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Introduction 

Disease susceptibility is determined by the complex interplay between host genetic 

factors and environmental factors. Many inherited host susceptibility factors have been 

observed to show association with disease phenotypes, such that individuals within a 

population cohort respond differently to a specific infection. Differences in susceptibility 

to disease can also be observed at the level of populations, such that marked differences 

in disease susceptibility are seen between population groups of different ethnicities 

residing in the same geographical region (Modiano et al., 1996). 

Among the many approaches to identifying disease susceptibility loci, have been the 

identification of disease predisposition against specific infectious agents in individuals 

with rare monogenic mendelian conditions (Fischer, 2001). Many of these rare 

mendelian disorders involve loci that are core regulators of the immune response 

mediating multiple overlapping functions across many cell lineages of the immune 

system leading to clinical disorders that are characterized by generalized 

immunodeficiency. Therefore, majority of the monogenic susceptibility loci regulate 

protection against a wide spectrum of infectious diseases and explain immunodeficiency 

disorders rather than individual susceptibilities to specific infections. 

Family studies of such mendelian disorders have identified associations of mycobacterial 

infection susceptibility to mutations in the interferon-y receptor 1 (IFN-yR1) and with the 

interleukin-12 (IL-12) deficiency or a mutation in the IL-12 receptor gene. Further, 

single locus susceptibility to mycobacterial infections have also been identified in family 

based studies. Such studies offer insights into the molecules, in this case IFN-y or IL-12, 

that are crucial for immunity against specific pathogens. Still, it is unlikely for such 



Introduction 

highly penetrant mutations to survive evolutionary selection pressure and to account for 

differences in disease susceptibility in the general population. More common alleles of 

these susceptibility loci, with subtler effects on gene function, might effectively explain 

the variation that underlies differences between individuals in susceptibility to major 

pathogens. 

It is also precisely due to this multigenic and heterogeneous distribution of susceptibility 

loci that human studies on disease gene identification has proved difficult to achieve. 

Conversely, major gene effects can be identified in mouse models of infection, where 

effective genetic control can be exercised, allowing the use of mutant mice to identify 

host genes contributing to susceptibility to infections (Bedell et al., 1997a; Bedell et al., 

1997b ). Some genes critical for protection against individual infectious agents have also 

been identified by mouse studies and when applied to human populations, show 

consistent polymorphism in suffering individuals (Carrington et al., 1999; Casanova and 

Abel, 2004; Fortier et al., 2005; Mira et al., 2004; Pan et al., 2005). 

One such extensively studied polymorphism involves an inactivating mutation of the 

gene encoding Bruton's tyrosine kinase (BTK) causing X-linked immunodeficiency 

(XID) in mice and X-linked agammaglobulinemia (XLA) in humans. Most of the effects 

related to a lack of functioning BTK in the XID mouse model, however, have been subtle 

and quantitative in nature unlike the human disease counterpart. Btk is a member of the 

Btk/Tec family of non-receptor tyrosine kinases and a point mutation in any subdomain 

of Btk can result in XLA, characterized by a block in B-cell development at the pre-B 

cell stage, resulting in a severe deficit of B-cells and serum immunoglobulin (lg). Both a 
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naturally occumng point mutation in Btk, which results m murine X-linked 

immunodeficiency (XID), and the inactivation of the murine Btk gene result in a 

phenotype that is significantly milder than XLA. There is no simple correlation between 

the type of mutation and the severity of disease. Further, XID mice with simultaneous 

depletion of T cells or inactivation of CD40 or TEC result in increased disease severity 

mimicking that seen in human XLA, invoking the likelihood that the XLA phenotype is 

dependent on genetic context based interactions between the B and T cell lineage. All 

the above studies however involve modulations in molecules that have multiple roles 

across cell lineages. Therefore, in the present study, a model of complete T cell ablation 

induced by introducing a TCR p chain deficiency in the XID mice was studied to prove 

the T cell intrinsic nature of the phenotype rescue observed in XID. 

In myeloid cells, BTK functions as a key signaling molecule engaged on receptor 

activation of various surface receptors like cytokine receptors, death receptors, and Toll­

like receptors (TLRs), all of which have an important role in regulating the inflammatory 

immune response executed by myeloid cells, both in mice and humans. Previous work 

has demonstrated that Btk deficient XID myeloid cells, macrophages and neutrophils, 

showed compromised generation of effector molecules and XID macrophages displayed 

poorer induction of the Rei family of NF-lCB transcription factors (Mangla et al., 2004; 

Mukhopadhyay et al., 2002). With this background, the role for Btk in modulating 

eosinophil effector functions was studied. Since many of the NF-lCB transcription factors 

are known to have functionally redundant roles, the relative significance of the deficient 

induction of c-Rel, a Rei family NF-lCB transcription factor, on effector functions in XID 

macrophages was further defined using a c-Rer1
- mouse model. 
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Introduction 

Engulfed pathogens are targeted to the endo-lysosomal compartments to undergo 

degradation and processing into peptide fragments for presentation on major 

histocompatibility complex II (MHCII) molecules. Intracellular trafficking of these 

vesicles is regulated by association with small molecular GTPases of the Rab family. 

L YST, a lysosomal transport protein of unknown function, has also been associated with 

regulating this process of lysosomal maturation. Mutation in the Lyst gene is associated 

with an immunodeficiency syndrome, Chediak-Higashi Syndrome (CHS), associated 

with defects in both myeloid effector and antigen presentation functions (Ward et al., 

2000). The murine model for the Lyst mutation, the bg!bg mouse also displays a similar 

phenotype. Compromised neutrophil functions exhibited in Lyst mutant bg!bg mice have 

been shown to result in recurrent bacterial infections (Takeuchi et al., 1986). Given the 

lysosomal function defects, the Lyst mutant macrophages would be expected to be poorer 

at clearing intracellular infections. The functional consequence of the Lyst mutation in 

the bg!bg mice on clinical course of leishmaniasis, caused by obligate intracellular 

parasites of the Leishmania species was analyzed using the model system of Leishmania 

major (Lm) induced cutaneous leishmania! infection. 

Multiple genes have been implicated in familial clustering of many chronic human 

diseases, and while these polygenic factors are essential, they are by no means sufficient 

to induce disease (Tisch and McDevitt, 1996). Environmental factors, particularly viral 

infections, have been shown to be involved in disease induction or progression (Singh et 

al., 1998). Both the mouse and human genomes carry endogenous genome-integrated 

retroviruses. These retroviruses represent the germline integrants of exogenous 

retroviruses, which subsequent to inactivating mutations remain fixed in the genome. 
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These germline integrants may have been preserved in the genome for their ability to 

provide the host with new functions, such as protection from exogenous viruses and 

fusogenic activity (Goff, 1996; Stoye and Coffin, 2000). Many of these proviral 

insertions code for superantigen proteins (SAgs) that associate MHCII molecules (15) 

and stimulate T cells bearing particular T cell receptor V-beta (TCRVP) segments 

leading to activation and/or deletion of these T cells (Janeway, 1991). Human 

endogenous retroviruses (HERV s) have been shown to be associated with a number of 

autoimmune states (Bengtsson et al., 1996; Clausen, 2003; Nakagawa et al., 1997), while 

endogenous murine tumor viruses (MTV s) are reported to mediate susceptibility to both 

infections (Bhadra et al., 2006; Gorgette et al., 2002) and tumors (Schirrmacher et al., 

1998). While most of the proviral integrants are transcriptionally inactive, studies in both 

mice and humans have shown reconstitution of transcriptional activity in the presence of 

subsequent active viral infections. Transcriptional activity of an endogenous integrant 

HERV-K18 has been shown to be reconstituted on viral infection (Stauffer et al., 2001; 

Sutkowski et al., 2001). Similarly, surrogate retroviral sequences have been shown to be 

competent at restoring replication competency of dormant MTV s in mice (Lee and 

Bieniasz, 2007). Reactivation of these dormant sequences could impact immune 

responses by modulating the activity of gene sequences near the viral integration site. 

While the mechanisms involved in these associations have not been elucidated as yet, 

they appear not to be restricted to the T cell deleting functions of the encoded SAgs. 

With this background, the effect of MTV integrations on leishmania! disease progression 

was examined in two closely related genetically resistant strains of mice. 

5 



Introduction 

Developments in modern genetics and genomics have contributed to our understanding 

of the pathogenic processes that underlie major infectious diseases by allowing a more 

systematic study of the genetic influences. Genetic analyses of the kind utilized in the 

present study, using comprehensive knowledge of mammalian biology can enable new 

insights in understanding the interplay between the complex functional and regulatory 

processes involved in determining susceptibility to disease states. 
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Review of literature 

The evolutionary design of the vertebrate immune system has been shaped by 

constant and intimate interactions with microbial flora. Microbe-vertebrate host 

interactions are dynamic, with both the host and the microbe bringing their repertoire of 

survival mechanisms to bear. The eventual outcome can be deleterious for either the host 

or the microbe, as happens in acute infections, or result in an apparent steady-state co­

existence for long periods of time, as happens in chronic infectious diseases. Even in 

such an apparent compromise, the interaction can lead to disease at times when the host 

immune status is modified. 

In order to deal with a wide variety of potential microbial interactions, the immune 

system uses two lines of defense. The first line of defense consists of cells of the myeloid 

lineage, which acts rapidly on contact with pathogen and depends on broad based 

pathogen pattern recognition. This then alerts and activates the highly specialized 

lymphoid response, which depends on specific target-based pathogen recognition 

resulting in a highly specific response, with eventual preservation of pathogen 

recognition in the form of a long-lasting memory response. These two categories of 

responses are separate but highly interdependent; with the generation of the lymphoid 

response being dependent on instruction by the myeloid cells, and the eventual pathogen 

clearance being affected by the lymphoid cells making use of the highly effective effector 

responses of the myeloid cells. Given the combination of complexity and specificity in 

this mosaic of host-microbe interaction, it is not surprising that some of the genes 

controlling these wings of immune defense are key regulators of cellular signaling 

responses and have global effects on multiple cell lineages involved in the immune 

response, while others have pathogen specific modulatory effects. 

7 
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Receptor ligand interactions, whether in myeloid lineage cells subsequent to ligation of 

pattern recognition receptors (PRRs), or in lymphoid cells of the B and T lineage 

subsequent to T cell receptor (TCR) and B cell receptor (BCR) ligation, result in 

activation of intracellular signaling intermediates. One of the first events subsequent to 

receptor ligation, conserved across both these cell lineages, is the activation of receptor 

associated and non-receptor associated protein tyrosine kinases (PTKs) (Schmidt et al., 

2004 ). While the receptor associated tyrosine kinases are intrinsically associated with the 

cytoplasmic domains of cell surface receptors, the non-receptor tyrosine kinases undergo 

signal induced association, and both transduce ligand-induced intracellular signals by 

tyrosine phosphorylation. 

1. Bruton's tyrosine kinase 

The Tee family is the second largest of the cytoplasmic non-receptor associated 

tyrosine kinases and is composed of five mammalian members: Btk, Bmx, Itk, Tee and 

Txk (Smith et al., 2001). Bruton's tyrosine kinase (BTK) is expressed only in the 

hematopoietic lineage, and is found in all hematopoietic cells with the exception of T 

lymphocytes and plasma cells (Smith et al., 1994). It has multiple signaling outcomes 

regulating both effector functions and development of the various cell lineages it is 

present in, including B cells and myeloid cells. Structurally, in addition to the Src 

homology (SH) domain, which it shares with other Tee kinases; BTK has a characteristic 

pleckstrin homology (PH) domain located at the N-terminus of the molecule. The PH 

domains bind to membrane phospholipids, phosphatidyl inositol-3, 4, 5-triphosphate 

(PIP3) in case of BTK, which serves to translocate BTK to the membrane in response to 

phosphatidylinositol 3-kinase (PI3K) activation and directly regulates its signaling 
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function (Lindvall et al., 2005). Membrane recruitment of BTK is a crucial step towards 

phosphorylation and activation. Abrogation of membrane recruitment due to a mutation 

(R28C) in the PH domain results in X-linked immunodeficiency in mice (Mohamed et al., 

1999). 

1.1 BTK in B cells 

Membrane ligation of BCR by various cytokine receptors such as those for 

IL-3, IL-4 and IL-6 (Lindvall et al., 2005), or by PRRs such as TLR2 and TLR4 

(Horwood et al., 2006) leads to recruitment of BTK as a downstream signaling molecule 

in B cells. Activated Btk then phosphorylates phospholipase C-y2 (PLC-y2) (Rodriguez 

et al., 2001) that hydrolyses PIP3 into inositol triphosphate (IP3) and diacyl glycerol 

(DAG) resulting in calcium mobilization and activation of protein kinase C (PKC) 

(Miller and Berg, 2002). Further downstream, BTK signalling plays an important role in 

degradation of inhibitory protein of the transcription factor nuclear factor-lcB (NF-lcB), 

!leBa, resulting in transcriptional activation. 

1.1.1 Role of BTK in B cell development 

BTK plays a crucial signaling role in B cell development, such that a lack of its 

functioning in XLA (X-linked agammaglobulinemia) results in greatly reduced numbers 

of mature circulating B cells (Conley, 1985), severe agammaglobulinemia (Campana et 

al., 1990) and bone marrow B cell development arrest at the pre/pro-B cell stage (Cancro 

et al., 2001 ). By comparison, the defect manifested in the murine XID or even the BTK 

deficient Btk_1
_ mice is more subtle, with a reduction in circulating mature B cells to half 

the normal numbers, normal bone marrow B cell development. This is associated with a 

9 
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peripheral B cell maturation block at the immature to mature B cell transition in the 

spleen (Kerner et al., 1995; Khan et al., 1995), resulting in an increased frequency of 

immature lgM+ B cells and lower frequency of mature IgD+ B cells (Scher et al., 1975a; 

Scher et al., 1975b). Also, while serum lgM and lgG3 levels show reduction, the levels of 

other lg isotypes remain unaltered (Scher et al., 1975a; Scher et al., 1975b ). 

However, T cell depletion in XID mice manifests with a severe B cell 

developmental arrest and serum immunoglobulin deficiency that closely resembles 

human XLA, as shown by introducing the XID defect into a FOXN1-null nude 

phenotype (Wortis et al., 1982) or by marrow reconstitution in surgically thymectomised 

irradiated adult XID mice (Sprent and Bruce, 1984), indicating a role for the presence of 

T cells in mediating B cell development in the absence of BTK. No mechanisms 

mediating this role have as yet been demonstrated or proposed. 

Tee, the founding member of the Tee kinase family, is expressed in T and B cells, 

in myeloid cells, and in liver (Sprent and Bruce, 1984) and is activated in response to 

BCR (Kitanaka et al., 1998) or anti-CD19 (Kitanaka et al., 1998) ligation, and by .. 
stimulation of the cytokine receptors for IL-3, IL-6 (Takahashi-Tezuka et al., 1997), stem 

cell factor (Tang et al., 1994). Though analysis of Tee-deficient mice did not reveal any 

defect in BandT cell lineages, Tec/Btk double deficient mice show an accumulation of 

pro/pre-B cells (Ellmeier et al., 2000), the stage where developing B cells become 

dependent on BCR signaling for further differentiation into I~ B cells, suggestive of a 

role for Tee in regulating B cell development in the absence ofBTK. Though members of 

the Tee family have been demonstrated to participate in both cytokine receptors (Yang et 

al., 2000) as well as pre-BCR mediated signaling events (Su and Jumaa, 2003), it is 
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unclear whether Tee kinase is activated in response to pre-BCR formation or in response 

to cytokines ofT cell origin in B lineage cells. 

Surface CD40 on B-cells can also modulate B-cell fate. Thus, while surface 

immunoglobulin (slg) cross-linking results in programmed cell death, concomitant CD40 

co-stimulation suppresses the same. The ligand for CD40, CD40L, is expressed in 

activated T cells (Foy et al., 1996), and in bone marrow stromal cells (Abe et al., 2002). 

XID or Btk_,_ mice with an engineered CD40 deficiency display depletion of serum Ig of 

all isotypes, with a substantive peripheral B cell developmental arrest at the immature to 

mature B cell transition (Khan et al., 1997; Oka et al., 1996). From these studies, there 

emerges a potential but unexplored role for cross-talk between the circulating T cells and 

the developing B cells in the bone marrow, possibly involving CD40-CD40L interactions 

and Tee as the signaling intermediates. 

1.1.2 Role of Btk in B cell effector functions 

BTK has been shown to be a key intermediate in signaling pathways controlling 

proliferation, differentiation and immunoglobulin secretion by B cells. BTK deficient 

murine B cells proliferate poorly on stimulation in vivo with either thymus dependent 

antigens (Khan et al., 1995) or Type II T -independent antigens (Alugupalli et al., 2007) 

resulting in a compromised IgM and IgG3 secretion in the primary antibody response, but 

with generation of re-stimulation competent memory B cells, which respond normally in 

a subsequent antigenic recall (Ridderstad et al., 1996; Ridderstad and Tarlinton, 1997). 

XID B cells have also been shown to be unresponsive to CD38 signaling (Santos­

Argumedo et al., 1995) and show decreased proliferation and lg secretion on CD40 and 

BCR co-ligation (Hostager et al., 2003). One of the explanations for the poor 
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proliferative responses in XID B cells is the poorer generation and maintenance of 

intracellular calcium response following BCR ligation (Rigley et al., 1989), alluding to 

the role of BTK in regulating intracellular calcium stores (Fluckiger et al., 1998). 

Cellular adhesion and trans-endothelial migration, induced by chemokine gradients, 

form the earliest inflammatory responses undertaken by immune cells. BTK, through its 

PH domain, interacts with filamentous actin and small GTPases of the Rho family such 

as Cdc42 and Rac1 resulting in lamellipodia formation and membrane ruftl.ing, thereby 

affecting cell motility (Nore et al., 2000). Consistent with this role, BTK deficient murine 

B cells exhibited compromised adhesion and migratory response in response to 

chemokines, SDF1 and CXCL13 (de Gorter et al., 2007). 

1.2 BTK in myeloid cells 

BTK is expressed in various myeloid lineage cells including mast cells, macrophages, 

granulocytes, and dendritic cells. Activation of BTK is seen subsequent to stimulation 

through various cytokine receptors, integrin receptors and PRRs such as TLRs. 

1.2.1 Role of BTK in myeloid cell development 

BTK deficiency has been shown not to result in defects in the development of 

mast cells (Hata et al., 1998) or dendritic cells (Sochorova et al., 2007). However, mature 

polymorphonuclear neutrophil granulocytes (PMNs) and monocytes have been reported 

to be substantially lower in the XID mouse marrow, along with significantly lower 

numbers of total granulocyte lineage cells in the XID (Mangla et al., 2004). Whether this 

reflects a developmental defect in XID granulopoiesis, or is simply the result of altered 
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granulopoiesis because of changes in the lifespan of peripheral BTK-deficient PMNs is 

not yet clear. 

1.2.2 Role of BTK in myeloid cell effector functions 

Mast cells are crucial mediators of allergic reactions and act by secreting 

cytokines and inflammatory mediators such as histamines and leukotrienes, contained in 

preformed cytosolic granules, released by degranulation, subsequent to cross-linking of 

high affinity IgE receptors (FcsRI) (Schmidt et al., 2004). XID and Btk_,_ mice display 

poor anaphylactic reactions, degranulation, histamine release, and show a severe 

compromise in cytokine production and release ofiL-2, IL-6, GM-CSF and TNFa (Hata 

et al., 1998). Compared to the rapid release of mediators, the late phase reactions 

requiring de novo synthesis of secreted mediators are more severely impaired in BTK­

deficient mast cells as is IP3 generation and Ca2
+ release, subsequent to receptor ligation 

(Hata et al., 1998; Kawakami et al., 2000). These data suggest that the major target of 

BTK signaling during mast cell activation is likely to be induction of transcription. 

Dendritic cells from XLA patients show impaired IL-6 and TNF-a production 

following stimulation with TLR8 agonist ssRNA, but not in response to stimulation of 

TLRl/2, 2/6, 3, 4 and 5 (Sochorova et al., 2007). Lipopolysaccharide (LPS) induced 

generation of effector molecules, reactive oxygen intermediates (ROI) (Mangla et al., 

2004) and reactive nitrogen intermediates (RNI) (Mukhopadhyay et al., 1999), as well as 

pro-inflammatory cytokines, TNF-a and IL-1P, is compromised in XID macrophages. 

Compromised induction of inducible nitric oxide synthase (iNOS), the enzyme 

responsible for RNI generation, results in the poorer RNI generation (Mukhopadhyay et 

al., 1999). Further, induction of transcription factors of the NF-KB family is also 
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defective, with poor induction of p-50 and lack of induction of p-65 and c-Rel members, 

seen on LPS stimulation (Mukhopadhyay et al., 2002). These defects result in poorer 

microbial clearance, microfilaria (Mukhopadhyay et al., 1999) or Escherichia coli 

(Mukhopadhyay et al., 1999), in vitro, and decreased susceptibility to inflammatory 

conditions in vivo, such as experimental autoimmune encephalomyelitis (EAE) or 

dextran sulfate sodium (DSS)- induced colitis (Mangla et al., 2004). 

Consistent with these data, macrophages from XLA patients also show 

compromised TNF-a induction on LPS stimulation and TLR2 ligation (Horwood et al., 

2003; Horwood et al., 2006). XLA monocytes display poorer chemotaxis and phagocytic 

functions (Amoras et al., 2003), as well as nuclear translocation ofNF-JCB (Jefferies et al., 

2003). 

PMNs from XID m1ce show compromised RNI and ROI induction, poorer 

bacterial clearance in vitro, and poorer chemotaxis and recruitment in the absence of any 

defect in phagocytosis (Mangla et al., 2004). Inhibition ofBTK function in human PMNs 

has been reported to lead to reduced neutrophil adhesion, migration and ROI generation 

{Gilbert, 2003 #93}. XID macrophages and PMNs show an enhanced tendency to 

undergo apoptotic cell death in response to inflammatory signals such as TLR ligands 

and pro-inflammatory cytokines (Mangla et al., 2004). 

2. Host-Pathogen interactions 

The interplay between a potential host and the pathogen begins on first contact 

with the pathogen, and is continued through the activation ofthe process of immune 

inflammation. 
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2.1 Initiation of inflammation 

Recognition of specific structural motifs of the invading pathogens, pathogen 

associated molecular pattern (P AMPs), by phylogenetically conserved cell surface 

pattern recognition receptors (PRRs), present on macrophages and dendritic cells, forms 

the first point of contact with pathogens (Janeway and Medzhitov, 2002). Central to the 

organization of an inflammatory response subsequent to pathogen recognition is the 

recruitment of immune effector cells, achieved by the secretion of signaling molecules 

known as chemokines (chemoattractant cytokines) (Premack and Schall, 1996). 

Chemokines are heparin binding small protein molecules of 7-10 kDa, divided into three 

distinct families based on the position of the amino-terminal cysteine residues that are 

present in all of these molecules (Strieter et al., 1996). Of these, CXC family members 

are specific mediators of neutrophil migration, CC family members mediate monocyte, 

eosinophil and lymphocyte migration, while the C family primarily recruit lymphocytes 

(Schluger and Rom, 1997). Additionally, specific signaling initiated on pathogen contact 

differentially controls the expression of one or more of the families of chemokines 

(Schluger and Rom, 1997). Acute bacterial infections are characterized by the 

preferential induction of CXC chemokines such as IL-8, resulting in a predominantly 

neutrophilic infiltrate (Mizgerd et al., 1996). Mycobacteria, which are macrophage 

resident intracellular pathogens, expectedly induce secretion of CC family members, 

monocyte chemotactic protein (MCP) and macrophage inflammatory protein (MIP), to 

induce macrophage infiltration (Friedland et al., 1993). Further, induction of T cell 

recruitment, proliferation (Taub et al., 1996) and Th-1 (by MCP) and Th-2 (by MIP-1a) 

differentiation (Karp us et al., 1997), has also been reported. Primed helper-T cells then 

act to amplify the immune response by secreting inflammatory cytokines. 
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2.2 Eosinophils 

Eosinophils, a specific lineage of granulocytes, so named because of their 

eosinophil granule content, are multifunctional leukocytes recruited in response to CC 

chemokines (RANTES and eotaxin), as well as Th2 cytokines such as IL-4, IL-5, and IL-

13, and modulate protection against parasitic helminth infections and mediate allergic 

diseases (Rothenberg and Hogan, 2006). 

2.2.1 Eosinophil development 

Eosinophils develop in the bone marrow form a common precursor they share 

with basophils (Boyce et al., 1995), under the influence of three classes of transcription 

factors; GATA-1 (a zinc finger transcription factor), PU.1 (an ETS family member) and 

C/EBP members (CCAAT/enhancer-binding protein family), of which GATA-1 is the 

most important for eosinophil lineage specification (McNagny and Graf, 2002; Nerlov 

and Graf, 1998; Nerlov et al., 1998). Eosinophils possess a high affinity palindromic 

GATA site, which is present in the GATA-1 promoter region and also in the regulatory 

regions of eosinophil specific genes such as eotaxin receptor, chemokine receptor-3 

(CCR3) and IL-5 receptor alpha (IL-5a). Activation of this palindromic GATA site 

results in the eosinophil specific expression of these genes (Du et al., 2002; Yu et al., 

2002; Zimmermann et al., 2000). Three cytokines, IL-3, IL-5 and GM-CSF, share a 

common receptor beta chain, and regulate eosinophil development by providing 

proliferation and differentiation signals and are under transcriptional control of GAT A -1. 

Of these, IL-5 is the most proficient at inducing eosinophil differentiation and release 

form the marrow (Collins et al., 1995; Sanderson, 1992), as well as their exit from 
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peripheral circulation, consequently, over-expression of IL-5 in mice results in profound 

eosinophilia (Tominaga et al., 1991). 

2.2.2 Eosinophil functions 

Eosinophils have been identified to serve as major effector cells by releasing 

cytotoxic granules containing cationic proteins such as major basic protein (MBP), 

eosinophilic cationic protein (ECP), and eosinophil peroxidase (EPO), and lipid 

mediators such as leukotrienes and platelet activating factor, resulting in tissue damage 

and heightened inflammatory responses (Rothenberg and Hogan, 2006). Receptor 

activation of eosinophils leads to targeted release of specific granule vesicles (Dvorak et 

al., 1991), which are relocated to the plasma membrane by the formation of docking 

complexes composed of N-ethylmaleimide-sensitive factor attachment protein (SNAP) 

receptors (SNAREs) located on the vesicle (v-SNAREs) and the target membrane (t­

SNAREs) (Logan et al., 2002). Release of chemokine RANTES, but not cationic proteins, 

on IFN-y stimulation of eosinophils, is an example of such a specific granule release 

(Lacy et al., 1999). ECP and MBP, besides exerting non-specific toxicity on a variety of 

tissues, have specific regulatory effects such as inhibition of immunoglobulin synthesis 

and T cell proliferative responses, and induction of mast cell degranulation, in case of 

ECP (Venge et al., 1999), and induction of basophil and mast cell degranulation, in case 

ofMBP (Piliponsky et al., 2001; Zheutlin et al., 1984). EPO catalyzes halides (Cr, Br-, I) 

and nitric oxide to reactive oxygen and reactive nitrogen metabolites (N(h), which lead 

to oxidative stress and induce apoptosis and tissue necrosis (MacPherson et al., 2001; Wu 

et al., 1999). Eosinophils, under normal conditions are mostly resident in the intestinal 

lamina propria where they survive for up to 2 weeks (Mishra et al., 1999), and are 
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recruited to sites of inflammation under the influence of eosinophil specific chemokines 

of the eotaxin family and Th2 cytokines. 

2.2.3 Immunomodulatory effects of eosinophils 

MBP induces IgE independent mast cell degranulation, eicosanoid production and 

release of cytokines such as IL-18, TNF-a and GM-CSF (Piliponsky et al., 2002). 

Eosinophils also produce nerve growth factor (NGF), an important cytokine promoting 

mast cell survival and activation (Bullock and Johnson, 1996). Eosinophils have also 

been reported to process and present microbial and parasitic antigens, and modify 

Th1/Th2 commitment of the ensuing CD4 response by secreting a range of polarizing 

cytokines, notably IL-4 and other Th2 cytokines such as IL-5 and IL-13 (MacKenzie et 

al., 2001). Recent reports have indicated the ability of eosinophils to preferentially 

activate effector T cell proliferation (van Rijt et al., 2003), which, when examined in 

context of the ability of primed eosinophils to track to T cell rich paracortical zones of 

lymph nodes (Shi et al., 2000), implies a role for these cells in mediating an amplification 

of an ongoing effector T cell response. The three types of eotaxins reported, eotaxin-1, 2 

& 3, all signal via the same eosinophil specific chemokine receptor, CCR3 (Daugherty et 

al., 1996), and have been reported to be sequentially induced on inflammation in 

epithelial cells, fibroblasts as well as infiltrating macrophages and eosinophils 

(Rothenberg and Hogan, 2006). Of these, the earliest acting eotaxin-1 & 2, in co}\junction 

with IL-5 which activates a STAT-6 (signal transducer and activator oftranscription-6)­

dependent signaling pathway, together resulting in induction of tissue eosinophilia and 

Th2 skewed immune responses (Zimmermann et al., 2003). 
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2.2.4 Comparative functions of eosinophil and neutrophils 

Eosinophils and neutrophils constitute are the earliest responding cells recruited 

to sites of pathogen entry, and mediate rapid pathogen elimination utilizing pre-formed 

granule proteins stored in rapidly mobilizable vesicular organelles. In addition, 

neutrophils recognize microbial PAMPs (Hayashi et al., 2003) and initiate vigorous 

phagocytosis, whereas eosinophils depend on a less efficient antibody-dependent 

phagocytosis (Sanderson and de Souza, 1979) and largely mediate pathogen killing by 

granule exocytosis. Specialized granule structures of the neutrophils have well 

demarcated functions in effecting microbial killing. The azurophilic and specific granules 

mediate killing intracellularly by fusing with the phagosome, while the specific granules 

are also released by exocytosis and mediate microbial elimination in the extracellular 

milieu (Theilgaard-Monch et al., 2006). Neutrophils have also been demonstrated to 

generate extracellular fibres, called neutrophils extracellular traps (NETs), which 

physically trap bacteria on which the NET resident granule proteins and cathepsins then 

act to secure microbial killing (Brinkmann et al., 2004). The NETs have thus been seen to 

represent an efficient method to restrict bacterial spread at the site of infection and form a 

efficient mechanism to mediate focused lytic activity. In addition to the immediate killing 

and degradation of pathogens, activated eosinophils and neutrophils synthesize a host of 

chemokines and cytokines, which act to regulate the recruitment and function of other 

effector cells such as macrophages, T cells and other granulocytes including themselves 

(Theilgaard-Monch et al., 2004; Zimmermann et al., 2003). Whereas, eosinophils 

mediate the induction of a Th2 skewed response (MacKenzie et al., 2001 ), neutrophils 

secrete Th1 cytokines such as IL-12, IFN-y, and chemokines active on Th1 cells such as 
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MIG (monokine induced by interferon--y) and MIP-1a, resulting in a distinct IFN--y biased 

Th1 response (Bliss et al., 2000; Chen et al., 2001). 

2.3 Phagocytosis 

Phagocytosis is the phylogenetically conserved process of ingestion of particulate 

ligands including microbes and cell debris > 1 Jlm in size, mainly mediated by phagocytic 

leukocytes. Phagocytosis result in routing of ingested pathogen to the lysosomes where 

microbial death is mediated by hydrolytic enzymes and free radicals, and directs the 

microbial antigens to compartments containing MHC class II (MHCII) for processing 

and presentation to lymphocytes. Thus, phagocytosis serves a dual role: an immediate 

immune effector function as well as a bridge between the innate myeloid and acquired 

lymphoid responses. 

2.3.1 Receptor recognition and signaling events 

Pathogen recognition by myeloid cells is mediated by PRRs such as mannose 

receptors, NOD-like receptors (NLR) or Toll-like receptors, of which TLRs have been 

the most extensively characterized. They are expressed on the cell surface (TLRs 1 to 6 

and TLR11) or intracellularly on endosomal membranes (TLR3, 7, 8 and 9), and binding 

of respective ligand rapidly transduces signals initiating NF -KB activation or cytokine 

secretion, especially type-1 interferons (Akira, 2006). Cell surface resident TLRs 

specialize in ligands on microbial cell wall molecular motifs enabling extracellular 

bacterial recognition, while endosomal TLRs sample a variety of viral and bacterial 

nucleic acids effecting recognition of intracellular pathogens. Accordingly, TLR2, along 

with TLR1 & 6 recognize cell wall peptides of gram-positive bacteria and mycoplasma, 
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whereas TLR4 recognizes LPS present on gram-negative bacteria. TLR3 recognizes viral 

dsRNA, TLR7 & 8 recognize viral ssRNA, and TLR9 is the receptor for bacterial and 

viral CpG DNA repeat motifs and non-nucleic acids such as hemozoin (Akira, 2006). 

Recognition of P AMPs by the cognate TLR ligand results in receptor association of TIR 

(Toll/interleukin-1 receptor) domain containing adapters, MyD88, TIRAP (Toll-

interleukin-1 receptor domain-containing adaptor protein), TRAM (toll-like receptor 

adaptor molecule-1) and TRIF (TIR domain-containing adapter inducing IFN-beta), and 

depending on the TLR that has been ligated, various combinations of these adaptors are 

cr:-- recruited to mediate distinctive responses (Akira and Takeda, 2004). All the families of 

~ TLRs (except TLR3) utilize a MyD88 dependent pathway, where MyD88 activation by 

7 phosphorylation results in recruitment of members of IRAK (IL-l receptor-associated -L kinase) family, which through subsequent phosphorylation events activate the NF-KB 

f: transcription factors resulting in expression of inflammatory cytokioes 1NF-a (twnor 

necrosis factor-a), IL-6 and IL-l~ (Akira and Takeda, 2004; Kawai et al., 1999). In 

addition, TLR engagement, in a MyD88 independent pathway induce activation of the 

members of the transcription factor family interferon regulatory factor (IRF), mainly 

IRF-3 resulting in induction of IFN-~ and IFN inducible genes (Kawai et al., 2001; 

Yamamoto et al., 2003). TLR4, 5 and 9 ligand engagement results in induction of Thl 

associated cytokines such as IL-12, similarly TLR2 ligands induce Th2 responses 

characterized by IL-10 secretion (Dillon et al., 2004; Redecke et al., 2004). Thus, 

signaling events subsequent to pathogen recognition, not only induce specific effector 

myeloid responses, but also modulate the course of the lymphoid response. 
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2.3.2 Phagosome formation and maturation 

Actual physical pathogen engulfment involves signaling machinery independent 

of pathogen recognition by PAMPs and include Fe receptors (Bharadwaj et al., 2001), 

receptors for components of the complement pathway (Zaffran et al., 1998) and 

scavenger receptors (Thomas et al., 2000), and mediates uptake of both microbial 

pathogens and apoptotic cell debris. Signaling through these receptors results in the 

activation of PI3K (Phosphoinositide-3 kinase) and phospholipase C, which generates IP3 

(inositol triphosphate) and DAG ( diacyl glycerol) by hydrolysis of PIP2 

(phosphatidylinositol-4, 5-bisphosphate), which subsequently initiate calcium recruitment 

and activation of PKC mediated signaling pathways. PIP2 plays a crucial role in 

mediating the massive cytoskeletal remodeling needed for pathogen uptake, by 

associating with members of the Rho family of GTPases, including Rho (Hackam et al., 

1997), Rac1 and Cdc42 (Castellano et al., 2000; Cox et al., 1997), which mediate focal F­

actin assembly at the periphagosomal region to initiate phagocytosis. ARF6, a member of 

the ARF family of GTPases, augments Rae functions and serves as a co-factor in 

inducing PIP2 generation at the plasma membrane (Honda et al., 1999; Zhang et al., 

1999). Together they induce actin filament based pseudopodia extension of the plasma 

me~brane around the pathogen, resulting in engulfment and membrane closure mediated 

by several unconventional myosins (Titus, 1999), resulting in the internalization of the 

phagosome. These newly formed phagosomes undergo sequential fusion with endosomes 

and ultimately with lysosomes to effect degradation and killing of the microbe, a process 

termed phagosome maturation (Vieira et al., 2002). During the process of maturation, the 

phagosome recruits various signaling and effector molecules, undergoing increasing 
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acidification, culminating in the low pH lysosomes, pH sensitive acid hydrolases 

eventually act to ensure microbial degradation. 

Though phagocytosis of microbes and apoptotic cells is mediated by the same 

phagocytic machinery, qualitatively different cellular responses ensue, due to specific 

pathogen recognition by TLRs. More importantly, microbial uptake is not mediated by 

TLRs, but rather by these phagocytic receptors which by themselves do not induce 

inflammation (Taylor et al., 2005), but can be transcriptionally induced on TLR 

activation (Doyle et al., 2004). Further, TLRs can also be recruited to phagosomes, and in 

a MyD88 and p38 MAPK (mitogen-associated protein kinase) dependent fashion, induce 

increased microbial uptake and phagosomal trafficking kinetics resulting in enhanced 

clearance (Blander and Medzhitov, 2004; West et al., 2004). Though the exact molecular 

mechanisms for this modulation have to be defined, they have been speculated to involve 

regulation of V-ATPases (vacuolar-ATPase) which mediate phagosome acidification, 

association of Rab GTPases which mediate vesicular trafficking, and increasing 

phagosome movement on the microtubule assembly resulting in enhanced phagosomal 

maturation (Blander and Medzhitov, 2006). 

2.3.3 Microbicidal functions of phagosomes 

Subsequent to pathogen recognition and internalization, pre-formed flavocytochrome bsss, 

the core component of the NADPH oxidase system is recruited to the phagosome 

membrane where it forms a channel to direct electrons generated from cytosolic NADPH 

oxidation onto oxygen contained in the phagosome vacuole, thereby generating 

superoxide radicals (On(Segal, 2005). Reactive oxygen- species/intermediates 

(ROS/ROI) are generated as reaction products from superoxides and include hydroxyl, 
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hydrogen peroxide, ozone, halides and superoxide itself, which are further converted into 

hypochlorous acid by superoxide dismutase (Chapman et al., 2002). These ROS species 

play an important role in pathogen clearance and the dysfunction of the NADPH oxidase 

system causes CGD (chronic granulomatous disease), characterized by profound 

susceptibility to bacterial and fungal infections and failure to clear anaerobic infections. 

Reactive nitrogen intermediates (RNI), including nitric oxide (NO) and its reaction 

products generated by constitutive and inducible expression of NO synthase enzymes 

also mediate important microbicidal effector functions (James, 1995). Accumulated NO 

gets converted to highly reactive peroxynitrite (ONOO) radicals by phagosomal 

superoxide and affects microbicidal functions. Inducible nitric oxide synthase (iNOS) 

levels are also transcriptionally enhanced by TLR ligation or Type I interferon, 

prominently IFN-y, resulting in conversion of L-arginine to L-citrulline and NO. RNis 

produced in this fashion are important effector molecules in immune response against 

bacterial, fungal, helminth and protozoan infections (James, 1995). 

3. Endo-lysosomal trafficking 

3.1 Rab and small GTPases 

Phagosomal maturation proceeds with sequential fusion of endosomal vesicles, 

resulting in loss of cell surface markers associated with the engulfed portion of the 

plasma membrane which now forms the phagosome bilipid membrane, and acquisition of 

markers of early endosomes, late endosomes and lysosomes (Desjardins et al., 1994; Pitt 

et al., 1992). Phagosome maturation involves multiple transient fusion events with 

endosomal vesicles, referred to as 'kiss and run' fusion, allowing for acquisition of 
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proteolytic and microbicidal substances by the phagosome, but preventing complete 

fusion with the endosomes (Desjardins, 1995; Desjardins et al., 1997). Such phagosomal 

fusion events with early endosomes are regulated by Rab5, Rab4 and Rabll and late 

endosomal fusion is regulated by Rab7 and Rab9. Inactive GDP form of Rab proteins 

associate with the vesicle and dissociate by rapid phosphorylation to the GTP-bound 

form, to ensure the transient nature of the fusion. Prolonged fusion, induced by the GTP­

state arrest of Rab5 results in formation of giant endosomes, and has been reported to 

interfere with impaired clearance of intracellular parasite Leishmania donovani (Duclos 

et al., 2000). Proton pump V -ATPase and lipid raft-associated domains (Dermine et al., 

2001) associate with the phagosome during its interaction with early endosomes. Also, 

lipid raft domains play a facilitatory role in actin accumulation and fusion with late 

endosomes (Kjeken et al., 2004) as well as in recruitment and assembly of cytoslic 

domains of the NADPH oxidase complex on the phagosomal membrane (Shao et al., 

2003; Vilhardt and van Deurs, 2004). 

3.2 Lysosomal transporter - LYST 

LYST (lysosomal trafficking regulator), belongs to a family of proteins 

characterized by the presence of a BEACH (Beige and Chediak-Higashi syndrome) and 

WD-domains in their C-terminal region and two members, L YST and Alfy, have been 

reported in Dictyostelium to be associated at different stages of endosomal trafficking 

(Cornillon et al., 2002).L YST has been shown to be associated with microtubules (Faigle 

et al., 1998) and shows a cytosolic distribution (Perou et al., 1997). However, despite the 

availability of the complete sequence of the Lyst gene, the precise function of L YST has 

not been characterized. Most studies have therefore focused on analysis of functional 
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defects due to mutations in the Lyst gene, resulting in an immunodeficiency syndrome 

Chediak-Higashi syndrome (CHS) in humans and the mouse model for CHS, the Beige 

(bglbg) (Barbosa et al., 1996). CHS presents as an autosomal recessive disorder, 

characterized by partial albinism, recurrent bacterial infections and the accumulation of 

giant intracellular granules, which include lysosomes, melanosomes, cytolytic granules 

and platelet dense granules. The Lyst mutation results in enlarged lysosomal 

compartments and reduced cytotoxicity due to defective granule exocytosis, evident in 

cytotoxic T lymphocytes (Baetz et al., 1995), NK cells (Haliotis et al., 1980; Roder et al., 

1980) and granulocytes (Gallin et al., 1974). Early endosomes and trans-golgi network 

(TGN) are the main sources of membrane protein trafficked to the late endosomes. In 

CHS, molecules normally routed to the lysosomes from these two sources, via the late 

endosomes, are found to accumulate in early endosomes. This indicates a block in the 

vesicular transport between early and multivesicular late endosomes (Faigle et al., 1998). 

Multivesicular late endosomes, formed by fission of large portions of early endosomes 

mature by extensive material exchange with TGN and eventually fuse with pre-existing 

multilaminar lysosomes to form mixed compartments. These compartments undergo 

sorting and lysosomes are retrieved back. It is the missorting of endosomal proteins 

during the early to late endosomal transit that is likely to result in the consequent 

perturbation of lysosomal identity and functions (Faigle et al., 1998). Such a missorting 

could explain the relative lack of lysosomal membrane markers and the abundance of 

endoplasmic reticulum proteins in the CHS lysosomes. This could also account for the 

low levels of cathepsins, which are routed in membrane bound form from early 

endosomes, and are active at the low pH found in lysosomes (Nishi and Forgac, 2002). 

Cathepsin L (in mice) (Nakagawa et al., 1998) and cathepsin S (in humans) (Bania et al., 
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2003) are necessary for proteolysis of the invariant chain of MHC II to CLIP. Therefore 

defective cathepsin transport due to missorting in CHS results in impaired peptide 

loading, and in conjunction defective transport of peptide-MHC II complexes to the cell 

surface, leads to defective MHC II mediated antigen presentation (Faigle et al., 1998; 

Huynh et al., 2004). Cathepsin G also has important microbicidal functions and its 

impaired function, especially in neutrophils, might account for the defective bacterial 

clearance observed in CHS (Gallin et al., 1974; Ganz et al., 1988). 

Defects in phago-lysosomal function of the kind exhibit in the CHS and bglbg has 

major consequences on effective pathogen clearance, especially in infections with 

intracellular pathogens, as evidenced by increased susceptibility of bglbg mice to 

Leishmania donovani infection (Kirkpatrick and Farrell, 1982). 

4. Leishmania major 

Digenetic intracellular protozoan parasites of the genus Leishmania cause a 

chronic parasitic disease with a wide range of clinical presentations: cutaneous, 

mucocutaneous and visceral, with the involvement of multiple host and pathogen factors, 

genetic and environmental, in determining clinical disease outcome (Lipoldova and 

Demant, 2006). Extracellular infective stage, flagellated promastigotes of the Leishmania 

parasite are transmitted to human hosts during a blood-meal by infected phlebotome 

sandflies, which act as the invertebrate hosts. The parasites then gain access and are taken 

up by the host phagocytes, neutrophils, macrophages, monocytes and dendritic cells, and 

convert into the phagocyte resident aflagellated amastigote form. Amastigotes reside and 

multiply in host cell lysosomes, eventually rupturing the cell to be released and 

phagocytosed by uninfected cells. Since macrophages are both circulatory and tissue 
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resident in nature, infected macrophages can gain access to lymphoid organs, spleen and 

lymph nodes to set up a visceral infection, or take up residence in the dermis or mucosal 

tissue resulting in a localized cutaneous or the diffuse mucocutaneous form of 

leishmaniasis. Since the host macrophages are the major immune effector cells mediating 

pathogen elimination, the Leishmania parasite has evolved a variety of mechanisms to 

subvert macrophage function. Consequently modulation of macrophage function by 

acquired immune responses mediated largely by the CD4 subset ofT lymphocytes plays 

a major role in affecting parasite clearance. 

4.1 Pathogen uptake and residence in phagocytes 

Leishmania parasites lack the ability to actively invade host cells and depend on 

phagocytic uptake by host macrophages involving complement receptors (CR1 and CR3) 

and pattern recognition receptors such as mannose/fucose receptors (Alexander and 

Russell, 1992). Phagocytosed parasites are then rapidly trafficked to and fuse with 

lysosomes to form the phagolysosomal residence site of the parasite, referred to as the 

parasitophorous vacuole (Courret et al., 2002). Phagocytosed promastigotes are highly 

susceptible to the action of acid hydrolases, hence rapid conversion to the hydrolase­

resistant amastigote is critical for parasite survival (Dermine et al., 2000; Desjardins and 

Descoteaux, 1997). Therefore, rapid transport of the phagocytosed parasites to the 

lysosomal compartments is necessary to ensure elimination. Macrophage effector 

molecules, NO and ROI are also essential for parasite killing. Mice deficient for the 

enzyme iNOS are unable to control a Leishmania infection and macrophages derived 

from these mice are incapable of affecting a clearance of parasites in culture (Wei et al., 

1995). Mice deficient in ROI generation however clear the infection after an initial period 
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of increased susceptibility (Murray and Nathan, 1999), indicating that ROis play a 

somewhat less significant role in parasite clearance. Induction of IL-12, a dominant 

inducer of IFN-y secretion by Th1 cells, results in enhanced clearance due to the ability 

of the secreted IFN-y to induce iNOS and hence NO production in the macrophages, 

consequently, DCs derived from IL-12 deficient mice show compromised Leishmania 

clearance ability (Berberich et al., 2003). 

Leishmania parasites have evolved multiple mechanisms to evade the early host 

effector responses. Leishmania evade the lytic effects of the membrane attack complex 

(MAC) of the complement system composed of complement factors C5b-C9, by the 

surface expression of glycosylated lipophosphoglycan (LPG) which prevents attachment 

of MAC on surface of infective metacyclic promastigotes (McConville et al., 1992). 

Surface expression of proteinase gp63 further enhances this protection by mediating 

cleavage of C3b component into an inactive form iC3b (Brittingham et al., 1995), which 

opsonises the parasite for CR3 mediated uptake by macrophages. In addition to ensuring 

the targeting of parasite to its cellular residence of choice, ligation of CR3 is of added 

advantage to the parasite as no respiratory burst activity is induced on CR3 activation 

(Mosser and Edelson, 1987). Since the promastigotes are vulnerable to lysosomal 

hydrolases, they retard endosomal maturation and endo-lysosomal fusion by an LPG 

mediated mechanism involving inhibition of protein kinase C (PKC) activity (Desjardins 

and Descoteaux, 1997). PKC also plays a key role in the induction of ROis, 

consequentially respiratory burst activity is also inhibited (Olivier et al., 1992). 

Consistent with these roles of LPG, Leishmania deficient in LPG expression showed 

poorer survival within macrophages after infection (Spath et al., 2000). Leishmania have 

also been reported to prevent the induction of cytokines involved in anti-inflammatory 
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responses (IL-l~ and TNF-a.) (Hatzigeorgiou et al., 1996) and T cell activation (IL-12) 

(Piedrafita et al., 1999; Weinheber et al., 1998). Further, Leishmania induce 

overproduction of both IL-10 and TGF-~ from infected murine macrophages resulting in 

uncontrolled parasite replication and non healing lesions (Harral et al., 1993; Kane and 

Mosser, 2001). 

4.2 Antigen presentation and induction of Leishmania-specific T cell 

responses 

Processing and presentation of parasite peptides on MHCII to CD4 T cells is 

essential for controlling a primary infection with Leishmania (Locksley et al., 1993). 

While presentation on MHCI to CD8 cells does not seem to be essential in controlling a 

primary infection in ~2-microglobulin deficient mice (Wang et al., 1993), other studies 

have found CD8 T cell functions to be important in controlling infection in a low-dose 

parasite challenge in mice (Belkaid et al., 2002) and in induction of optimal IFN-y 

responses in primed CD4 T cells (Herath et al., 2003). 

Leishmania infection has been reported to impair association ofMHCII molecules 

with the parasitophorous vacuole, resulting in poor antigen presentation to CD4 T cells 

(Antoine et al., 1999). In addition, down-regulation CD80, an important co-stimulatory 

molecule involved in MHCII-TCR interaction, has also been observed in Leishmania 

infected macrophages (Saha et al., 1995). Ligation of surface CD40 on infected 

macrophages leads to activation of p38 MAPK signaling, resulting in increased activation 

of iNOS and improved parasite clearance (Awasthi et al., 2003); while impaired CD40-

40L co-stimulation is observed in leishmania infected macrophages (Kamanaka et al., 

1996; Soong et al., 1996). 
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Many human diseases, including infectious diseases have now been understood to 

develop predominantly in genetically predisposed individuals, with multiple genes of 

low-penetrance determining the disease susceptibility (Pharoah et al., 2002). However, 

since mapping of genes with such low-penetrance in humans would involve studies 

requiring the participation of a large number of subjects, in addition to correction for 

environmental and lifestyle factors, the more feasible approach of genetic analyses on 

disease-equivalent animal models has been utilized (Bedell et al., 1997a; Bedell et al., 

1997b ). These models have been useful in leishmaniasis in which robust immunological 

and genetic components are involved in determining disease outcomes. 

4.3 T cell response quality and Leishmania clearance 

Infection of human hosts commonly leads to the development of localized 

cutaneous lesions, which resolve spontaneously with the generation of a sustained life­

long immunity to re-infection. This phenotype is also shared by most laboratory mouse 

models as well as the natural rodent reservoirs of infection. However, certain strains, 

notably the BALB/c, develop systemic disease with progressive lesions, and are thought 

to mimic more systemic forms of the human disease such as visceral leishmaniasis (kala­

azar) or diffuse mucocutaneous leishmaniasis (Sacks and Noben-Trauth, 2002). The 

genetic predisposition for resistance or susceptibility in mouse models of infection has 

been correlated with the dominance of an IL-12/IFN-y driven Th1 response resulting in 

cure (in most inbred strains) and an IL-4 dominant Th2 response causing disease 

(BALB/c), respectively. While this paradigm has made a major contribution to 

understanding the principles of control of infectious agents, it also has major limitations 

in the context of understanding the genetic basis ofhuman leishmaniasis. Firstly, the Th2 
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biased responses in the BALB/c mice do not seem to be disease specific, but are induced 

globally in every infection or immunization scenario (Hsieh et al., I995). Secondly, the 

C57BL/6 mice clear a Leishmania major infection rapidly and the BALB/c mice 

succumb to a rapidly fatal leishmania! infection (Howard et al., I980). Both scenarios are 

very unlike the human clinical leishmania! outcome, which results in most instances in 

chronic, persistent but indolent lesions, with prospects of future reactivation in disease. 

Thus, while this model contributes to elucidating the genetic regulation of the Thi!Th2 

balance, additional putative loci that might impart qualitative regulation on the disease 

outcome in humans, and the genetic targets of such regulators are still poorly understood 

(Lipoldova and Demant, 2006). In light of this limitation of the system, this rather 

simplistic model has been challenged in recent times. With emergence of data on the 

multiple players involved in the cytokine regulation and the mechanism of acquired 

resistance to leishmaniasis, and in context of the newly discovered functions of Th3 and 

Thi7 subsets of helper T -helper cells, further complexities are likely to be discovered. 

4.3.1 Thl responses 

Control of a leishmania! infection requires the T -cell dependent activation of 

macrophages to attain a microbicidal state capable of restricting parasite replication. 

Experiments using various knockout mice have shown that the minimal requirement for 

effecting a cure in a leishmania! infection are the presence of CD4 T cells (Holaday et al., 

I99I; Moll et al., I988; Varkila et al., I993), peptide presentation on MHCII, Thi 

inducer IL-I2 and induction of Thi cytokine IFN-y (type I cytokines), activation of 

macrophage microbicidal enzyme iNOS and the resultant synthesis of NO. Consistent 

with this model of type I cytokineresponses, mice deficient in type I cytokines, IL-I2 
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(Mattner et al., 1996) or IFN-y (Wang et al., 1994), cytokine receptors such as IFN-y 

receptor (Swihart et al., 1995), transcription factors such as T -bet (Szabo et al., 2002) or 

STAT-4 (Signal transducer and activator of transcription protein-4) (Stamm et al., 1999) 

and co-stimulatory molecule interactions CD40-CD40L (Campbell et al., 1996; 

Kamanaka et al., 1996), have all been shown to exhibit increased disease susceptibility. 

IL-12 plays a central role in the orchestration of a curative, type 1 cytokine 

response. Myeloid cells including macrophages and dendritic cells are the major sources 

of IL-12 production, as proved by the inability of primed Th 1 T cells from healed wild­

type mice to transfer immunity to IL-12 deficient mice (Park et al., 2000). As mentioned 

previously, macrophages infected with Leishmania exhibit impaired IL-12 production, 

hence DCs including tissue resident Langerhan's cells (LC), have been identified as the 

predominant IL-12 secreting cell type, both in vitro (Konecny et al., 1999; von Stebut et 

al., 1998) and in vivo (Belkaid et al., 2000; von Stebut et al., 2000). LCs have also been 

reported to transport Leishmania from the site of infection to the draining lymph node 

(Mollet al., 1993) leading toT- cell priming in the presence of secreted IL-12, thereby 

playing an early role in determining the eventual T -helper response. Natural killer (NK) 

cells have also been identified as sources of IL-12, but are not indispensable for induction 

of an anti-leishmania! Th1 response as demonstrated by efficient IL-12 dependent IFN-y 

responses induced in CD4 T cells and efficient lesion resolution in NK cell deficient mice 

(Satoskar et al., 1999; Wakil et al., 1998). Naive CD4 T cells have low levels of IL-12 

receptor expression, which are upregulated on cognate TCR ligation. In addition, early 

secretion of IFN-y by DCs and NK cells leads to activation of transcription factor T -bet, 

initiating a commitment of responding T cells towards a Th1 response and upregulation 

of IL-12 receptor (Afkarian et al., 2002; Lighvani et al., 2001). Upregulation of and 
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signaling through the IL-12 receptor and IL-18 receptor, then activates transcription 

factor STAT-4leading to commitment to Th1 responses (Ouyang et al., 1999; Yang et al., 

1999). In addition to augmentation of IFN-y secretion, both IFN-y and IL-12 signaling 

pathways have been reported to participate in silencing of the Th2 locus (Manetti et al., 

1993; Seder et al., 1993) by mediating suppression of key Th2 transcription factor 

GATA-3 (Ouyang et al., 2000), resulting in inhibition ofiL-4 responses. 

4.3.2 Th2, Th3 and Tr 1 responses 

Th2 lineage commitment is dependent on the induction of Th2 lineage 

transcription factor GATA-3 by the IL-4/STAT-6 signaling pathway (Kurata et al., 1999; 

Ouyang et al., 1998) and TCR-CD28 mediated GATA-3-independent pathway 

(Rodriguez-Palmero et al., 1999). The resultant IL-4 production results in diminished 

IFN-y expression and stabilizes GATA-3 induction by chromatin remodeling (Lee et al., 

2000; Ouyang et al., 2000). Lowered Th1 responses, eventually lead to inhibition of 

nitrite generation, resulting in enhanced parasite survival. 

Activation of a distinct subset of IL-4 secreting CD4 T cells, possessing VfJ4Va8 

TCR recognizing the leishmania! LACK antigen (Leishmania homologue of receptors for 

activated C kinase), has been shown to be induced very early in infection in the BALB/c 

mice and was believed to confer disease susceptibility. This was based on the observation 

that infected V~4 deficient BALB/c mice mounted Th1 biased CD4 T cell response, 

resulting in improved parasite clearance (Himmelrich et al., 2000; Launois et al., 1997). 

Recent evidence has, however, demonstrated similar levels of activated LACK-CD4 T 

cells in resistant and susceptible mouse strains, early in infection (Stetson et al., 2002). 

Further, generation ofTh2 cytokines in resistant mice by administering IL-4 (Chatelain et 
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al., 1992) and anti-IL-12 antibodies (Hondowicz et al., 1997), early in infection, did not 

result in a sustained Th2 response and eventually still led to clinical cure. 

Therefore, though IL-4 mediated Th2 response has been shown to result in non­

healing leishmania! infection in mouse strains such as the BALB/c, these studies 

indicated that IL-4 was not the sole and sufficient factor regulating disease susceptibility, 

and that other cytokines such as IL-13, IL-10 and TGF-~ (inducers of Th3 and Trl 

responses) might contribute in determining the disease phenotype. Studies using BALB/c 

mice deficient for IL-4 and IL-4-receptor-a chain (IL-4Ra) (Noben-Trauth et al., 1999) 

have reported partial improvement in the former strain and marked improvement in the 

later. However, mice with double deficiency ofiL-4 and IL-13, whose receptor shares its 

a-chain with the IL-4-receptor, showed an even greater degree of resistance than either of 

the parental knockout mice (Matthews et al., 2000). TGF-~ has also been reported to 

suppress Thl responses and macrophage activation. Treatment of infected mice with anti­

TGF -~ antibodies has been reported to result in enhanced resolution of lesions, in spite of 

no observable effect on the levels of IFN-y or IL-4. This improvement in clearance has 

been speculated to involve activation of macrophage effector molecules, leading to the 

enhanced levels of NO detected in the lesions after antibody treatment (Li et al., 1999). 

IL-10 has also been attributed with similar properties of Thl and macrophage function 

suppression (Moore et al., 2001). IL-4Ra deficient mice show enhanced resistance on 

suppression of IL-l 0 function, indicating a role for IL-l 0 in conferring disease 

susceptibility (Noben-Trauth et al., 2003). Enhanced IL-10 levels have also been 

associated with human cases of chronic localized leishmaniasis, post-kala-azar dermal 

leishmaniasis (PKDL) and visceral leishmaniasis. IL-10 is produced by a wide variety of 

cells including macrophages, B cells, DCs and regulatory T cells (T-Regs), and the exact 
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source of IL-l 0 over-production in leishmanial infection has been a subject of much 

debate. Early studies have shown production of IL-l 0 on macrophages stimulated in vitro 

with LPS and opsonised Leishmania, resulting in suppression of IL-12 and TNF -a 

production (Kane and Mosser, 2001). However, as anti-CD4 treatment mediated 

depletion of CD4 T cells (Kropf et al., 1997) in IL-4 deficient mice BALB/c mice 

resulted in rapid control of infection, CD4 T cells were implicated as the crucial source 

for IL-10 in vivo. This view was further strengthened by the high levels ofiL-4 and IL-10 

mRNA expression levels reported in CD4 T cells from BALB/c mice (Reiner et al., 

1994). IL-10 and Fey-receptor deficient mice have been reported to produce lower levels 

of IL-l 0 and show enhanced lesion resolution (Buxbaum and Scott, 2005). Recent studies 

have demonstrated production of IL-l 0 by both conventional CD25-CD4 T cells and 

CD25+CD4 regulatory-T cells in a mouse model of chronic leishmanial infection 

(Anderson et al., 2007; Jankovic et al., 2007). Further, antigen specific IFN-y secreting 

Thl cells at the lesion site were the major contributors to this IL-10 response, and 

depletion of the T-Reg population, led to exacerbated disease characterized by 

overproduction ofTh2 cytokines including IL-10 (Anderson et al., 2007; Jankovic et al., 

2007).These data suggest that antigen specific Thl cells induced early in infection in the 

setting of a strong inflammatory response also participate in a feedback control of 

inflammatory responses in chronic infection, by secreting the IL-l 0 as a suppressive 

cytokine. 

4.3.3 Th17 responses 

Recent work has identified a novel T-helper subset ofCD4 T cells (Thl7) that are 

pro-inflammatory in nature and have been implicated in the pathogenesis of autoimmune 
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diseases. Th17 cells predominantly secrete IL-17 (hence referred to as Th17), in addition 

they also secrete TNF-a and IL-6 (Langrish et al., 2005). Th17 cells induce many pro­

inflammatory cytokines and chemokines leading to tissue infiltration and uncontrolled 

inflammation. Antibody mediated blockade of IL-17 has been reported to improve the 

clinical outcome in adjuvant-induced arthritis (Bush et al., 2002) and experimental 

autoimmune encephalomyelitis (EAE)(Komiyama et al., 2006). Naive T cells activated in 

the presence of IL-6 and TGF-13 have been shown to differentiate into Th17 T cells 

(Veldhoen et al., 2006). Further expansion of the Th17 response is thought to require the 

presence of an IL-12 family cytokine, IL-23. Several cytokines have been reported to 

enhance or attenuate Th17 differentiation or expansion (Bettelli et al., 2007). Cytokines 

such as IL-l and TNF, and co-stimulatory molecules ICOS (inducible co-simulator)(Park 

et al., 2005) and OX40 (Nakae et al., 2003) enhance the generation of Th17 cells. IL-27 

expression, on the other hand, negatively regulates Th17 differentiation (Hunter, 2005). 

The differentiation of Th17 cells is independent of Thl and Th2 transcription factors, 

STAT -4 and STAT -6 (Park et al., 2005), and has been identified to be regulated by a 

separate transcription factor, RORyt (Akimzhanov et al., 2007). Th17 T cells have now 

been implicated in disease exacerbation in various autoimmune diseases, previously 

believed to be mediated by Thl cells (Langrish et al., 2005; Nakae et al., 2003). 

Ironically, the Thl cells in such diseases have now been shown to be involved in disease 

protection due to the inhibitory effect of IFN-y on Th17 induction (Krakowski and 

Owens, 1996; Park et al., 2005; Tran et al., 2000; Willenborg et al., 1996). Further, IFN-y, 

IL-27 mediated Th17 suppression requires active signaling through a STAT-I mediated 

pathway (Batten et al., 2006). 
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Recent correlational studies on the lesion progression and parasite persistence 

using the Leishmania amazonensis (L amaz) model of infection indicate to interesting 

possibilities on the modulatory effects of these cytokines. The Lm resistant C57BL/6 

mice have been reported to be sensitive to L amaz induced cutaneous leishmaniasis, 

characterized by progressive lesions in the presence of a robust Thl response, and the 

lack of IL-4 over-production (Ji et al., 2002). A recent study using two strains resistant 

(TR) and susceptible (TS) to induction of oral tolerance, has shown increased disease 

susceptibility in the TR but not in the TS strain on L amaz infection (Tavares et al., 2006). 

Cytokine analysis showed low IL-10 and TGF-P responses, greater lesion size and a 

paradoxically low lesion parasite burden in the TR mice, with the TS mice showing the 

converse phenotype. On induction of oral tolerance with low dose of antigen, TR mice 

showed a regression of lesion and a surprising exacerbation of lesion on immunization 

with high dose of antigen. The TS strain did not reveal any modification of the phenotype 

on immunization with either dose of antigen. In view of the known role of IL-l 0 as an 

immunosuppressive cytokine, it is possible that the exacerbated lesions seen in the TR 

strain could be due to the lack of this cytokine, and conversely, higher IL-10 levels in the 

TS strain could explain lower lesion size and increased parasite persistence in accordance 

with the NO suppression induced by IL-10. Since induction of oral tolerance leads to 

increase in the levels of suppressive cytokines IL-10 and TGF-P (Weiner et al., 1994), 

this could be a reason for the decreased lesion size seen in TR mice immunized at lower 

antigen doses. Paradoxically, the higher TGF-P levels, could also have led to the 

induction of Th17 responses at the higher antigen dose, resulting in further exacerbation 

of disease. Though the role of IL-17 producing T cells in leishmania! infections has not 

yet been properly addressed, it is likely to play a role in acute exacerbations in disease 
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after long periods of latency as seen in human cases of PKDL and mucocutaeous 

leishmaniasis, possibly brought on by a compromise in the IL-17 inhibitory IFN-y/Th1 

responses. Studies to dissect the possibility of the involvement of such operant 

mechanisms could help better understand human clinical disease exacerbations. 

5. Immune modulations by retroviruses 

Viruses have been long characterized to induce immune response modulations to 

improve their infectivity as well as survival. Modulations mediated by retroviruses have 

come into focus due to the HIV (human immunodeficiency virus) mediated AIDS 

(acquired immunodeficiency syndrome) pandemic. Other retroviruses, including MMTV 

(murine mammary tumor viruses) have also been extensively studied and characterized to 

modulate host immune responses. Retroviruses, integrate into the host genome to gain 

replication sufficiency, and in the process pose the inherent risk of not only causing 

modulations in host gene responses, but in the event of inactivating mutations to the viral 

template the integrant replication deficient viruses, gain vertical transmission and 

continue to mediate effects on the host genome across subsequent generations. 

HIV viral protein Nef (negative factor) participates in down-regulation of surface MHC 

(Cohen et al., 1999; Stumptner-Cuvelette et al., 2001) and co-stimulatory molecules 

(Chaudhry et al., 2005) to prevent recognition of virus infected cells by the immune 

system. In addition, Nef induces secretion of inflammatory cytokines to cause 

recruitment and activation ofT cells (Swingler et al., 1999), which are otherwise resistant 

to infection in the resting state, thereby facilitating its transmission to uninfected cells. 

MMTVs, members of beta-retrovirus family, infect mammary tissue in female mice and 
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are undergo milk borne vertical transmission to the pups, where they track to the 

intestinal lymphoid tissue to infect B lymphocytes and dendritic cells (Baribaud et al., 

1999; Golovkina et al., 1999). The v-SAg (viral encoded superantigen) then binds to 

MHCII on these infected cells, resulting in activation of large populations of CD4 T cells 

due to ligation of particular TCR-variable-P regions (TCR Vp)(Janeway, 1991). The 

cytokines secreted by these CD4 cells leads to activation of bystander cells, which then 

become susceptible to MMTV infection, in a similar fashion to that observed with HIV 

(Baribaud et al., 1999; Maillard et al., 1998). At later stage in infection, these v-SAg 

reactive T cells eventually undergo deletion (Acha-Orbea and Palmer, 1991). 

Some of these retroviruses incur inactivating mutations, rendering them replication 

deficient, and remain genome integrant. Such genome integrant retroviruses have been 

estimated to occupy almost 8% of the human genome and up to 6-8 MMTV integrant 

proviral sequences (mtv) have been identified in most inbred mouse colonies (Kozak et 

al., 1987). Some of these mtv sequences however retain their ability to encode for SAgs, 

which now mediate complete thymic deletion of reactive subsets, rendering the host T 

cell repertoire deficient in certain TCR vp subsets, and since this deletion occurs at 

negative selection, it affects both the CD4 and CD8 T cell compartments (Tomonari et al., 

1993). Such a loss ofTCR vp subset, mediated by the mtv-7locus, has been associated 

with conferring resistance to cerebral malaria in mice due to the deletion of the causal vp 

8.1 subset (Gorgette et al., 2002). MMTV integrations have also been reported to mediate 

susceptibility to tumors (Scianimanico et al., 1999), graft-versus host disease (GVHD) 

(Allen et al., 2000) and bacterial infections with Vibrio cholerae (Bhadra et al., 2006), 

and in all these instances, MMTV integrations have been reported to increase disease 

susceptibility independent of their T cell deletion function. Studies on a model of GVHD 
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with mtv-7 integrations have demonstrated that the development of disease was 

independent of mtv-7 mediated deletion, and have speculated the role of it's modulation 

on surface so-stimulatory molecules, CD48 (a CD2 ligand involved in regulating the 

Thl/Th2 balance) in this case, which are in linkage with the mtv-7 locus (Allen et al., 

2000). In another study, an mtv-null mouse model was found to be resistant to both 

MMTV and V cholerae infections, both of which did not posses any shared antigenic 

epitopes (Bhadra et al., 2006). Further, susceptibility to both infections could be 

reconstituted in the mtv-null mice by an endogenous provirus lacking the coding 

sequences for the immunodominant SAg protein (Haak-Frendscho et al., 1994). 

Therefore, these data appear to be suggesting a deletion function independent mechanism 

for immune modulation by such proviral integrations. 

Many of the retroviral integrants are believed to have been positively selected 

during evolution due to their ability to protect against viral infections as demonstrated in 

recent study where changes in an immune protein have been shown to confer protection 

against ancient retroviruses which presumably plagued our primate ancestors (Kaiser et 

al., 2007). On the flip side, however, these very changes might have rendered us 

susceptible to newer retroviruses, including HIV (Kaiser et al., 2007), or other MMTV s 

in case of mice (Bhadra et al., 2006). Reactivation of ancient retroviruses is a further 

possibility arising out of recent studies which demonstrated this possibility using 

surrogate viral sequences to restore transcriptional activity and replication competency in 

integrant replication deficient proviruses (Lee and Bieniasz, 2007; Stauffer et al., 2001; 

Sutkowski et al., 2001). 
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Materials and methods 

1. Reagents 

1.1 Culture media used: 

All the cell culture experiments were carried out in Dulbecco' s Modified Eagle 

Medium (DMEM) (Life Technologies, USA) supplemented with 5 mM HEPES, 50 

J..LM ~-mercaptoethanol, 2 mM L-glutamine, 1.35 g/1 sodium bicarbonate (all from 

Sigma-Aldrich, USA), 10% heat inactivated FCS (Biological Industries, Israel) and 

10 J..Lg/ml gentamycin (Hi Media, India)[Complete medium]. 

Leishmania major promastigotes were cultured in DMEM supplemented with 10% 

heat inactivated FCS (Biological Industries), 0.05 mM adenosine, 0.05 mM xanthine, 

5 mg/ml hemin (dissolved in 0.05 M NaOH), 3 mg/ml BSA, 5mM HEPES, 2 mM L­

glutamine, 10 mg/ml gentamycin and 55 J..LM ~-mercaptoethanol (all from Sigma­

Aldrich)[Modified DMEM]. 

1.2 Phosphate-buffered saline (PBS) (lX): 

KCl 0.2 g/1 

0.2 g/1 

8.0 g/1 

KH2P04 

NaCl 

Na2HP04 11.5 g/1 pH adjusted to 7.2-7.4 

1.3 Hanks balanced salt solution (HBSS) (lX): 

A lOX stock of Hank's balanced salt solution (HBSS) (Biological Industries) was 

diluted to 1X in 0.035% sodium bicarbonate solution in sterile water, and used for 

washing the cells. 
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1.4 Chemicals: 

Reagents used m the study include dimethyl sulphoxide (DMSO), 

parafonnaldehyde, sodium azide, trinitrobenzene sulphonic acid (TNBS), sodium 

azide, tween-20, saponin, i, 7'- dichloroflurescein diacetate (DCF-DA), monensin, 

sulfanilamide, N-(1-Napthyl) ethylenediamine dihydrochloride, carrageenan iota, 

lipopolysaccharide (LPS; Salmonella typhosa) (all from Sigma-Aldrich), Syto 13 

(Molecular Probes, USA), dextan T-500 (Amersham Biosciences, USA). 

Recombinant granulocyte-macrophage colony stimulating factor (GM-CSF), 

recombinant mouse IFN-y (Pepro-Tech Inc., USA). Restriction enzymes, DNA 

polymerase, dNTPs and DNA ladder (New England Biolabs, USA). 

1. 5 Protein antigens used: 

Maleylated form of chicken egg ovalbumin (Sigma-Aldrich) was used as an 

antigen to induce ovalbumin specific T cell responses, in vivo or in vitro. 

1.6 Reagents used for flow-cytometry: 

Reagents used to stain mouse specific markers were biotin, fluorescein, 

phycoerythrin (PE), PE-Cy5 or PE-Texas red coupled antibodies directed against 

B220, CD4, CD8, CD43, CD44, CD62L, CD69, CD90.2 (Thyl.2), Gr-1, IFN-y, 

IgM, IgD, TCRV~3, TCRV~6, TCRV~4, TCRV~10, TCRV~14 and Siglec-F 

(All from BD Pharmingen, USA). Labeled secondary detection reagents used 

included streptavidin-PE, streptavidin-PE-Cy5, and streptavidin-PE-Texas Red 

(BD Pharmingen). 
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1. 7 Reagents used for ELISA: 

For assaying IFN-y/IL-1 0 levels in culture supernatants, Mouse IFN-y/IL-1 0 ELISA 

(BD Opt EIA, BD Pharmingen) kits were used. They had the following reagents: 

Capture antibody: anti-mouse IFN-y/IL-10 monoclonal antibody, diluted in coating 

buffer. 

Detection antibody: Biotinylated anti-mouse IFN-y/IL-1 0 monoclonal antibody. 

Enzyme reagent: A vi din-horseradish peroxidase conjugate 

Standard: Recombinant IFN-y/IL-10 

In addition, H202 (E. Merck) and o-phenylenediamine (Sigma-Aldrich) dissolved in 

substrate buffer were used for developing the ELISA and 2N H2S04 (Qualigens, 

GSK Pharmaceutical Ltd, India) was used for terminating the reaction. 

Coating buffer (O.JM, pH 9.5) 

0.2 MNa2C03 

0.2MNaHC03 

8 ml of 0.2M Na2C03 and 17 ml of 0.2 M NaHC03 were mixed and volume made up 

to 1 OOml with deionised water. 

Citrate-phosphate buffer (substrate buffer), pH 5.0 

0.1M citric acid 

0.1MNa2HP04 

51.5 ml of0.1M citric acid and 48.5 ml of0.2 M Na2HP04were mixed and used as 

substrate buffer. 
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1.8 Brewer's thioglycollate broth: 

4 g of Brewer's thioglycollate medium (Hi Media) was dissolved in 100 ml ofwater 

by boiling. It was then sterilized by autoclaving and stored in dark for at least 2 

weeks before use. 

2. Methods 

2.1 Parasite preparation and infection: 

Leishmania major (Lm) strain MHOM/Su73/5ASKH (a kind gift of Dr. Bhaskar 

Saha, National Centre for Cell Sciences, India) was a cultured at 25°C in modified­

DMEM. Stationary phase promastigotes were collected from in vitro culture and 

washed with PBS. Parasite number was estimated by counting 2% PFA-fixed 

parasites at appropriate dilution, using a hemocytometer. 

Mice were infected subcutaneously in the hind footpad with 5x106 promastigotes re­

suspended in 50f.ll of PBS (Gray et al., 2006). The clinical progression of the 

infection was monitored by measuring increase in footpad thickness in comparison to 

the contralateral uninfected footpad using a dial-gauge micrometer (Mitutoyo, Japan). 

2.2 Ex-vivo cell preparation: 

Peritoneal exudate cells (PECs) were induced by intraperitoneal (i.p) injection of 4% 

Brewer's thioglycollate broth. At 16 h (for granulocytes) or 72 h (for macrophages) 

post-injection, mice were euthanized by cervical dislocation and cells harvested by 

peritoneal wash with 10 m1 of ice cold 0.9% saline. Macrophages were further 

purified by 1 h of plastic adherence at 3 7°C, and removal of non-adherent B cells. 
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These adherent cells were then used as peritoneal macrophages for all assays. 

Resident peritoneal cells were similarly obtained from the peritoneum in the absence 

of thioglycollate broth instillation. 

Spleen and lymph nodes were dissected out from mice euthanised by cervical 

dislocation. These tissues were teased between a pair of frosted glass slides to obtain 

single cell suspensions. Spleen cells were subjected to RBC lysis with Gey's buffer, 

following which cells were suspended in complete medium. 

2.3 Bone marrow-derived dendritic cell (BMDC) and Bone marrow­

derived macrophage (BMDM) culture: 

Bone marrow cells were obtained by dissecting femurs and tibias from euthanised 

mice and removing attached tissue. Bone marrow was isolated into 90 mm culture 

dishes by cutting off the ends of bones, and flushing them with medium. Bone 

marrow was disrupted to a single cell suspension, by pipetting. Bone marrow cell 

suspensions were plated at lx106 cells per ml in complete DMEM supplemented 

with 10 ng/ml recombinant mouse GM-CSF. On day 3, non-adherent cells 

comprised mostly by granulocytes were carefully removed, with the addition of 

fresh medium supplemented with GM-CSF. On day 5 to 7, loosely adherent DC 

clusters were removed, disrupted to single cells and used as an enriched source of 

immature BM-DCs in various assays. 

For BMDM cultures, bone marrow cells were isolated and cultures in complete 

DMEM supplemented with M-CSF (30% of L929 fibroblast-conditioned medium as 

M-CSF source). On day 3 and day 5, spent culture medium was replenished with 
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appropriately supplemented fresh culture medium. Adherent BMDMs were obtained 

for use in assays at 5 to 7 days of culture. 

2.4 Lymphocyte co-culture assay: (Belkaid et al., 2002) 

BMDCs were plated at a density of 2xl 05 cells per well in 2 ml of complete medium 

and were either allowed infection with 5 x106 Lm per well in 1 ml ofDMEM for 4-6 

h or left uninfected. After 4-6 h of infection, the wells were gently washed thrice with 

ice-cold PBS to remove non-phagocytosed parasites. Draining popliteal lymph nodes 

were isolated from various groups of infected mice and total lymph node T cells, 

CD69- T cells or CD62L1
ow effector CD4 T cells were purified for various 

experiments by magnetic cell sorting (MACS, Miltenyi Biotec, Germany). Sort 

purity was checked flow cytometrically and confirmed to be >90% pure. Purified 

cells were resuspended in 2 ml complete medium and added onto the BMDCs at DC: 

T cell ratio of 3: 1, and cells were spun down onto the adherent DCs at 800 rpm for 3 

min. At 16 h of co-culture, cells were isolated and CD69 upregulation was assessed. 

Intracellular IFN-y estimation was done on cells at 24 h and/or 48 h in culture. 

Culture supernatants were collected at 24 and/or 48 h after T cell addition, and 

supernatant cytokine quantification was performed. 

2.5 Parasite clearance assay: 

For parasite clearance assays in vitro, macrophages were adhered onto autoclaved 22 

mm glass cover-slips in 6-well plates. Cells were plated into wells containing the 

cover-slips at 5x106 cells per well in 2 ml of complete medium, and allowed to 

adhere for 1 hat 37°C. The wells were then washed with 2 ml PBS, and 25x106 
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fluorescent dye (Syto 13)-labelled stationary-phase Lm were overlaid onto the cells 

in 2ml of DMEM and allowed to infect the macrophages at 37°C for 4 h. The wells 

were then gently washed thrice with ice cold PBS to remove non-phagocytosed 

parasites. This was considered as time 0 h of infection, and at various times 

following that, the coverslips were gently picked out of culture and fixed with a 2% 

paraformaldehyde (PF A) solution and glycerol-mounted onto glass slides for 

quantification by fluorescence microscopy (IX81, Olympus, Japan)(Fig.IIA). 

Macrophage infection was quantified by counting the frequency of infected cells as 

well as the parasite number per infected cell. At least 300 cells were counted for each 

sample and expressed as mean ± standard error (SE) of triplicates. 

Parasites were labeled with 5 J..LM of the nuclear staining cell permeable dye Syto 13 

using standard protocols as recommended by the manufacturer (Molecular 

Probes). The ability of Lm to proliferate after syto 13 labeling was tested and found to 

be unchanged. Also the dividing parasites retained the fluorescence label, even up to 

4 days in culture (Fig. IIA). 

2.6 Maleylation 

2.6.1 Protein maleylation: 

The protein to be maleylated was dissolved in borate buffer (5 mM, pH 8.5) at 20 

mg/mL, followed by addition of powdered maleic anhydride (Sigma-Aldrich) with 

constant stirring. The amount of maleic anhydride added was 2.5 times (w/w) than 

the amount of protein used. pH was maintained between 8.5 and 9.0 with IN NaOH 

through out maleic anhydride addition. At the end of the reaction, pH was finally 
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adjusted to 7.5 and excess maleic anhydride was removed by dialysis against PBS at 

4°C (Abraham et al., 1995). 

2. 6.2 Protein estimation by BCA method: 

Protein concentrations were estimated by the Bicinchonic acid (BCA) method. 

Various dilutions of protein and a known protein standard in a volume of 20 J.lL were 

taken, to which 200 J.lL of reagent C (see below) was added and incubated at 37°C for 

20-30 min. Absorbance was measured at 570 nm on microplate reader (Bio-tek 

instruments, USA). Protein concentration of experimental samples was calculated by 

extrapolating from the standard curve thus obtained. 

Reagent A Reagent B 

BCA 1% CuS04.SH20 4% 

Na2C03.H20 2% 

NaOH 0.4% 

NaHC03 0.95% 

C4~06Na2.2H20 0.16% 

pH was adjusted to 11.25 

Reagent C was obtained by mixing reagent A and B in a ratio of 50: 1. 
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2.6.3 Estimation of extent ofmaleylation: 

The extent of maleylation was estimated using the trinitrobenzenesulfonic acid 

(TNBS) assay for the loss of free E- amino groups. TNBS reacts with the free amino 

groups under mild alkaline conditions to give rise to trinitrophenyl (TNP) 

derivatives. Briefly, 4% sodium bicarbonate, 0.1% TNBS and lmg/ml of maleylated 

protein were mixed in equal volumes (1 00 J . .t.l) each and incubated at 40°C for 2 hrs, 

at the end of which 100 J..Ll of 10% sodium dodecyl sulphate was added. The reaction 

was terminated by adding IN HCl (50 J..Ll), and absorbance was measured at 335 nm 

on microplate reader (Bio-tek instruments). The difference in absorbance between 

native and maleylated proteins indicated the extent of maleylation. Maleyl proteins 

that showed at least 95% maleylation were used for experiments. 

2. 7 Statistical analysis: 

For in vivo experiments, data are shown as mean± SE for three mice per group and 

are representative of three to seven independent experiments. For in vitro cultures, 

data are shown as mean ± SE for triplicate samples and is representative of three 

independent experiments. Wherever mentioned, data have been compared by two­

tailed student's t test, where p<0.05 was considered significant. 

3. Purification ofT cells 

Pooled total lymph node cells form uninfected mice or lesion draining popliteal 

lymph node cells from Lm infected mice were stained with biotin conjugated 
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monoclonal antibodies (mAb) as required, for 45 min on ice. Cells were washed with 

MACS buffer (DMEM supplemented with 1% FCS) and incubated on ice for 30 min 

with immuno-magnetic streptavidin beads (Miltenyi Biotec) diluted in MACS buffer. 

The magnetically labeled cell suspension was washed and loaded onto a MACS 

positive separation column. Positively purified column bound cells were used for 

further assays. For purification by depletion, cells in the flow through fraction were 

collected for assays. 

Positive purification for various cell subsets was achieved by labeling with biotin 

conjugated antibody reactive to the subset of interest; mAbs were used against 

Thyl.2 (total T cells), CD4, and TCRVp3, TCRVP6 or TCRVP14. Antibody cocktail 

containing mAbs against CD62L, CD69 and CD44 was used for purification of 

CD62L1
ow effector T cells by depletion. Biotinylated anti-CD8 was also added to the 

above cocktail for purification of CD4 effector T cells. 

4. Enzyme linked immunosorbent assay (ELISA) 

4.1 Cytokine ELISA: 

Amount of cytokine secreted in culture supernatants was assayed by sandwich 

ELISA according to manufacturer's instruction. 96 well flat bottom polystyrene 

ELISA plates (Nunc, Denmark) were coated with capture antibody, anti mouse 

IFN-y/IL-10, diluted in carbonate-bicarbonate buffer (pH 9.2) and incubated at 4°C 

for 14-16 h. The plates were blocked with blocking buffer ( 10% FCS in PBS 

containing 0.1% Tween-20, PBS-T) for 2 h at room temperature to prevent non­

specific binding of proteins to the plate. After blocking, various dilutions of culture 
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supernatants (from stimulated cultures) or standard were added and incubated for 1 

h at room temperature. The bound cytokines were detected by adding biotinylated 

anti-mouse IFN-y/IL-10 and streptavidin-horseradish peroxidase (HRP) conjugate, 

diluted to appropriate concentration in PBS containing 10% FCS. Plates were 

incubated for 1 h at room temperature. After each incubation, plates were washed 

thrice with PBS-T. To develop the ELISA, citrate-phosphate substrate buffer (pH 

5.0) containing H202 (30% w/w; 1 J.Lllml of the substrate buffer) and OPD (0.5 

mg/ml of substrate buffer) was added to each well. H202 is the substrate for HRP 

enzyme while OPD is a chromogenic substrate and reacts with radicals released 

during primary reaction of HRP and H20 2 to yield color. 2N H2S04 (Qualigens) 

was added to terminate the reaction. Absorbance was measured at a wavelength of 

490 nm using a microplate reader and compared with the IFN-y/IL-10 standard. 

4.2 Immunoglobulin ELISA: 

For detection of lgM or IgG in serum, 96-well ELISA plates were coated with 2 

J.Lg/ml goat anti-mouse lg (Bangalore Genei, India). The plates were blocked with 

PBS containing 1% lactogen and loaded with diluted sera. The bound antibody was 

detected with anti-mouse lgM-HRP or lgG-HRP (Southern Biotech, USA) 

followed by 0.1 M citrate-phosphate buffer containing 1 J.Lllml H202 (Merck, India) 

and 0.5 mg/ml OPD (Sigma). Absorbance was measured at a wavelength of 490 nm 

using a microplate reader. 
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5. Myeloid cell effector function assays 

5.1 Induction and estimation of nitrite: 

Materials and methods 

Adherent peritoneal macrophages were plated into 96 well plates at 5x 1 05 cells per 

well and stimulated with titrating doses of bacterial LPS. After 48 h of incubation, 

accumulated nitrite in the culture supernatant was estimated using the Griess reaction. 

Briefly, 50 ~1 of Griess reagent (1% sulfanilamide and 0.1% napthyl­

ethylenediamine at a ratio of 1:1 dissolved in 2.5% orthophosphoric acid) was added 

to 50 ~1 of culture supernatant and incubated at room temperature for 5 min. 

Absorbance of the wells was then read at 550 nm, and nitrite levels were calculated 

in micro-moles (~M) based on a standard curve read from titrating amounts of 

sodium nitrite standard solution. 

5.2 Reactive oxygen species induction and estimation: 

Dichlorofluorescein diacetate (DCF-DA), a membrane permeable derivative of2'7'­

dichlorofluorescein (DCFH) was used at a concentration of 5 ~M to label cells. On 

entering the cells DCF-DA is converted to DCFH, by cleavage of the diacetate group, 

both being non-fluorescent. 5x105 cell per well of adherent macrophages or 

eosinophils were loaded with DCF-DA dissolved in PBS for 45 min at 37°C. Cells 

were then washed and stimulated with titrating amounts of LPS added in PBS 

supplemented with 1% FCS. On induction of oxidative burst, DCFH is converted to 

highly fluorescent 2'7'-dichlorofluorescein (DCF), mainly mediated by the released 

H202. The resultant fluorescence, both intracellular and extracellular, is measured 
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using a fluorimeter (BMG Labtechnologies, Australia) at an excitation of 485 nm and 

read emission of 530 nm. 

5.3 Phagocytosis assay: 

Macrophages phagocytosis of fluorescently labeled opsonized E-coli (FITC-E coli) 

was performed according to the manufacturer's instruction using the Phagotest kit 

(ORPEGEN Pharma, Germany). Briefly, heparinized blood samples were obtained 

by retro-orbital venepuncture from anesthetized mice, incubated on ice for 10 min. 

Opsonized FITC-E coli were then added and samples were incubated at 37°C for 10 

min in a pre-heated water bath to allow phagocytosis, similarly treated control 

sample was incubated at 4°C for 10 min. Extracellular fluorescence was then 

quenched, erythrocytes lysed and the blood cells were fixed. Following this cells 

were stained with propidium iodide (PI) for 10 min on ice. Cells were then washed, 

suspended in PBS and analyzed by flow cytometry. 

5.4 Carrageenan induced footpad inflammation: 

Carrageenan-induced inflammation was induced by a subcutaneous injection of 0.5% 

iota-carrageenan (Sigma) dissolved in normal saline into one hind footpad and 

normal saline alone into the contralateral footpad (50 f.lVfootpad) (Otterness and 

Moore, 1988). Footpad thickness was measured prior to injections (TO) and later at 

intervals of 3 h using a dial-gauge micrometer (Mitutoyo ), and expressed as the 

increase in footpad thickness over TO at various time points after injection. 
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6. Staining for jlow-cytometry 

6.1 Surface staining: 

For surface staining, 0.3 x 106 to 1x 106 cells were incubated with 50 J.!L of primary 

staining reagent appropriately diluted in staining buffer (PBS containing 0.5% BSA 

and 0.1% sodium azide), on ice for 45 min in 96 well round bottom polystyrene 

plates (Nunc). Control samples were incubated with appropriate isotype matched 

control antibody. The cells were washed thrice with cold staining buffer, followed by 

incubation for 45 min with 50 J..ll of appropriate secondary reagent diluted in staining 

buffer at working concentration. Finally, cells were washed two to three times with 

ice cold staining buffer and re-suspended in PBS to be analysed on BD LSR (Becton 

and Dickinson, USA) or Elite, ESP flow cytometer (Beckman Coulter, USA). The 

data were analysed using Flow Jo software (Treestar, USA). 

6.2 Intracellular cytokine staining: 

In order to stain for antigen specific CD4 T cells expressing IFN-y, cells were 

stimulated with Lm infected BMDCs or BMDCs in presence of mOV A in culture for 

24 h to 48 h. The uninfected or unstimulated cultures respectively, served as control. 

Monensin (1 0 J.!M) was added during last 2 h of stimulation to all the cultures. At the 

end of 2 h, cells were harvested and washed with ice cold staining buffer (PBS, 0.5% 

BSA, 10 J.!M monensin), followed by an incubation at 4°C for 45 min with the 

appropriate antibody for surface staining (CD4/CD44) that had been diluted to 

working concentration in the above staining buffer. Cells were washed with PBS 

containing 10 J.!M monensin, fixed with 2% paraformaldehyde and stained with anti-
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mouse IFN-y antibody conjugated to FITC/PE diluted in 50 J.tl permeabilization 

buffer containing 0.03% saponin and 50 mg/ml ovalbumin (Vig et al., 2004). After 

incubation at 4°C for 45 min, cells were washed and re-suspended in PBS to be 

analyzed on a flow cytometer. 

6.3 Staining of blood cells: 

Peripheral blood was obtained by retro-orbital venepuncture, anti-coagulated with 2 

IU/ml of heparin sodium salt solution. Whole blood was then layered onto 3% 

dextran, in a 1 : 1 ratio and RBCs were allowed to sediment at room temperature for 

30-45 min. Buffy coat cells containing leukocytes were carefully collected and mixed 

with PBS at a ratio of 1 :4. Cells were then pelleted by centrifugation at 1400 rpm for 

5 min at 25°C. 

7. Mice 

7.1 Mouse strains used: 

All mice were used at 4-8 weeks of age. The mouse strains used and the respective 

genotypes were CBA/J (H-2k), CBA/CaJ (H-2k), CBA/N (H-2k) C57BL/6 (H-2b), 

bg/bg (H-2b ), IL-5 Tg (H-2k), iN OS_,_ (H-2b ), BALB/c (H-2d), B 1 O.LPnu/nu (H-2b ), 

TCR(r'- (H-2b ). c-Rer'- (H-2b) mice were a kind gift from Dr. Ranjan Sen (NIA, NIH, 

USA).All other strains were obtained from the Jackson Laboratory (Bar Harbor, ME, 

USA). All mice were bred in the small animal facility of the National Institute of 
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Immunology (New Delhi, India). All experiments were done with the approval of the 

Institutional Animal Ethics Committee. 

7.2 Generation of XID/nude mice -Breeding strategy and screening: 

Adenosine deaminase deficient athymic nude mice show deficient ap T cell 

development, which is transmitted as an autosomal recessive trait. The XID defect is 

transmitted as an X-linked recessive trait. Therefore, male B10.PL nude mice and 

female CBA/N mice were utilized as founder mice. The F 1 generation thereof was 

uniformly heterozygous for both the defects. The F2 generation obtained from 

random mating of these F 1 mice, were then screened for the nude phenotype which is 

manifested as absence of coat hair in the mice and were further genotyped by 

genomic-PCR for the XID mutation. 

Fig. lA shows the expected pedigree chart for this breeding strategy. In this, 6.25% 

of male and female F2 progeny were expected to be of the XID/nu genotype as 

indicated by filled blocks in the pedigree. For genotyping the XID mutation, genomic 

PCR was performed to amplify a 558 bp of Btk exon-2 (Fig. IB). The C to T 

transition in an XID mutation results in the loss of a Hha I restriction site, thus 

allowing for identification of WT and XID alleles by digesting the 558 bp PCR 

product. The WT allele gave three fragments of 222, 291 and 45 bp, whereas the XID 

mutation resulted in two fragments of222 and 336 bp (Rohrer and Conley, 1999). 

This genotyping protocol however could not accurately distinguish between female 

F2 progeny which were heterozygous or homozygous for the XID mutation. 

Therefore, genotyped male XID/nu progeny were back-crossed with female CBA/N 

mice and the progeny generation (G1), of which all mice now inherited the XID 
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mutation, were intercrossed by random mating to obtain the G2 generation, of which 

all progeny carried the XID mutation and 25 %, with 12.5% male and 12.5% female, 

progeny were XID/nu. Simultaneously, male nude mice from the F2 generation, 

genotyped to be negative for the XID mutation were back-crossed with female 

CBA/CaJ mice, the WT control for the CBA/N mouse. G2 progeny as indicated from 

this back-cross were used as age matched WT!nu control mice with the XID/nu mice 

in all further experiments. 

Genotyping Primers: 

5' GAC TGT GGA AGA AGG AGC 3' 

5' GGCATAGAGTGAGTTCTTAC3' 

7.3 Generation of X/Dil'CR f11
- mice - Breeding strategy and screening: 

CBA/N female mice were bred with male TCR p-r mice. The Fl generation was 

intercrossed and the resulting F2 generation mice were genotyped by genomic PCR 

screening for the XID/TCR p-r progeny. XID genotyping was done as described in 

the previous section. On genotyping for the TCR p allele according to the genotyping 

protocol recommended by the Jackson Laboratory, inheritance of a wild-type TCR P 

allele resulted in amplification of a 540 bp fragment, TCR p+ r (heterozygous) mice 

showed fragments of 540 bp and 280 bp, and the TCR p-r mice showed only a 280 

bp fragment (Fig. liB). 

Genotyping Primers: For Jackson Laboratory mouse strain no. 002118 

5' CTT GGG TGG AGA GGC TAT TC 3' 

5' AGG TGA GAT GAC AGG AGA TC 3' 

5' TGT CTG AAG GGC AAT GAC TG 3' 
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5' GCT GAT CCG TGG CAT CTA TT 3' 

8. Histology: 

Footpad tissue was dissected out and fixed in Bouin's solution. After paraffin 

embedding, 5 J..lm sections were then prepared and hematoxylin- and eosin-stained 

using standard protocols. Prepared samples were then mounted on glass slides. All 

images were acquired on an inverted light microscope (Olympus, IX81) and analyzed 

using DP-10 software (Olympus). 

9. Total and differentia/leukocyte count: 

To perform differential leukocyte counts (DLC), thin blood smears were made on a 

clean glass slide and stained with Leishman's stain. Cells were identified by 

morphology seen under oil immersion at a magnification of 1 OOX. A total of 400 

cells were counted and the frequency of various leukocyte subsets was expressed as a 

percentage. 

For estimation of total leukocyte counts, peripheral blood was diluted 1:20 with 

leukocyte dilution fluid (2% acetic acid in water) to lyse RBCs and the cells were 

counted on a hemocytometer. 
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Figure 1: Breeding strategy and screening protocol of XID/nu 
mice 
(A) Female CBA/N mice were bred with male B I O.LP nu/nu mice 
to generate F I and F2 mice. Genotyped male XID/nu or WT/nu 
mice were back-crossed with female CBA/N or CBA/CaJ mice 
respectively. First generation of back-cross progeny (B 1G 1) were 
intercrossed and the litter (B 1G2) were genotyped and used for 
experiments. (B) 558 bp region of exon-2 of Btk was PCR 
amplified from genomic DNA digested \Vith Ilha-1 and the 
resultant fragments were resolved by electrophoresis on a 2% 

L__ _________________________ ____j agarose gel. 
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Results 

Role of signaling intermediate Btk in regulating cellular interactions 

in inflammation 

Bruton's tyrosine kinase (BTK), a member of the TEC family of non receptor tyrosine 

kinases, functions as a major intermediate in signal transduction pathways downstream 

of a variety of cell surface receptors to modulate both cellular developmental and 

functional properties. BTK has been shown by various extensive studies to be a key 

molecule involved in B cell development and function, both in humans and mice. 

Previous work has focused on dissecting the role of BTK in myeloid cells using the 

CBAIN (X-linked immunodeficiency; XID) mouse, which carries an arginine to cysteine 

(R28C) mutation at the 28th amino acid position in the pleckstrin homology domain of 

BTK, thereby abrogating its membrane recruitment and signaling functions (Mohamed et 

al., 1999). Through these studies a role has been demonstrated for BTK in mediating 

inflammatory functions and development of myeloid cells including macrophages and 

neutrop4i_ls (Horwood et al., 2003; Kawakami et al., 1998; Kawakami et al., 2006; 

Mangla et al., 2004; Schmidt et al., 2004). It was therefore appropriate to ask if BTK 

plays a similar role in the eosinophil lineage. 

Role of Btk in regulating eosinophil effector functions 

Eosinophils constitute a high proportion of granulocytes in IL-5 Tg mice 

IL-5 is a major cytokine driving eosinophil recruitment and function. In the IL-5 

transgenic (Tg) mouse, where IL-5 expression is controlled by an inducible 
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metallothionein promoter, eosinophils have been reported to constitute the majority of 

the polymorphonuclear (PMN) cells in peripheral circulation (Tominaga et al., 1991). 

This was confirmed by total and differential leukocyte counts on peripheral blood of IL-5 

Tg and C57BL/6 wild-type (WT) mice (Fig. lA). The differential leukocyte counts 

revealed a high frequency of eosinophils in the peripheral blood smear of the IL-5 Tg 

mice, compensated by a lower frequency of neutrophils as compared to the WT. Total 

circulating leukocytes per cu mm of blood were also substantially higher in the IL-5 Tg 

mice (Fig. lB). These results were also confirmed flow cytometrically by staining 

dextran separated peripheral blood leukocytes for mouse eosinophil specific surface 

sialic acid glycoprotein, Siglec-F. Siglec-F bright, Gr-1 dull leukocytes were identified 

and scored as eosinophils (Fig. 1 C). In the first 16 h after peritoneal instillation of 

brewer's thioglycollate broth (TG), PMNs are the major cell type to be recruited. In the 

IL-5 Tg mice, 16 h TG induced peritoneal exudate cells (PECs), in keeping with the 

peripheral blood PMN profile, were largely composed of eosinophils with a frequency of 

up to 50-70% of recruited cells as compared to less than 1% eosinophils in WT mice. 

Compromised eosinophil effector functions in XJD/JL-5 Tg mice 

In order to generate a rich source for XID eosinophils, IL-5 Tg male mice were crossed 

with female CBA/N mice. The male F 1 progeny all of which inherited the XID mutation 

and expressed the IL-5 transgene were used as XID/IL-5 Tg and the heterozygous female 

littermates as WT/IL-5 Tg mice. Dextran separated peripheral blood leukocytes from the 

XIDIIL-5 Tg and WT/IL-5 Tg were stained with Siglec-F and analyzed for eosinophil 

frequency by flow cytometry (Fig. 2A). On analysis ofthe frequencies ofGr-1+Siglec-F-
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Figure 1: Eosinophi/s constitute a high frequency of circulating granulocytes 
in the IL-5 Tg mice 

Peripheral blood samples were obtained from WT (C57BL/6) and IL-5 Tg mice 
and differential leukocyte count (A) and total leukocyte counts per cubic 
micro litre of blood (B) were estimated. Peripheral blood leukocytes (PBLs) and 
Peritoneal exudate cells (PECs) (C) were stained for Siglec-F and Gr-1 and 
analyzed by flow cytometry to estimate frequency of eosinophils, identified as 
Siglec-fbrighfGr-1 dull cells. Data have been compared using two-tailed student's t­
test.(*p=0.002) 



Results 

neutrophils and Gr-1-Siglec-F+ eosinophils, the XID/IL-5 Tg mice showed a slightly 

higher eosinophil frequency (Fig. 2B). When considered in the context of the mild defect 

in PMN development in XID mice (Mangla et al., 2004 ), a possible interpretation could 

be that the XID mutation has a more deleterious effect on PMN generation than it has on 

the eosinophil lineage. These results will need further confirmation to ascertain if this 

indeed is the case. 

The ability of eosinophils to migrate in response to peritoneal instillation TG was 

examined next. Eosinophils were found to constitute a majority of the recruited 

granulocytes, 16 h after TG (Brewer's thioglycollate broth) instillation. However, the 

total number of recruited eosinophils was lower in the XID/IL-5 Tg mice as compared to 

the WT/IL-5 Tg (Fig. 2C). 

The major myeloid cell effector molecules generated in an inflammatory response are 

reactive nitrogen intermediates (RNI) and reactive oxygen intermediates (ROI). XID 

macrophages and neutrophils have been previously shown to be poorer at RNI and ROI 

generation in response to stimulation with bacterial lipopolysaccharide (LPS). No RNI 

generation could be elicited from eosinophils on stimulation with LPS. However, ROI 

generation could be demonstrated with LPS ·stimulation on 16 h TG elicited peritoneal 

eosinophils. TG elicited eosinophils were resuspended at 5x105 cells/ml, loaded with dye 

dichlorofluorescein-diacetate (DCF-DA) and stimulated with titrating doses ofLPS. ROI 

induction was then measured at various times of stimulation using a fluorimeter. XID 

eosinophils showed poorer induction of ROI when stimulated with either 30f.!g (Fig. 2D) 

or 1 Oflg (Fig. 2E) of LPS at all the time points tested. These results indicated a role for 
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Figure 2: XID eosinophils show poorer recruitment and ROI induction 

PBLs or PECs from WTIIL-5 Tg or XID/IL-5 Tg mice were stained with Siglec­
F and Gr-1, analyzed by flow cytometry (A) and frequency of eosinophils 
(Siglec-F+) ad neutrophils (Gr-1 +) estimated on peripheral blood leukocytes and 
represented as mean± SE (n=3)(B). Total number ofPECs recovered for all the 
strains were also calculated and are represented as mean± SE (n=4) (C). Data 
have been compared using two-tailed student's t-test.(*p=0.027) 
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Figure 2 (contd.): XID eosinophils show poorer recruitment and ROI 
induction 

16 h TG induced eosinophils were loaded with DCF-DA dye and stimulated 
with 50 f,.tg (D) or 30 f,.tg (E) LPS to induce ROI generation. ROI generation was 
detected over subsequent times as indicated. Filled symbols represent cells 
stimulated with LPS and open symbols represent unstimulated controls. 



Results 

BTK in the regulating eosinophils effector responses, as has earlier been reported in 

other cells of the myeloid lineage. 

Role of c-Rel in regulating myeloid cell functions 

Previous work has demonstrated poor induction of the Rei family ofNF-kB transcription 

factors. In LPS stimulated XID mouse macrophages (Mukhopadhyay et al., 2002). c-Rel 

deficient mouse macrophages have also been reported to show compromised induction of 

reactive nitrogen intermediates (RNI) and reactive oxygen intermediates (ROI) as well as 

effector cytokine IL-12, an important inducer of IFN-y (Sanjabi et al., 2000). These 

findings indicated a possible role for c-Rel in regulation of myeloid effector functions. 

The c-Rel knockout (c-Rer1") mouse model was chosen as the model system for this 

study. 

Unaltered leukocyte frequency and number in peripheral blood of c-Rer­

mice 

Peripheral blood smears of c-Rer1
- and WT (C57BL/6) mice were stained with 

Leishman's stain and differential leukocyte count was performed. Blood smear of c-Rer1
-

mice showed slightly higher frequency of lymphocytes balanced by a lower granulocyte 

frequency as compared to the WT. However, the total leukocyte count was within the 

normal range in both the strains (Fig. 3A). 
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Figure 3: Peripheral blood leukocyte frequency and recruitment to sites of 
inflammation are unaffected in c-Retl- mice 

Peripheral blood total (A) and differential (B) leukocyte counts of WT 
(C57BL/6) and c-Rel·'- were estimated. Cell yields of 72 h PECs recruited in 
response to TG in BL/6 and c-Re1·1- are expressed as mean ± SE (n=9) (C). 
Footpad induration induced by injection of 0.5% iota carrageenan, expressed as 
millimeter increase in footpad thickness in comparison to contralateral footpad 
injected with normal saline (D). Values are represented as mean± SE (n=5 mice 
per group). Data have been compared using two-tailed student's t­
test.(*p=0.051 ). 



Results 

Myeloid cell recruitment to sites of inflammation in c-Rel1- mice 

WT and c-Rer1- mice were primed with TG given intraperitoneally (i.p). 72 h later 

peritoneal exudate cells which mainly comprised of macrophages were elicited and cell 

yields estimated. It was observed that similar numbers of macrophages were recruited to 

the peritoneum in the c-Rer1
- as compared to the WT (Fig. 3B). 

To analyze granulocyte functioning in vivo, carrageenan was injected subcutaneously (s.c) 

into the footpad of WT and c-Rer1- mice to induce an acute inflammation mediated by 

infiltrating granulocytes. The resulting increase in footpad induration was observed over 

the next 24 h as a measure of efficiency of granulocyte recruitment. Contralateral footpad 

injected with 0.9 % saline served as controls. c-Rer1
- attained similar peak footpad 

swelling attained by 3 h and showed similar kinetics of recovery thereafter as compared 

to WT mice (Fig. 3C). 

Myeloid cell effector functions in c-Rel1- mice 

The ability of leukocytes, both monocytes and granulocytes, in heparinized whole blood 

from WT and c-Rer1- mice to phagocytoze fluorescence labeled E-coli (FITC-E coli) was 

estimated by a flow cytometry based phagocytosis assay. Heparinized whole blood from 

WT and c-Rer1- mice was incubated with fluorescence labeled heat killed E-coli (FITC­

E coli) at 37°C for 10 min. A similarly processed sample, incubated on ice at 4°C for 10 

min, acted as the control. Flow cytometric analysis on PI gated cells was done to assess 

frequency of cells that have phagocytozed FITC+ E-coli. Mean fluorescence intensity of 

FITC+ cells gave an estimate of the number of bacteria per cell. The frequency of cells 
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that had taken up the labeled bacteria as well as per cell bacterial load was similar 

between the c-Rer1
- and WT leukocytes (Fig. 4A). 

TG elicited peritoneal macrophages were stimulated with titrating doses of LPS. After 48 

h of stimulation, RNis detected as accumulated nitrite in the culture supernatants were 

estimated by Griess reaction. Both c-Rer1
- and WT cells showed comparable levels of 

nitrite output at all the titrating amounts of LPS tested (Fig. 4B). 

Reactive oxygen species generation was next examined. For this, peritoneal 

macrophages were loaded with dye DCFH-DA and stimulated with two different doses 

of LPS (30J.ig and 50J.tg) and ROI induction was measured at subsequent time points. 

Both c-Rer1- and WT macrophages showed equivalent ROI induction at the lower dose of 

LPS (30J.tg) stimulus at all the time points tested (Fig. SA). However, at the higher dose 

of LPS (50J.tg) stimulus, c-Rer1
- showed slightly lower levels of ROI induction at early 

time points, but eventually attained WT levels by 8 to 1 0 h of stimulation (Fig. 5B). 

It was possible that ROI induction at higher doses requires transcriptional and /or 

translational events to take place in order to generate the higher levels of oxygen 

intermediates and that these events may not be crucial at lower doses of LPS stimulation. 

This could explain the apparent discrepancy of an observed deficit in ROI induction in c­

Rer1- macrophages at the higher LPS stimulus (50J.tg). 

To examine this, ROI induction was studied in WT macrophages stimulated with 50J.tg 

LPS in the presence of inhibitors of protein synthesis and transcription, Cycloheximide 
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Figure 4: Macrophage effector function in c-Ref-1- mice are unaltered 

72 h TG induced peritoneal macrophages were stimulated with titrating amounts 
of LPS, at 48 h of culture supernatant nitrite accumulation was estimated by 
Griess test (A). Whole blood leukocytes from WT (C57BL/6) (red thick line) or 
c-Rel·1-(blue thick line) were allowed to phagocytose fluorescencetly labelled E­
coli at 37°C and bacterial uptake was estimated on PI positive cells (according 
to manufacturer's protocol) by flow cytometry (B). WT (shaded histogram) or 
c-Rel·'- (black thin line) cells incubated with bacteria at 4°C acted as controls. 
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Figure 5: c-Ret1• macrophages show no compromise in ROI induction 

Macrophages from c-Rel·1- and WT (C57BL/6) mice were loaded with DCF-DA 
dye and ROI generation was induced with either SOf..tg (A) or 30f..tg (B) of LPS. 
Filled symbols represent LPS stimulated cells and open symbols represent 
unstimulated controls. 



Results 

and Actinomycin D respectively. No compromise in ROI induction was seen in the 

presence of either Cycloheximide or Actinomycin D (Fig. 6). Thus, confirming the 

absence of any role for fresh transcriptional or translational events in ROI induction in 

macrophages on LPS stimulation. 

Many of the NF-kB family of transcription factors are known to have functionally 

redundant roles (Ghosh et al., 1998). Therefore, in the absence of c-Rel, the other Rel 

family members might compensate for its functions resulting in no apparent deficit in the 

development or effector functions of macrophages. 
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Figure 6: Induction of transcription or translation are not essential for ROI 
generation 

C57BL/6 macrophages pre-treated with 100 ~-tg/ml Cycloheximide (Chx) (A) or 
1 ~-tg/ml of Actinomycin D (Act D) (B) for 1 h were loaded with DCF-DA dye 
and stimulated with 50 11g of LPS in the presence of the inhibitor and ROI 
generation was estimated over time as indicated. Data are shown as mean ± SE 
of triplicate a culture. Open symbols represent cells which received no LPS 
stimulation. 



Results 

Cellular cross-talk in the role of BTK in B cell development 

The human disease caused by non functional BTK, X-linked agammaglobulinemia (XLA) 

is characterized by a B cell developmental block at the pro- to pre-B cell transition, 

resulting in a severe deficiency of mature B cells and circulating immunoglobulin of all 

isotypes (Conley, 1985). The XID defect in mice, either in the XID mutant CBA/N or the 

BTK deficient Btk-1-, results in a less severe phenotype. XID mice have lower number of 

peripheral B cells at 50-60% of normal frequency, severely reduced IgD+ mature B cells 

in lymphoid organs and lower levels of circulating lgM and lgG3, with normal levels of 

the other immunoglobulin isotypes (Hardy et al., 1983; Hardy et al., 1984; Kerner et al., 

1995). Anecdotal reports show that deficiency ofT cells (Wortis et al., 1982) or of CD40 

(Khan et al., 1997) in the XID mice leads to a worsening of the B cell immunodeficiency 

approaching in severity that seen in humans, thereby, indicating a possible role forT cell 

mediated signaling to B cell development. 

To examine this further, the CBA/N mice were initially bred with athymic nude (nu) 

mice to generate the XID/nude mice. Age matched WT lnu were used as controls. 

Reduced serum immunoglobulin levels in the XIDin11 mice 

Total ciroulnting serum irnrn.unoglobulins of IgM and IgG isotypes in the XID/nu, 

CBAIN and the corresponding WT mice, WT/nu and CBA/CaJ respectively, were 

estimated by enzyme linked immunosorbent assay (ELISA). Both CBA/N and XID/nu 

mice showed reduced levels of lgM (Fig. 7 A) with normal levels of lgG (Fig. 7B) as 
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Figure 7: Reduced serum IgM and variable lgG levels in XID/nu mice 

Serum lgM (A) or lgG (B) levels were estimated in 4-8 week old mice of the 
various genotypes as indicated. Symbols correspond to individual mice and 
boxes represent mean± SE values for the indicated genotype. 
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compared to the wild-type CBNCaJ or WT/nu. In some individual XID!nu mice there 

was a marked reduction in serum lgM associated with very low levels of serum IgG. 

This heterogeneity in the levels of serum immunoglobulin in the XID!nu mice could be 

due to the presence of mature T cells in the periphery, subsequent to escaping the nude T 

cell developmental block which has been reported to be leaky in its expression. To 

examine this, peripheral lymphoid organ cell profiles of representative mice showing 

reduced IgM levels (IgM10wlgGhigh) or reduced levels of both lgM and lgG (IgM10wlgG10w) 

were analyzed. 

B cell frequency in bone marrow and peripheral lymphoid organs of 

XID/nu 

Frequency of B220+ splenic B cells was lower in the CBA/N and lgM10wlgGhigh XID!nu 

mice when compared to the WT mice. The IgM10wlgG10w XID/nu mice, on the other hand 

showed a more severe depletion of the splenic B cell compartment, manifested by an 

exceedingly low splenic B cell frequency (Fig. 8A). 

The lgM10wlgGhigh XID/nu also showed reduced numbers of mature circulating B cells of 

the lgD+ subset coupled with a higher number of immature lgM+ B cells. This was very 

similar to the subset distribution of the B cell compartment observed in the CBA/N mice, 

indicative of block in the splenic transition oflg~ immature B cells into lgD+ mature B 

cells. On the other hand, the IgM10wlgG10w XID!nu mice showed a more pronounced 

reduction in the lgD+ as well as the lgM+ subset ofB cells (Fig. 8B). 
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Figure 8: IgM'owJg{;low XID/nu mice show severely compromised splenic B 
cell maturation and low T cell frequency 

Spleen cells from mice of indicated genotypes were stained with B220/lgD/IgM 
and frequency of B cells estimated (A). B220+ B cells were further analyzed to 
reveal immature (B220+IgM+) and mature (B22o+IgD+) B cells (B). Absolute 
number per spleen of B220+ B cells and Thy 1.2+ T cells was also calculated in 
all the mice tested (C) 



Results 

Splenic B cell yields from the IgM10wlgG10w XID!nu were significantly lower than in the 

IgM10wlgGhigh XID/nu or WT/nu. On analyzing splenic T cell yields, higher numbers of 

splenic T cells were recovered from the IgM10wlgGhigh XID/nu mice as compared to the 

IgM10wlgG10w XID!nu mice (Fig. 8C). 

Thus, XID mice bred onto an athymic nude genetic background show evidence of a 

severe reduction in mature B cell frequency as well as total circulating immunoglobulin 

as compared to T cell sufficient XID mice. Further, this B cell defect appeared to be 

rescued with even a marginal increase in the number of circulating T cells. 

Since the nude defect is an epithelial cell defect manifested in all stromal epithelial cells, 

it was imperative to identify the phenotype as T cell intrinsic. Also, the nude defect does 

not result in a complete T cell developmental block, so a more effective approach was 

needed to attain complete T cell ablation. This was achieved by generating XID!fCR p-I­

mice, where the T cell receptor (TCR) p chain is absent leading to a complete deficiency 

of ap T cells. 

CBAIN female mice were bred with male TCR p-I- mice. The F 1 generation was 

intercrossed and the resulting F2 generation mice were genotyped by genomic PCR 

(Rohrer and Conley, 1999) screening for the XID mutation as well as the TCR P chain 

deletion and were used in further experiments. 
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Figure 9: Severely reduced serum IgM and IgG levels in XIDnCR fJ -1- mice 

Serum IgM (A) or IgG (B) levels were estimated in 4-8 week old mice of the 
various genotypes as indicated. Symbols correspond to individual mice and 
boxes represent mean ± SE for the indicated genotype. 



Results 

Severely reduced serum immunoglobulin levels in the XIDITCR JT1
- mice 

Total circulating serum IgG and IgM levels were estimated in XID/ TCR p-I- progeny and 

the corresponding WT mice. The XID/TCR p-1- mice showed 100-fold lower levels of 

serum IgM (Fig. 9B) as compared to the CBA/CaJ or TCR p-I- mice, and these serum 

levels were at least 10-fold lower than in the CBA/N or littermate XID/TCR p+l- mice. 

More remarkably, 400-fold lower serum IgG levels was observed in the XID/TCR p-1-

mice (Fig. 9C) compared to CBA/CaJ, CBA/N, TCR p-I- or XID/TCR f3+1-littermates, all 

of which displayed equivalent levels oflgG. 

Though the serum immunoglobulin profiles showed a qualitatively similar pattern as 

shown by the XID!nu mice, there was a quantitatively greater reduction as well as lesser 

heterogeneity in serum immunoglobulin levels in all the XID/TCR p-I- mice tested. 

B cell frequency in bone marrow and peripheral lymphoid organs of 

XIDITCR p-l- mice 

Peripheral lymphoid organs from representative XID/TCR p-1- and WT mice were next 

examined. Both spleen and lymph nodes from the XID/TCR p-I- mouse were very small 

in size and the total splenic yield was 5x105 cells and lymph node cell yield was less than 

1x 1 05 cells. 

Bone marrow cell yields were also lower than that in the wild-type or the CBA/N. 

Frequency of B220+ B cells were extremely low in the XID/TCR p-I- and most of the 

B220+ B cells were pro/pre B cells (CD43+ B220l with an almost complete absence of 
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the immature B cell subset (CD43- B220+) (Fig. lOA). The XID/TCR p-t- also showed a 

very low frequency of surface lgM+ B cells, which represent the immature B cell subset 

poised to exit the bone marrow (Fig. lOB). 

XID mice, m the absence of circulating T cells, show a more severe 

agammaglobulinemia, with low peripheral B cell frequency and an almost complete 

arrest of B cell development at the pro/pre to immature B cell transition, closely 

resembling the human XLA. Thus, presence of T cells seems to play a pivotal role in 

effecting a complete rescue of B cell developmental arrest in the bone marrow but fail to 

reverse the peripheral B cell maturation arrest in the spleen. 
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Figure 10: XID/TCR/3 _,_mice show severely compromised bone ma"ow B cell 
maturation 

Bone marrow cells from CBA/CaJ, CBA/N and XID/TCR(3·'- were stained for 
B220/lgM/CD43 and analyzed to reveal pro/pre (B220·IIowcD43+) and immature 
(B220+CD43·) B cell subsets (A-upper panel). Frequency of lgM+ immature B 
cells on B220+ B cells is also shown (A-lower panel). Total number of B220+ B 
cells per femur and tibia was also calculated (B). 



Results 

Role of lysosomal transporter LYST, in regulating myeloid cell 

functions 

Following phagocytosis of pathogens by myeloid cells, they are targeted through a series 

of vesicles of the endo-lysosomal system, where pathogen destruction and antigen 

processing for further presentation to lymphoid lineage cells such as B and T cells occur 

simultaneously. Mutation in the lysosomal transport protein, L YST, is known to lead to 

an accumulation of giant dysfunctional lysosomes, associated with delayed antigen 

presentation and decreased cytolytic granule release, thereby resulting in an 

immunodeficiency syndrome, the Chediak-Higashi syndrome, associated with 

susceptibility to recurrent bacterial infections (Ward et al., 2000). The murine model for 

the Lyst mutation, the bglbg mouse strain, was studied to elucidate the role for such a 

mutation in modulating the myeloid cell inflammatory responses. 

Myeloid cells of bglbg mice show no defect in recruitment to sites of 

inflammation 

Macrophage recruitment in response to peritoneal instillation of TG was found to be 

similar between wild-type C57BL/6 (WT) and the bglbg mice (Fig. llA). Similarly, 

bglbg mice showed no defect in PMN (polymorphonuclear) cell-driven acute 

inflammation induced by subcutaneous injection of carrageenan. The kinetics as well as 

peak footpad swelling achieved was similar in bglbg and WT mice (Fig. llB). Next, the 

ability of whole blood leukocytes, both monocytes and granulocytes, from WT and bglbg 
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Figure 11: bglhg mice show no defect in myeloid cell recruitment 

Peritoneal recruitment of macrophages in response to TG expressed as 
mean±SE (n=5) (A). Footpad induration induced by injection carrageenan, 
expressed as millimeter increase in footpad thickness in comparison to 
contralateral footpad injected with normal saline (B). Data has been compared 
using two-tailed student's t-test (*p=0.052). 
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mice to phagocytose fluorescence labeled E.coli (FITC-E coli) was estimated by a flow 

cytometry based phagocytosis assay. The frequency of cells internalizing the labeled 

bacteria as well as per cell bacterial load was similar between the bglbg and WT 

leukocytes (Fig. 12). Therefore bglbg myeloid cells exhibited no deficiency in 

phagocytic ability or recruitment of myeloid cells. 

bg/bg mice show increased susceptibility to cutaneous leishmaniasis 

The protozoan parasite Leishmania major (Lm) induces a clinically chronic cutaneous 

infection with the parasite establishing the infection by colonizing the lysosomes of host 

macrophages. Paradoxically, the clearance of these parasites by effector molecules like 

RNis is also affected in the lysosomes. In view of the known lysosomal function defect 

of bg/bg mice, the functional consequences of the same on the disease progression in a 

leishmania! infection was analyzed. 

C57BL/6, BALB/c and bg/bg mice were infected in the footpad with 5x106 stationary 

phase Lm promastigotes. The course of infection was followed by measuring the 

consequent increase in footpad thickness over subsequent weeks. BALB/c mice are 

known to be genetically susceptible to leishmania! infection and accordingly, showed 

accelerated lesion formation. C57BL/6 mice, which are known to be genetically resistant 

to Lm infection, rapidly cleared the lesions. On the other hand despite being on the same 

resistant genetic background as the C57BL/6, the bg/bg mice showed a relatively high 

susceptibility to Lm infection with progressive lesion formation (Fig. 13). 
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Figure 12: Macrophage effector functions in bglbg mice were normal 

Whole blood leukocytes from C57BL/6 (red thick line) or bglbg (blue thick 
line) were allowed to phagocytose fluorescently labeled E-coli at 37°C and 
bacterial uptake was estimated on PI positive cells by flow cytometry. C57BL/6 
(shaded histogram) or bglbg (black thin line) cells incubated with bacteria at 
4 °C acted as controls. 
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Figure 13: bglbg mice display greater susceptibility to cutaneous leishmaniasis 

Mice were infected in the footpad with 5x106 stationary phase Leishmania major 
(Lm) promastigotes, the course of infection was followed over subsequent weeks 
and expressed as increase in thickness of infected footpad compared to 
contralateral uninfected footpad. Data represent mean lesion size (millimeters) 
±SE of 8 mice per group. Data have been compared using two-tailed student's t­
test (*p<0.005,**p<0.001). 



Results 

On histopathological examination of hematoxylin- and eosin-(H&E) stained footpad 

sections at 12 weeks of infection, bglbg mice showed massive inflammatory cell 

infiltration with destruction of tissue architecture, with no evidence of skin ulcerations 

(Fig. 14B). Similarly processed BALB/c footpads showed extensive skin ulceration 

associated with massive inflammatory cell infiltration resulting in extensive tissue 

destruction (Fig. 14C), whereas C57BL/6 lesions were characterized by moderate 

perivascular inflammatory infiltrates in the absence of any evident tissue damage (Fig. 

14A). Parasitized macrophages were observed among the infiltrating lymphocytes in 

lesions from both bglbg (Fig. 14E) and BALB/c (Fig. 14F) mice, but were absent in the 

C57BL/6 mice, which expectedly showed no evidence of the presence of any parasitized 

macrophages at this time-point of infection (Fig. 14D). 

bglbg macrophages show compromised Lm clearance 

The ability of macrophages from the bglbg mice to clear Lm infection was next 

examined in an in vitro parasite clearance assay. Adherent TG elicited peritoneal 

macrophages from bglbg, C57BL/6 and iN OS_,_ (inducible nitric oxide synthase-deficient) 

mice were infected with Lm and parasite clearance was analyzed over time. iNos-t­

macrophages have been reported to show compromised Lm clearance due to an inability 

to induce RNis, which are key effector molecules essential for effective parasite 

elimination. Both frequency of parasitized macrophages (parasitaemia) and the number 

of parasites per infected macrophage (parasite burden) were estimated. Cells from all the 

three strains showed equivalent parasitaemia and similar parasite burdens at the outset, 

however the iNOS_,_ and bglbg macrophages displayed compromised parasite clearance 
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Figure 14: II&E-stained footpad sections tl·om BL/6 (A). hg/bg (B) and BALB/c (C) mice were examined at I 2 weeks of 
infection. Images A,B & C were taken at a magnification of 20X. Scale bar represents I 00 prn. Parasitized macrophages 
were visualized under oil immersion at a magnification of I OOX (D,E,F). Scale bar represents I 0 ~tnl. Arrowheads indicate 
parasite laden macrophages. 



Results 

at all the subsequent time points tested. Both parasitaemia as well as parasite burden 

remained significantly higher in bglbg and iNOS_,_ macrophages even as late as 48 h of 

infection (Fig. 15). 

Similarly, when bone marrow derived macrophages (BMDM) were infected with Lm, 

similar frequencies of cells were infected to begin with, but the bglbg and iNos·'­

macrophages showed higher parasitaemia as well as parasite burden at all subsequent 

time points tested (Fig. 16). 

Ability to clear an Lm infection in mice correlates with their ability to generate an IFN-y 

preponderant Thl immune response, and IFN-y mediates clearance by inducing iNOS 

and the subsequent production of RNis in parasitized macrophages. Therefore the ability 

of bg/bg macrophages to respond to IFN -y was next tested. 

Enhanced Lm clearance in IFN-')' primed bglbg macrophages 

To analyze for IFN-y responsiveness, BMDMs primed with IFN-y for 16 h were 

subsequently infected with Lm and nitrite generation was estimated. IFN-y primed Lm 

infected BMDMs from both C57BL/6 and bglbg mice showed a similar level of 

enhancement in nitrite generation compared to unprimed infected BMDMs, with no 

increase in nitrite production by the iNos·'- BMDMs (Fig. 17 A). Despite the enhanced 

nitrite levels generated, the compromise parasite clearance displayed by bg/bg 

macrophages was only partially rescued in IFN-y primed bglbg BMDMs. Also the 

improvement in clearance was slower in the bg/bg, being evident only after 48 h as 
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Figure 15: bglbg peritoneal macrophages display poor Lm parasite clearance 

Macrophages from C57BL/6, iNos-/- and bg/bg mice were infected in vitro 
with fluorescently labeled Lm at an MOl of 50:1. Parasite clearance was 
estimated as % of macrophages infected (parasitaemia) (A) and number of 
parasites per infected macrophage (parasite burden) (B) at subsequent time 
points. Data represent mean±SE of triplicates of 300 cells each. Data were 
compared to C57BL/6 by two-tailed student's t-test (*p<O.Ol,**p<0.005). 
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Figure 16: bg/bg bone marrow derived macrophages (BMDMs) show poor Lm 
clearance 

BMDMs derived from C57BL/6, iNOs-t- and bg!bg mice were infected in vitro 
with fluorescently labeled Lm at MOl of 50: 1. Parasite clearance was estimated 
as% of macrophages infected (parasitaemia) (A) and number of parasites per 
infected macrophage (parasite burden) (B) at subsequent time points. Data 
represent mean±SE of triplicates of 300 cells each.Data were compared to 
C57BL/6 by two-tailed student's t-test (*p<0.05). 



Results 

compared to C57BL/6 BMDMs which displayed enhanced clearance even by 24 h of 

infection (Fig. 17B). 

Since IFN-y could induce Lm clearance in bg/bg mice albeit slowly, it was essential to 

analyze the Lm specific T cell response, especially the Thl/Th2 balance, in the bg/bg. 

First, Lm specific T cell frequency was estimated in lesion draining lymph nodes from 

C57BL/6, BALB/c and bg/bg mice. For this, CD69-expressing cells were removed by 

magnetic sorting, and the remaining CD4 T cells were re-stimulated in vitro in 

lymphocyte co-culture with Lm infected or uninfected syngenic C57BL/6 or BALB/c 

bone marrow-derived dendritic cells (BMDCs) functioning as antigen-presenting cells 

(APCs). After 16 h of re-stimulation, Lm-specific CD4 T cells were identified by their 

ability to express the early T cell activation marker CD69 in response to stimulation. 

Similar frequencies of CD69 upregulating CD4 T cells were found in lesion draining 

lymph node from C57BL/6, bg/bg and BALB/c mice (Fig. 18A, B). Culture supernatant 

Thl/Th2 cytokine profiling revealed similarly high levels of IFN-y in supernatants form 

bg/bg and C57BL/6 cultures, while BALB/c cells made very low levels of the cytokine 

(Fig. 18C). However, large amounts of secreted IL-4 were detected in BALB/c cultures 

as compared to both the C57BL/6 and bg/bg cultures, both of which made very little IL-4 

(Fig.t8l>). 

These data indicate that the inability of bg/bg mice to control a leishmania! infection 

does not result from a shift an inability to mount an IFN-y dominant Thl response, but is 

due to a compromise in elimination of parasites by bg/bg macrophages. 
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Figure 17: IFN-y primed bglbg BMDMs display late and incomplete 
improvement of clearance 

Unprimed BMDMs or BMDMs primed overnight with 30 units/ml IFN-y were 
infected with labeled Lm at MOl of 50:1. Culture supernatant nitrite levels (A) 
and frequency of Lm infected cells expressed as percentage normalized to 0 h 
values, (taken as 100%) (B) were estimated. Data were compared between IFN­
y primed and unprimed BMDMs by two-tailed student's t-test. 
(*p=0.059,**p=0.017,***p=0.020,#p=0.25) 
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Figure 18: Comparable Lm-speciflc T cell frequency and IFN-y response in 
bglbg and BV6 mice 

CD69/CD62L depleted effector T cells from lesion draining lymph nodes of Lm 
infected B6, bg/bg and BALB/c mice were co-cultured with Lm infected of 
uninfected B6 (for B6 & bg/bg) or BALB/c derived BMDCs. At 16 h of co­
culture, cells were stained for CD4/CD69 and Lm-specific CD4 T cell identified 
as CD69+CD4 cells. Cells were initially gated on CD4+ cells and analyzed for 
CD69 upregulation by flow cytometry (A) and frequency of CD69+CD4 effectors 
was estimated (B). Supernatant IFN-y (C) and IL-4 (D) was estimated by 
ELISA. 



Results 

These results highlight that even a delayed outcome of cellular interactions, in this case 

between the primed Thl T cells and the macrophages, can change the eventual outcome 

of Lm infection, potentially leading to significant increments in disease susceptibility. 
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Results 

Modulation of disease susceptibility by germline retroviral insertions 

-v-SAg-7 

Genome-integrated retroviruses have been identified to occupy a substantial fraction of 

both mouse and human genomes. These proviral insertions are best known for the ability 

of some of them to code for superantigen proteins (SAgs) that associate with major 

histocompatibility complex class II (MHCII) molecules and stimulate T cells bearing 

particular T cell receptor V -beta (TCRV~) segments leading to activation and/or deletion 

of these T cells (Janeway, 1991). Both, human endogenous retroviruses (HERVs) and 

mouse endogenous murine tumor viruses (mtvs) have been reported to mediate 

susceptibility to infections, tumors and autoimmune disease processes (Bhadra et al., 

2006; Casanova and Abel, 2004; Clausen, 2003; Gorgette et al., 2002; Schirrmacher et 

al., 1998). Though the biological basis of these associations has not been elucidated as 

yet, they appear not to be restricted to the T cell deleting functions of the encoded SAgs. 

To analyze the role of such evidently environmental modulators on determining disease 

outcomes, the course of and immunity to Lm infection in two closely related apparently 

Lm-resistant inbred mouse strains the CBA/J and CBA/CaJ, was studied. The genetically 

closely related CBA/J and CBA/CaJ mice differ in the proviral integrants they carry. 

CBA/J genome contains mtv-6 and mtv-7 integration in addition to mtv-8 and mtv-9, 

present in both CBA/J and CBA/CaJ (Tomonari et al., 1993). 
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Results 

CBAIJ mice show chronic low-grade cutaneous leishmania/ infection 

On footpad infection with L major, CBA/J mice exhibited greater lesion severity, even in 

the early weeks of infection. This was followed by a sustained chronic infection with no 

decrease in the lesion severity. In comparison, the CBA/CaJ mice had small lesions to 

begin with that steadily reduced further and culminated in complete recovery by 1 0 

weeks post-inoculation (Fig. 19A). Simultaneously infected C57BL/6 mice showed 

resistance to Lm infection, while BALB/c showed an expectedly severe and progressive 

infection necessitating euthanasia of the mice at 6-8 weeks post-inoculation (Fig. 19B). 

H&E stained footpad sections from CBA/J, CBA/CaJ, BL/6 and BALB/c mice were 

examined between 12-14 weeks of infection. CBA/J mice showed moderate 

inflammatory cell infiltration and evidence of granuloma formation with preserved skin 

and tissue architecture (Fig. 20B); CBA/CaJ footpad sections displayed no evidence of 

inflammation with normal tissue architecture (Fig. 20A). BALB/c footpads showed 

extensive skin ulceration with massive inflammatory cell infiltration and loss of tissue 

architecture (Fig. 20D), whereas C57BL/6 lesions showed moderate perivascular 

inflammatory infiltrates (Fig. 20C). 

Chronicity of Lm infection is associated with inheritance of mtv-7 

The mtv-6 and mtv-7 integrants have been reported to follow a simple mendelian form of 

inheritance pattern and undergo independent assortment (Frankel et al., 1991). They also 

represent the minor histocompatibility loci mls-3 and mls-1 (Peters et al., 1986), and 

code for the viral superantigens (v-SAg) v-SAg-6 and v-SAg-7 respectively (Frankel et 

al., 1991; Howell et al., 1995). These superantigens bind to distinct T cells bearing 
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Figure 19: CBAJJ mice show chronic progressive leishmania/ infection 

Mice were infected in the footpad with 5x106 stationary phase Lm, the course of 
infection was followed by measuring the increase in footpad thickness and 
expressed as increase in thickness of the infected footpad compared to the 
contralateral uninfected footpad (A).Comparative lesion profiles in CBA/J, 
CBA/CaJ, C57BL/6 and BALB/c (B). Values indicate mean lesion size 
(millimeters) ± SE of 8 animals each. Data were compared using two-tailed 
student's t-test (*p<0.005) 
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Figure 20: II&E-stained f()Otpad sections from CBA/CaJ (A). CBA/J (B). BL/6 (C) and BALB/c (I>) mice vvere 
examined between 12-14 weeks of infection. All images were taken al a magnification of 20X. Scale bar represents 
100 ~tm. 



Results 

specific T cell receptor-V -beta (TCRV~) segments and delete them during thymic 

development. TCRV~6-bearing T cells are deleted by v-SAg-7 but not by v-SAg-6, and 

vice versa for TCRV~3 (Tomonari et al., 1993). This property of the v-SAgs was utilized 

to examine the potential contribution of these proviral integrants to the relative Lm 

susceptibility of CBA/J mice by intercrossing the two strains. Inheritance of mtv-6 and 

mtv-7 was tracked by testing for the deletion ofTCRV~3- and TCRV~6-bearing T cells 

respectively. 

On footpad infection with Lm, (CBA/J x CBA/CaJ) Fl mtce showed similar 

susceptibility to that shown by the parental CBA/J strain (Fig. 21A). Fl mice showed 

deletion of both TCRV~3- and TCRV~6-bearing T cells, while F2 mice generated by 

interbreeding Fl mice showed all four expected mendelian patterns of inheritance of mtv-

6 and mtv-7 (Fig. 21B). Among the F2 generation, mice inheriting both mtv-6 and mtv-7 

or mtv-7 alone were relatively susceptible to Lm infection, like the parental CBA/J strain 

(Fig. 22A). However, F2 mice inheriting either mtv-6 alone, or those inheriting neither 

mtv-6 nor mtv-7, were relatively resistant to Lm infection, like the parental CBA/CaJ 

strain (Fig. 22B). 

Lm-specijic T cell frequencies are equivalent in CBAIJ and CBA/CaJ 

mice 

Since mtv-7 appeared to correlate with relative susceptibility to Lm infection in CBA/J 

mice, the possibility that the magnitude of the T cell response in CBA/J mice was 

reduced due to loss ofthe v-SAg-7-reactive TCR subset from the immune repertoire was 
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Figure 21: (CBAIJ x CBA/CaJ) Fl mice show chronic Lm infection 

CBNJ, CBNCaJ and (CBNJ x CBNCaJ) Fl mice were infected in the footpad 
with Lm and lesion size progression was estimated (A). Data have been 
compared using two-tailed student's t-test (*p<0.05) (n=8 mice per group). 
(CBNJ x CBNCaJ) F2 generation mice were screened for the inheritance of 
mtv-6 and mtv-7 integrations by staining ·peripheral blood mononuclear cells 
(PBMCs ), and analyzing for VfB and Vj36 subsets on CD4 positive cells by 
flow cytometry (B). 
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Figure 22: mtv-7 inheritance confers susceptibility to chronic Lm infection 

(CBA/J x CBA/CaJ) F2 mice grouped on the mtv inheritance pattern, were 
infected with Lm and lesion progression monitored over subsequent weeks of 
infection (A). (B) Represents footpad lesion size at 15 weeks of infection for the 
indicated mtv integrant mice. All data are represented as mean lesion size 
(millimeters)± SE (n=8 or more mice per group). All groups were compared 
with CBA/CaJ (B) or CBA/CaJ and mtv-6+ F2 mice, using two-tailed student's 
t-test (*p<0.05, **p<0.005, ***p=0.06). 



Results 

examined. At early time points post-inoculation, lesion draining popliteal lymph node 

cell recoveries was similar between CBA/J and CBA/CaJ mice. Frequency and total cell 

numbers of both CD4 (Fig. 23A) and CDS T cells (Fig. 23B) were also similar between 

CBA/J and CBA/CaJ. Next, the frequencies of effector CD4 T cells of the 

CD44highCD62L10
w phenotype were examined in both the CD4 (Fig. 23A) as well as CDS 

(Fig. 23B) T cell subsets. Equivalent expansion of the CD4 effector T cell subset was 

seen between CBA/J and CBA/CaJ. However, the CDS T cells did not contribute 

significantly to the early expansion of the effector T cell pool, and displayed no 

differences among the two strains. 

The frequencies of Lm-specific CD4 T cells in the draining lymph nodes of infected 

CBA/J or CBA/CaJ mice were estimated, early during infection. For this, CD69 depleted 

CD4 T cells from Lm-infected or uninfected CBA/J and CBA/CaJ mice were re­

stimulated in vitro in a lymphocyte co-culture assay. Lm infected or uninfected BMDCs 

derived from CBA/CaJ mice were used as antigen-presenting cells (APCs), since they 

would not trigger v-SAg-6- and v-SAg-7-reactive T cells in an Lm-nonspecific fashion. 

At early time points during infection, the Lm-specific CD4 T cell frequencies in draining 

lymph nodes of CBA/ J and CBA/CaJ mice were found to be similar (Fig. 24). 

Next, Lm-specific cell frequencies in the CD44highCD62L10
w effector populations in 

draining lymph nodes was examined. For this, naive CD62Lhigh T cells were removed by 

magnetic sorting, and the remaining CD4 T cells were confirmed by flow cytometry to 

be CD44high. These cells were re-stimulated in vitro and Lm-specific CD4 T cells were 
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Figure 23: Similar magnitude of Lm induced T cell response in CBAIJ and 
CBA/CaJ 

Total or "effector" (CD4/8 CD620owcn44high) CD4 (A) or CD8 T (B) cell 
recoveries were calculated from total cells recovered per lesion draining 
popliteal lymph node, based on the frequency of the specific cell population 
obtained by flow cytometric analysis. Cell recoveries from uninfected mice are 
shown as 0 week values. 3 mice per group were used for each time point 
analyzed. Data are represented as mean cell recovery per lymph node (million) 
±SE. 
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Figure 24: Similar frequency of Lm specifiC CD4 T cells in CBD/J and 
CBA/CaJ 

CD69 depleted CD4 T cells from infected or uninfected CBA/J or CBA/CaJ 
mice were co-cultured with uninfected or Lm infected CBA/CaJ derived 
BMDCs. 16 h later, cells were surface stained for CD4/CD69 and Lm-specific 
CD4 T cells were identified flow cytometrically by specific upregulation of 
CD69 in response to Lm infected BMDCs, compared to uninfected BMDCs. 
Cells were initially gated on CD4 cells, the represented frequency identifies 
CD69 upregulation on cells of increased size (A). Data represent percentage 
frequency of CD69 positive CD4 T cells in culture ± SE (B). 



Results 

identified. Higher frequencies of Lm-specific CD4 T cells were found in the effector 

CD4 T cell populations, however no differences were apparent between Lm-infected 

CBA/J and CBA/CaJ mice (Fig. 25). 

Lm-specijic CBAIJ T cells make lower levels of IFN-y than CBA/CaJ T 

cells 

Supernatants from lymphocyte co-cultures with draining lymph node CD4 T cells of Lm­

infected CBA/J or CBA/CaJ mice were analyzed for cytokine levels after 24 and 48 h of 

culture. Consistently, CBA/CaJ CD4 T cells made more IFN-y than CBA/J T cells (Fig. 

26A). Similarly set up lymphocyte co-cultures with purified CD62L1
ow effector CD4 T 

cells from infected CBA/J and CBA/CaJ mice, yielded higher total levels ofiFN-y in the 

supernatant, but CBA/J CD4 effectors still made persistently lower levels of IFN-y than 

the CBA/CaJ CD4 effector cells (Fig. 26B). When IL-l 0 was estimated in these cultures, 

comparable levels of the cytokine were secreted by effector CD4 T cells from both 

strains (Fig. 26C). None of the classical Th2 cytokines like IL-4, IL-5 or IL-13 were 

detectable in any of these cultures. 

Next, using intracellular IFN-y staining, the frequencies of CD4 T cells making IFN- y 

were determined. Among the draining lymph nodes CD4 T cells from 3 weeks after Lm 

infection, the frequencies IFN-y making CD4 T cells were lower in CBA/J than in 

CBA/CaJ mice at 40 h of co-culture (Fig. 27). 
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Figure 25: Similar frequency of Lm-induced effector CD4 T cells in CBA/J 
andCBA/CaJ 

Purified CD69 depleted "effector" CD4 T cells from infected CBA/J or 
CBA/CaJ mice were co-cultured with Lm infected or uninfected CBA/CaJ 
BMDCs at T cells:DC ratio of 3:1. After 16 h of culture, CD69 upregulation 
was assessed by flow cytometry (A). Frequency of CD69+ effector CD4 T cells, 
expressed as a percentage of effector CD4 T cell population in culture ± SE (B). 
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Figure 26: CBAIJ T ceOs make lower amounts of IFN-y; similar levels of IL-
10 compared to CBA/CaJ 

Purified total and "effector" CD4 T cells infected CBA/J or CBA/CaJ were co­
cultured with Lm infected or uninfected CBA/CaJ BMDCs at aT cell: BMDC 
ratio of 3: 1. At indicated time points, supernatant IFN-y levels were estimated 
for the CD4 T cell (A) and CD4 effector T cell co-culture; in addition 
supernatant IL-10 levels were also estimated in the latter (C). Data represent 
mean ± SE of triplicate cultures. CBA/J and CBA/CaJ were compared using 
two-tailed student's t-test (*p<0.05, **p<0.005, #p=0.13, @p=0.72) 
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Figure 27: Frequency of IFN-y making CD4 cells was higher in CBA/CaJ 

Purified CD4 T cells from Lm infected CBA/J or CBA/CaJ mice were co­
cultured with Lm infected or uninfected CBA/CaJ BMDCs at a ratio of 3:1. At 
40 h of culture, CD4 T cells were harvested from culture and stained for cell 
surface CD4 and intracellular IFN-y (A) and frequency of IFN-y positive CD4 
cells was estimated (B). Data were compared by two-tailed student's t-test 
(*p<O.OS) 



Results 

The frequency of IFN-y synthesis induced by co-culture with Lm-infected BMDCs in 

CD62L10
w effector CD4 T cells from infected mice was also estimated. At 24 h of 

stimulation in culture, CBA/J mice had fewer IFN-y-making effector CD4 T cells than 

CBA/CaJ mice (Fig. 28A). However, the frequencies of cells upregulating CD69 

expression at the same time point were similar between cultures from the two strains 

(Fig. 28B). These differences persisted at 48 h in culture as well (Fig. 28C&D). These 

differences were accompanied by a concomitantly low level of IFN-y secreted into the 

culture supernatants of CBA/J effector CD4 cells at both the time points (Fig. 28E). 

The Lm-specific CD4 T cell frequencies in draining lymph node CD62L10
w effector CD4 

cells from Lm-infected (CBA/J x CBA/CaJ) F2 mice, were also examined. The 

frequencies of effector CD4 cells upregulating CD69 upon stimulation with Lm-infected 

BMDCs were similar between F2 mice inheriting mtv-6 alone, mtv-7 alone, or both mtv-6 

and mtv-7 (Fig. 29A), indicating comparable magnitudes ofLm-specific T cell responses. 

Further, despite the comparable Lm-specific T cell frequencies, IFN-y levels were lower 

in cultures of T cells from F2 mice inheriting mtv-7 alone or both mtv-6 and mtv-7, than 

in mice inheriting mtv-6 alone (Fig. 29B). Therefore, indicating an association of mtv-7 

inheritance with lowered Lm-specific IFN -y responses, without any associated shift 

towards a Th2 response. 

83 



CBA/CaJ 
8 

26% 

0 

10° 101 102 103 104 

IFN-y 
10° 101 102 103 104 

CD69 

- + LmlnAPCs 

.9 30 
~.!!! =-• 8 20 

+'lit 
CI)Q 

~ (.) 10 
(.) 

':R. 0 

0 

- + 
LminAPCs 

200 ....... - ........ ....---..... 

.-. 150 
'E 
}100 
'f z 
!:!: 50 

0 
• + • + LminAPCs .. .. .. .. 

CBA/CaJ CBAIJ 

Figure 28: Higher frequency of IFN-y positive CD4 T ceUs in CBA/CaJ 

Purified effector CD T cells from infected CBA/J or CBA/CaJ mice co-cultured 
with CBA/CaJ BMDCs at a ratio of 3:1 were stained for CD4/CD69 and 
intracellular IFN-y at 24 h (A,B) and 48 h (C,D) of culture. Supernatant IFN-y 
was also estimated (E). Data were compared by two-tailed student's t-test 
(*p<0.05, **p<0.005) 
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Figure 29: (CBA/J x CBA/CaJ) F2 mice inheriting mtv-7 show poor Lm­
specific IFN-y response 

CD69 depleted effector CD4 T cells from mtv-6, mtv-7 and mtv-6& 7 integrant 
F2 mice were co-cultured with Lm infected or uninfected CBA/CaJ BMDCs 
at a ratio of 1:1; frequency of CD69 positive CD4 T cells (A) was assessed by 
flow cytometry and supernatant IFN-y was quantified by ELISA (B). 
Horizontal bar represents the supernatant IFN -y levels in uninfected BMDC 
co-culture. Data were compared using two-tailed student's t-test (*p<0.005) 



Results 

Low IFN-ylevels made by CBAIJ T cells are not due to absence ofv-SAg-

7-reactive TCRVP subsets 

Since the magnitude of the T cell response was similar between CBNJ and CBNCaJ, it 

was possible that lymph node CD4 T cells from the CBNCaJ bearing v-SAg-7-reactive 

TCRVP subsets contributed disproportionately more to the Lm-specific response, either 

in frequency of responder cells and/or in the IFN-y levels generated. To address this, the 

Lm-specific CD4 T cell frequencies in CD62L10
w effector CD4 T cells bearing various 

TCRVP segments from CBNJ and CBNCaJ mice were examined in a co-culture assay. 

TCRVP3 and TCRVP6 were tested as representative TCRVP subsets deleted by v-SAg-6 

and v-SAg-7 respectively, and TCRVP4, TCRVPIO or TCRVP14 as subsets unaffected 

by these v-SAgs in both strains. Lm-specific CD4 T cell frequencies were similar in all 

TCRVP subsets in CBNCaJ mice, and were comparable to the v-SAg-unaffected subsets 

in CBNJ mice (Fig. 30A). Since the frequency of Lm-committed effector CD4 cells was 

similar between all the TCRVP subsets irrespective of v-SAg reactivity, possibility of 

TCRVP subset specific variation in the IFN-y commitment was next examined. 

Lymphocyte co-culture was set up using purified T cells of various TCRVP subsets from 

infected CBNJ and CBNCaJ. TCRVp3, TCRVP6 and TCRVP14 as representative 

subsets that recognize v-SAg-6, v-SAg-7, or neither respectively, were purified. 

Unfractionated T cells were also used in the assay. IFN-y levels estimated in culture 

supernatants at 24 h of culture. T cells of all TCRVP subsets in a given strain made 

equivalent levels of IFN-y. However, T cell subsets from CBNJ mice made less IFN-y 

than that made by similar TCRVP subsets from CBNCaJ (Fig. 30B). Thus, there was a 

generalized reduction of IFN-y output from Lm-specific CBNJ T cells than from 
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Figure 30: Lack of vSAg-7 reactive T cell subsets was not responsible for 
compromised Lm-specijic IFN-y response in CBA/J 

After 16 hrs of co-culture of CD69 depleted effector CD4 T cells, CD69 
upregulation was analyzed on vSAg-6&7 reactive CD4 T cell subsets 
(Vf33& Vf36) from CBNCaJ and non-reactive CD4 T cell subsets from both 
CBNCaJ and CBNJ (Vf34, Vf310&Vf314)(A). Purified TCRVf3 T cells of 
vSAg-6&7 reactive and non-reactive subsets were co-cultured for 24 h and 
supernatant IFN-y was estimated (B). Data were compared by two-tailed 
student's t-test (*p<0.005). 



Results 

CBA/CaJ T cells, rather than any effect of deletion of v-SAg-7 -reactive TCRVP subsets 

from the CBA/J repertoire. 

Lm-directed CBAIJ and CBA/CaJ macrophage functions are similar 

Since macrophage effector responses play a crucial role in effecting Lm clearance, it was 

next examined whether the difference in Lm susceptibility could be ascribable to 

differences in Lm-killing capacity between CBA/J and CBA/CaJ macrophages. Adherent 

macrophages from peritoneal resident cells (PRCs) or TG elicited peritoneal 

macrophages (PECs), or M-CSF-grown bone marrow-derived macrophages (BMDMs) 

were infected with fluorescence labeled Lm and clearance of infection was scored over 

time by fluorescence microscopy. PRCs (Fig. 31A) and PECs (Fig. 31B) showed similar 

peak levels of infection at 50% of cells showing infection at 0 h at an MOl of 50:1, 

followed by complete clearance by 48 h. Both parasitaemia as well as parasite burden 

were similar at all time points between CBA/J and CBA/CaJ (Fig. 31D). iNos·l­

macrophages (both PRCs and PECs) showed delayed clearance compared to wild-type­

BL/6 or CBA/J and CBA/CaJ (Fig. 31E). 

BMDMs, at a similar MOl of 50:1, showed higher peak infection at 0 hand somewhat 

slower Lm elimination (Fig. 31C). However, no differences were apparent in both the 

parasite burden as well as frequency of Lm infected cells between the two strains at all 

time points. 
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Figure 31: CBA/J and CBA/CaJ macrophages show comparable Lm 
clearance ability 

Adherent PRCs (A), PECs (B) or BMDMs (C) were infected with 25 x106 

fluorescently labeled stationary phase Lm at a parasite:macrophage ratio of 50:1 
and parasite clearance was quantified by fluorescence microscopy. (A,B,C) 
represent frequency of infected cells at various time points, (D) shows 
quantification of parasite burden per infected cell on infected PRCs. At least 
900 cells were counted for each group in sets of 300 cells each and expressed as 
mean±SE. 



Results 

Next, the ability of Lm infected CBA/CaJ and CBA/J DCs to generate effector molecules 

and pro-inflammatory cytokines, was tested since Lm infection has been reported to 

result in inhibition of both these responses (Carrera et al., 1996; Proudfoot et al., 1996; 

Proudfoot et al., 1995). BMDCs from both CBA/J and CBA/CaJ were infected with Lm, 

and IFN-y or LPS was added to the cultures, or left untreated. In one group, IFN-y was 

added 24 h after infection to mimic a more physiological scenario of T cell help an 

infected DC. Lower levels of NO were induced in Lm infected DCs, with the IFN-y 

treated DCs secreting more NO than the LPS treated DCs, and the group receiving an 

IFN-y stimulus after 24 h of infection showing the most inhibition, with an NO level 

close to background uninfected DCs (Fig. 32A). Induction of pro-inflammatory cytokine 

IL-12 also revealed a similar pattern of inhibition on Lm infection (Fig. 32B). TNF-a 

levels in the supernatant were most robustly induced on LPS than IFN-y stimulation (Fig. 

32C), this was consistent with the role ofLPS as a potent inducer ofTNF-a (Tsan et al., 

2001). However, no differences were observed between CBA/J and CBA/CaJ BMDCs in 

NO, IL-12 or TNF-a induction. 

APC identity in recall does not alter the level of IFN-')' production 

Since the source of re-stimulating APCs used in the co-culture assays was CBA/CaJ 

BMDCs, it was also possible to hypothesize that v-SAg-7-expressing DCs might be 

defective in eliciting an Lm-specific recall response. Therefore, IFN-y responses induced 

on re-stimulation with CBA/J and CBA/CaJ DCs and any difference in the elicited 

responses was examined. Since only v-SAg-6/7-non-reactive TCRVP subsets could be 

used for this purpose, purified TCRVP14 T cells from Lm-infected CBA/J and CBA/CaJ 
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Figure 32: Lm infected CBA/CaJ and CBAIJ BMDC show cytokine and 
nitrite responses 

CBA/CaJ and CBA/J BMDCs were infected with Lm at a parasite:macrophage 
ratio of25:1, in some groups, LPS (30 f..tg/ml) or IFN-y (30 IU/ml) was added at 
the time of infection, or at 24 h of infection as indicated. Supernatant nitrite 
levels were estimated by Griess test at 24 h and 48 h of culture (A). Levels of 
secreted IL-12 (B) and 1NF-a (C) were estimated after 48 h of culture. Data 
represent mean ± SE values of triplicate cultures. 



Results 

mice were co-cultured with either CBA/J or CBA/CaJ Lm-infected DCs. IFN-y levels 

were then estimated in the culture supernatants at 40 h of re-stimulation. It was observed 

that, regardless of the source of the re-stimulating DCs, CBA/J TCRVP14 T cells 

consistently made lower levels of IFN-y then CBA/CaJ T cells (Fig. 33). Similarly, 

CBA/CaJ TCRVP14 T cells made higher IFN-y levels than CBA/J T cells (Fig. 33). 

Altered T cell priming by CBAIJ BMDCs is not immunogen independent 

To explore whether lower IFN-y responses were generated in the CBA/J mice regardless 

of the immunogen, CBA/J and CBA/CaJ mice were immunized subcutaneously with 

maleylated ovalbumin (mOVA) in complete Freund's adjuvant. One week later, draining 

lymph node CD69 depleted CD4 T cells were purified and re-stimulated with CBA/CaJ 

DCs in presence or absence of 100 ).lg/ml mOV A. After 16h, CD69 upregulation was 

assessed on responding effector CD44high CD4 cells (Fig. 34A). No differences in the 

frequencies of mOV A-specific CD4 cells were found between the two strains. Further, 

when supernatant IFN-y levels were assayed from these cultures at 24 and 48 h post-re­

stimulation, no differences were evident in the levels of the cytokine induced in the two 

strains (Fig. 34B). Frequencies of IFN-y making CD4 cells were analyzed by 

intracellular IFN-y staining and were found to be similar in CBA/J and CBA/CaJ cultures 

(Fig. 34B). 
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Figure 33: Low IFN-y responses generated by CBA/J T cells was independent 
of recall APC 

TCRVfH4 T cells from infected CBA/J or CBA/CaJ mice were re-stimulated 
with both CBA/J and CBA/CaJ DCs, uninfected or infected with Lm, and 
supernatant IFN-y levels estimated at 48 h of co-culture. 
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Figure 34: Altered T cell priming by CBA/J BMDCs was not immunogen 
independent 

CBA/J and CBA/CaJ mice were immunized with mOVA (lOOJ.lg per mouse) in 
CPA. 1 week later, CD69 depleted CD4 T cells were purified and co-cultured 
with CBA/CaJ BMDCs in the presence or absence of 100J.lg mOVA. At 24 and 
48 h of culture, supernatant IFN-y levels were estimated by ELISA (A). Data 
represent pooled mean ± SE values of three independent experiments, run in 
triplicates. Frequency ofCD69 upregulating and IFN-y making CD4 T cells was 
also estimated at 16 h and 48 h of co-culture, respectively (B). 
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Discussion 

Disease phenotypes are a manifestation of the eventual outcome of multiple interactions 

betweens various cell lineages involved in an inflammatory process, driven by cellular 

signaling intermediates. Pathogen recognition by host cells initiates the activity of a 

series of cellular and molecular signaling components of the immune system, designed to 

achieve elimination of the invading pathogen and repair the tissue damage caused. Many 

signaling molecules have phylogenetically ordered functions, across cell lineages and in 

some cases, even across species. Toll like receptor (TLR) signaling and mitogen 

activated protein kinase (MAPK) signaling pathways are prime examples, showing 

conservation across species from invertebrates to vertebrates, and even in plant species 

(Hamel et al., 2006; Janeway and Medzhitov, 2002; Kultz, 2001). In addition to their role 

in cells of the immune system, such signaling molecules can also have regulatory roles in 

controlling development and functions of other lineages. Since the various cell lineages 

of the immune system are developmentally related, they share many common cellular 

signaling intermediates, increasing the probability that any given signaling molecule will 

be used in multiple signaling contexts. Hence, any defect in such intermediates, will be 

manifested by several cell lineages during an immune response. 

The present work is an attempt to address, in a number of instances, the putative roles for 

such signaling intermediates in various cellular components involved in immune 

inflammatory cross-talk. 
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Discussion 

Bruton's tyrosine kinase (BTK) in myeloid cells: Role in eosinophil 

lineage 

One such intermediate, Bruton's tyrosine kinase (BTK), functions as a maJor 

intermediate in signal transduction and is expressed in both lymphoid and myeloid 

lineage cells (Smith et al., 1994). BTK has previously been shown, to participate in 

macrophage and neutrophil effector functions, and modulate neutrophil development 

(Horwood et al., 2003; Kawakami et al., 1998; Kawakami et al., 2006; Mangla et al., 

2004; Schmidt et al., 2004). 

Neutrophils comprise the vast majority of circulating granulocytes and form the first line 

of defense of the innate immune system. They are recruited by many inflammatory 

mediators such as IL-l~. TNF -a, or clotting factors, and act by phagocytosing, killing, 

and degrading microbial pathogens such as bacteria and fungi. Killing is accomplished in 

the phagocytic vacuole, where free oxygen radicals and other reactive oxygen species 

generated by the translocated NADPH oxidase activity, coupled with the activity of 

proteolytic enzymes, results in microbial killing. Eosinophils normally constitute a 

minority of the circulating granulocyte pool, with the majority sequestered in the 

intestinal lamina propria. They are recruited in specific response to the generation of Th2 

(and endothelial) cytokines such as IL-4, IL-5, or IL-13, and appear to mediate host 

protection against parasites, via the release of an array of cytotoxic granule cationic 

proteins, with some role for ROI generation as well. Though eosinophils and neutrophils 

form component cells of the granulocyte lineage and are characterized by their ability to 

phagocytose and eliminate microbial pathogens, they differ in the choice of stimulus as 

well as in the mode of pathogen destruction utilized. Hence, given the reported role of 
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BTK in modulating neutrophil effector function, it was of interest to elucidate the 

possible role of BTK in the eosinophil lineage. 

The relatively low proportion of eosinophils in the total granulocyte pool has been one of 

the major limitations for initiating studies on eosinophils. The IL-5 Tg mice, in which 

generation of IL-5, a major inducer of eosinophil recruitment is controlled by an 

inducible metallothionein promoter, have proved to be a useful tool to address this 

problem (Tominaga et al., 1991). In these mice constitutive expression ofiL-5 transgene 

observed in the liver and spleen, possibly as a result of trace zinc in drinking water, since 

zinc is also known to trigger the metallothionein promoter (Alhonen et al., 1996), 

resulted in 16,000 fold higher levels of IL-5 as compared to heterozygous littermates, 

which was further increased by another five-fold on induction with cadmium injection 

(Tominaga et al., 1991). Consistent with the previous report, a high proportion of the 

circulating granulocytes in the IL-5 Tg mice were eosinophils (Fig. lA&B). 

Further, in keeping with their frequency in circulation, a high proportion of the 

granulocytes recruited to sites of acute inflammation, were eosinophils (Fig. 1 C). 

To examine the role of BTK in modulating eosinophil functions, male X-linked 

immunodeficient (XID) mice lacking functional BTK were crossed with female IL-5 Tg 

mice. The male progeny which carried the XID mutation were used as XID/IL-5 Tg mice 

and the littermate female mice were used as WT/IL-5 Tg. Though this approach has 

previously been reported in a study on XID eosinophils (Koike et al., 1995), there 

remains a possibility of gender based differences which may contribute to the differences 
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observed. Macrophages from male and female mtce have been reported to show 

differences in eicosanoid production in collagen induced arthritis (Leslie et al., 1987), 

androgens have been reported to influence lymphoid development (Olsen and Kovacs, 

2001), susceptibility to various autoimmune diseases including multiple sclerosis and 

systemic lupus erythematosis (Yu and Whitacre, 2004) have also been reported to be 

gender based. In view of this, the findings in the XID eosinophils reported here will need 

further validation in gender matched mice. 

Peripheral blood leukocytes from the XID/IL-5 Tg mice showed a higher frequency of 

eosinophils when compared to the WT (Fig. 2B). When considered in context of the 

reported mild defect in PMN development in XID mice, it is possible to speculate that 

eosinophil generation could be less affected by the XID mutation than PMN generation. 

However, further studies on eosinophil development will be needed to confirm this. 

Compared to WT eosinophils with functional BTK, XID eosinophils displayed 

compromised recruitment to sites of inflammation (Fig. 2A&C), similar to the defect 

shown by XID macrophages and neutrophils. 

Thioglycollate induces a non-infectious inflammation, resulting in recruitment of large 

numbers of neutrophils, followed by macrophages. Initial granulocyte recruitment is 

followed by release of chemokines, resulting in upregulation of surface adhesion 

molecules and further chemokine release, which is dependent on their transcriptional 

induction. In XID macrophages, induction of some of these transcription factors is 

compromised, possibly resulting in poorer recruitment. Further, in XID neutrophils, poor 

recruitment is compounded by reduction on the number of granulocytic lineage cells in 
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the XID bone marrow. In view of the possible lack of an effect of the XID mutation on 

eosinophil generation, activation of chemokine and surface adhesion molecules appear to 

have a greater influence on eosinophil recruitment in the XID mice. However, the levels 

of Siglec-F, which is induced on eosinophil activation (Yamada et al., 2007), appear 

unchanged on XID eosinophils. 

Generation of reactive oxygen species (ROI) was also compromised in the XID 

eosinophils (Fig. 2D&E), again reminiscent of a similar deficiency exhibited by XID 

macrophages and neutrophils. 

ROI generation is elicited in phagocytes, by microbial products (LPS, lipoproteins) and 

cytokines (IFN-y, IL-18). NADPH (nicotinamide adenine dinucleotide phosphate) 

oxidase is one of the major sources of ROis; membrane recruitment of its subunits, 

followed by assembly into the catalytic NADPH oxidase results in activation of a redox 

signaling pathway which generates reactive oxygen free radicals as reductive products 

from cellular oxygen. LPS signaling induced TLR4 mediated ROI induction has been 

reported to involve activation of protein kinase C (PKC), such that inhibition of PKC 

activation results in abrogation of ROI generation (Zheng et al., 1995). A constitutive 

association has been shown between BTK and PKC in B cells (Johannes et al., 1999) and 

murine mast cells (Yao et al., 1994). BTK has been shown in these studies to be a 

substrate of PKC isoforms and its enzymatic activity to be downregulated by PKC 

mediated phosphorylation (Yao et al., 1994). In turn BTK has been shown to regulate the 

membrane translocation and activation of PKC by direct interaction with this kinase 

(Kawakami et al., 2000). In XID cells, macrophages, neutrophils or granulocytes, the 
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disruption of this pathway could be responsible for the poorer ROI generation observed. 

This is further borne by the fact that upon direct PKC activation by stimulation with 

phorbol 12-myristate 13-acetate (PMA), thereby bypassing the requirement for BTK 

signaling, both XID and WT neutrophils generated equivalent levels of ROI (Mangla et 

al., 2004). These data thus indicate a role for BTK in controlling eosinophil effector 

functions, analogous to its function in neutrophils and macrophages. 

Role of the BTK-targeted transcription factor e-Re/ in macrophage 

effector functions 

Pathogen triggered signaling events culminate in generation of effector molecules geared 

at achieving pathogen elimination. Soluble signaling molecules including various 

cytokines which are generated, further act to amplify the myeloid immune response and 

also mediate proliferation and differentiation of lymphoid cells. Transcription factors of 

the NF-KB family act as integral second messengers in the enhancement of these multiple 

signaling events (Ghosh et al., 1998). 

Previous work has shown poorer induction of Rei family members of NF-KB 

transcription factors in XID mouse macrophages. Of the three members studied, poorer 

induction of p-50 and complete abrogation of p-65 and c-Rel was seen in XID 

macrophages (Mukhopadhyay et al., 2002). c-Rel deficient mouse macrophages have 

also been reported to be deficient in induction of effector cytokine IL-12 (Sanjabi et al., 

2000), an important factor controlling Th1 responses. c-Rel-1- DCs have also been 

reported to exhibit compromised ability to stimulate autologous T cell responses (Boffa 

et al., 2003). In view of these findings and the connection between BTK and c-Rel, a 
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possible role for c-Rel in controlling myeloid cell effector functions was investigated 

using the c-Rel deficient ( c-Rer'·) mouse strain. 

c-Rer'· mice had normal differential and total leukocytes counts in peripheral blood (Fig. 

3A&B). c-Rer'· mice also showed normal macrophage recruitment in response to 

peritoneal TG instillation and were comparable to WT in the induction of acute 

inflammatory response induced by s.c injection of carrageenan (Fig. 3C&D). Generation 

of effector molecules by the c-Rer'· macrophages was also seen to be normal as 

evidenced by similar levels ofRNis generated by c-Rer'· and WT macrophages (Fig. 4A). 

Phagocytic ability of myeloid cells, monocytes and granulocytes from c-Rer'· mice was 

found to be normal (Fig. 4B). Generation of ROI was also seen to be comparable to WT 

(Fig. 5A), though at higher concentration of the stimulus, LPS, c-Rer'· macrophages 

seemed to show a reduction (Fig. 5B). Thus it was possible that for generation of the 

increased levels of ROis induced at higher dose of the stimulus, initiation of fresh 

transcription and/or translation might be required. In such circumstances, absence of c­

Rel might lead to compromised transcriptional induction of ROI generation, thus 

explaining the apparent deficit seen in the c-Rer'· mice. To investigate this, WT 

macrophages treated with inhibitors of transcription (Actinomycin D) (Fig. 6B) and 

translation (Cycloheximide) (Fig. 6A), were stimulated with high concentration of LPS 

used as a stimulus and ROI generation was estimated. ROI induction was unaffected on 

treatment with either inhibitor, indicating the absence of any role for fresh transcriptional 

or translational events in ROI generation. Induction of ROis requires the membrane 

assembly of pre-formed subunits of the NADPH oxidase complex, which possibly have a 

long enough half life so that their levels remain unaffected by the inhibitor treatment. It 
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is thus possible that a deficiency of pre-formed NADPH subunits, due to lack of 

constitutive c-Rel signaling, might be responsible for a lack of ROI induction at high 

LPS doses in c-Rer1
- macrophages. 

Since c-Rer1- macrophages did not reveal any compromise in myeloid cell effector 

functions, a simple explanation for this could be an absence of c-Rel induction 

subsequent to pathogen recognition. As mentioned previously, c-Rel, p-65 and p-50 have 

been shown to be induced on LPS stimulation, contradicting the above assumption. 

Although the Rel!NF-KB family of transcription factors is crucial for the development 

and function of the immune system, the precise roles of each Rel/NF-KB member in 

various immune cells are not well understood. Moreover, many of the NF-kB family of 

transcription factors are known to have functionally redundant roles. However, distinct 

functions of individual members of the Rei family have been identified. c-Rel has been 

identified to be crucial in maintaining cell viability and cell cycle progression in B and T 

lymphocytes, controlling DC maturation, survival and ability to stimulate autologous T 

cells, but not in upregulation of surface co-stimulatory molecules on DCs. c-Rel 

expression is seen only in mature macrophages, where it has a non-redundant role in IL-

12 induction. In dendritic cells, c-Rel has been shown to be crucial in regulating 

maturation and stimulation of autologous T cells, without any role in co-stimulatory 

molecule upreglation (Boffa et al., 2003). Given these roles, c-Rel requirement has been 

suggested to be specific to the function of IL-12, which is essential for an effective 

response against intracellular infections, requiring the induction of a strong Th1 response 

(Sanjabi et al., 2000). Since most of the responses studied here were mimics of 
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extracellular infections involving TLR mediated receptor signaling, c-Rel might be 

argued to be redundantly involved in mediating such responses. 

A role for BTK in T-B cell developmental cross-talk 

Mutations in the gene encoding BTK causes an X-linked immunodeficiency, X-linked 

agammaglobulinemia (XLA) in humans, and X-linked immunodeficiency (XID) in mice. 

XLA patients exhibit an early B cell developmental arrest associated with severe 

agammaglobulinemia involving immunoglobulin (lg) of all istoypes (Campana et al., 

1990; Milili et al., 1993). The XID defect, however, is less severe, manifested by 

abrogation of the peripheral B cell maturation in the spleen resulting in accumulation of 

immature I~ B cells in peripheral lymphoid organs, associated with a decresase in 

lgD+ mature B cell numbers to 50% of normal. (Hardy et al., 1983; Kerner et al., 1995; 

Khan et al., 1995). The resultant hypogammaglobulinemia affects levels of serum IgM 

and IgG3, with the levels of other isotypes being unaffected. The reason(s) for the 

different severity of the clinical phenotypes of similar Btk mutations in humans and mice 

are not yet elucidated. 

Human XLA results from different mutations spanning the human Btk gene, including an 

R28C mutation, which is the mutation carried by the XID mice. Thus greater diversity in 

Btk mutations was not explanatory of the relative severity of human XLA. Crossing the 

XID mutation into the FOXN1-null CD40-null or Tee-null background leads to a 

worsening of the B cell immunodeficiency resulting in a disease severity comparable to 

human XLA (Ellmeier et al., 2000; Oka et al., 1996; Wortis et al., 1982). These reports 

indicated that developing B cells in the XID marrow might normally be rescued from an 
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otherwise more severe developmental block akin to that seen in XLA. Surface IgM+ 

immature B cells, which undergo further development in the spleen, are completely 

dependent on signaling through the IgM-BCR (Benschop and Cambier, 1999). It is at 

this stage that a block in the B cell development is evident in the XID mice, indicating 

that BTK is indispensable for signaling through the BCR. Given these findings, it is 

possible to speculate that the pathway for the B cell development rescue at the pre-B cell 

stage in XID marrow might involve a substitution of BTK function by TEC when 

triggered by CD40 through a pathway involving stromal epithelial cells. Further, mouse 

pre B cells have been reported to express surface CD40 (Castigli et al., 1996), supporting 

such a possibility. 

The stromal epithelial component crucial for amelioration of the XLA phenotype in mice 

involves the FOXN1 transcription factor, deficiency of which gives rise to the nude 

defect in mice (Su et al., 2003). Since FOXN1 deficiency leads to thymic aplasia and 

resultant T cell deficiency, it is plausible to speculate that T cells are a major component 

involves in amelioration of the XLA phenotype during B cell development in mice. 

In order to investigate this hypothesis, the previous observations of severe 

agammaglobulinemia involving all lg isotypes observed in T cell deficient athymic­

XID/nude mice (Oka et al., 1996; Wortis et al., 1982) were first replicated. Serum IgM 

levels in the XID/nu (Fig. 7 A) were lower than that observed in XID mice consistent 

with earlier reports, however, variable levels of serum IgG (Fig. 7B) were observed in 

these mice, with a few mice exhibiting very low serum IgG (lgM10wlgG10w) and the 

remaining (lgM10wlgGhigh) showing IgG levels similar to that observed in XID and wild-
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type mice. This contrasted with previous reports in which uniformly low levels of both 

serum IgM and IgG were observed in all XID/nu mice examined (Oka et al., 1996). The 

phenotype of T cell absence in nude mice has been reported to be "leaky", resulting in 

small numbers ofT cells gaining access into the circulation (Cui et al., 2003). It was then 

possible that these leaky T cells, in case of the IgM10wigGhigh XID/nu mice, affect a 

rescue to developing B cells resulting in normal levels of serum IgG. This was consistent 

with the findings when splenic total T cell yields were estimated. The IgM10wigGhigh 

XID/nu mice had two-fold higher total splenic T cell numbers (Fig. SB) as compared to 

the IgM10wigG10w XID/nu mice or the WT/nu, though in comparison to CBA/CaJ or the 

CBA/N, these T cell numbers were still about 6-fold lower, they appeared to be 

proficient at rescuing developing B cells, resulting in a splenic B cell frequency close to 

that seen in the CBA/N mice (Fig. SA-upper panel). IgM10wigG10w XID/nu mice 

displayed very low splenic T and B cell frequency and cell yields, with a complete 

absence of mature IgD+ B cells (Fig. SA-lower panel). The B cell phenotype in the 

IgM10wigGhigh XID/nu mice was similar to that seen in CBA/N mice with an apparent 

immature-mature developmental block resulting in accumulation of IgM+ B cells and 

reduced frequencies oflgD+ B cells (Fig. SA-lower panel). 

In light of these findings, the XID mutation was bred onto a T cell receptor (TCR) f3 

chain null background, where due to the lack of the TCR f3 chain, complete ablation of 

af3 T cells could be achieved. Further, since the nude defect in FOXNl is an epithelial 

cell defect manifest in all stromal epithelial cells, this approach would also enable 

identification of the B cell developmental rescue as being completely T cell intrinsic. 
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On estimation of total circulating Ig, compared to CBA/N or XID/TCR p-1+ littermates, a 

further 1 0-fold lower serum IgM levels (Fig. 9A) and a 400-fold reduction in serum IgG 

(Fig. 9B) levels were consistently observed in all the XID/TCR p-t- mice analyzed. 

Remarkably low total splenic and lymph node yields at were observed in the XID/TCR 

p-'- mice. Bone marrow B cell numbers were also exceptionally low (Fig. lOB) with very 

low frequency of I~ immature B cells (Fig. lOA-lower panel). On staining for the 

developing B cell subsets in the bone marrow, all the B cells in the XID/ TCR p-'- mice 

were found to be in the pro/pre B cell (CD43+B220+) subset, compared to CBA/N in 

which the frequencies of B cells in the pro-/pre- and the immature B cell (CD43-B220+) 

subsets were similar to that seen in WT -CBA/CaJ. This phenotype perfectly mimics the 

pro/pre B cell developmental block observed in human XLA. 

Previous reports have shown contradicting results on the bone marrow B lineage 

development in the XID/nu mice. While one report demonstrates an early B lineage 

developmental arrest (Wortis et al., 1982), the other report suggests the XID/nu marrow 

shows no impairment in B cell development in bone marrow beyond the defects seen 

with the single XID mutation (Oka et al., 1996). The data reported here demonstrate that 

in specific conditions of T cell sufficiency, both these contradictory findings were 

reproducible. While in the IgM10wlgd0w XID/nu mice, there was a severe B cell 

deficiency, the T cell numbers were low, in the IgM10wlgGhigh XID!nu, which showed a 

less severe B cell deficiency similar to that seen in XID mice, higher number of mature T 

cells was observed. Therefore, it is possible to suggest that the discordance in previous 

literature is due to the leakiness of the nude phenotype. 
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A similar developmental block at the pro/pre B cell stage has been reported in Tec/Btk 

double-deficient mice (Ellmeier et al., 2000). Together, these data can be interpreted to 

suggest that, in the XID mice, T cells effect rescue of developing XID B lineage cells 

from an otherwise inevitable developmental block at the pro/pre B cell stage, as seen in 

human XLA, via induction of TEC-mediated substitution of signaling. Early B cell 

development is dependent on various cytokines including IL-3 and IL-7 (Marshall et al., 

1998). T cells and TEC could thus have a novel role in the secretion and signaling, 

respectively, of these cytokines. While bone marrow stromal cells from XID and WT 

mice have been reported to posses similar capabilities for driving B cell differentiation, 

the use of SV -40-mediated transformation in those experiments could have substituted 

for the lack ofT cell (Dong and Wortis, 1994). Non-functioning of these signaling 

pathways in vivo could thus explain the more severe and early B cell developmental 

arrest seen in the absence ofT cells in XID/nu, Btk/Tec deficient and XID/TCR p-1- mice. 

The data from the XID/TCR-p-1- mice are in contrast to previous reports where in 

Btk/CD40 double-deficient mice, normal bone marrow B cell development was observed 

(Oka et al., 1996). 

The developmental arrest in the XID/CD40 deficient mice was at the same stage as in the 

XID mice. Therefore, CD40 signaling mediated either by T cells or by other stromal 

cells known to express CD40 ligand (Abe et al., 2002), might be argued to assist 

progression to the IgM+ B cell stage, at which stage the B cell development is completely 

dependent on BCR mediated signaling via the surface IgM receptor (Benschop and 

Cambier, 1999). Again, CD40-driven signals may be critical for driving TEC-mediated 
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substitution of BTK function at this stage. In CD40 null mice, CD40/TEC would then no 

longer be able to compensate for the absence of BTK, leading to a developmental arrest 

at the immature B cell stage. Thus, in the XID mice, CD40 mediated signals can further 

improve B cell responsiveness, in the absence of Btk, leading to almost complete rescue 

of serum IgG levels and only partial restoration of lgM levels. Therefore, an absence of 

CD40 would manifest as a splenic maturation defect, but still result in a severe 

hypogammaglobulinemia, due to the absence of its effect on splenic immature B cells. 

The role of lysosomal trafficking regulator LYST in myeloid cell functions 

The endo-lysosomal compartments are key players in mediating both the effector and 

antigen presentation functions of myeloid cells. Engulfed pathogens are trafficked via 

vesicular maturation, through a series of increasingly acidic compartments of the endo­

lysosomal system, where they simultaneously undergo degradation and processing into 

peptide fragments for presentation on MHCII molecules. Coordinated movement of 

cargo through this vesicular system is achieved by the association of small protein 

GTPases of the Rab family. L YST, a lysosomal transport protein whose precise 

molecular role is still uncertain, is critical for regulating lysosomal maturation 

(Stinchcombe et al., 2000). A mutation in the gene encoding the L YST protein has been 

implicated in a human immunodeficiency disorder, the Chediak-Higashi Syndrome 

(CHS) (Nagle et al., 1996). Both CHS and the mouse model for CHS, the beige (bg/bg) 

mouse strain, are characterized by accumulation of giant dysfunctional lysosomes, 

delayed antigen presentation and decreased cytolytic granule release, resulting in 

recurrent bacterial infections (Ward et al., 2000). Lyst mutant neutrophil functions have 

been shown to be compromised due to defective lysosomal protease activity (Takeuchi et 
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al., 1986) contributing to the failure to clear bacterial infections (Gallin et al., 1974). In 

view of these defects, it was of interest to examine the effects of the L YST mutation on 

macrophage functions. 

Peritoneal macrophage recruitment in response to TG instillation (Fig. llA) as well as 

carrageenan induced footpad edema (Fig. llB) was similar between wild-type C57BL/6 

and bg/bg mice. This was contrary to a previous report (Gallin et al., 1974) which 

showed compromised granulocyte recruitment in response to peritoneal instillation of 

chemotactic factor. This difference could be due to the trafficking pathways utilized by 

P AMPs and chemokine receptors, and therefore their differential dependence on L YST. 

Chemokine receptors undergo basal levels of internalization and recycling, which is 

greatly enhanced on receptor ligation (Neel et al., 2005). The balance between receptor 

degradation in the endo-lysosomal vesicles versus its recycling to the surface determines 

the eventual fate of receptor ligand stimulation. bg/bg mice show a prolonged transit 

time in transport to the late endosomes, mis-sorting of the late endosomes, with increased 

transit to lysosomal degradation rather than membrane recycling (Faigle et al., 1998). 

Together, they could lead to rapid downregulation of surface receptor levels, resulting in 

lower recruitment in response to chemotactic factor exhibited by bg/bg neutrophils. 

P AMPs have a long surface residence and on signal initiation get translocated to lipid 

rafts, from where they dissociate on raft disruption. Hence, endo-lysosomal trafficking 

defects of bg/bg mice do not affect their signaling outcomes. 

Macrophage and neutrophil phagocytosis (Fig. 12) was unaffected in the bg/bg 

consistent with previous reports (Gallin et al., 1974). Encounter with pathogen results in 
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a series of events starting with pathogen recognition by cell surface receptors such as 

pattern recognition receptors (PRRs ), F c receptors, complement receptors, followed by 

the formation of actin-containing membrane extensions which engulfe the particle to 

form the phagosome (Henneke and Golenbock, 2004). Following microbial 

internalization, phagosomes have to undergo sequential steps of vesicle maturation, to 

culminate in phago-lysosome formation, so as to facilitate microbial degradation (Ismail 

et al., 2002). Thus, pathogen elimination depends on these two distinct, yet closely inter­

related steps of host defense. In view of these data and previous reports, Lyst mutation 

appears to result in a defect in the later processes, with no evident compromise in 

pathogen uptake. 

The process of phagosome maturation is mediated by the association of series proteins of 

the Rab family, the SNAREs, LYST, which regulate the rate of progression of 

maturation to the lysosomal compartments. Differential association of Rab5a to 

phagosomes has been reported to regulate trafficking to lysosomal compartments for 

degradation in case of extracellular bacteria, or prevent phago-lysosomal fusion in case 

of facultative intracellular pathogen, with the phagocytic ability of the cell remaining 

unaltered (Perskvist et al., 2002). Further, facultative intracellular pathogens employ 

various methods to escape trafficking to, or degradation in the lysosomes. Listeria, 

Rickettsia, Shigella, Orienta escape into the cytosol from the late endocytic 

compartments (Ismail et al., 2002), Leishmania parasite on the other hand delays the 

phagosome maturation in order to transform from the lysosomal degradation sensitive 

promastigotes to the resistant amastigote form (Scianimanico et al., 1999). In view of the 

known endo-lysosomal trafficking defect in the Lyst mutant bg!bg mice, it was of interest 
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to analyze the effect of such a defect on the clinical course of a leishmania! infection 

these mice. The model system chosen was that of Leishmania major (Lm) induced 

cutaneous leishmania! infection. 

Lm parasites have a biphasic life-cycle, residing in the insect host as flagellated 

promastigotes and in the vertebrate host macrophages as aflagellar amastigotes. 

Subsequent to entering as the promastigote form into the vertebrate host macrophages, 

the parasites travel through the maturing endo-lysosomal vesicular system where they 

reside and multiply, before emerging from the host cell. The promastigote stage ofLm is 

susceptible to lysosomal hydrolases, but the amastigote stage is resistant to these 

enzymes (Scianimanico et al., 1999). The efficacy of parasite clearance upon initial 

exposure to promastigotes via the insect vector would therefore depend on the efficiency 

of transport to the lysosomal compartments before the promastigotes convert into the 

resistant amastigote stage. 

Also, the generation of important toxic effector molecules, nitrite (NO) and ROis, are 

critical for parasite clearance from infected cells. Induction of a strong Th (T-helper)-1 

response characterized by the generation of IFN-y, which in turn is a major inducer of 

macrophage nitrite production, is also a component of effective Lm clearance in vivo. 

Not surprisingly, a complex mosaic of genetic background effects can determine the 

degree of susceptibility to Lm infection, with the genetically susceptible BALB/c and 

resistant C57BL/6 mice comprising two ends of the spectrum (Sacks and Noben-Trauth, 

2002). 
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On Lm infection in vivo, bglbg mice, despite being on a genetically resistant C57BL/6 

background, developed progressive lesions with extensive inflammation, accumulation 

of large numbers of Lm laden infected macrophages and associated loss of tissue 

architecture, unlike C57BL/6 mice (Fig. 14). However, the extent of lesion progression 

and tissue damage was considerably less severe than observed in the BALB/c mice (Fig. 

13&14). In an in vitro clearance assay, bglbg macrophages (Fig. 15&16) showed 

significantly compromised Lm clearance, comparable to that observed in the inducible 

nitric oxide synthase- deficient (iNos·'-) mouse macrophages. IFN-y mediated induction 

of iN OS in macrophages is responsible for the bulk of the nitrite synthesis in Lm infected 

macrophages, and is essential for successful Lm clearance. However, unlike the iNos·'-, 

bglbg macrophages were not deficient in IFN-y induced nitrite generation, producing NO 

levels similar to that induced in wild-type BL/6 macrophages (Fig. 17 A). IFN-y pre­

treatment resulted in a significant enhancement in the Lm clearance exhibited by the 

bglbg and BL/6 macrophages, but not in the iNOS_,_ macrophages. Notably, bglbg 

macrophages showed enhanced IFN-y mediated Lm clearance only at later time-points, 

unlike WT mice (Fig. 17B) 

In addition to the ability to induce macrophage effector molecule synthesis; IFN-y has 

also been reported to effect phagosome maturation. Virulent strains of intracellular 

pathogens like Lm and Coxiella burnetti have been reported to escape clearance by 

preventing maturation of late-endosomes into lysosomes (Ghigo et al., 2002), where they 

can be more effectively eliminated. IFN-y treatment of cells before Coxiella burnetti 

infection has been reported to counter this survival strategy, by counteracting the 

pathogen induced phagosome maturation block (Ghigo et al., 2002). The L YST mutation 
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is known to prevent the conversiOn of early endosomes into late multi-vesicular 

endosomes. This maturation block in Lm infected macrophages can therefore plausibly 

result, in enormously compromised Lm clearance by bg/bg macrophages, despite normal 

levels of NO induction. Further, it is possible to speculate that due to the effect of the 

Lyst mutation, IFN -y mediated abrogation of the Lm infection induced phagosome 

maturation block is delayed so that, improved Lm clearance in IFN-y primed bg/bg 

macrophages is evident only at the later time point of 48 h, compared to C57BL/6 

macrophages which begin showing improved clearance even by 24 h of infection (Fig. 

17B). 

Previous work has demonstrated that the Thl/Th2 balance of an immune response can be 

modulated by alterations in the antigen processing and presentation on MHCII. 

Increasing the persistence of a cognate antigen resulted in a Th1 biased response, in case 

of a protein antigen (Singh et al., 1998). On the other hand, despite shorter residence in 

the host cell, a pathogenic strain of salmonella induced a Th1 response, rather than a 

more persistent infection with a non-pathogenic strain (Pashine et al., 1999). These data 

emphasize the circumstance specific modulatory roles exercised by similar variables of 

the antigen processing and presentation pathways. Since the Lyst mutation has been 

reported to result in deficient peptide loading and MHCII endosomal sorting (Faigle et 

al., 1998), investigating the resultant Lm-specific T cell response in the bg/bg mice was 

of interest. 

Frequencies of Lm-specific CD4 T cells from lesion draining lymph nodes were similar 

in bg/bg, BL/6 and BALB/c mice (Fig. 18A&B). On examining for Lm induced recall 
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cytokine responses, CD4 T cells from Lm-infected bg/bg mice showed a dominant Thl 

response and made similar levels of IFN-y as C57BL/6 CD4 T cells, whereas the 

BALB/c cultures made low levels of IFN-y (Fig. 18C). Expectedly, BALB/c CD4 T cells 

secreted large amounts of IL-4, unlike C57BL/6 CD4 T cells. However, despite the 

exquisite sensitivity to infection, the bg/bg CD4 T cells did not display any apparent shift 

to a Th2-like cytokine response, as evidenced by generation of similarly low levels of IL-

4 as seen in the C57BL/6 cultures. 

Therefore, the lack of an IFN-y dominant Thl response was not responsible for the 

increased Lm infection susceptibility exhibited by the bg/bg mice. Rather, compromised 

phagosome maturation resulting from the Lyst mutation, further accentuated by infecting 

Lm parasites, which could only be partially rescued by IFN-y, eventually leading to 

compromised parasite clearance and increased disease severity. Interestingly, simply a 

delay in the macrophage response to IFN-y thus appears to be sufficient to cause a 

transition from health to chronic disease, underlining the subtle and quantitative nature of 

the determinants of clinical disease. 

The role of endogenous retroviral loci in controlling susceptibility to Lm 

infection 

The classical C57BL/6-BALB/c mouse model system used to study cutaneous 

leishmania! disease, while having been extremely useful in understanding the principles 

of control of infectious agents; it has not proven as useful for understanding the genetic 

basis of human leishmaniasis. One of the reasons is that BALB/c mice appear to have a 
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global, rather than a disease-specific, tendency to generate interleukin-4 (IL-4 )­

dominated Th2-like T cell responses (Hsieh et al., 1995). Also, while C57BL/6 mice 

show rapid and almost complete clearance of Lm infection, BALB/c mice succumb to a 

disseminating form of infection that is rapidly fatal (Howard et al., 1980), unlike human 

leishmaniasis which is generally exhibited as a chronic relapsing infection. Thus, while 

this model contributes to elucidating the genetic control of the global regulation of the 

Thl/Th2 balance, traits that specifically and quantitatively regulate this balance in 

response to leishmania! parasites are the genetic targets most likely to be relevant in 

human disease, and they still remain poorly understood (Lipoldova and Demant, 2006). 

Endogenous replication deficient retroviral integrants have been identified in many 

mammalian genomes. Some of these proviral insertions are transcriptionally active and 

code for superantigen proteins (SAgs) that, in association with MHCII molecules 

(Korman et al., 1992) stimulate T cells bearing particular T cell receptor V-beta (TCRV~) 

segments leading to the activation and/or deletion of these T cell subsets (Janeway, 

1991). Similar insertions in humans, human endogenous retroviruses (HERVs), occupy 

up to 8% of the genome and have been reported to show associations with a number of 

autoimmune conditions, similarly endogenous murine tumor viruses (mtvs) are reported 

to mediate susceptibility to both infections (Bhadra et al., 2006; Gorgette et al., 2002) 

and tumors (Schirrmacher et al., 1998). Although the mechanisms involved in such a 

modulation of responses are still unclear, they seem to be a result of more than the T cell 

deleting function of the SAgs. 
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On this background, the course of Lm induced cutaneous leishmania! infection was 

studied in two closely related mouse strains in the genetically Lm resistant CBA 

background, namely, CBA/J and CBA/CaJ, which differ by the presence of integrations 

of the retroviruses mtv-6 and mtv-7 carried by the CBA/J in addition to mtv-8 and mtv-9 

which are carried by both CBA/J and CBA/CaJ (Tomonari et al., 1993). 

On footpad infection with Lm, while both strains were resistant in comparison to the 

BALB/c strain (Fig.19B), only transient lesion formation was observed in CBA/CaJ 

mice, whereas low-grade chronic lesions were in evidence in the CBA/J mice (Fig. 19A). 

Histopathological examination revealed persistent subcutaneous inflammatory infiltrates 

in the CBA/J, while CBA/CaJ mice showed relatively normal tissue morphology (Fig. 

20). 

The magnitude of effector CD4 and CD8 T cell expansion induced in the draining lymph 

nodes in response to Lm infection was similar between CBA/J and CBA/CaJ mice (Fig. 

23), with the CD4 T cell subset being the dominant contributor to the expanded effector 

population in both the strains. Further, Lm-specific CD4 T cell frequencies, as analyzed 

by CD69 induction upon re-stimulation in vitro, were comparable in both the strains (Fig. 

24&25). Thus, the susceptibility of CBA/J mice to chronic Lm infection is not likely to 

be due to a smaller magnitude of the CD4 T cell response. 

A major determinant of the eventual outcome of Lm infection clearance is the balance of 

Th1 and Th2 cytokine responses generated. IL-4-deficient BALB/c mice control 

leishmania! infection effectively (Kopf et al., 1996), while IFN-y-deficient C57BL/6 
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mice do not (Wang et al., 1994). In both CBA/J and CBA/CaJ mice infected with Lm, no 

IL-4, IL-5 or IL-13 was detected in culture supernatants, similar to the profile reported 

for C57BL/6 (Wang et al., 1994). IL-10 has been recently implicated in homeostatic 

downregulation of the inflammatory response (Anderson et al., 2007). Generation of 

greater amounts of IL-l 0 by CBA/J as compared to CBA/CaJ mice might explain the 

persistent lesions observed in the former. However, no differences were detectable in the 

IL-l 0 levels generated by Lm-specific effector CD4 T cells from CBA/J and CBA/CaJ 

mice (Fig. 26C). Recent studies have identified a third subset of IL-17 producing T­

helper cells, Th17 cells, and characterized them to be pro-inflammatory in nature 

(Bettelli et al., 2007). Though the Lm specific IL-17 response in the CBA/J and 

CBA/CaJ has not been analyzed in this study, Th17 responses have been reported to 

result in massive inflammatory infiltrates leading to tissue destruction and a progressive 

worsening of the disease phenotype (Kolls and Linden, 2004 ), contrary to the phenotype 

of localized chronic indolent lesions exhibited by the CBA/J mice. Hence, Th17 

responses are unlikely to be responsible for the chronic Lm infection in CBA/J. 

On analyzing for IFN-y responses; despite the presence of similar frequencies of Lm­

specific CD4 T cells, only about half as many responding cells made IFN-y in the CBA/J 

strain as in the CBA/CaJ strain (Fig. 27&28). Further, the CBA/J T cell culture 

supernatants also showed significantly lower levels of IFN-y as compared to the 

CBA/CaJ T cell cultures (Fig. 26&28). Since, the difference in frequency of IFN-y 

secreting CD4 T cells between the two strains was far less than the quantitative 

difference in the supernatant IFN-y detected, a possibility of a higher per cell IFN-y 

output from the CBA/CaJ CD4 T cells cannot be excluded. Therefore, a quantitative 
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reduction in the IFN-y component of the T cell response, possibly associated with a 

greater per cell IFN-y output, with no observable increase in Th2-like cytokines 

produced, appeared to have resulted in chronic indolent lesions in response to Lm 

infection in the CBA/J mice, similar in appearance to human clinical situation. 

The major reported genetic difference between these two closely related strains of mice 

is the presence of proviral integrants for mtv-6 and mtv-7 in the CBA/J. On genetic 

intercross analysis, the (CBA/J x CBA/CaJ) F1 mice, which inherit both mtv-6 & mtv-7, 

showed reduced resistance to Lm infection similar to parental CBA/J mice (Fig. 21A). In 

the F2 generation, reduced Lm resistance was seen in mice inheriting the mtv-7 

integration, either alone or along with mtv-6 (Fig. 22). Also, while all F2-generation 

mice showed comparable frequencies of Lm-specific CD4 T cells (Fig. 29A), these cells 

from F2 mice inheriting mtv-7 made lower levels of IFN-y, as seen in parental CBA/J 

mice (Fig. 29B). These data implicate the mtv-7 locus in the reduction of IFN-y 

responses associated with increased susceptibility to chronic Lm infection. 

Retroviral insertions in the mouse genome have been correlated with specific alterations 

of disease susceptibility; thus, an mtv-null mouse strain has been shown to be specifically 

more sensitive to infection by Vibrio cholerae but not other pathogens (Bhadra et al., 

2006). More particularly, the mtv-7 locus has also been shown to be associated with 

disease susceptibility in a number of situations. Tumor susceptibility is induced in a 

genetically tumor resistant mouse strain by crossing in the mtv-7 locus (Schirrmacher et 

al., 1998). Inheritance of mtv-7 also confers susceptibility to murine cerebral malaria by 

deleting the v-SAg-7-reactive TVRVp8.1-using T cell population (Gorgette et al., 2002) 
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and to chronic graft-versus-host disease (Gorham et al., 1996). In Lm infection, a subset 

ofT cells expressing TCRV~4 TCRVa8 receptors which recognize the LACK protein of 

Lm and prominently make IL-4 in Lm infected BALB/c resulting in chronic progressive 

lesions, also recognize the vSAg of MMTV (SIM). BALB/c mice rendered TCRV~4-

deficient by MMTV (SIM) but not littermates rendered TCRV~6-deficient by MMTV 

(SW) develop a Th1 response to Lm mimicking the response ofC57BL/6 strain (Launois 

et al., 1997). 

Thus, the simplest model which could explain the association of mtv-7 and Lm 

susceptibility in CBA/J mice was that v-SAg-7-reactive TCRV~-using T cells formed the 

dominant immunoreactive subset responsible for an effective anti-Lm immune response. 

Thereby, developmental deletion of this subset in the CBA/J mice would result in a poor 

Lm-specific T cell response generation leading to a chronic Lm infection. However, this 

was not the case, since the magnitude of the anti-Lm CD4 T cell response was similar 

between CBA/J and CBA/CaJ mice (Fig. 24&25), as it was between the various F2 

groups irrespective of the mtv-7 inheritance patterns (Fig. 29A). Further, the anti-Lm 
• 

CD4 T cell response was also found to be highly heterogeneous in the TCRV~ subset 

representation, since all of the TCRV~ subsets tested, irrespective of v-SAg reactivity, 

showed comparable frequencies of Lm-specific CD4 T cells (Fig. 30A). 

It was also possible that the v-SAg-7-reactive TCRV~ subsets might display 

comparatively higher IFN-y commitment, resulting in a proportionately higher IFN-y 

commitment in CD4 T cells from CBA/CaJ or the mtv-7 non-integrant F2 mice. 

However, all TCRV~-using CD4 T cell subpopulations in a given strain, irrespective of 
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mtv-7 reactivity, showed equivalent IFN-y responses. On the other hand, the same 

TCRVP-using CD4 T cells from Lm-infected CBA/J mice made less IFN-y than those 

from CBA/CaJ mice or mtv-7 non-integrant F2 mice (Fig. 29B&30B). These data 

suggested that, independent of any TCRVP subset specificity, all T cells displayed poor 

IFN -y commitment if primed in the presence of mtv-7 integrant APCs. Further, a similar 

modulation was apparent during the re-stimulation of already primed Lm-specific T cells, 

since the IFN -y response of primed T cells was similarly recalled whether CBA/J or 

CBA/CaJ APCs are used for re-stimulation (Fig. 33). 

Additionally, there was no associated reduction in the ability of mtv-7-bearing 

macrophages to kill Lm in vitro (Fig. 31). Macrophages treated with Leishmania surface 

glycoproteins have been reported to lose their ability to induce iNOS or generate an NO 

response on stimulation with IFN-y and/or LPS (Proudfoot et al., 1996; Proudfoot et al., 

1995). A similar level of inhibition on NO generation was observed in CBA/J or 

CBA/CaJ BMDCs, subsequent to Lm infection, in vitro (Fig. 32 A). Notably, a dramatic 

reduction in nitrite generation was observed when IFN-y was added at 24 h of infection 

(Fig. 32A), consistent with previous reports of such an inhibition in LPG 

(lipophosphoglycan) pre-treated macrophages (Proudfoot et al., 1995). Similarly, 

repression ofiL-12 induction has also been reported in Lm infected (Carrera et al., 1996) 

macrophages, consistent with the observations from CBA/J and CBA/CaJ cultures. 

However, no observable differences in the levels of IL-12 (Fig. 32B) or TNF-a (Fig. 

32C) were seen between CBA/J and CBA/CaJ DCs, confirming the absence of a 

difference in the macrophage effector functions between the two strains. 
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These data suggested that the presence of mtv-7 leads to a modulation of APC function 

during T cell activation, resulting in poor signals for IFN-y commitment during priming, 

and/or that the presence of mtv-7 during T cell development conditions them for poor 

IFN-y responses later. An analogy would be the BALB/c mouse strain, where the IL-4-

dominance in the T cell response is not restricted to Lm infection alone, but is seen in 

response to other immunizations as well (Gorham et al., 1996; Guery et al., 1996; Hsieh 

et al., 1995). However, CBA/J and CBA/CaJ mice responded similarly, both in terms of 

the magnitude and the IFN-y component ofthe T cell response, when immunized with a 

protein antigen in adjuvant (Fig. 34A&B). Thus, mtv-7 appears to provide a specific 

alteration in the commitment of Lm-specific T cells to IFN-y in the CBA mouse strain 

during Lm infection, probably in mtv-7-expressing myeloid APCs, and this alteration is 

subtle enough to make only a quantitative difference, contributing to indolent chronicity 

of Lm infection. 

The eventual outcome of leishmania! infection depends on the cytokine pattern of the 

CD4 T response mounted, so that an IFN -y-dominated response results in effective 

control of infection while its absence is likely to permit progressive disease. On 

extrapolating these data to the chronic disease situation, a likely hypothesis would be that 

a quantitative reduction in the IFN-y component of the T cells response may contribute to 

a state of chronic low-grade infection with chronically persisting lesions. 

Such a subtle effect of retroviral insertions generate the possibility that the known 

retroviral insertions in the human genome (Bannert and Kurth, 2004) may also modify 

immune responses to particular pathogens in this subtle fashion, and may contribute to 
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small but significant increments in susceptibility that would contribute to the difference 

between clearance versus clinical disease. 

Further, most of the genome integrant retroviruses remain replication deficient and a 

further more transcriptionally inactive, due to obvious inactivating mutations. The 

possibility of these hitherto unknown ghost viruses gaining replication competency and 

becoming infectious in turn by utilizing surrogate sequences from existing active 

retroviruses like HIV acting as donors, is very real (Lee and Bieniasz, 2007). 

Thus, the studies reported here highlight the complex and quantitative role played by the 

various components of the cellular signaling environment in myeloid cells, controlling 

both effector and antigen presenting functions, resulting in subtle but decisive 

modulations in the eventual innate and acquired responses so as to be deterministic in 

fine-tuning the balance between health and disease. 
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Summary 

The studies presented here are an effort to use genetic models to study the interactions 

between the various cellular and molecular signaling interactions components involved 

in regulating an immune inflammatory response, and their eventual role in determining 

the balance between disease and health. 

A. Role of signaling intermediate Btk in regulating cellular interactions 

in inflammation 

1. Bruton's tyrosine kinase (BT.K) in myeloid cells: 

1.1 Role in eosinophil lineage 

~ Eosinophils constitute a high proportion of granulocytes in the XIDIIL-5 Tg mice 

~ Compromised eosinophil recruitment and effector functions in XID/IL-5 Tg mice 

Similar to its reported role in other myeloid cells, BTK seems to have a role in regulating 

eosinophil effector jUnctions. 

1.2 Role of the BTK-targeted transcription factor e-Re/ in macrophage effector 

functions 

~ Peripheral blood circulating leukocytes frequencies in the c-Rer1
- mice, remain 

unaltered 

~ Myeloid cell recruitment to sites of inflammation is unaltered in the c-Rer- mice 

~ No compromise in myeloid cell effector functions in the c-Rer1
- mice 

Thus, indicating that e-Re! does not have a non-redundant role in mediating macrophage 

effector functions. 

2. A role for BTK in T-B cell developmental cross-talk 

~ Severe reduction serum immunoglobulin levels in XID/nu and XIDITCR[J-1-

mice, with profound reduction in mature circulating B cells 
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~ Early B cell developmental arrest at the pro/pre B cell stage in X/D/TCR.fJ-1-

~ B cell development is rescued with even a marginal increase in circulating T 

cells in the XID/nu, but peripheral maturation arrest seen in XID mice remains 

unaltered 

XID mice, in the absence of circulating T cells, show severe agammaglobulinemia, 

profoundly reduced mature B cell frequency and an almost complete B cell 

developmental arrest, closely resembling XLA. 

B. Role of lysosomal transporter LYST, in regulating myeloid cell 

functions 

~ Myeloid cells of bg/bg mice show no defect in recruitment to sites of 

inflammation 

~ bg/bg mice show increased susceptibility to cutaneous leishmaniasis 

~ bg/bg macrophages show compromised leishmania/ clearance 

~ bglbg mice show a Thl biased T cells response on leishmania/ infection 

~ IFN-y primed bg/bg macrophages show enhanced leishmania/ clearance 

Thus, the enhanced susceptibility of bg/bg mice to cutaneous leishmaniasis does not 

result from an inability to mount an IFN-y dominant-Thl response, but is due to 

compromised parasite elimination by bglbg macrophages. 

C. The role of endogenous retrovira/ loci in controlling susceptibility to 

Lm infection 

~ CBAIJ mice show chronic low-grade cutaneous leishmania/ infection 

~ Chronicity of Lm infection is associated with inheritance of mtv-7 
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~ Leishmania-specific T cell frequencies are equivalent in CBAIJ and CBA!Cal 

mice 

~ Leishmania-specific CBAIJ T cells make lower levels of IFN-y than CBA/Cal T 

cells 

~ Low IFN-y levels made by CBAIJ T cells are not due to absence ofv-SAg-7-

reactive TCRVP subsets 

~ Leishmania-directed CBAIJ and CBA!Cal macrophage functions are similar 

~ APC identity in recall does not alter the level of IFN-y production 

~ Altered T cell priming by CBAIJ BMDCs is not immunogen independent 

Thus, inheritance of the mtv-7 locus confers a disease specific increase in susceptibility 

to leishmaniasis, independent of its T cell deletion function and mediated by a 

quantitative rather than a qualitative modulation of the immune response. 
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