, still remains controversial.
We found that NK cell depletion significantly delayed the transfer of disease into
NOD.scid recipients, but the fact that over 85% of recipients in the NK depleted
model developed the disease indicates interplay of additional factor(s) in NOD
diabetes development. The role for NK cells in BCG mediated diabetic protection
appeared to be minimal, as the depletion of this innate immune cell-type did not
alter the protective effect of BCG in an adoptive transfer model of the disease.
However, our findings had its limitations. The resident NK cells in NOD.scid
recipients, albeit reduced in numbers and functions, could have abrogated the
effects of NK cell depletion from donor cell preparation to some extent.
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Toll like receptors are pattern recognition receptors expressed by cells in the
immune system and play a major role in identifying microbes and microbial
constituents. Previous studies have shown that TLR2, which recognizes
lipopolysaccharides (Lien et al., 1999), a major constituent of mycobacterial cell
wall, can both exacerbate and prevent initiation of T1D (Karumuthil-Melethil et al.,
2008; Kim et al., 2007). A polymorphism in the TLR2 gene was recently found to
be significantly associated with autoimmune diabetes development in children
(Bjornvold et al., 2009). These findings suggest that TLRs can modulate
autoimmune -cell destruction. We observed that spontaneous diabetes incidence
in NOD.Tlr2-/- mice was significantly lower than that in WT littermates. Our finding
was in accordance with the results of Kim and colleagues, who reported that
diabetes incidence in NOD mice was reduced by about half in TLR2 deficient
mutants (Kim et al., 2007). These findings suggest that signalling through this
receptor was crucial in diabetes initiation. However, there exists the possibility
that an independent diabetes resistance gene conferred diabetes protection in
TLR2 deficient NOD mice, as the Tlr2 locus maps to the same chromosome 3
region as the Idd17 diabetes susceptibility locus (Podolin et al., 1997). Purified
mycobacterial cell-wall components have been shown to preferentially activate
TLR2; however we found that NOD.Tlr2-/- mice injected with BCG were equally
protected from autoimmune diabetes as WT NOD mice, suggesting that
mycobacterial components might be signalling through alternative TLRs or that
their activity includes mechanisms independent of TLR signalling. Consistent with
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this hypothesis Wong and colleagues found that ablation of TLR9 markedly
reduced autoimmune diabetes in NOD mice (Wong et al., 2008). Data from an
earlier study reported TLR4 to regulate host immune response against BCG in
ways distinct to that of TLR2 (Heldwein et al., 2003). Lee and colleagues recently
demonstrated that immune cells were activated by CFA in NOD.MyD88-/- mice,
suggesting that mycobacterial components could induce immune response
independent of TLR signalling as well (Lee et al., 2011).

Although 0.25mg BCG treatment offered no protection against diabetes in the IFN and the IFN-R2 deficient NOD mice, the higher dose of 1mg, prevented diabetes
in both IFN--deficient NOD mice and in mice deficient in -chain of its receptor,
suggesting that, at a higher dose, IFN--independent mechanism(s) might come
into play. BCG exposure has been reported to precipitate systemic autoimmune
responses typical of SLE in NOD mice (Baxter et al., 1994). In accordance with the
above report, we found that NOD mice administered 1mg BCG developed lupus
like autoimmune disease, characterised by Coombs’ positive haemolytic anaemia,
lowered haematocrit and haemoglobin levels in peripheral blood, raised titres of
ANA in sera and IC deposition in renal glomeruli, consistent with
glomerulonephritis. However, the deficiency of IFN- or its receptor prevented the
disease precipitation in NOD mice. This is in agreement with an earlier study
which demonstrated that deletion of IFN- receptor significantly reduced disease
development in lupus prone (NZB x NZW) F1 mice (Haas et al., 1998). The above
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findings suggest that even as BCG-induced production of IFN- played a crucial
role in diabetes protection in autoimmune prone NOD mice, the excessive
production of this cytokine might have switched the expression of a predisposing
tendency to other forms of autoimmunity in NOD mice.

In Summary, findings in this chapter indicate that environmental agent can have
either a potentiating or an inhibitory role in the development of autoimmunity.
M.bovis-induced IFN--secretion abrogated autoimmune diabetes in NOD mice; the
same protein, however, played a role in precipitating another form of
autoimmunity, indicating the pleiotropic nature of this cytokine. The timing and
the location of expression of IFN- appeared to affect immune response in NOD
mice.
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7.1

Introduction
Studies on the pathogenesis of autoimmune diabetes are largely focused on

the analysis of diabetogenic T cells, and most treatment strategies trialled to date
attempted to ameliorate the effects of islet-specific T cells (Michels and von
Herrath, 2011). However, majority of these strategies have had with limited
success in preserving residual β-cell function, especially in humans (Staeva et al.,
2013), due to factors including, the need for intervention at a very early stage of
autoimmunity, and the need to target multiple specificities owing to epitope
spreading (Shoda et al., 2005; Tian et al., 1997). An intrinsic dialogue betweencells and the innate and adaptive immune cells causes pancreatic β-cell-stress.
Distressed β-cells express FAS, secrete interferons as well as chemokines,
including CXCL10/IP-10, that are capable of recruiting and activating autoreactive
immune cells, indicating a role for -cells in in the initiation and progression of
autoimmunity. Better understanding on how β-cells influence the local immune
response, will help in designing novel and effective therapeutic approaches for
T1D.

In this study, I attempted to elucidate some of underlying mechanisms of NOD
diabetes, with a particular focus on components of the innate immune system,
which affected β-cell survival. The TRAIL-deficient NOD mouse strain
(NOD.Tnfsf10-/-) and the NOD lines exhibiting allelic FASL expression
(NOD.D1Bax208m1 and NOD.D1Bax208m2), provided in vivo support for crucial
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roles of TRAIL and FASL in controlling islet susceptibility to immune destruction
in autoimmune diabetes. Results described in chapters 4 and 5 suggested that
these members of the TNF-ligand-superfamily confer protection against diabetes
by regulating islet secretion of chemoattractants and suppressor proteins
associated with the disease. Results from experiments performed on targeted gene
deficient mutants of Ifng and its  receptor, illustrated an important role for IFNa proinflammatory cytokine, in regulating the autoimmune destruction of
pancreatic islets. Findings detailed in chapter 5 indicated that temporal and spatial
modulation of this cytokine could limit -cell damage, thereby inhibiting the
development and pathogenesis of autoimmune diabetes.

7.2

TRAIL and FASL execute parallel functions in T1D
This study illustrated that two apoptosis-inducing-ligands belonging to the

TNF ligand superfamily, TRAIL and FASL, can confer a protective effect against
autoimmune diabetes in NOD mice. TRAIL-deficient NOD mice displayed
accelerated diabetes and severe insulitis compared to WT NOD mice. A protective
role for TRAIL in NOD diabetes has been acknowledged in recent literature.
Protein mediated blockade of TRAIL exacerbated diabetes and insulitis in NOD
mice (Lamhamedi-Cherradi et al., 2003a), conversely, adenoviral delivery of TRAIL
in NOD mice significantly lowered its disease incidence (Kang et al., 2010).
However, ours was the first demonstration of an increased incidence of
spontaneous diabetes in NOD mice bearing a targeted deletion of TRAIL. Incidental
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discovery of NOD mouse lines with allelic FASL expression revealed an unexpected
and interesting role for this death ligand in autoimmune diabetes development.
The NOD.D1Bax208m2 mouse line, carrying the low-FASL-expressing allele,
displayed high diabetes incidence and severe insulitis compared to the lower
disease incidence and modest islet infiltration observed in the NOD.D1Bax208m1
mouse line, which had the high-FASL-expressing allele. There is other evidence of
a negative association between FASL-expression and diabetes susceptibility in
NOD mice. Kayagaki and colleagues reported lower FASL expression in NOD mice,
compared to nondiabetes-prone BALB/c mice (Kayagaki et al., 1997), and FASL
overexpressing cells were instrumental in lowering the incidence and delaying the
progression of NOD diabetes in adoptive transfer models (Franke et al., 2007; Kim
et al., 2000) . Our data demonstrating an increased incidence of spontaneous
diabetes in NOD mice carrying the low-FASL-expressing allele is consistent with
the above findings, and provides more direct evidence for a protective role of this
death ligand in autoimmune diabetes.

TRAIL and FASL are major contributors in intrathymic negative selection process
and peripheral T cell regulation (Corazza et al., 2004; Griffith et al., 2007;
Lamhamedi-Cherradi et al., 2003b; Watanabe-Fukunaga et al., 1992). Such a role
for these death ligands could potentially account for the increased severity of
spontaneous diabetes observed in NOD.Tnfsf10-/- and NOD.D1Bax208m2 mice.
However, T cell proportions in the thymi and peripheral organs of these mice
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appeared normal, eliminating the possibility of a lymphoaccumulation-mediated
exacerbation of diabetes. Moreover, NOD.scid mice receiving cells from diabetic
NOD.Tnfsf10-/- and NOD.D1Bax208m2 mice developed the disease at a rate similar
to that of NOD.scid-recipients of diabetogenic cells from control mice, suggesting
the lack of a systemic increase in numbers or activation of autoreactive T cells in
these mutant mouse lines. The reciprocal transfer of diabetogenic splenocytes
between NOD.Tnfsf10-/- and WT NOD mice indicated that accelerated diabetes was
associated with TRAIL-deficient recipients, and not the genotype of the donors.
Similar experiments with NOD.D1Bax208m1 and NOD.D1Bax208m2 mice revealed
that accelerated diabetes was associated with low-FASL-expressing recipients, and
not the genotype of the donors. These findings raised the possibility that
expression of these TNF superfamily ligands in the nonhematopoietic
compartment conferred protection against autoimmune diabetes in WT NOD mice.

Chemokines are important mediators of cell trafficking implicated in autoimmune
diabetes development both in man (Eizirik et al., 2009) and in NOD mice (Rhode et
al., 2005). It is possible that in the initial stages of T1D development, microbial
products or constituents of -cell apoptosis trigger, via islet-TLRs, the secretion of
proinflammatory chemokines, especially IP-10, that are able to recruit and localise
autoaggressive immune cells. These activated autoreactive cells also secrete high
levels of IP-10 (Frigerio et al., 2002; Roep et al., 2010; Turley et al., 2003; Uno et
al., 2010), thereby imprinting a pattern that perpetuates the autoimmune cascade.
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This chemokine is also capable of directly triggering -cell destruction (Schulthess
et al., 2009), contributing to the pathophysiology of T1D. We found that the
triggering of islet TLRs by LPS induced the production of IP-10 in vitro; however,
TRAIL ligation suppressed the secretion of this proinflammatory chemotactic
cytokine. Expression profiling of islet transcripts identified the downregulation of
Socs1 (encoding suppression of cytokine signalling (SOCS1)) in low-FASLexpressing NOD.D1Bax208m2 mice, which had accelerated diabetes and severe
insulitis. SOCS1 is a negative regulator of proinflammatory effects of IFN-, and it
prevents IFN--mediated  -cell death (Alexander, 2002; Cottet et al., 2001;
Flodstrom-Tullberg et al., 2003). SOCS1 also attenuates the pathogenic effects of
the highly potent chemokine IP-10 (Barral et al., 2006). It was therefore possible
that higher SOCS1 levels in the islets of NOD.D1Bax208m1 mice negatively regulated
IFN- and IP-10-mediated -cell destruction, in contrast to the severe destruction
seen in the pancreatic islets of low SOCS1 expressing NOD.D1Bax208m2 mice.
Similar to FASL, TRAIL signalling also increased SOCS1 expression in NOD
pancreatic islets (Zauli et al., 2010), and upregulation of this cytokine-signallingsuppressor-protein was associated with the amelioration of autoimmune diabetes
in these mice. Thus, the systematic characterisation of the mechanism of
protection mediated by TRAIL and FASL in NOD mice revealed a remarkable
parallel between the -cell protective effects of these two homologous ligands
(Table 7.1, Figure 7.1).
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NOD.Tnfsf10-/Expression
levels

Diabetes
incidence

Severity of
insulitis

Reciprocal
transfer

Islet
expression

NOD.D1Bax208m2

No TRAIL
expression,
(blue);
constitutive
expression in
WT NOD/Lt
(red)

Lower FASL
expression in

Higher
incidence in
TRAIL KO
(blue) mice
than in WT.

Higher
incidence in
low FASL
expressing

Higher in
TRAIL
deficient
mice (left)
than in WT.
Higher rate
of diabetes
transfer into
TRAIL
deficient
recipients
(blue)
No TRAIL
expression

NOD.D1Bax208m2

(blue)
compared to

NOD.D1Bax208m1

(red)

NOD.D1Bax208m2

mice (blue)
Higher in
reduced FASLexpressing
NOD.D1Bax208m2

Higher islet
secretion of
chemokine IP-10
that promotes
homing of islet
infiltrating cells

mice (left)
Higher rate of
diabetes
transfer into
low FASLexpressing
recipients
(blue)
Low FASL
expression

Low islet expression
of SOCS1, a strong
inhibitor of cytokine
(IFN-) signalling.

Table 7. 1 Remarkable similarities between the functions of TRAIL and FASL in NOD diabetes.
In summary, TRAIL deficient NOD mice had severe islet infiltration, a finding comparable to that
in low FASL-expressing NOD.D1Bax208m2 mice. It appears that a TRAIL deficient environment
enhanced islet-derived-IP-10-mediated lymphocyte homing, while low FASL levels in islets
supressed SOCS1, a strong inhibitor of IFN- and IFN--induced proinflammatory
chemoattractant IP-10, indicating that these two closely related ligands of TNF superfamily
conferred protection to NOD islets through similar mechanisms.
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Figure 7.1 Cytokine/chemokine modulation by TRAIL and FASL, ligands of the TNF superfamily
confers protection to islet cells. TRAIL inhibits islet secretion of IP-10, a potent chemoattractant
of immune cells capable of secreting proinflammatory cytokines cells. IP-10 is also capable of
directly triggering -cell destruction. TRAIL/FASL expression by islets upregulate SOCS1, which
acts as a feedback inhibitor regulating response to cytokines including IFN-, by interfering with
the JAK/STAT signal transduction pathway. STAT-1-regulated genes are mainly pro-apoptotic in
-cells. SOCS1 also inhibits the expression of proinflammatory chemokines including IP-10. In
addition to modulating the local cytokine/chemokine levels, TRAIL and FASL expression on
islets provide immune privilege by binding to their respective death receptors on infiltrating cells,
inducing their apoptosis.
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 IFN-is vital for BCG-induced diabetes protection in NOD mice
IFN- is an important mediator of -cell death (Campbell et al., 1991;
Debray-Sachs et al., 1991), and is acknowledged as a major contributor of T1D
pathogenesis (Thomas et al., 2009). Transgenic mice overexpressing IFN- had
severe -cell destruction (Sarvetnick et al., 1988). In contrast, NOD mice
genetically deficient in IFN- or its -chain receptor remained susceptible to
diabetes, suggesting that IFN-signalling is not essential in NOD islet
autoimmunity (Hultgren et al., 1996; Serreze et al., 2000). In the work described
here, we confirmed that genetic ablation of Ifng did not alter the incidence of
spontaneous diabetes in NOD mice. Taken together, the contradicting observations
on the role of IFN- in autoimmune diabetes suggest that, though this cytokine is
involved in the progression from insulitis to -cell death, in its absence, other
mechanisms of islet cell destruction are sufficient. Interestingly, we found that
NOD mice with functionally inactivated gene encoding the -chain of Ifng receptor
(NOD.Ifngr2-/-) had significantly lower diabetes incidence compared to NOD.Ifng-/and NOD/Lt mice. Experiments by Yi and colleagues indicated that -cells deficient
in IFN- -chain-receptor had an inherent resistance to CD4 T cell-induced
proinflammatory cytokine-mediated destruction (Yi et al., 2012). This could be
one of the reasons behind the reduced incidence observed in NOD.Ifngr2-/- mice,
another being a so far unknown ligand that signal though the -chain receptor of
IFN- causing beta cell destruction.
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Harada and colleagues reported a protective role for BCG in NOD diabetes (Harada
et al., 1990). Corroborating the above finding, we observed that 0.25mg BCG
injected i.v. into 8-week-old NOD mice provided near total protection against
autoimmune diabetes. Whereas IFN- was not the only effector agent involved in
the initiation and progression of autoimmune diabetes, it was definitely the key
factor mediating BCG-associated disease suppression in NOD mice. Anti- IFN-
monoclonal antibody treatment eliminated diabetes protection offered by BCG in
an adoptive transfer model of this disease (Qin et al., 2004), consistent with this
hypothesis. Furthermore, our findings indicate that deficiency in IFN- signalling
eliminated the ability of BCG to protect NOD mice against spontaneous diabetes, as
well as against adoptively transferred disease, were also consistent with a crucial
role for this cytokine in BCG-mediated diabetes protection. BCG treated NOD.Ifng-/and NOD.Ifngr2-/- mice had higher effector: naïve T cell ratio in the peripheral
lymphoid organs, compared to BCG immunised parental NOD/Lt mice (Figures 6.9
and 6.10), indicating that BCG-induced IFN--associated mechanisms are involved
in the suppression or elimination of activated T cells. Our observation is in
accordance with data that suggested selective elimination of diabetogenic effector
cells by BCG related mechanisms, that played a role in the amelioration of
autoimmune processes underlying T1D development (Faustman et al., 2012;
Kodama et al., 2003; Qin et al., 2004; Ryu et al., 2001). Adoptive transfer
experiments by Mori and colleagues revealed that T cells from IFN- deficient NOD
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mice were resistant to Treg mediated suppression, consistent with a role for this
cytokine in limiting effector T cell activity.

IFN-therefore exhibits paradoxical effects in T1D. IFN- signalling through STAT1 regulated a number of genes that increased the sensitivity of -cells to apoptotic
stimuli, and mediated the secretion of proinflammatory chemokines including IP10 (Moore et al., 2011). On the other hand, IFN- emerged as a key mediator in
BCG-induced diabetes-inhibition in NOD mice. Timing and site of exposure of this
cytokine might explain the variable effects observed. Among the initial events in
T1D development, microbial products or molecular patterns released from
apoptotic -cells could ligate islet-TLRs (at around 2 week in NOD mice), resulting
in the secretion of proinflammatory cytokines and chemokines, including IFN-
and IP-10 (Giarratana et al., 2004; Kim et al., 2007; Turley et al., 2003). This
proinflammatory chemotactic milieu would attract autoaggressive immune cells,
especially IFN--secreting, CXCR3+ effector T cells (Loetscher et al., 1996; Sallusto
et al., 1998), and induce β-cells to release more chemokines. This positive
feedback loop could further attract additional mononuclear cells, perpetuating
islet infiltration and subsequent autoimmune destruction of -cells, in a partially
IFN--dependent manner (Figure 7.2 A). Results discussed in chapter 6 indicate
that BCG instillation in prediabetic NOD mice (on or before 8 week of age)
protected them from T1D, and that IFN- signalling was the unique critical factor
in this model. This scenario of IFN- being proinflammatory in the initial stages of
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islet infiltration, but conferring protection when induced by BCG at a later stage of
insulitis, is reminiscent of the RIP-GP-TNF- mouse model, in which early
expression of the proinflammatory cytokine TNF- enhanced the frequency of
diabetes in mice, while a late expression reduced the disease (Christen et al.,
2001). Similarly in the RIP-LCMV-NP mouse model although accelerated diabetes
onset occurred 2-3 month post LCMV infection; a secondary infection 4 weeks
later with LCMV-Pasteur, prevented T1D in this mouse model (Christen et al.,
2004; Oldstone, 1988). High titres of LCMV-Pasteur were found in the pancreatic
draining lymph nodes (PDLN) of these mice, and were associated with high
expression of IP-10, reduction in islet infiltration and increased apoptosis of
autoaggressive T cells in the PDLN. These findings suggested that the IP-10
chemokine-gradient caused islet effector T cells to traffic out of the pancreas and
towards PDLN, the site of secondary inflammation. BCG is also capable of inducing
the secretion of large amounts of IP-10 either directly, or indirectly through
mechanisms controlled by BCG derived IFN- (Luo et al., 2007). These parallels
between the LCMV and BCG-mediated inhibition of diabetes in NOD mice suggest
deposits of live attenuated form of a heat-killed M.bovis (BCG) might have created
a ‘sink effect’ that removed autoreactive T cells from the circulation and reversed
the cellular traffic to the pancreatic islets (Figure 7.2 B). In accordance with the
proposed peripheral ‘sink effect’ induced by M.bovis injection, BCG instillation
ameliorated experimental autoimmune encephalomyelitis (EAE), a mouse model
of multiple sclerosis (MS), by diverting the traffic of myelin oligodendroglial
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Figure 7.2 Proposed mechanism of BCG mediated inhibition diabetes in NOD mice. Triggering
of islet TLRs by microbial products or components of dying -cells upregulate secretion of
proinflammatory chemokine IP-10 that attract activated T cells, macrophages, NK cells, DCs
etc. These islet-infiltrating cells produce proinflammatory cytokines including IFN- and TNF,
which induce -cells to release more IP-10, creating a chemokine gradient that will attract
additional mononuclear cells exacerbating -cell destruction (A). Intravenous BCG
administration at an early stage of insulitis interrupts this vicious cycle. It causes rapid
accumulation of IFN- in the secondary lymphoid organs, thereby diverting the inflammation
away from the pancreatic islets. IFN--induced secretion of chemokines reverses the dynamics
of immune cell migration, resulting in abrogation of NOD T1D. Additionally, IFN- selectively
eliminates diabetogenic T cells via FAS or TNF pathways (B).
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glycoproteinautoantigen (MOG)-specific T cells away from the central nervous
system (Sewell et al., 2003). We also observed higher naïve: effector T cell ratios in
the peripheral organs of BCG treated NOD mice compared to IFN- and IFN-R2
deficient NOD mice. It was therefore possible that BCG mediated the elimination of
effector T cells in an IFN--dependent manner. Taken together, exposure of IFN-
and IP-10 at the right location and at the right time could prove beneficial in
inhibiting the ongoing autoimmune process, and might have relevance in the
clinical context.

Though BCG conferred protection against autoimmune diabetes in NOD mice, at a
high dose (1mg) it precipitated another form of autoimmunity with characteristics
typical of SLE in some patients, including haemolytic anaemia, antinuclear
antibodies in sera and immune complex glomerulonephritis (Figure 6.15). IFN- is
vital for the development of autoimmunity in lupus prone MRL/I mice
(Prud'homme et al., 1995). In accordance with the above finding, NOD mice
deficient in IFN- signalling were spared from the BCG-mediated precipitation of
systemic autoimmunity, suggesting the crucial role for IFN- in lupus development.
SLE patients had high serum and plasma levels of the proinflammatory chemokine,
IP-10, which strongly correlated with disease activity, moreover, infiltrating
CXCR3+ cells participated in a variety of manifestations of SLE (Fragoso-Loyo et al.,
2007; Lit et al., 2006; Narumi et al., 2000; Wu et al., 2011). Considering the
important roles for IFN- and IP-10 in the autoimmune process that lead to SLE,
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therapeutic neutralization of these key factors could possibly be applied in a
clinical setting. Moreover, M. bovis mediated induction of lupus in NOD mice could
possibly be used as a model for studying the etiopathogenesis of this disease.

In summary, we found the pathogenic inflammatory responses leading to
autoimmune diabetes to be multifactorial, and that they depended on a
combination of molecular, cellular and stochastic elements. Our findings in TRAIL
deficient NOD mice and in NOD mice with low FASL expression revealed novel
and intriguing data on the role of TNF family members in controlling islet
susceptibility to immune destruction in autoimmune diabetes. We found that
TRAIL and FASL regulated the islet expression of the potent chemokine IP-10 and
suppressor protein SOCS1 respectively. Suppression of IP-10 and upregulation of
Socs1 transcription, a strong inhibitor of IFN-signalling, was associated with
suppressed immune cell infiltration of the pancreas and inhibition of diabetes in
NOD mice. This study also revealed exciting roles for the proinflammatory
cytokine IFN-and IP-10 in modulating NOD diabetes in a BCG-mediated diabetes
protection model. Information provided here could help in improving our
understanding of the pathogenic mechanisms underlying T1D development, and in
rationally designing better prognostic tools for this autoimmune condition.
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7.4

Potential implications and applications of this study

Profound understanding of the molecular mechanisms of TRAIL, FASL and IFN-associated inhibition of autoimmune diabetes could identify targets suitable for
therapeutic manipulation. Interesting propositions arise from the findings in this
study. Data from chapters 4 and 5 suggest that TRAIL and FASL signalling are
natural mechanisms by which islets inhibit its infiltration and destruction. TRAIL
and FASL ligation is capable of suppressing the highly potent, -cell-toxic
chemoattractant, IP-10, and inhibiting the factors leading to its secretion. Genetic
or therapeutic modulation of this pathway may therefore enhance preservation of
endogenous -cell function or protection of grafted islets, providing improved
treatment of T1D in patients. Results discussed in chapter 6 indicate that BCG
instillation in prediabetic NOD mice protected them from autoimmune diabetes,
and that IFN- signalling was vital in this model. We found reduced effector T cell
ratios in BCG treated NOD mice genetically deficient in IFN- or the -chain of its
receptor. It is likely that BCG mediated modulation of autoimmunity in this model
was a result of redirected trafficking and increased apoptosis of autoaggressive
islet-specific immune cells. The temporal and spatial modulation of chemokines or
suppressors of proinflammatory cytokines that induce -cell damage could
represent a therapeutic approach that not only preserve -cell functions in earlydetected autoimmune diabetes, but also abrogate islet damage in an advanced
stage of the disease. The above assumption finds support in a recent clinical trial
that has reported beneficial effects of BCG vaccination in T1D patients (Faustman
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et al., 2012). Better prognosis could be achieved with a combination approach with
agents that act at different checkpoints in the disease process. In summary, TRAIL,
FASL and IFN--associated inhibition of autoimmune diabetes should identify
potential avenues of therapeutic intervention. These could include
chemoattractants (IP-10), involved in intensifying insulitis, suppressor proteins
(SOCS1), potent inhibitor of cytokines that destroy islets, and islet-associated
TRAIL/FASL-related molecule, which when ligated, suppress insulitis. Our findings
suggest that combining functional aspects of FASL/TRAIL-signalling and BCGinduced mechanisms could induce a robust and stable β-cell–specific immune
tolerance, thereby providing protection and improved treatment of autoimmune
diabetes in patients.

7.4.1 Mutant mice with natural mechanisms of resistance against T1D
could show us new ways of gene regulation.
While screening the genome of an inbred NOD line, a member of the
laboratory, Tatiana Toutsman, incidentally identified a highly mutable simple
sequence repeat carrying consensus DNA sequences for GATA1 and GATA3transcription-factor-binding at D1Bax208 locus in NOD mice. Since D1Bax208
locus was located immediately 3’ to Fasl, we examined FASL expression in mice
carrying the mutant alleles. Interestingly, these mice had allelic FASL expression,
suggesting a GATA transcription-factor-mediated modulation of FASL-expression.
Our finding is in accordance with the recent evidence that illustrate GATA
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transcription-factor mediated regulation of FASL-expression and an associated
variation in biological activity in humans (Tai et al., 2013; Wei et al., 2011).
Further experiments with NOD mice carrying the mutant alleles of D1Bax208
indicated that allelic FASL expression affects the rate of spontaneous diabetes.
NOD mice carrying the low-FASL-expressing allele had increased disease
incidence, suggesting that modulation of death ligand expression could have a
protective effect in NOD diabetes. A profound insight into the molecular biology of
GATA-3 binding regions of Fasl in NOD lines carrying the mutant D1Bax208 allele
could potentially unravel so far unidentified roles of this death ligand in regulating
T1D or even other forms of autoimmunity.
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Ab

Antibody

AICD

Activation Induced Cell Death

AIHA

Autoimmune Haemolytic Anaemia

Aire

Autoimmune Regulator

ALPS

Autoimmune Lymphoproliferative Syndrome

ANA

Antinuclear Antibodies

ANOVA

One-way Analysis of Variance

APC

Allophycocyanin/ Antigen Presenting Cell

APECED

Autoimmune Polyendocrinopathy-candidiasis EctodermalDystrophy

APS1

Autoimmune Polyendocrinopathy Syndrome type 1

ATP

Adenosine triphosphate

BB

Bio-Breeding

BCG

Bacillus Calmette-Guérin

bp

Base-pair

BSA

Bovine Serum Albumin

CFA

Complete Freund’s Adjuvant

CFSE

Carboxyfluorescein Succinimydyl ester

CNS

Central nervous system

CO2

Carbon dioxide

Con A

Concanavalin A

Cr

Chromium

CTLA-4

Cytotoxic T lymphocyte antigen 4

CVB3

B coxsackievirus 3

CY

Cyclophosphamide

dATP

Deoxyadenosine Triphosphate

DC

Dendritic Cell

dCTP

Deoxycytidine Triphosphate

dGTP

Deoxyguanosine Triphosphate
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DN

Double negative

DNA

Deoxyribonucleic Acid

dNTP

Deoxyribonucleotide triphosphate

DP

Double positive (CD4+CD8+) thymocyte

DR

Death Receptor

dTTP

deoxythymidine Triphosphate

EAE

Experimental Autoimmune Encephalomyelitis

EDTA

Ethylene Diamine Tetra-Acetic Acid

FACS

Fluorescence Activated Cell Sorter

FASL

Fas Ligand

FCS

Foetal calf serum

FcγR

Fc gamma receptor

FITC

Fluoroscein isothiocyanate

gld

Generalized Lymphoproliferative Disorder

GM-CSF

Granulocyte-Macrophage Colony-Stimulating Factor

GN

Glomerulonephritis

HA

Haemolytic Anaemia

HCV

Hepatitis C Virus

HLA

Human Leukocyte Antigen

i.p.

Intraperitoneal

i.v.

Intravenous

IC

Immune Complex

ICAM

Intercellular Adhesion Molecule

IDDM

Human insulin-dependent diabetes mellitus

IFN

Interferon

Ifn-r2

Interferon gamma receptor 2

Ig

Immunoglobulin

IL

Interleukin
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IP-10

Interferon gamma-induced Protein 10kD

ITP

Idopathic Thrombocytopenic Purpura

JAK

Janus Kinase

Kb

Kilobasepairs

kD

Kilo Dalton

KO

Knock-out

LCMV

Lymphocytic Choriomeningitis virus

Lpr

Lymphoproliferation

LPS

Lipopolysaccharide

LYP

Lymphoid Tyrosine Phosphatase

mAb

monoclonal Antibody

MCP-1

Monocyte Chemoattractant Protein-1

mg

Milligrams

MHC

Major histocompatability complex

MHV

Murine Hepatitis Virus

mL

Mililitre

mM

Milimolar

mRNA

Messenger RNA

MS

Magnetic Separation/ Multiple Sclerosis

MST

Median Survival Time

MTV

Mammary Tumor Virus

NF-κB

Nuclear Factor Kappa-B

NK

Natural Killer cell

NKC

Natural killer complex

NKT

Natural Killer T cell

NOD

Non Obese Diabetic

ns

Not Significant

NZB

New Zealand Black
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OVA

Ovalbumin

PAGE

Polyacrylamide Gel Electrophoresis

PBL

Peripheral blood lymphocyte

PBMC

Peripheral blood mononuclear cell

PBS

Phosphate Buffered Saline

PCR

Polymerase Chain Reaction

PE

Phycoerythrin

PI

Propidium iodide

PRR

Pattern Recognition Receptor

RA

Rheumatoid Arthritis

RBC

Red Blood Cell

RBG

Random Blood Glucose

RNA

Ribonucleic Acid

RPM

Revolutions per minute

RT

Room temperature

SAG

Super Antigen

scRNP

Small cytoplasmic Ribonucleic Particles

SEB

Staphylococcal enterotoxin B superantigen

SEM

Standard Error of Mean

SLE

systemic Lupus Erythematosus

SNP

Single Nucleotide Polymorphism

snRNP

small nuclear Ribonucleic Particles

SP

Single positive

SSLP

Simple sequence length polymorphism

SSR

Simple Sequence Repeats

STAT

Signal Transducer and Activator of Transcription

SZ

Streptozotocin

T1D

Type 1 Diabetes
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TCR

T cell receptor

Th

T helper

TNF

Tumor Necrosis Factor

TNFSFL

Tumor Necrosis Factor Superfamily Ligands

TNFSFR

Necrosis Factor Superfamily Receptors

TRAIL

TNF-Related Apoptosis Inducing Ligand

Treg

CD4+CD25+ FoxP3+ regulatory T cell

TRITC

Tetramethyl Rhodamine Isothiocyanate

TUNEL

TdT-mediated dUTP-biotin nick end labelling

UV

Ultraviolet

VNTR

Variable Number Tandem Repeat

WT

Wild-type

XPID

X-linked Polyendocrinopathy Immunodeficiency and Diarrhoea

α-GalCer

α-Galactosylceramide

[γ32P]ATP

[γ32P] Adenosine 5’ –triphosphate
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BUFFER FOR CELL SUSPENSION PREPARATION AND FLOWCYTOMETRY
MACS Buffer
500 ml of 1x PBS
0.5 % (w/v) BSA
2mM EDTA
Mix well. Adjust pH to 7.4. Stored at 4°C

DNA EXTRACTION BUFFERS:
Digest Buffer
Stock

Final

Add

IM Tris pH8.0

100mM

10ml

0.5M EDTA

5mM

1ml

10% SDS

0.2%

2ml

5M NaCl

200mM

4ml

dH2O

upto 100ml

84ml

Proteinase-K
10mg dissolved in 1ml d H2O
Store at -20°C in aliquots
1. Add 500ul digest buffer to approx 1cm of tail in an eppendorf tube.
2. Add 10ul [10mg/ml] proteinase-K.
3. Incubate tails 56°C at least 3hrs (or O/N).
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5.25M Guanidine Thiocyanate Lysis Buffer (For 500 ml)
Working Stock

Reagent Required

Conc

Add

118.2 M

Guanidine Thiocyanate

5.25M

310.28g

1.0M

Tris Hcl pH6.5 (TRIZMA)

10 mM

5 ml

0.5M

EDTA

20.0mM

20 ml

100.00%

Triton X100

4.00%

20 ml

154.3 MW

Dithiothreitol (DTT)

64.8mM

5g

Sterile Milli Q Water

Balance

1. Add GITC, Tris & EDTA bring to 400ml with sterile Milli Q water in a beaker
2. On a heated stirrer @ 550C stir until completely dissolved
3. Add DTT then Triton X100 stir gently
4. Allow to cool to RT
5. Place Back on stirrer and adjust pH to 6.5 with HCl
6. Adjust buffer to 500ml with sterile MiliQ water in a graduated 500ml flask

1X Propanol wash Buffer (For 500.0ml)
Working Stock

Reagent Required

Conc

Add

58.4 MW

Sodium Chloride (NaCl)

100.0mM

2.92g

0.5M

Tris Hcl pH8>0 (TRIZMA)

10.0mM

10 ml

100.00%

Isopropanol

25.00%

125 ml

100.00%

Ethyl Alcohol (Ethanol)

25.00%

125 ml

Sterile Milli Q Water

Balance

1. To 250ml flask add Tris and NaCl, bring to 250ml with sterile Milli Q Water
2. Pour into a 500ml schott bottle
3. Measure in a graduated flask individually, the required volume of both Ethanol and
Isopropanol and add to Tris NaCl solution
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BUFFERS FOR GEL ELECTROPHORESIS
6 X Gel loading buffer with glycerol
1. Dissolve 25 mg bromophenol blue
2. Add 3 ml glycerol.
3. Make up volume to 10 ml with distilled water.
4. Store at 4°C.
50x TAE Buffer (Tris-Acetate-EDTA)
242 gm Tris base
57.1 ml Acetic acid
100ml 0.5M EDTA
1. Weigh out 242 g Tris base (FW=121.14) and dissolve in 750 mL deionized water.
2. Carefully add 57.1 ml glacial acid acid and 100 mL of 0.5 M EDTA (pH 8.0) and
adjust the solution to a final volume of 1 L.
3. This stock solution can be stored at room temperature. The pH of this buffer is not
adjusted and should be about 8.5.
1x TAE Buffer (working solution)
The working solution of 1x TAE buffer is made by simply diluting the stock solution
by 50x in deionized water. Final solute concentrations are 40mM Tris acetate and
1mM EDTA. The buffer is now ready for use in agarose gel electrophoresis.
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Invited talks and posters at conferences
Annual Meeting of the Australian Society for Immunology, 2009, Perth
Annual Meeting of the Japanese Society for Immunology, 2008, Kyoto (Talk)
Annual Meeting of the Australian Society for Immunology, 2008, Canberra (Poster)
Brisbane Immunology Group Annual Retreat, 2007, Sunshine Coast (Talk)
FIMSA/IIS Advanced Immunology Conference, 2006, New Delhi (Talk)
Brisbane Immunology Group Annual Retreat, 2006, Gold Coast (Poster)
Townsville festival of life sciences, 2006, 2007 and 2008 (Poster).

Primary publications
Role of Tumor Necrosis Factor Related Apoptosis Inducing Ligand (TRAIL) in
resistance to Type 1 Diabetes. Jose R J, Mysore T B, Silva A, Cretney E, Chowdhury
S, Smyth M, Kay TWH, Baxter AG. (under review: Diabetes)
Polymorphism in a Fas Ligand simple sequence repeat affects T1D in NOD mice.
Jose RJ, Walters S, Grey ST, Chowdhury S, Fletcher JM, Gerlach N, Baxter AG.
(manuscript under preparation: Journal of Immunology)
Role of Ifn- in Mycobacterium bovis mediated prevention of diabetes, and
induction of SLE in NOD mice. Jose RJ, Baxter AG (Manuscript under preparation:
International Immunology)
TNF ligand superfamily members affect NKT cell numbers in NOD mice. Jose RJ,
Baxter AG (Manuscript under preparation: Immunology and cell biology)
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Other publications
Urocortin 2 is associated with abdominal aortic aneurysm and mediates antiproliferative effects on vascular smooth muscle cells via corticotrophin releasing
factor receptor 2. Emeto TI, Moxon JV, Biros E, Rush CM, Clancy P, Woodward L,
Moran CS, Jose RJ, Nguyen T, Walker PJ, Golledge J.Clinical Science. 2013 (IF: 4.86)
Everolimus Limits Aortic Aneurysm in the Apolipoprotein E-Deficient Mouse by
Downregulating C-C Chemokine Receptor 2 Positive Monocytes. Moran CS, Jose RJ,
Moxon JV, Roomberg A, Norman PE, Rush C, Körner H, Golledge J. Arteriosclerosis
Thrombosis and Vascular Biology. 2013 Apr;33(4):814-21. (IF: 6.37).
Role of SLAM in NKT cell development revealed by transgenic complementation in
NOD mice. NOD.SLAM. Jordan MA, Fletcher JM, Jose R, Chowdhury S, Gerlach N,
Allison J, Baxter AG. Journal of Immunology. 2011 Apr 1;186(7):3953-65. (IF 5.52)
Herpes simplex virus-1--associated congenital cataract. Raghu H, Subhan S, Jose RJ,
Gangopadhyay N, Bhende J, Sharma S. American Journal of Ophthalmology. 2004
Aug;138(2):313-4. (IF: 4.22).
Diagnosis of herpes simplex virus-1 keratitis: comparison of Giemsa stain,
immunofluorescence assay and polymerase chain reaction. Subhan S, Jose RJ,
Duggirala A, Hari R, Krishna P, Reddy S, Sharma S. Current Eye Research. 2004.
Aug-Sep;29(2-3):209-13. (IF:1.28)
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Young Scientist Research Travel Grant (JDRF): JSI annual conference Kyoto, 2008.
Robert Logan memorial grant: ASI annual conference, Canberra, 2008.
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