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Abstract

Lymphocyte-specific reconstitution of [L.-4Ra was recently established by intercrossing
lymphocyte-specific human 1L-4Ro transgenic mice with mlL-4Ra-deficient mice.
Human 1L-4Ra may bind to mouse ye resulting in a chimeric receptor specific for human
i1.-4 but not mouse 1L.-4. This provides us with an inducible 1L-4 system. The aim of this
study was to investigate the in vifro and in vivo characteristics of our novel hlL-4Ra
Te/mlL-4Ra”™ mouse model. The integrity of the tymphocyte-specific hllL-4Ro
expression in hlL-4Ra Tg/miL-4Ro™ mice was demonstrated by FACS analysis.
Lymphocytes responded to hll.-4 but not mlL-4 or mIL-13 in proliferation and T helper
differentiation assays, demonstrating the species-specificity and inducibility of the
chimeric receptor in vitro. Non-lymphocytes like macrophages were unresponsive (o
mll-4 and mllL-13 as assayed by [FN-y/LPS-induced NO production and arginase
activity. The in vivo characteristics of hiL-4Ra Tg/mlL-4Ro” mice were studied using 2
murine disease models: 1) the L major model and 2) the N. brasiliensis model. In
contrast to miL-4Ra” mice, hiL-4Ra Tg/miL-4Ra” mice developed Th2 cytokine and
type 2 antibody responses during either L. major or N. brasiliensis infections, in the
absence of hllL-4, Transgenic mice were unable to expel N brasiliensis worms
confirming unresponsiveness in  non-lymphocytes. These results  suggested that
endogenous mil-4 signaled through the chimeric receptor in hil.-4Ra Te/miL-4Ra”
mice in vivo. Neutralization of endogenous mllL-4 resulted in an inhibition of N
brasiliensis-induced Th2 cytokine and total lgk production in transgenic mice. In a
genetic approach, we depleted endogenous mll.-4 and mlL-13 by intercrossing hlL-4Ra
Te/mlL-4Ra™ mice with miL-4"/ miL-13" mice. The absence of mIL-4 and mlL-13
completely abrogated type 2 responses in both N. brasiliensis and L. major infections.
These data confirmed that the chimeric receptor responded to mlL-4 in vivo. However,
hIL-4Ra Tg/ mIL-4Ra” /mlL-4" /mIL-13" mice were susceptible to L. major infection,
indicating that this mouse model could not be used in L. major intection studies.

Together, these data demonstrate that despite the unresponsiveness of the hilL-4Ra/ myc
chimeric receptor 10 mil-4 and mll-13 in vitro, the chimeric receptor responded to

endogenous miL-4 in 2 different 7w vivo discase models.

%
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LR. 1 Introduction to immunity

immunity (L. immun, safe, free of burden) is defined as the ability of an organism to
protect itself against disease. This includes the identification and destruction of foreign
substances or organisms but also of abnormal cells, such as cancer cells. The mammalian
immune system consists of the innate immunity and the acquired or adaptive immunity.
The innate immune response is the body’s first line of defense. This type of immunity is
present before exposure to pathogens and is especially important early in infections.
Physical and chemical barriers such as the skin, acidic conditions in the gut and mucus
and cilia in the airways are all components of the innate immunity. These exterior
defenses prevent many infectious agents from entering the body. However, when entry is
gained, cellular components of the innate immunity respond immediately to eliminate the
invading organism. Cells of the innate immunity include granulocytes (eosinophils,
basophils and neutrophils), monocytes/macrophages, dendritic cells (DCs) and natural
kitler (NK) cells (Beutler, 2004). Pathogens are recognized by common structures, for
example bacteria contain “pathogen-associated molecular patterns”™ (PAMPs) such as
fipopolysaccharide (LPS) and mannan. Innate cells can kill pathogens directly by the
release of cytotoxic substances, or phagocytose organisms for intracellular killing mostly
via free radicals and other toxic derivatives (Janeway and Medzhitov, 2002).

The adaptive immune response is a highly specific response that recognizes particular
peptide components (antigens) of pathogens or other cells. This involves antibody
producing B lymphocytes, constituting the humoral immunity, and T lymphocytes which
form part of the cell-mediated immunity. B lymphocytes express specific antigen
receptors on their surface, also known as immunoglobulins (lIg) (Raghaven and
Bjorkman, 1996). When an antigen binds 1o its lg receptor, B lymphocytes develop into
plasma cells, which secrete large amounts of the receptor in a soluble form (Calame,
2001; Dal Porto et al., 2004). These receptor molecules are known as antibodies and

circulate the blood and tissue fluids to specifically bind their antigens. Another part of the
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antibody interacts with other factors of the immune system, thereby allowing these
clements to recognize and destroy antibody-coated pathogens (Gessner et al., 1998;
Monteiro and Van De Winkel, 2003; Holer et al., 2006).

T lymphocytes recognize antigens by a specific receptor termed the T cell antigen
receptor (TCR) (Rudolph et al., 2006). The TCR is structurally related to the surface
receptors on B lymphocytes but does not bind free antigen as antibodies do. Antigens are
only recognized when presented by host cells in combination with major
histocompatibility complex (MHC) or CD1 molecules. MHC molecules are polymorphic
cell-surface molecules that bind antigens which have been degraded inside the cell. They
are divided into MHC class | and class Il molecules depending on the type and source of
the antigen presented (Watts, 1997; Cresswell et al., 2005; Stern et al., 2006). CDI
molecules are structurally related to MHC molecules but are not polymorphic and present
lipid and glycolipid antigens (Brigl and Brenner, 2004). Recognition of antigens by T
lymphocytes causes the release of soluble proteins, called cytokines, or the killing of cells
bearing the antigen. T lymphocytes and their functions are discussed in more detail later.
There is a constant interaction, coordination and communication between the various
parts of the immune system and most immune responses to invading organisms combine

the components from both the innate and adaptive immunity.

LR. 2 Cytokines

Communication between the components of the immune system is facilitated by the
release of chemical messengers such as cytokines. Cytokines are low molecular weight
proteins that control, coordinate, and regulate various immune or inflammatory
responses. They are important for inflammation, proliferation, differentiation of B and T
fymphocytes and regulation of macrophage and lymphocyte functions (O'Shea et al.,
2002). There are many cytokines and most of them have a multitude of functions. They
include the chemokines, interleukins, interferons, growth factors, colony-stimulating
factors and tumour necrosis factors. Chemokines are mainly involved in directing the
migration of cells around the body and activating specific cell types. Examples of these

proteins are MCP-1, RANTES MIP-la and MIP-1p3. Interleukins (IL-1 to 11.-33) are
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produced primarily by T cells and play a major role in the proliferation and
differentiation of cells. Interferons, such as IFN-u and IFN-B are secreted by virally
infected cells to induce resistance to viral infection in uninfected cells. IFN-y is produced
by T cells and has a whole range of functions.

Growth factors such as transforming growth lactor (TGI) promote growth of fibroblasts
and other cell types. Colony-stimulating factors mediate the proliferation and
differentiation of mainly bone-marrow stem cells and leucocyte precursors but also
macrophages and monocytes. Tumour necrosis factors like TNF-a and TNF-J have a
major role in cytotoxicity and inflammation. This nomenclature is based mainly on the
first function described for each cytokine but most of them have a multitude of functions
and may belong to more than one of these groups (Borish and Steinke, 2003; Steinke and
Borish, 2006). Cytokines exert their effects by binding 1o specific receptors and
activating intracellular signaling pathways that will induce or inhibit transcription of
cytokine regulated genes (Miyajima et al., 1992; lhle et al., 1995). There are four major
signaling pathways. The Ras/mitogen-activated protein kinase (Ras/MAPK) and
phosphoinositide-3-kinase  (Pl-3-kinase) pathways are both important for cell
proliferation and prevention of apoptosis (Leonard and O’Shea, 1998; Dong et al., 2002;
Deane and Fruman, 2004). Cytokines like 1L-2, 1L-3, 1L-4, 1L.-5 and GM-CSF activate
these pathways. Signal transducer and activator of transcription (STAT) pathways
stimulate gene transcription by activating cytoplasmic transcription factors. Receptor
associated kinases such as Janus kinases (JAKs), phosphorylate different transcription
factors (STATs 1-6, NF-1L6, NFkB) resulting in their translocation to the nucleus and
activation of genes (Hebenstreit et al., 2005). Another major group of pathways are those
that lead to cell death. Members of the TNF family like TNF-a, TNF-B, Fas ligand, CD40
Ligand and TRAIL are especially important in the activation of these pathways
(Aggarwal, 2003).

Some cylokines share receptor subunits and this partly explains their functional
redundancy. Understanding the roles of individual cytokines and the importance of
eytokine expression profiles for the outcome of disease has been a major undertaking in
the scientific world. The use of gene-deficient (knockout) and transgenic mice has

contributed significantly to our understanding of cytokine functions (Durum and Muegge.
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1998). We now make use of mice that are deficient for cytokines or their receptor
subunits, mice that are double, triple or even quadruple gene-deficient and more recently

mice with cell-specific deletions or transgenes.

LLR.3 T lymphocytes

All T dymphocytes express CD3 surface marker and are divided into two major
subpopulations: cytotoxic T (Te) cells and T helper (Th) cells (Woodland and Dutton,
2003). Tc cells, which are identified by their expression of CD8 (CD8"), specifically
recognize antigenic peptides in combination with MHC class | molecules. The
recognition ol foreign peptides such as virus particles presented by MHC class |
molecules will stimulate Tc cells to destroy infected host cells. Killing is mainly
mediated by the release of preformed cytotoxic proteins such as perforin and granzyme,
ot the induction of apoptosis due to binding of Tc cell Fas ligand to Fas on host cells
(Wong and Pamer, 2003; Russel and Ley, 2002).

On the other hand, Th cells, which express CD4, recognize antigens associated with
MHC class [T molecules. These molecules are largely present on immune cells such as B
cells, dendritic cells and macrophages and present peptides which have been internalized
and degraded by the cell. Upon stimulation the T helper cells produce cytokines that
inhibit or activate responses in immune effector cells. CD4" T helper cells can be mainly
subdivided into T helper | (Thl) and T helper 2 (Th2) cells (Mosmann et al., 1986b;
Romagnani, 1996b). Both Thl and Th2 cells originate from the same naive 1L-2
producing CD4" T cell precursors and differentiation of TCR stimulated CD4™ T cells is
mainly controlled by the cytokine environment (Fernandez-Botran et al., 1988; Sad and
Mosmann, 1994; Swain et al., 1988). Exposure to [L-12 and IFN-y will lead to Thl
ditferentiation while 1L.-4 induces Th2 differentiation (Hsieh et al., 1993; Swain et al.,
1990) (Figure A). Other factors that influence T cell differentiation include the amount
and type of antigen (Holland et al., 2000), the antigen presenting cell present (Ron and
Sprent, 1987) and co-stimulatory molecules {(Dubey et al., 1993).

Thl cells secrete interleukin-2 (11.-2), lymphotoxin and interferon-y (IFN-y) which are

associated with cytotoxicity and inflammatory responses to intracellular pathogens such
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Besides Thl and Th2 cells, there are a few other subsets of T lymphocytes. Trl, Th3 and
natural CD4°CD25" regulatory T cells (Tregs) regulate immune responses and play a
crucial role in preventing autoimmunity and excessive effector responses to pathogens.
While Trl and Th3 cells secrete immunosuppressive cytokines like [L-10 and TGF-f,
Tregs exert their actions mainly through ligation of the T cell receptor and cell-cell
contact (Maloy and Powrie, 2001; McGuirk and Mills, 2002; O'Garra et al., 2004;
Sakaguchi et al., 1995; Shevach, 2002).

Th17 cells are 1L-17 producing effector CD4" T cells that require TGF-p for development
This newly described Th17 lineage has a role in autoimmunity and is probably involved
in the clearance of pathogens that are not targeted by Thl or Th2 cells (Bettelli et al.,

2006; Bettelli and Kuchroo, 2005).

LR. 4 Interleukin-4 and Interleukin-13

LR. 4.1 Interleukin-4

IL-4 was originally identified in 1982 as a T cell-derived factor that stimulates
proliferation of murine B cells exposed to anti-lgM antibodies (Howard et al., 1982).
Actions on B cells lead to the name B cell stimulatory growth factor 1 (BSF-1) but when
it became evident that this 15-19 kDa protein formed part of a greater family of
cytokines, and had effects on other cells such as T and mast cells the name [[.-4 was
proposed (Lee et al., 1986; Mosmann et al., 1986a; Noma et al., 1986). 11.-4 is also
secreted by several other cell types including activated T cells, NKT cells, mast cells and
basophils and it exerts a broad spectrum of effects on B cells, T cells, macrophages, NK
cells, mast cells, fibroblasts, granulocytes and endothelial cells (Delespesse et al., 1989;
Monroe et al., 1988; Sad and Mosmann, 1995; Spits et al., 1987; Thornhill and Haskard,
1990; Yoshimoto and Paul, 1994). [L-4 increases the expression of genes such as the fow
atfinity lgE receptor (CD23) (Defrance et al., 1987), 1L-4R (Ohara and Paul, 1988),
MHC class 11 (Noelle et al., 1984), CDB0O and CD86 (Stack et al., 1994) but down-
regulates the expression of the 1gG receptors, CD64, CD32 and CD16 (te Velde et al.,
1990). In addition, IL-4 induces isotype switching to IgFE and 1gG1 in activated B cells
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while suppressing the production of 1gM, 1pG2a, 1gG2b and 1gG3 (Coffman et al., 19806;
Snapper et al., 1988; Vitetta et al., 1985). It enhances the generation of basophils, mast
cells and eosinophils from progenitor cells (Favre et al., 1990; Rennick et al., 1987) and
activates neutrophils for the killing and phagocytosis of opsonized cells (Boey et al.,
1989). IL-4 inhibits the production of IL-I, 1L-6, 1L.-8 and TNIF by monocytes while
stimulating the production of G-CSF and M-CSF (Essner et al., 1989; Miossec et al.,
1992; Standiford et al., 1990; Wieser et al., 1989). On T cells, it plays an important role
in the development of antigen-specilic cytotoxic cells (Horohov et al., 1988) and,
importantly, promotes the differentiation of naive CD4" T cells into the Th2 phenotype

(Le Gros et al., 1990; Swain et al., 1990).

LR. 4.2 Interleukin-13

IL-13 is a 10-14 kDa pleiotropic Th2 type cytokine belonging to the same o helix
superfamily as 1L-4 (Brown et al., 1989; McKenzie et al., 1993a; Minty et al., 1993). The
human I1L-13 gene is located on chromosome 5¢31 only 12 kb distal from the [1.-4 gene.
The mouse 1L-13 gene is found on chromosome 11 together with the genes for 113, 1L-
4, 1L-5 and GM-CSF (Boulay and Paul, 1992; McKenzie et al., 1993b; Smirnov et al.,
1995). 1L-13 is produced by T cells, NK cells, mast cells, basophils, eosinophils and
dendritic cells (Hoshino et al., 1999; McKenzie et al., 1993a). [L-4 and [L.-13 have only
about 25% homology but share many functional properties. IL-13 up-regulates MHC
class 1, CD23 and CD80/86 on monocytes and macrophages and inhibits monocytes
production of proinflammatory cytokines and chemokines (de Waal Malefyt et al., 1993;
McKenzie et al., 1993a: Punnonen et al., 1993). In addition, it induces vascular cell
adhesion molecule (VCAM)-1 on vascular epithelium to direct migration of lymphocytes,
monocytes, basophils and eosinophils to sites of inflammation (Bochner et al., 1995;
Ying et al., 1997). 1L-13 also has distinct functions. Unlike IL-4, it does not influence
differentiation or STAT6 activation in T cells (de Waal Malefyt et al., [995; Minty et al.,
1997, Zurawski et al., 1993). Whereas 11.-4 behaves similarly in human and mouse B
cells, 1L-13 acts differently in these species. In human B cells, 1L-13 induces class

switching to 1gG4 and gk as well as modulating expression of CD23 and MHC class (1
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{Punnonen et al., 1993) In contrast, mouse H.-13 does not exert such actions on B cells
in the murine system (Welham et al., 1995; Zurawski and de Vries, 1994). There have
been a few studies supporting a role for IL-13 on mouse B cells. [L-13-deficient mice had
decreased IgE production while mice overexpressing 1L-13 had eclevated IgE levels
(Emson et al., 1998; McKenzie et al., 1998b) Another study showed that treatment of
mice with rlL-13 caused enhanced antibody production but no elevated lgk (Lai and
Mosmann, 1999). The in vivo effects observed for 1L-13 on murine IgE is probably
indirect.

113 plays an essential role in protective immunity against some parasite infections and
a detrimental role in others. [t is critical for resistance to gastrointestinal nematodes like
N. brasiliensis and T. muris (Bancroft et al., 1998: Urban et al., 1998) while being the key
mediator of hepatic fibrosis in schistosomiasis (Fallon et al., 2000). It was also found to
be involved in tumor immunosurveillance (Terabe et al., 2000) and has a pivotal role in
allergic asthma (Wills-Karp et al., 1998). Administration of IL-13 to mice and the
overexpression of 1L-13 in the lungs of transgenic mice induce many features of the
allergic phenotype including airway inflammation, mucus cell hyperplasia, eosinophilic
infiltration, nonspecific airway hyperresponsiveness and airway remodeling. On the other
hand, blockade of 1L-13 in allergen challenged mice prevented airway inflammation and
mucus production (Grunig et al., 1998; Wills-Karp et al., 1998). With the availability of

more gene-deficient mice additional roles for 1L-13 are being discovered.

LR. 4.3 [L-4/IL-13 receptors

The overlapping biological functions of 1L.-4 and 1L.-13 can be explained by their shared
receptor components. For signaling, both cytokines require 1L-4Ra as part of their
heterodimeric receptors. Treatment of mice with anti-lL-4Ra antibodies or 11L.-4
antagonists that specifically bind [L-4Ra, blocked responses of both IL-4 and 1L.-13
(Hilton et al., 1996, Zurawski et al., 1995; Zurawski et al., 1993). It is suggested that at
least three receptor combinations exist for the IL-4 and 1L-13 receptor complexes
although some of the subunits may bind [1.-4 or 1L-13 as non-signaling monomers

(Figure B).
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Figure B. IL-4 and IL-13 receptor complexes

IL-4 interacts with the IL-4Ra subunit in combination with either yc (Type 1 IL-4R) or IL-13Ral
(Type I1 1L-4R). IL-13 interacts with IL-13Ral in combination with IL-4Ra or with IL-13Ra2.

Increasing thickness of the arrows indicate increasing binding affinities (K4) (Adapted from
Brombacher, 2000)

The type I receptor consists of the common IL-2Ry chain, yc and the 140 kDa IL-4Ro.
subunit (Mosley et al., 1989; Russell et al., 1993). The yc is also shared by the receptors
for IL-2, IL-7, 1L-9 and IL-15 (Giri et al., 1994; Noguchi et al., 1993; Russell et al., 1994;
Takeshita et al., 1992). Neither the IL-4Ra nor the yc, separately or together binds [L-13
(Vita et al., 1995). The type I receptor is expressed predominantly on hematopoietic cells

and binds IL-4 with high affinity (Kd = 50-100pM) leading to the heterodimerization of
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the two receptor subunits. [L-4Ra is expressed at low levels in most cell types examined
but its expression is up-regulated with 1L-4 or mitogenic stimulation (Lowenthal et al.,

1988: Ohara and Paul, 1987; Ohara and Paul, 1988; Park et al., 1987a).

The type H receptor is composed of the [L-4Ra chain and the 70 kDa [L-13Ral chain.
This receptor is found on both hematopoietic and nonhematopoietic cells and interacts
with 1L-4 and [L-13 with high affinity (Hilton et al., 1996: Miloux et al., 1997). The IL-
4Ra chain binds only IL-4 whereas the 11.-13Ral chain binds only 1L-13 (Zurawski et al,,
1993), The IL-13Ral chain by itself binds 1L-13 with low affinity (Kd = 10nM) and is
unable to transduce a signal, but when combined with 1L-4Ra it forms a high affinity [L-
I3 binding complex capable of signaling (Aman et al.. 1996; Miloux et al., 1997). 1L~
I3Ral expression was demonstrated on the majority of cell types examined except for
human T cells and mouse T cells and B cells, explaining the lack of [L-13 responsiveness
in these cell types (Akaiwa et al., 2001; Gauchat et al., 1997; Graber et al., 1998; Murata
et al., 1998; Vita et al., 1995),

The third receptor found in both mice and humans is a 55-60 kDa protein termed .-
13Ra2, which specifically binds [L-13 with high affinity (kD = 0.25nM) (Caput et al.,
1996; Donaldson et al., 1998). The extracellular region of [L-13Ru2 is closely related to
IL-13Ral but the cytoplasnﬁc domain differs in that it does not posses signaling motifs
or binding sequences for signaling molecules. The absence of signaling combined with
high affinity ligand binding suggests that [1.-13Ra2 may act as a decoy receptor similar
to the IL-1 type H receptor (Colotta et al., 1994). Evidence for this was provided by
studies using IL-13Ra2-deficient mice. It was shown that 1L-13Re2 expression is
regulated by IL-13 and the absence of this receptor increased IL-13-dependent liver
fibrosis during a Schistosoma mansoni infection (Chiaramonte et al., 2003). The majority
of lymphoid populations examined thus far do not express 1L-13Ra2 except for a
subpopulation of germinal center cells and a plasmacytoid cell line that contain small

amounis of mRNA for this protein (Guo et al., 1997).
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In addition to the cell surface receptors, secreted forms of the 1L-4 and 11.-13 receptor
subunits have been described. The soluble H-4R (siL-4R) is a 30-40 kDa truncated [orm
of the membrane receptor that still binds I1.-4 with the same affinity as the membrane I1L-
4Ra (Fanslow et al., 1990; Fernandez-Botran and Vitetta, 1990; Keegan et al., 1991;
Mosley et al., 1989). The two forms of the receptor are encoded by different messages
produced by alternative RNA splicing of transcripts from the same gene (Wrighton et al.,
1992). The soluble 1L.-4R can act as a competitive inhibitor of 1L-4 in vitro and in vivo
indicating a role in regulation of 1L-4 activity (Fanslow et al., 1991; Gessner et al., 1994;
Mosley et al., 1989). It was furthermore suggested that slL-4R may act as an agonistic
carrier protein (Fernandez-Botran and Vitetta, 1991; Sato et al., 1993), 1L-13R«2 can also

be secreted from the cell surface as a soluble form of the receptor (Zhang et al., 1997).
LR. 4.4 Mechanisms of 1L-4 and IL-13 signaling

The components of the [L-4-IL-13 receptor complexes are constitutively associated with
Janus tyrosine kinases (JAKs): [L-4Ra associates with JAKT (Yin et al., 1994), ye with
JAK3 (Russell et al., 1994y and 1L-13Ral with JAK2 or TYK2 (Murata et al., 1996;
Umeshita-Suyama et al., 2000). Upon ligand binding the receptor subunits dimerize
leading to the activation of JAKs. Activated JAKs phosphorylate tyrosine residues in the
cytoplasmic domain of the lL-4Ra, which can in their phosphorylated state act as
docking sites for signaling molecules. The 1L-4Ra dedicated signal transducer and
activator of transcription 6 (STAT6) is recruited to the phosphorylated IL-4Ra where it
also becomes phosphorylated by JAKs (Hou et al., 1994; Ryan et al, 1998).
Phosphorylated STAT6 monomers dimerize and translocate to the nucleus to bind
STAT6 binding elements in promoters of 11.-4 and [L- 13 responsive genes (Izuhara et al.,
1999; lJohnston et al., 1994; Mivazaki et al., '1‘994; Witthuhn et al., 1994). The
cytoplasmic domain of 1L-13Ral also binds to STAT3 and [1.-4 or 1L-13 binding leads to
the phosphorylation of this transcription factor (Orchansky et al., 1999; Umeshita-
Suyama et al., 2000).

Other groups ol signaling molecule recruited to the phosphorylated 1L-4Ra are regulatory

phosphatases, which are involved in the negative regulation of signaling (Hanson et al.,



Literature Review

2003) and the insulin receptor substrate (IRS) family (Jiang et al., 2000). IRS proteins
become phosphorylated and can associate with cytoplasmic signaling molecules such as
phosphatidylinositol 3-kinase (PI3K) which is important for growth and regulatory

signals through the 1L-4Ra (lzuhara and Harada, 1993; 1996).

LR. 4.5 Species-specificity

Murine and human 11.-4 display about 60% amino acid homology and mediate similar
effects on T cells in their respective species (Lee et al., 1986; Yokota et al., 1986).
Furthermore, the receptors for these two proteins share about 53% homology (Idzerda et
al., 1990). Despite this homology the binding of murine and human [L-4 to their
respective receplors is species-specific (Lowenthal et al., 1988; Nakajima et al., 1987;
Ohara and Paul, 1987; Park et al., 1987a; 1987b). Human cell lines are able to respond to
human 1L-4 but not mlL-4, while mouse cell lines do not bind hll.-4 but respond to mlL-
4 (Mosmann et al., 1987). However, hlL-4 is able to bind to receptors on monkey cell
lines (Park et al., 1987b). The expression of hll-4Ra in a mouse cell line confers
responsiveness to hll-4 indicating that hiL-4Ra is able to form a functional receptor with
mouse signaling components (Idzerda et al.. 1990). Later it was demonstrated that murine
ye can complex with either mllL-4Ra or hil.-4Ra to form a functional type | receptor
(Andrews et al., 2001). The same does not hold true for the type Il receptor: the
interaction between [1.-4Ra and 1L-13Ral is species-specific. In murine B cells,
transfected hiL-4Ra was not able to associate with mIL-13Ral to form a functional 1L-
3R, whereas transfection of both hil.-4Ra and hlL-13Ral rendered cells responsive to
IL-13. Interestingly, 11.-13 itself is not species-specific and both human and murine 1L.-13
can signal through receptors of the other species (McKenzie et al., 1993a). However, IL-
13 is species selective because although mouse 1L-13 will act equally on mouse and
human cells, human 11L-13 has a greater effect on human cells than on mouse cells (de

Vries, 1996; Minty et al., 1993).
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LR. S Leishmania major

LR. 5.1 Brief history of Leishmania

Leishmania is the causative agent of the discase leishmaniasis. [t was first discovered in
1903 in the spleens of patients with malaria-like symptoms and named as Leishmania
donovani after its separate co-discoverers William Leishman and Charles Donovan. The
protozoan parasites are transmitted by the sandfly vectors Phlebotomus (old world) or
Lutzumyia (new world) which become infected with Leishamania when feeding on the
blood of infected individuals or animals (Figure C). The Leishmania parasites live as
amastigotes in macrophages but transform into motile flagellate promastigotes when
released in the stomach of the insect (Killick-Kendrick, 1990). When the sandfly takes
another blood meal, the metacyclic promastigotes are transferred into the skin of the host.
The parasite promastigotes bind to host macrophages via surface molecules such as the
complement receptor 1 and 3, mannose fucose receplor, the Fc receptor and the
fibronectin receptor (Channon et al., 1984; Da Silva et al., 1989; Guy and Belosevic,
1993; Locksley et al., 1988; Ouaissi, 1988; Wilson and Pearson, 1986). The organisms
are internalized into phagosomes which fuse with lysosomes to form the macrophage
parasitophorous vacuole. Here, the parasites transform into replicating intracellular
amastigotes and continue to spread to uninfected cells (Alexander and Russell, 1992;

Antoine et al., 1998; Desjardins and Descoteaux, 1998).

The different species of the genus Leishmania produce a wide range of diseases differing
in severity (Herwaldt, 1999; Pearson et al., [983). In visceral leishmaniasis, caused by L.
donovani, the parasite disseminates to spleen, liver and bone marrow. Cutaneous
leishmaniasis is characterized by localized lesions with the parasites remaining in the
cutaneous lesions and draining lymph nodes. This form of feishmaniasis is caused by /.
tropica and L. major in the old world while L. mexicana, L. amazonensis and L.

brasiliensis is responsible for cutaneous leishmaniasis in the new world.
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Figure C. Life cycle of the Leishmania species

Leishmania parasites are transmitted by female phlebotomine sandflies. The
sandflies inject the infective stage, promastigotes, into the skin of the host
during blood meals @ Promastigotes inside the skin are phagocytized by
macrophages @and transform into amastigotes (3] Amastigotes multiply in infected
cells of various tissues depending on the Leishmania species @&. Sandflies become
infected when they ingest amastigote-infected macrophages during blood meals on
an infected host (9, 9}. Amastigote parasites differentiate into promastigotes in
the midgut of the sandfly @, where they multiply and migrate to the proboscis (5]
(CDC).
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LR. 52 The murine L. major model

The use of animal models is essential for the characterization of disease and its effects on
the host. It is important to choose an animal model that matches the disease response in
humans but is also easily available and maintained. The difterent Leishmania species
cause clinically distinct symptoms in mice making them uselul to study the spectrum of
leishmaniasis observed in humans. The murine Leishmania major model is a well
established model for cutaneous leishmaniasis and the disease observed in mice closely
resembles that in humans, including varying susceptibility depending on the strain of
inbred mouse used. Genetically susceptible BALB/c mice make a non-protective Th2
response while resistant C57B1/6 mice mount an early Thl response that results in
healing (Heinzel et al.; 1991; 1989: Locksley et al., 1987). This has made the murine L.
major model useful for studying the in vivo factors involved in T helper differentiation of

CD4" T cells as well as the role of cytokines in the outcome of disease.

LR, 3.2.1 Influence of parasite strain on disease outcome

Many discrepancies in the results between research groups are due to the use of different
L. major strains (Table A). lL-4-deficient BALB/c mice maintain a non-healing
phenotype when infected with L. major Seidman while being able to control infection by
other L. major strains like FEBNI, Friedlin and IR173. The reasons for these differences
are not always clear but it seems that strains might be predisposed to induce a particular
type of immune response. For example, L. major LV39 infection results in a non-healing
phenotype when mice are treated with anti-IFN-y or anti-1L.-12 while lesions induced by
L. major Friedlin are controlled under these conditions. It is possible that these two
strains also express different levels of the LACK (for Leishmania homologue of the
receplor for activated C kinase) antigen because proliferation of T cell clones to the LV39
strain is more than double that observed for L. major Friedlin (Hondowicz and Scott,
1999). Different results with [L-4-deficient mice using L. major 1.V39 may be due to

strain differences between laboratories.
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Table A. BALB/c susceptibility to different Leishmania major substrains

L. major substrains are indicated as follows: Seidman (WHOM/SN/74),

FEBNI

(MOHM/IL/81/FEBNI), Friedlin (MOHM/IL/80/Friedlin), IR 173 (WHOM/IR/-/173) and
LV39 (MRHO/Sv/59/P-strain).

L.major | Anti [L-4/IL-13 7
: tm{n L4 IL-4" | IL-13" | IL-4Ra™ Note Lab Reference
STAT6 ™
. Kropf et al., 1997,
Seidman yes Multer 1999, 2003
FEBNI no Gessner Debus et al., 2003
1o Kopfet al., 1996
no Muller Kropf et al.,, 2003
Friedlin reduced Sacks Belkaid et al., 1998
N Noben-Trauth et al.,
reduced Sacks 2003
no no Staudt Dentetal., 1999
T parasite Noben-Trauth et al.,
IR 173 reduced | reduced no load Sacks 1999, 2003
reduced Locksley Heinzel et al., 1989
backete Sadick et al., 1990,
no Y 1991
no Locksley Wakil et al., 1996
no Locksley Stetson et al., 2002
Chatelain et al., 1992,
no Coffman 1999
von der Weid et al.,
no Coffman 1096
Maier Heinzel & Maier
no no 1999
no Reiner Brown et al., 1996
LV39 no no no McKenzie Matthews &t al., 2000
reduced reduced b I{; ::isne Brombacher | Mohrs et al., 1999
. _ Noben-Trauth et al.,
reduced | yes yes Sacks 1999, 2003
Noben-Trauth et al.,
reduced | yes Muller 1996
yes Muller Kropfet al., 2003

i
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LR.5.2.2 Other factors that influence susceptibility

It has become clear that susceptibility is controlled by more than one critical factor and
that cytokine profile of the host alone can not predict disease outcome. Host strain
differences play a major role in the outcome of L. major infection and resistant or
susceptible strains have a bias towards a certain response due to intrinsic differences in
factors that may influence differentiation or effector pathways. For example, BALB/c
mice may have a bias lowards a Th2 response due to inherent defects in Thl
differentiation. DC’s from BALB/c mice produce low levels of [L-l1 compared to
resistant strains, which could result in insufficient T cell priming and defective Thi
differentiation (Filippi et al., 2003; von Stebut et al., 2003). A few swdies have
investigated genetic differences between resistant and susceptible strains and identified
multiple genetic loci which by themselves have no effect but contribute to resistance to L.
major infection (Beebe et al., 1997, Demant et al, 1996; Lipoldova et al., 2000;
Viadimirov et al., 2003). Together with host strain differences, the parasite strain used (as
discussed carlier), the site of infection and dose of the parasite also influence discase
outcome. Most experimental infection models involve subcutaneous infection in the hind
footpad or at the base of the tail. Although susceptibility in BALB/¢c mice appears to be
unaffected by the inoculation site, SWR mice develop large lesions when infected at the
base of the tail while resolving footpad lesions (Nabors and Farrell, 1994). Another
example is the differences observed between intradermal infections in the ear and at the
base of the tail. DBA/2 mice are susceptible when infected in the tail while they are able
to cure infections in the ear. Furthermore, there 1s a lack of correlation between disease
severity and cytokine profiles in CBA/H, C3H/HeN., C57BL/6J and DBA/2 mice
(Baldwin et al., 2003). The dose of the parasite used for infection is particularly
important in BALB/c mice. High doses favor a Th2 response and progressive disease
while a low dose promotes Thl development and healing. As expected, a high dose also
renders normally resistant mice susceptible to infection (Bretscher, 1992; Menon and
Bretscher, 1998). The influence of these factors on immune response and disease
outcome emphasizes the importance of choosing a suitable infection model and taking

these factors into account when interpreting results.
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LR. 5.3 The immune response to L. major

Taking into account that various factors play a role in resistance and susceptibility to L.
major infection, the study of this model has still provided crucial information about CD4”

T cell development and the regulation of the Th1/Th2 balance.

LR, 531 The role of 1L-12 for Thi differentiation

The outcome of disease in L. major infections is determined by the balance of Thl and
Th2 responses. Resistance in C57BL/6 mice is associated with a shift towards the
expansion of CD4" T cells that produce 1FN-y while non-healer BALB/¢ mice exhibit
more CD4" T cells that produce 1L-4 and I1-10 during infection (Heinzel et al., 1991;
Heinzel et al., 1989; Sadick et al., 1986). The opposing roles of these distinct CD4"
subsets in disease outcome was demonstrated with the transfer of L. major specific Thl
and Th2 cells in severe combined immunodeficiency (8CID) mice, resulting in healing or
non-healing lesions, respectively (Holaday et al., 1991; Varkila et al., 1993). Although
IFN-y has a crucial role in the elimination of L. major in infected hosts it is not necessary
for the development of a Thl response (Swihart et al., 1995). Several studies identified
IL-12 as a critical regulator for CD4" T cell differentiation. Administration of rlL-12 at
the time of infection cures normally susceptible BALB/c mice (Heinzel et al., 1993b)
while anti-11.-12 treatment exacerbates disease in C57BL/6 mice (Sypek et al., 1993).
Direct evidence for the role of 1L-12 in Thi induction was provided with genetically
resistant 11-12~deficient mice being susceptible 1o L. major and mounting a polarized
Th2 response (Mattner et al., 1996).

[L-12 is primarily produced by dendritic cells, polymorphonuclear cells, macrophages
and B cells, and stimulates the production of IFN-y from T and NK cells (Gately et al.,
1998; Trinchieri, 1998). Although various intracellular pathogens strongly induce
macrophages to produce IL-12, L. major does not elicit this response (Cooper et al.,
1995 Hsieh et al., 1993; Reiner et al., 1994; Tripp et al., 1993). L. major parasites are not
only poor inducers of IL-12 in infected macrophages but selectively impair 1L-12

production by these cells (Belkaid et al., 1998; Carrera et al., 1996).
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Dendritic cells were shown to be the major source of [1.-12 and play a pivotal role in the
development of Leishmania-specific T cell responses (Sousa et al., 1997; Will et al.,
1692). Resident macrophages phagocytose promastigote parasites at sites of infection
resulting in the recruitment of various inflammatory cells including dendritic cells (DCs)
(Belkaid et al., 1998; von Stebut et al., 1998). The DCs take up amastigotes, become
activated to produce IL-12 and migrate to lymph nodes where they present Leishmania
antigen to naive T cells for the induction of Thi differentiation (Moll et al., 1995; Moll et
al.. 1993; von Stebut et al.. 1998). 1L-12 also induces the production of innate IFN-y by
NK cells which promotes further 1L.-12 secretion by DC’s and Thi differentiation (Borg
ct al., 2004).

Many studies suggested that the difference between resistant and susceptible strains lies
not in the levels of 1L-12 produced but in [L-12 responsiveness due to the expression of
its receptor subunits (Guler et al., 1996; Szabo et al., 1995). The 1L-12 receptor (1L-12R)
is composed of at least two subunits, IL-12RB1 and [L-12RB2 (Chua et al., 1995; Presky
¢t al., 1996) and the inability of Th2 cells to respond to 1L-12 is due to a lack of 1L-
I2RP2 expression (Szabo et al, 1995). In susceptible BALB/c mice the early 1L-4
production inhibits IL-12RP2 expression thereby promoting Th2 cell development
whereas in C57BL/6 mice 11.-12 receptor expression is maintained allowing the induction
of Thi differentiation (Himmelrich et al., 1998: Jones et al., 1998; Launois et al., 1997b;
Szabo et al.. 1997). However, a later study showed that transgenic BALB/c mice
constitutively expressing 1L-12RB2 still exhibit a non-healing phenotype to L. mujor
infection indicating that 1L-12 signaling alone can not explain differences in

susceptibility (Nishikomori et al., 2001).

I.R. 5.3.2 The role of other cytokines for Thl differentiation

11-18, 1L-23 and 1L-27 have also been identified as having roles in Thi differentiation
and the production of IFN-y during L. major infection. 1L-18 is produced by activated
macrophages and has been shown to be critical for immunity against intracellular
pathogens such as Mycobacterium tuberculosis and Crypiococus neoformans (Kawakami

et al., 1997; Okamura et al., 1995; Sugawara et al., 1999}, During L. major infection, 11L-
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18 may play a role early in infection but it is not essential for Thl development and
protection against the parasite. 1L-18"" CS7BL/6 mice develop a Thl response and are
able to resolve L. major lesions as effectively as the wild-type mice (Monteforte et al.,
2000). However, 1L-18 may act synergistically with [L-12 to produce IFN-y and induce
protection against L. major infection in BALB/¢ mice (Li et al., 2004; Ohkusu et al.,
2000). 1L-23 is an IL-12-related cytokine consisting of a pl9 protein and the p40 subunit
of 1L-12. This cytokine is mainly produced by activated dendritic cells and can induce
proliferation and IFN-y production from memory T cells (Oppmann et al., 2000). 1L-23
may be important for the maintenance of [FN-y production but can not by itself induce
protection to L. major infection, as was demonsirated by 1L-12p35™ mice (Mattner et al.,
1996). 1L-27, a heterodimer consisting of an 1L-12p40 related protein and p28, an IL-
2p35 related protein, can synergize with 1L-12 to induce 1FN-y production from naive
(D47 T cells (Planz et al., 2002). C57BL/6 mice deficient in the 1[.-27 receptor, WSX-1,
are more susceptible to L. major infection and have impaired 1FN-y production early in
infection (Yoshida et al., 2001). More recently it was shown that the requirement for 1L.-
27 in Thl differentiation and protection to L. magjor infection is restricted to an

environment in which 1L-4 is produced (Artis et al., 2004).

LR.5.3.3 The role of IL.-4 in Th2 differentiation and susceptibility

The early [L.-4 associated with the Th2 response in susceptible BALB/c mice is produced
by MHC class 11 restricted VB4Va8 CD4" T cells that recognize the LACK antigen (Julia
et al., 1996; Launois et al., 1997a; Mougneau et al., 1995). VB4-deficient BALB/c mice
do not generate the early IL-4 burst and are resistant to L. major infection while rll.-4
treatment restores the Th2 development and susceptibility in these mice (Himmelrich et
al., 2000). Neutralization of 1L-4 in L. major infected BALB/c mice demonstrated that
the presence of 1L-4 within the first 48 hours of infection is crucial for susceptibility and
the irreversible commitment of naive T cells to the Th2 pathway (Sadick et al., 1991},
These findings suggested that early 1L-4 might be the controlling factor for a Th2
response and susceptibility. Contrary to this, it was found that resistant strains like

B10.D2 and C57BL/6 also produce a burst of 1L-4 in response to LACK antigen
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implying that carly 1L.-4 production can not predict disease outcome in all resistant and
susceptible strains (Julia and Glaichenhaus, 1999; Reiner et al., 1994; Scott et al.. 1996,

The regulatory role of 1L-4 in L. major infection was further questioned with the finding
that [L-4-deficient BALB/c mice, although being more resistant, do not eliminate the
parasite as cfficiently as a resistant strain (Kopf et al., 1996b). Another study showed that
IL-4" mice were susceptible to disease and proposed that other factors may contribute to
susceptibility (Noben-Trauth et al., 1996). [L-4Ra”" and STAT6™ mice are more resistant
than I1L-47" mice suggesting that {1-13 also plays a role in susceptibility. Surprisingly,
these mice develop an unimpaired Th2 phenotype, providing evidence that I1L.-4 and 1L-
13 are not required for Th2 differentiation in L. major infection. The original simplistic
view of 11.-4 as the sole regulator of Th2 differentiation has now given way to a more
complex model where 1L-4 and 1L-13, as well other factors influence disease outcome.
This model is further complicated by findings showing that the effect of 11.-4 on disease
outcome is determined not by its accumulation but by the timing of its presence during an
infection. When present only during the initial priming of dendritic cells by L. major, 11.-
4 induces DC’s to produce 1L-12 leading to Thl differentiation and resistance to disease.
In contrast, the additional presence of [L-4 during T cell priming decreases the expression

of 1L-12R P2 resulting in Th2 differentiation and susceptibility (Biedermann et al., 2001).

However, [L-4Ra” and STAT6™ mice are still more resistant to infection than BALB/c
mice clearly indicating the important role of [L-4Ra signaling for control of L. major
infection. Various cell-specific 1L-4Ra™ sirains are currently under investigation to
unravel the roles of IL-4Ra signaling in difterent cells of the immune system and the

effects this may have on susceptibility to L. major infection.
ILR. 5.3.4 The role of other Th2 cytokines in L. major infection

A role for 1L-13 in disease outcome to L. major infection has been shown with studies
using mice deficient for [1.-4Ra, STATG, 1L-13 or both 1L.-4 and 1L-13. IL-4Ra”™ mice
and 11.-4/11.-13 double-deficient mice are more resistant to L. major infection than mice

deficient for only one of these cytokines (Matthews et al., 2000; Noben-Trauth et al.,
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t999). This finding together with the increased susceptibility observed in C57BL/6 mice
overexpressing 1L-13, indicates that IL-13 can cooperate with 1L-4 to induce Th2
differentiation and susceptibility to L. major. On the other hand, L. major infected I1.-
4Ra” mice develop progressive disease during the late (chronic) phase of infection while
I1.-4" mice remain resistant suggesting a protective role for 1L-13 in chronic disease
(Mohrs et al,, 1999),

[L.-9 is another Th2 cytokine produced in BALB/c mice during an infection with L. major
(Gessner et al., 1993). Treatment of genetically susceptible mice with long lasting anti-
[L-9 antibodies results in increased resistance to L. mgjor and impaired Th2/type2
responses. These detrimental effects are dependent on IL-4Ra expression suggesting that
IL.-9 acts downstream [rom IL-4-mediated Th2 differentiation and may play a role in the
maintenance of a Th2 response. The increased resistance observed for 11L.-4, 11.-5, [L-9
and 1L-13 gquadruple-deficient mice compared to 1L-4" or 1L-4/1L-13 double-deficient
mice further supports the notion that the Th2 cytokines are functionally redundant and

play a combined role in susceptibility to L. major (Robetts et al., 2005).
LR. 5.3.5 The role of IL-10 in parasite survival

The strong correlation between 1L-10 production and disease progression in humans with
leishmaniasis points to an important role for this cytokine (Ghalib et al., 1993; Louzir et
al., 1998). 1L.-10 transgenic C57BL/6 mice are unable to control L. major infection
despite the development of a Thi response. In this study it was suggested that 1L-10
inhibits effector functions because susceptibility in transgenic mice is reversed by anti-
1L-10 treatment (Belkaid et al., 2001; Groux et al,, 1999). Conversely, BALB/¢c mice
deficient in 1L-10 or treated with anti-1L-10R antibody are more resistant (o L. major
infection (Kane and Mosser, 2001). Mice deficient for both 1L-10 and 1L-4Ra were
strikingly more resistant than the single-deficient mice indicating that 11.-4. 1L-13 and [L-
10 have a cumulative effect for susceptibility (Noben-Trauth et al., 2003),

Leishmania amastigotes induce the production of 11.-10 by macrophages via host 1gG and
Fey receptors. 1gG binds to the surface of amastigotes resulting in the ligation of

macrophage FeyR and subsequent 11.-10 production (Guy and Belosevic, 1993: Peters et

£
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al., 1995; Sutterwala et al., 1998). In the absence of 1g(, amastigotes lose their ability to
induce 1L-10. The important role of FeyR ligation in this induction was demonstrated

with the reduced 1L-10 production in y-deficient mice (Kane and Mosser, 2001).

LR. 5.3.6 The role of CD4'CD25" T cells

CD4"CD25" regulatory T cells are a major source of [L.-10 and play an important role in
the regulation of immune responses. Tregs are essential for the suppression of detrimental
pathogenic responses especially to self antigens but may also lead to the suppression of
beneficial responses against infectious agents. In L. major infected CS7BL/6 mice,
CD4"CD23" T cells are recruited to the site of infection where they suppress the ability of
effector cells to eliminate parasites (Belkaid et al., 2002). The depletion of CD25" cells in
this strain enhances [FN-y production by CD4" T cells in lesions, resulting in more
cffective parasite clearance. Similarly, in BALB/¢ mice, treatment with anti-CD?25
increases resistance to L. major infection (Heinzel et al., 1993a). However, other studies
demonstrated that the transfer of naive CD4™CD25" T cells in SCID mice reconstituted
with CD4"CD25 T cells, suppressed L. major discase development. This suggests that
CD4'CD25" T cells also inhibit Th2 responses and susceptibility to L. major infection
(Xu et al., 2003). Although more studies are needed to unravel the role of Tregs in
Leishmania infection the current evidence suggests that the balance between Tregs and

cffector cells is critical Tor immunity to Leishmania.

LR.5.3.7 Killing of L. major by macrophages

Macrophages are the main host cells for L. major parasites and the outcome of disease is
thus dependent on the activation of macrophage effector mechanisms that kill the
parasite. Killing involves the induction of type 2 nitric oxide synthase (NOS2) in
classically activated macrophages which catalyzes the production of nitric oxide (NO)
from the amino acid 1-arginine. Inhibition of this process by NOS2 inhibitors abrogates

the ability of resistant mice to control infection (Evans et al., 1993; Liew et al., 1990). In
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addition. genetically resistant mice lacking NOS2 are susceptible to L. major infection
{Wel et al, 1995},

The activation state of macrophages and its ability to produce NO is dependent on a
variety of factors including the cytokine environment (Figure D). IFN-y is critical for the
induction of classically activated macrophages which produce NO and pro-inflammatory
cytokines such as IL-1, 1L-6 and TNF (Jorens et al, 1995; MacMicking et al., 1997).
Treatment of macrophages with recombinant [FN-y can enhance NOS2 expression and
NO production resulting in the clearance of L. major (Ding et al., 1988; Green et al.,
1990a; Green et al., 1990b). Tumor necrosis factor (TNF} is able to synergize with IFN-y
to enhance macrophage mediated microbicidal activity but can not activate macrophages
by itself (Bogdan et al., 1990). Administration of TNF during infection results in
increased parasite killing (Titus et al., 1989) but studies using TNF” and TNFR™ mice
showed that TNF is not required for NO production and clearance of L. major parasites

{Nashleanas et al., 1998; Vieira et al., 1996; Wilhelm et al., 2001).

H.-4, 1L.-10, 1L-13 and TGF-B have all been shown to inhibit classical macrophage
activation and killing of L. major parasites. While [L-4 can synergize with [FN-y to
activate macrophages under certain conditions, it inhibits macrophage-mediated killing of
L. major when present before 1FN-y activation (Bogdan et al., 1991; Bogdan et al., 1994,
Liew et al., 1989). The inhibition of NO production by IL-4 and 1L-13 is due to the
induction of alternatively activated macrophages which have increased arginase 1 activity
and express higher levels of the mannose receptor (Doyle et al., 1994; Modolell et al.,
1995; Munder et al., 1999; Stein et al,, 1992). Arginase | and NOS2 share i.-arginine as a
substrate and the increased activity of one enzyme depletes the available substrate for the
other (Munder et al., 1998: Rutschman et al., 2001). Macrophage/neutrophil-specific 1L~
4Ra™ mice show significantly delayed disease progression during L. major infection
indicating that 1L.-4 and/or [L-13 effects on macrophages are important for early discase
progression. In these mice macrophages are unable 1o respond to 1L.-4 and TL-13 resulting
in increased NO production and parasite killing. The macrophage/neutrophil-specific I11.-

4Ra”" mice became susceptible eventually while 1L-4Ra™ mice remained resistant

225



Literature Review

indicating that IL-4Ra signaling in other cells plays a role in later susceptibility (Hdlscher
etal., 2006).

a Classical sctivation

Antigen
Figure D. Classical and alternative activation of macrophages

a. Priming by IFN-y followed by a microbial trigger (lipopolysaccharide, LPS) results
in classical activation of macrophages. b. Alternative activation is mediated by
interleukin-4 (IL-4) and IL-13, signaling through the common IL-4Ra. DTH, delayed-
type hypersensitivity; MR, mannose receptor; NO, nitric oxide; TNF, tumour-necrosis
factor (Gordon, 2003).

IL-10 acts differently on macrophages to 1L-4 and [L-13. It downregulates MHC class II
expression, NOS2 activity and the release of pro-inflammatory cytokines by classically
activated macrophages (Donnelly et al., 1999; Montaner et al., 1999). Treatment of L.
major infected macrophages with rIL-10 results in the suppression of IL-12 and TNF
production as well as failure to control parasite growth (Kane and Mosser, 2001; Vieth et
al., 1994). In this regard the IL-10 induction by amastigotes (as discussed earlier) may be
a way for the parasite to modify the host immune response and thereby enhance parasite

survival.
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TGF-f regulates macrophage function in vitro by inhibiting NOS2 protein expression and
NO production. /n vivo evidence for the suppressive effect of TGF- was shown with the
inverse correlation of TGF-B and NOS2 levels in lesions of L. major infected BALB/c
and C37BL/6 mice (Stenger et al., 1994). Neutralization of TGF-B during L. major
infection results in enhanced NO production in fesions and a decrease in parasite numbers

leading to rapid healing (L.i et al., 1999).

Besides having an important role in killing NOS2 also acts as a mediator of
immunopathology. NO produced by macrophages inhibits the transcription of 1L.-12p40
and NOS2-deficient mice produce significantly higher levels of IL-12, resulting in the
development of enhanced Thi cell responses (Huang et al., 1998; Wei et al., 1995). A
study by Diefenbach et al (1999) demonstrated that 1L-12p40 and IFN-y mRNA was

significantly lower in NOS2-deficient mice up to 5 days afier L. major infection.

[nduction of arginase | favors the growth of Leishmania in macrophages not only due to
the inhibition of NO production but also the increase in polyamine synthesis (Iniesta et
al., 2001 Iniesta et al., 2002). The lethality observed in arginase-deficient Leishmania
parasites demonstrated the essential role of arginase for parasite survival (Roberts et al.,
2004). The addition of L-ornithine and putrescine to infected macrophages promotes the
growth of Leishmania in vitro indicating that parasites can scavenge polyamines from
their environment, and that increases in the host polyamine synthesis would be
advantageous for the parasite. Thus, the development of a Th2 response, via its induction
of alternatively activated macrophages and arginase |, would support the growth of L.
major. 11.-10 and TGF-p which are induced during L. major infection, have both been
shown to enhance arginase activity (Chatelain et al., 1999a; Gantt et al., 2003). This may

in part explain their important roles in parasite survival.
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LR. 6 Parasitic nematodes

Parasitic helminth infections are among the most common infections of humans
worldwide, with over two billion pcople chronically infected with intestinal parasites of
whom 300 million suffer severc morbidity (Savioli et al.,, 2002). Helminths include
trematodes, such as schistosomes. cestodes which include tapeworms, and nematodes
(Table B). Medically important nematodes include Ascaris lumbricoides, the most
common human parasite in the world, whipworm Trichuris trichura and the hookworms

Necator americanus and Ancylostoma duodendale.

Gastrointestinal nematodes are unsegmented, spindle-shaped roundworms that have
multistage life cycles. The life cycles of the various species differ but most of them
undergo a series of moults through larval stages. The adult nematodes sexually
reproduce in their definitive hosts leading to the release of eggs through urine or feces to
the environment. In some cases like Trichinella spiralis, the eggs do not leave the host
but develop to the next stage inside the body. Eggs hatch to release LI larvae which
develop through more larval phases (L2-L5). In most cases the L3 larvae is the form that
infects the host by oral ingestion or skin penetration and migrates within the body as it
matures into the adult parasite. Many nematodes persist within the host for a number of
vears due to their ability to reinfect the host and evade the host defenses (Bethony et al.,

2006; Finkelman et al., 1997).
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Table B. Parasitic helminth infections in humans
(Adapted from Bethony et al., 2006; Roitt et al., 2002)

Estimated population

Helminths Disease infected (millions)

Trematodes
Schistosoma mansoni

Schistosoma haematobium Schistosomiasis 200

Schistosoma japonicum

Cestodes (tapeworms) Tapeworm 10-30

Nematodes (roundworms)

Trichuris trichura Trichuriasis 604-795
(whipworm)

Ascaris lumbricoides Ascariasis 807-1221
Trichinella spiralis Trichinosis 70-90

Ancylestoma duodenale
Necator americanus Hookworm 576-740

Wuchereria bancrofti

Brugia malayi lﬁrar:ingstlc 70-90
Dipetalonema perstans
Onchocerca volvulus River blindness 20-30
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LR. 6.1 Nippostrongylus brasiliensis model

Gastrointestinal nematodes induce a strong type 2 immune response associated with Th2
cytokines like 1L-4, [L-5, 11.-9 and IL-13 and increased serum IgE antibody levels
(Ogilvie and Jones, 1969: Urban et al., 1992). To investigate the mechanisms underlying
this response, the rat nematode Nippostrongylus brasiliensis was experimentally adapted
to the mouse and is now a well established model for studying Th2 responses (Jacobson
and Reed, 1974). In this murine mode! third-stage larvae (L3) are injected subcutaneously
into the skin of the mouse. The route of infection and subsequent migration of the worms
mimics the natural infection of many intestinal roundworms and hookworms (Anderson,
2000). The parasites trigger a strong Th2 response resulting in the expulsion of worms by
day 10 post infection. This has made N. brasiliensis a convenient and powerful model for

studying the Th2 responses.

LR. 6.2 N. brasiliensis life cycle

N. brasiliensis eggs hatch in the feces of hosts to release L1 larvae which moult and
increase in size to develop into the infective stage larvae (L3). The L3 larvae naturally
enter the host by penetrating the skin or in the experimental model are injected
subcutaneously into the skin. From here they migrate to the lungs and mature into 14
larvae. Studies showed that larvae migrate from the skin within 4 hours of subcutaneous
inoculation and enter the lungs after 16-48 hrs (Kassai, 1982). L4 larvae migrate to the
trachea and esophagus or are coughed up due to a strong eosinophilic response in the
tungs. They are then swallowed by the host to reach the small intestine between 48-72 hrs
after infection (Rosbottom et al., 2002). Here larvac attach to the gut wall of the jejunum
and mature into egg-producing adults. Eges are released into the feces for further

development outside the host (Figure E).
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Figure E. Life cycle of N. brasiliensis (University of Cambridge, 2006)
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LR. 6.3 Immune response to N, brasiliensis

Infection with N. brasiliensis induces a type 2 immune response that is associated with
the production of the Th2 cytokines 1L-4, IL-5, 11.-9 and 1L.-13. The response results in
elevated serum IgE, eosinophilia, intestinal mast cell hyperplasia and goblet cell
proliferation (Else and Finkelman, 1998; Finkelman et al., 1997; Madden et al., 1991;
Miller and Nawa, 1979). Clearance of the parasite is facilitated by a response termed
“weep and sweep”, referring to the increased intraluminal {luid due to mucus secretion,
and hypercontractility of smooth muscle (Madden et al., 2002; Shea-Donohue and Urban,
2004; Zhao et al., 2003). Mast cells release soluble mediators such as PGE», histamine
and leukotriene D which increase epithelial cell secretion and enhance smooth muscle
contractility (Castro, 1985; Goldhill et al., 1997; Schwartz and Austen, 1984). The
hypercontractility effects are mediated by alterations in the sensitivity of nerves in the gut
wall and changes in cells that coordinate smooth muscle contraction (Faussone-Pellegrini
et al., 2002; Khan et al., 2003). The responses to N. brasiliensis are made to infections
with most other intestinal nematodes but different subsets of these responses are required
for protection against a specific parasite. Various neutralizing antibodies and gene-
deficient mice have been employed to determine the factors involved in worm expulsion

and Th2 development for each of these parasites.

LR. 6.3.1 Reguirements for worm expulsion

Immunocompetent BALB/c mice develop a strong Th2 response after infection with N.
brasiliensis and expel worms 10 days after inoculation (Jacobson and Reed, 1974). Initial
studies showed that N. brasiliensis infection induces the production of IgE antibodies but
it was demonstrated that antibodies are not required for expulsion of the adult worms
(Jacobson et al., 1977). Depletion of CD4" but not CD8" T cells with neutralizing
antibodies completely blocked worm expulsion (Katona et al., 1988). It was suggested
that this requirement for CD4" T cells is limited to the production of 11.-4 because
treatment of SCID and anti-CD4 treated mice with 11.-4 resulted in expulsion of worms

(Urban et al., 1995). However, parasites are expelled normally by IL-4" mice (Lawrence
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et al.. 1996). On the other hand, [L-4Ra™ or STAT6” mice fail to expel the worms
indicating a key role for 1L-13 in N. brasiliensis expulsion (Barner et al., 1998; Urban et
al., 1998). Furthermore, otherwise incompetent RAG2™ mice expel the parasites after
treatment with recombinant 1L-13 and worm expulsion is suppressed in IL-13" mice
despite a robust Th2 cytokine response (McKenzie et al., 1998a), 1L.-4 and I1.-13 have
similar effects due to their shared receptor components (Zurawski et al., 1993). Both,
acting via STAT6, induce changes in intestinal epithelial cell function, smooth muscle
hypercontractility and mucus secretion (Akiho et al., 2002; Madden ct al., 2002; Zhao et
al., 2003). The fact that either [1-4 or 1L-13 mediates worm expulsion in anti-CD4
treated mice indicates that both these Th2 cytokines contribute to protection. Further
evidence for this is that IL-4 treatment promotes worm expulsion in I1L-13" mice
{McKenzie et al., 1999). The greater role for IL-13 may be due to stronger activation of
STAT6 by 1L.-13 or its greater production than 1L-4 in the intestines of N. brasiliensis

infected mice (Finkelman et al., [999).

A recent study demonstrated that RAG” mice that normally fail to expel worms
eliminated N. brasiliensis parasites when reconstituted with STAT6 or 1L-4/11L-13-
deficient CD4" T cells. They concluded that worm expulsion is dependent on T cells and
1L-4/1L-13 from non-T cells (Voehringer et al., 2006). Basophils and eosinophils are the
major non-T cell 1L-4 producers that are recruited to affected tissues during N
brasiliensis infection (Shinkai et al., 2002; Voehringer et al, 2004). Normal worm
expulsion by eosinophil-deficient mice indicates that eosinophils are not the innate cells
required for protective immunity (Yu et al., 2002). Basophils are a good candidate for the
non-1 cell source of 1L.-4/1L-13 needed for worm expulsion: they constitutively express
1L-13 and [L-4 (Gessner et al., 2005), can generate more IL-4 than Th2 cells
{Devouassoux et al., 1999; Mitre et al., 2004) and are recruited to tissues independent of
IL-4/IL-13 signals but requiring other signals from CD4" T cells (Min et al., 2004;
Voehringer et al., 2004). More studies on basophils are required to assess this role for

them as the 1L-4/1L-13 producers required for N. brasiliensis protection.

- 33 .



Literature Review

To identify the 1L-4/11.-13 responsive cells required for worm expulsion, mice expressing
I.-4Ra on combinations of bone marrow and non-bone marrow-derived cells were
examined. These studies revealed that N. brasiliensis expulsion requires 1L-4Ra signaling
on non-bone marrow-derived cells (Urban et al., 2001). It’s been suggested that goblet
cells are the major effector cells required for elimination of the worms. Studies in rats
provided evidence for a chronological association between goblet cell hyperplasia and
worm expulsion (Nawa et al., 1994). The host’s immune system regulates alterations in
sugar residues of goblet cell mucins which are important for the expulsion of worms
{(Ishikawa ¢t al., 1993; 1994). Various studies have investigated the effects that {L-4 and
[L.-13 have on non-bone marrow derived cells. 1L-4 and 1L-13 promote smooth muscle
cell contractility and induce STAT6 dependent changes in epithelial cell responses (Zhao
et al., 2003). These epithelial changes all contribute to worm expulsion and include
increases in responsiveness to prostaglandin E2 and intestinal permeability, as well as
decreases in glucose absorption (Madden et al., 2004). A more recent study evaluated the
roles of [L-4 and 1L-13 on protease activated receptor | (PAR-1). This receptor is
expressed on intestinal smooth muscle, epithelial, nerve and lamina propria cells and
promotes smooth muscle contractility and gastrointestinal transit (Buresi et al., 2002;
2001, Kawabata et al., 2001). N. brasiliensis infection resulted in the 1L-13 and STAT6
dependent up-regulation of PAR-1 and increased hypercontractility (Zhao et al., 2005). It
is still not clear whether one of these cell types is more critical for worm expulsion or
whether multiple cell types coordinate via IL-4 and {L-13 to expel the worms. Currently,
studies are in progress using mice either expressing or deficient in [L-4Ra on one or
multiple defined cell types. The observations made from these mice should shed more
fight on the cells involved in host protection. Preliminary studies with smooth muscle
cell-specific 11.-4Ra™ mice indicates that 11-4/11.-13 signaling in these cells play a role in
protection but are nol critical. These mice were still able to expel N. brasiliensis worms
but goblet cell hyperplasia and worm expulsion was delayed compared to wild-type mice

{(Horsnell et al., not published).
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LR. 6.3.2 The role of other cytokines and co-stimulatory molecules in worm

expulsion

[L-5 and 11.-9 are also produced by Th2 cells in response to N. brasiliensis infection
suggesting that they may play important roles in host protection (Kopf ¢t al., 1993; Urban
et al., 1992). Although [L-5 is not essential for worm expulsion (Kopf et al., 1996a), 1L.-5
transgenic mice showed enhanced resistance to N. brasiliensis infection (Dent et al.,
1999b). The overexpression of [L-5 did not influence the expulsion of worms but resulted
in increased eosinophilia and a decrease in worm migration to the intestine. The additive
role of this cytokine in protection to N. brasiliensis was shown by the use of multiple
gene-deficient mice. Animals lacking 1l.-4, 1L-13 and IL-5 showed a delay in worm
expulsion compared to 1L-4/IL-13" mice. A similar additive effect was observed for 11.-9
with 1L-4/1L-5/1L-9/1L-13-deficient mice harboring worms in intestines even after 60
days of infection. As observed for IL-5, a lack of 11L.-9 alone does not impair worm
expulsion, but resulted in fewer goblet cells in the intestines of infected mice (Townsend
et al., 2000).

The Th2 response to helminth infections, such as Heligmosomoides polyvgyrus and
Trichuris muris infection, is dependent on B7-1/B7-2 co-stimulatory signals (Greenwald
et al., 1997; Jankovic et al., 2001; Urban et al., 2000). However, mice deficient in these
molecules were protected against N. brasiliensis infection (Liu et al., 2002). Furthermore,
blockade of B7 co-stimulation with CTLA4-lg treatment resulted in reduced 1L-4 and 1L~
5 production but mice retained their ability to expelled N. brasiliensis worms (Harris et
al., 1999),

Taking into account the role of Th2 cytokines in protection to N. brasiliensis infection, it
is not surprising that Thl cytokines exacerbate disease. Treatment of BALB/¢c mice with
recombinant 11-12 suppresses the host protection against N. brasiliensis (Finkelman et
al., 1994). This effect is mainly due to the induction of IFN-y by IL-12 as the suppression

is mostly but not completely reversed by anti-IFN-y treatment.
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LR. 6.3.3 Requirements for Th2 development during N. brasifiensis infection

A requirement for [L-4 in Th2 development was demonstrated by studies using 114" or
STAT6™ mice (Kopf et al., 1993; Takeda et al., 1996). In these gene-deficient strains the
production of Th2 cytokines by CD4" T cells from N. brasiliensis infected mice were
significantly reduced but not completely absent. The 1L-4”" mice also showed reduced
helminth induced eosinophilia which could be attributed to the reduction in {L-5 levels.
Studies with IL-4Ra™ mice confirmed these findings but revealed the presence of cells
with 1L-4 producing capacity independent of 1L.-4 signaling (Noben-Trauth et al., 1997).

Th2 cytokine production is more severely impaired in 1L-4Ra” mice than [1.-4” mice
suggesting that 1L-13 also has a role in Th2 development possibly by down-regulating
[1-12 (Barner et al., 1998). However, 1L-137 mice make a strong Th2 response
demonstrating that [L-13 is not required for Th2 development (McKenzie et al., 1998a).
Contrary to the reduced eosinophilia in 11-4"" mice, N. brasiliensis infected STAT6™”
mice develop eosinophilia comparable to the wild-—type mice and a stronger mucosal mast
cell response (Urban et al., 1998). IL-4/1L-13" mice also develop delayed elevated 11.-5
and eosinophilia after N. brasiliensis infection (McKenzie et al., 1999). These data
demonstrate that some effects associated with the Th2 response may still be induced by

nematodes even in the absence of 1L.-4/1L-13 signaling.

Eosinophils and basophils infiltrate the N. brasifiensis infected lung independent of 1L-
4/1L-13 or STAT6 expression by CD4" T cells (Voehringer et al., 2004). This suggests
that recruitment does not require Th2 cells and that basophils or eosinophi!s may pmvide
the initial 1L-4 signal for the induction of Th2 differentiation. IL-4 production by
basophils reaches a maximum after [0 days of infection implying that they probably do
not provide the early 11-4 for Th2 induction but may prime newly recruited CD4" T cells
(Min et al., 2004). Eosinophils are also not essential for Th2 development because 1L-57
mice still develop a Th2 response after injection of soluble nippostrongylus antigen. In
the same study it was shown that Th2 induction is independent of B cells or CD8" and
NKT cells restricted to Class | molecules (Holland et al., 2005). A recent study

demonstrated that Th2 differentiation occurs independently of 1L-4/1L-13 from non-T
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cells but that these cytokines were required for recruitment of Th2 cells to affected tissues

{Voehringer et al., 2006).

LR. 6.3.4 Antibody production in response to N. brasiliensis infection

Infection with N. brasifiensis induces a striking increase in the production of IgGl and
IgE antibodies to both parasite and non-parasite antigens (Urban, 1982). High affinity IgE
receptors are found on mast cells and basophils, and surface bound [gE antibodies can be
cross-linked by antigen resulting in degranulation (Conrad et al., 1975; Ishizaka and
Ishizaka, 1978; 1984). The mast cells release mediators that induce eosinophilia and
intestinal hypermotility that contribute to damage and expulsion of worms {Askenase et
al., 1980: Kojima et al., 1985a: 1985b). Eosinophils also express receplors for 1gE and
lgG and their binding to worms coated with antibodies increases the release of their
contents onto the surface of the worms (Kojima et al., 1985a; MclLaren et al., 1977).
Macrophages express receptors for gl antibodies and can be triggered by the binding
and crosslinking of these antibodies resulting in cytotoxicity and the formation of
multinucleate giant celts in the lungs of infected mice (Egwang et al., 1985; Gauldie et
al., 1983). Early CD4" T cell depletion studies during N. brasiliensis infection
demonstrated the requirement of these T helper cells for IgE production (Katona et al.,
1988). Treatment of infected mice with anti-IL-4 antibodies inhibits IgE production by
99% (Finkelman et al., 1988). 1t was shown that IL.-4 is required to generate and sustain
established IgE responses during N. brasilieasis infection. In support of this mice lacking
iL-4, IL-4 and 1L-13. STAT6 or [L.-4Ra make no detectable levels of IgE (Kuhn et al,,
1991, McKenzie et al., 1999; Urban et al., 1998). More specifically, Igk production is
dependent on [L-4Ra on bone-marrow derived cells and the production of [L-4/1L-13 by
CD4" T cells (Urban et al., 2001; Voehringer et al., 2006). It was recently suggested that
IL-13 induces gk production in N. brasiliensis infected mice. Elevated IgE levels were
observed in GATA3-Tg mice concurrent with elevated 1L-13 but no increased 1L-4
(Ozawa et al., 2005). However, no direct evidence has been provided for this role of 1L.-

13 in IgE production.
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The production of [gG1 and 1gG2 oceurs by a different mechanism. IL-4" and 1L-4/1L-
13" N, brasiliensis infected mice produce lower levels of IgGl but higher 1gG2
compared to wild type mice. On the other hand STAT6 mice make substantial 1gG1 and
12G2 responses while IL-4Ra” mice make significant 1gG2 but no detectable 1gGl
antibodies. This indicates that 1L-4-induced 1gG1 production is dependent on [L-4Ra but
through a STAT6 independent pathway. Furthermore, STAT6 signaling inhibits 1g(G2

production {(Urban et al., 1998).
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Aims of the project

» To investigate the lymphocyte-specific expression of hlL-4Ra in hlL-4Ra Tg/
miL-4Ra” mice and test the species-specificity and inducibility of the chimeric
receplor i vilro

» To study the in vivo characteristics of the hiL-4Ra Tg/mlL-4Ro™ mouse model
during infection with L. major

» To study the in vivo characteristics of the hIL-4Ra Tg/mlL-4Ra” mouse model
during infection with N. brasilicnsis

» To study the effect of anti-milL-4 treatment in hil-4Ra Tg/mIL-4Ra” mice
during infection with N. brasiliensis

» To study the effect of 1L-4 and 11.-13 deletion in the hil-4Ra Tg/mlL-4Ra”

mouse model during infection with L. major and N, brasiliensis
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Materials and Methods

MM.1 Mice

All experimental animals were maintained under specific pathogen-free (SPF) conditions
in the animal facility of the University of Cape Town, South Africa. Mice were housed in
filter top cages under light and temperature controlled conditions and provided with water
and food ad libitum. Male and female mice between the ages of 8-12 weeks were used for
all experiments. Genetically modified mice were generated on a pure BALB/c
background and backcrossed for more than 10 generations. Lymphocyte-specific hilL-
4RaTg/mIL-4Ra™ mice were obtained from Dr. Masato Kubo of the Research Institute
for Biological Sciences. Japan (Seki et al., 2004). BALB/c, CS7BL/6, mlL-4Ra™ and
hiL-4RaTg/miL-4Ra™/ mlL-4"/ mlL-13" mice were obtained from Prof Frank
Brombacher, Institute of Infectious Disease and Molecular Medicine, University of Cape
Town (Matthews et al., 2000; Mohrs et al., 1999). All experiments performed were in
accordance with the guidelines ol the Animal Research Ethics Board of the University of

Cape Town, South Africa.

MM. 2 Genotyping of genetically modified mice

The genotypes of all genetically modified mice were confirmed by the polymerase chain
reaction (PCR) of DNA obtained from tail biopsies. PCR reactions were performed under
the following conditions: 94°C/1 minute; 40 cyeles of 94°C/30 seconds, 57°C/30 seconds
and 72°C/1 minute; 72°C/5 minutes and samples held at 4°C on an MJ thermocycler
(Biozym, Hessissch Olderdorf, Germany). Primers were designed by Anita Schwegmann
and PCR analysis performed by Erica Smit and Wendy Dryding, Institute of Infectious
Disease and Molecular Medicine, University of Cape Town. The primers used for

reactions are outlined in Table 1.
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Table 1. PCR primer sequences for genotyping of mice

Primers for PCR screening of IL-4Ry deficient mice Expected product size

Wild-type allele
Exon 7 forward: 57 GTACAGCGCACATTGTTTTT 3 600 bp
Exon 8 reverse: 57 CTGGGCGCACTGACCCATCT 3

Knockout allele 471 bp
IL-4Ra KO P15 GGCTGCTGACCTGGAATAACC 3
IL-4Ra KO P2: 57 CCTTTGAGAACTGCGGGCT 3

Primers for PCR sereening of hl1L-4Ra transgene
P 5 GCCGCCATGOGGTGGCTTTGCTCT % 522 bp
P2 5 ATCTGCCGGGTCGTTITICACTCCAA ¥

Primers for PCR screening of 1L-4/1L-13 deficicnt mice
P5: 57 CCTGGATTCCCTGACCAACATC 3 80 bp (wild-type)

P6: 5" GGCCTTGCGGTTACAGAGGCC 3 100 bp (1L-4/ 1L-137)
P7. 5 ACCACACTGCTCGACATTGGGTG 3

MM. 3 Flow cytometry

Naive mice (3 mice per group) were sacrificed by a high anaesthetic dose of CO, and the
skins removed carefully to expose the peritoneum. A 25G needle (B.Braun, Melsungen,
Germany) was used to inject 8 ml of PBS supplemented with 10% Foetal Calf’ Serum
(FCS) and the peritoneum was massaged. The peritoneal lavage fluid was harvested using
a syringe and an 18G needle (B.Braun, Melsungen. Germany) and kept on ice. Lymph
nodes and spleens were removed aseptically and placed in ice cold FACS buffer. Single
cell suspensions of the lymph node cells and splenocytes were prepared and filtered
through 70 pm nylon cell strainers (Becton-Dickinson, New Jersey). The peritoneal
lavage fluid and single cell suspensions were centrifuged at 1200rpm at 4°C for 10
minutes and resuspended in 2ml FACS bufter. Aliquots of cells (10ul) were diluted in
Trypan Blue and counted on a Neubauer haemocytometer to determine the cell

concentrations of viable cells. For each staining 1x10° cells were blocked for 135 minutes
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in 100ul of FACS buffer containing 1% heat inactivated rat serum and 4ug/ml 2.4G2
(anti-FeyRIT and -1H1). The cells were washed in 200ul FACS buffer and resuspended in
f00ul FACS buffer containing one of the following antibodies: rat anti-mouse [L-4Ra
mAb (M-1, Amgen Inc. Thousand Oaks, CA; gift from F. Finkelman, Cincinatti, GH),
biotinylated mouse anti-human 1L-4Ra mAb (h11L.-4R-M57, BD Pharmingen, San Diego,
CA} or biotinylated mouse [gG1 isotype control (MOPC-21, BD Pharmingen, San Diego,
CA). After staining the cells for 30 minutes in the dark at 4°C, cells were washed and
resuspended in 100ul FACS buffer containing the following detecting antibodies: FITC
labeled goat anti-rat F(ab’)2 antibody fragments (Southern Biotechnology, Birmingham,
AL) to detect anti-mouse 1L-4Ra mAb and streptavidin-APC (BD Pharmingen, San
Diego, CA) to detect biotinylated anti-human 1L-4Ra mAb and mouse IgGl isotype
control. Cells were stained for 30 minutes in the dark at 4°C, washed and stained with
antibodies to cell surface markers. Anti-mouse CD3-FITC, CD4-PE, CDR-PE, B220-PE,
CD19-PE, pan NK-PE (DX5), MHC class 1-FITC, GR-t-FITC, CD1l¢-PE, CD11b-PE
(BD Pharmingen, San Diego, CA)Y and F4/80-PL: (Serotec, Oxford, UK) mAbs were used
to identily different cell subsets. Cells were incubated for 30 minutes in the dark at 4°C
and washed. Non-viable cells were stained by 7-AAD or propidium iodide (Sigma, St.
Louis, MO) in 500ul FACS buffer and excluded from analysis.

For FACS analysis of purified CD4" T cells, cells were blocked as described above and
stained with CD4-FITC, CD8-PE or CD19-PE. Cells were washed and resuspended in
500ul FACS buffer.

Acquisition was performed using FACSCaliber and cells were analyzed using Cellquest
(Becton-Dickinson, Ferndale, South Africa). 100 000 cells were acquired for analysis of
lymphocyte populations while 200 000 cells were acquired for analysis of non-

lymphocyte populations.

MM. 4 Cell proliferation assay

Naive mice were sacrificed by cervical dislocation. Lymph nodes were removed
aseptically and placed in ice cold lIscoves Modified Dulbeccos Medium (IMDM)

supplemented with 10% FCS (Life Technologies. Gaithersburg, MI). Single cell
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suspensions were prepared and filtered through 70 pm nylon cell strainers (Becton-
Dickinson, New lersey). Cells contaminated with red blood cells were resuspended in
Smi Red cell lysis buffer and underlayed carefully with 2ml heat inactivated FCS. The
cells were centrifuged at 1200rpm at 4°C for 10 minutes and resuspended in 2ml IMDM
supplemented with 10% FCS (IMDM/10% FCS). Aliquots of cells (10ul) were diluted in
Trypan Blue and counted on a Neubauer haemocytometer. The cell concentrations of
non-stained viable cells were determined as Trypan Blue stains dead cells. Cell volumes
were adjusted to attain cell concentrations of 5x10° cells /ml. PMA (Sigma) was added to
cells at 10ng/mi for a final concentration of Sng/ml. Triplicates of 100ul from each group
of cells were plated out in round bottom 96 well tissue culture plates (Nalge Nunc
International, Naperville, 1., USA). Working dilutions of stimulants were prepared as
follows in IMDM/10%FCS: 2000U/m! rlL-2 (BD Pharmingen), 20000U/ml rll-4 (BD
Pharmingen), 2000ng/ml and 200ng/ml rhil-4 (gift from Dr. Masato Kubo), 400ng/ml
riL-13 (R&D Systems, Minneapolis, MN). A series of eleven 2-fold dilutions were made
for each stimulant in IMDM/10%FCS. Each dilution or medium alone was added to a
row of cells at 100ul per well and the cells were cultured for 30 hours at 37°C in a
humidified 5% CO» incubator. {3F~[]~thymidine (AEC Amersham, Uppsala, Sweden) was
added in 20pl at TpCi per well and cultured for another 18 hours. The cells were
harvested onto filter paper using a semiautomated sample harvester. The paper was dried,
placed in scintillation fluid and samples counted in a B liquid scintillation counter to
determine the amount of thymidine incorporated. Results were referred to as counts per

minute (cpm) for each stimulant dilution.

MM. 5 T cell differentiation assay

Naive mice were sacrificed by cervical dislocation. Lymph nodes were removed
aseptically and placed in ice cold RPMI 1640 supplemented with 10% FCS (Gibeo Life
Technologies, Paisley, UK). Single cell suspensions were prepared and filtered through
70 um nylon cell strainers (Becton-Dickinson, New lersey). Cells contaminated with red
blood cells were resuspended in 5ml Red cell lysis buffer and underlayed carefully with

2ml heat inactivated FCS, The cells were centrifuged at 1200rpm at 4°C for 10 minutes
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and resuspended in 2ml RPMI 1640, Aliquots of cells (10pl) were diluted in Trypan Blue
and counted on a Neubauer haemocytometer o determine the cell concentration of viable
cells. CD4" T cells were purified by magnetic CD4 microbeads using the MiniMACS
system as instructed by the manufacturer (Miltenyi Biotec, Auburn, CA). The purity of
the cells was ~97% as determined by FACScan analysis. The CD4™ T cells were plated at
2x10° cells per well in complete RPMI 1640 medium supplemented with 10% FCS
(Gibco Life Technologies. Paisley, UK), 50uM B2-mercaptoethanol (Sigma, St. Louis,
MO), ImM sodium pyruvate, non-essential amino acids (Gibco Life Technologies,
Paisley, UK) in flat bottom 96 well plates (Nalge Nunc International, Naperville, 11,
USA). The wells were previously coated overnight at 4°C with 10pg/ml anti-CD3 (BD
Pharmingen) and Spg/ml anti-CD28 (BD Pharmingen) in sterile filtered PBS. For Thi
polarization cells were incubated with Sng/ml H.-12 (BD Pharmingen) and 50ug/ml anti-
tL-4 (11B11). Th2 polarization was induced by 50pg/ml anti-IFN-y (R4-6A2, BD
Pharmingen) and either 50ng/ml mouse [L.-4 (BD Pharmingen), 100ng/mt mouse 1L-13
(R&D Systems, Minneapolis, MN) or 100ng/ml human 1L-4 (gift from Dr. Masato
Kubo). Medium alone was added for the neutral condition, The cells were cultured in a
final volume of 200pl in a 37°C, 5% CO2 incubator for 72 hours. After culturing, cells
were transferred to a round bottom 96 well plate (Nalge Nunc International, Naperviile,
IL., USA) and washed three times in RPMI 1640 supplemented with 0% FCS. Cells
were resuspended in fresh complete medium containing appropriate cytokines and
antibodies as used before, supplemented with [L-2 (20U/ml, BD Pharmingen) and
cultured for another 48 hours. The cells were washed with fresh medium and replated in
triplicate at 2x10° cells per well in a flat bottom 96 well plate precoated overnight with
20pg/ml anti-CD3. Supernatants were harvested after 48 hours of stimulation and frozen

at -70°C until cytokine analysis using ELISA.

MM. 6.1 Peritoneal macrophages

Naive mice were injected intraperitoneal with 500ul 3% (w/v) Brewer thioglycollate
(Difco Laboratories, USA). After 5 days mice were sacrificed and the skins removed

carefully 1o expose the peritoneum. A 25G needle (B.Braun, Melsungen, Germany) was
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used to inject 8 ml of IMDM supplemented with 10% FCS and the peritoneum was
massaged. The peritoneal lavage fluid was harvested using a syringe and an 18G needle
(B.Braun, Melsungen, Germany). The samples were kept on ice throughout and
centrifuged at 1200rpm at 4°C for 8 minutes. The exudate cells were resuspended in Sml
IMDM/10% FCS and counted using a Neubauer haemocytometer. Cells were plated in
triplicate at 4x10° cells per ml in a volume of 1004l in flat botiom 96 well plates (Nalge
Nunc International, Naperville, 1., USA} and incubated for 4 hrs at 37°C in a 5% CO»
incubator. The non-adherent cells were removed and the wells washed 2 times with 200ul
IMDM/10% FCS. The adherent macrophages were incubated for 16 hrs with either 100l
of medium, 100l of rlL-4 (1000U/ml, BD Pharmingen) or 100 of riL-13 (200ng/ml,
R&D Systems). The cells were subsequently stimulated with 100pl of medium or 100l
ol TEN-y (200U/ml, BD Pharmingen) and LPS (20ng/ml, Sigma). After culturing cells for
48 hrs at 37°C in a 5% CO2 incubator, the plates were centrifuged at 1200rpm for 10
minutes. Supernatant were removed and frozen at -80°C for NO determination. The
remaining cells were washed with PBS and resuspended in 50p! of 0.1% Triton X-100.
Plates were stirred on a shaker for 30 minutes at room temperature, mixed well and stored

at -80°C for measurement of arginase activity.

MM. 6.2 Nitric oxide determination

The levels of nitric oxide (NO) in supernatants from peritoneal macrophages were
measured by the Griess reaction (Oswald et al., 1992), Briefly, for a standard curve a
series of six 3-fold dilutions were made from a 2mM NO- solution in IMDM and 50p1 of
each dilution added to a microtiter 96 well plate (Nalge Nunc International, Naperville,
IL, USA). The samples were diluted 3-fold in IMDM and 50ul added in triplicate to the
plate. To each well, 25ul of Solution | (1% sulfanilamide in 2.5% phosphoric acid) was
added causing the IMDM to turn yellow. An equal volume (25ul) of Solution 2
(0.1%napthyl-ethylene-diamene in 2% phosphoric acid) was subsequently added to the
wells and the presence of NO indicated by a purple-pink colour. The absorbances of
samples were measured at 540nm and a reference at 690nm using a Versamax

spectrophotometer (Molecular Devices, Sunnyvale, CA, USA).
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MM. 6.3 Measurement of arginase activity

Arginase | activity in macrophages was measured as previously described (Corraliza et
al.. 1994). After lysis of peritoneal macrophages, 50ul of 10mM MnCl,, 50mM Tris-HCI,
pH 7.5 were added and the enzyme was activated for 10 minutes at 55°C. Arginine
hydrolysis was carried out in Eppendor! tubes by the addition of 25ul of 0.5M arginine,
pH 9.7 to 25ul of the activated cell lysates. The samples were incubated at 37°C for 60
minutes and the reaction stopped by the addition of 400ul of an acid mixture consisting
of H;S0;4, HiPO4 and H;0 (1:3:7). Aliquots of 25ul of freshly made 9% ISPF dissolved
in 100% FtOH was added to each sample and heated at 100°C for 45 minutes. After
feaving samples for 10 minutes in the dark, 200pl of each was transferred to a 96 well
microtiter plate (Nalge Nunc International, Naperville, 1L, USA). A standard curve was
prepared by making 3-fold dilutions of Img/ml of urea in H;O. The standards were
treated as the samples from the addition of the acid mixture. The absorbances of samples
and standards were measured at 540nm in the microtiter plate using a Versamax
spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). The urea concentration

measured for each sample was used as a measure of arginase activity.

MM. 7 Cytokine ELISA

ELISA antibodies and recombinant proteins were obtained from BD Pharmingen or R&D
Systems (ELISA reagents, Table 1). 96 well Maxisorp microtiter plates (Nalge Nunc
International, Naperville, 1L, USA) were coated overnight at 4°C with 50pl capturing
antibody diluted in PBS. The coated plates were washed once and incubated overnight at
4°C with 200u! Blocking buffer. Three-fold dilutions of the samples were prepared in
dilution buffer ranging from an undiluted sample to a 1/9 dilution while recombinant
standards were diluted 3-fold from either [00ng/ml or 250ng/ml. After blocking, the
plates were washed 4 times and 50pl of the diluted standards and samples added. The
plates were incubated overnight at 4°C and washed 4 times. For each cytokine, 50ul of
the corresponding biotinylated anti-mouse detecting antibody was added and the plates

incubated at 37°C for 3 hours. The plates were washed 4 times and 50p! of streptavidin-
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alkaline phosphatase (1/1000 dilution) or streptavidin horse radish peroxidase (1/5000
dilution, for [L.-13) added to the wells. After incubating at 37°C for 1 hour, the plates
were washed 4 times and 50ul of substrate was added. TMB was added to detect 11.-13
whereas p-nitrophenyl phosphate (Img/ml) was used for the other cytokines. The
absorbances were read between 405nm and 495nm on a Versamax microplate

spectrophotometer (Molecular Devices, Sunnydale, CA, USA).

MM. 8 Leishmania major methods

MM. 8.1 Cultaring of L.major

L. major LV39 (MRHO/Sv/59/P-strain) and (MHOM/IL/81/FEBNI) (Mattner et al.,
1996) strains were maintained by continuous passage in BALB/¢c mice. Anesthetized
mice were infected subcutaneously into the left hind footpad with 2x10° stationary phase
metacycelic L. major promastigotes in a volume of 50 pl of Hank’s Balanced Salt Solution
{(HBSS) (Gibeo, Life Technologies). Parasites were isolated from skin lesions of infected
mice by incubating the infected footpads and draining popliteal lymph nodes in
Schneider’s insect medium (Sigma) supplemented with 20% FCS for | week at room
temperature. After 3-4 days motile parasites became visible and were counted daily to
assess their growth curve. Stationary phase parasites were used for infection of

experimental mice.

MM. 8.2 Preparation of L. major

The culture medium containing stationary phase L. major promastigotes was centrifuged
at 2500 rpm for 10 minutes to pellet the parasites. The parasite pellets were washed twice

in sterile HBSS (Gibeo, Life Technologies), counted and finally resuspended in HBSS at

4x 107 parasites per ml.
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MM. 8.3 Infection of mice

The infection of mice was carried out in an Animal Biosafety Level 2 Laboratory. Mice
were anaesthetized by intraperitoneal injection of 200pl anaesthetic consisting of
100mg/ml Anaket-V (Centaur Labs, RSA) and 2% Rompun (Bayer., Germany) in PBS.
The mice were injected subcutaneously into the left hind footpad with 2x10° stationary

phase metacyclic L. major parasites in a volume of 50ul.

MM. 8.4 Footpad measurements

Disease progression was monitored by measuring the thickness of both infected and
uninfected footpads weekly using a Mitutoyo micrometer caliper (Japan). The footpad
swelling (mm) was determined by subtracting the footpad size (mm) of the uninfected
right footpad from the infected left footpad. These measurements were carried out from

week | post infection until the mice were sacrificed.

MM. 8.8 Quantification of parasite burden

The parasite limiting dilution assay was used to determine the number of viable L. major
parasites in infected organs. The experimental mice were sacrificed at the desired time
points and the infected draining popliteal lymph nodes (pLLN) and footpads harvested
from individual mice. Single cell suspensions were prepared from the pLN and the cells
were resuspended in 6.4 ml of Schneider’s insect medium (Sigma) supplemented with
20% FCS. The individual footpads were weighed and homogenized in 6.4 ml Schneider’s
insect medium using an X620 CAT homogenizer (Staufen, Germany). An aliquot of
200ul of the cell suspensions from each organ was transferred to {lat bottom 96 well
plates and 24, 2-fold serial dilutions made in Schneider’s insect medium supplemented
with 20% FCS. The plates were incubated in a humidified chamber at 26 — 28°C for ~7
days after which each well was microscopically examined for parasite growth. Minimal

estimates of the number of viable L. major parasites per lymph node or per gram of
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N . . Y . . 2
footpad were calculated from the single hit Poisson model equation using the y

minimization method as described previously (Kropf et al., 2002).
MM. 8.6 Preparation of L. major soluble antigen

Stationary phase L. major parasites were prepared as described in MM.7.1 Culturing of
L. major. The culture medium was washed three times by centrifuging at 2500 rpm for 10
minutes and resuspending the pellet in 10ml PBS. After the last wash, the L. major pellet
was resuspended in 2ml PBS and counted to determine the parasite concentration. The
suspension was rapidly frozen in liquid nitrogen and thawed at 37°C ten times. After
ensuring that the suspension contained no motile parasites, the freeze-thawed (F/T)

antigen preparation was frozen at -80°C until required.
MM. 8.7 Restimulation of lymph node cells

Mice were sacrificed at the desired time points by cervical dislocation and the draining
popliteal lymph nodes collected in ice cold IMDM supplemented with 10% FCS
(IMDM/10%FCS). Single cell suspensions were prepared by straining the cells through
metal sieves. Contaminating red blood cells were removed by resuspending cells in 5 ml
Red cell lysis buffer and underlaying carefully with 2ml heat-inactivated FCS. The cells
were centrifuged at 1200rpm at 4°C for 10 minutes and resuspended in 2ml
IMDM/10%FCS. Aliquots of cells (10ul) were diluted in Trypan Blue and counted on a
Neubauer haemocytometer to determine the cell concentration of non-stained viable cells.
The cell volumes were adjusted to cell concentrations of [x10° cells/ml in
IMDM/10%FCS and triplicates of 500! of cells were plated in flat bottom 48 well plates
(Costar). For anti-CD3 stimulation, wells were precoated overnight at 4°C with 20pg/ml
anti-CD3 (clone 145-2C11) in PBS and the antibodies removed before adding cells. For a
control PBS was used to coat wells. The plates were incubated at 37°C for 72 hours in a
5% CO; incubator. Supernatant were removed and aliquots of 100ul frozen at -80°C for

cytokine analysis using ELISA.
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MM. 8.8 Leishmania-specific antibody ELISA

The tails of experimental mice were heated under an infrared light and a small incision
was made across the lateral tail vein. Blood was collected in microtainer serum separator
tubes and kept on ice. The samples were centrifuged at 4500rpm for {5 minutes and
stored at -20°C until antibody analysis using ELISA. Blood samples were collected at

indicated times and the antibodies of all time points measured simultancously.

Leishmania-specific 1gGl, 1gG2a and 1gG2b and total gk was measured to determine the
antibody responses of infected mice. For the lgG antibodies, 96 well Maxgisorp microtiter
plates (Nalge Nunc International, Naperville, 1L, USA) were coated overnight at 4°C
with 10ug/ml of soluble Leishmania antigen in PBS. For total IgE determination the
plates were coated with 10ug/ml coating IgE antibody (clone 84.1C) in PBS. The coated
plates were washed 3 times with Washing buffer and incubated overnight at 4°C with
200ul Blocking buffer. After blocking, the plates were washed 4 times and 50ul of the
samples were added in 5-fold dilutions in Dilution buffer ranging from 1/10 to 1/10”. For
the lgls plates the sample dilutions were diluted 3-fold starting at 1/10 and IgE standards
{BD Pharmingen) were added in 3-fold dilutions ranging from lug/ml. The plates were
incubated overnight at 4°C and washed 4 times. For each isotype a [:1000 dilution of
anti-mouse isotype-specific antibody labeled with polyclonal alkaline phosphatase was
prepared in Dilution buffer and 50ul added to the plates. After incubating at 37°C for 3
hours the plates were washed 4 times and 50pl of p-nitrophenyl phosphate (Img/ml)
(Boehringer Manheim, Germany) added. The absorbances ol samples were measured
between 405nm and 494nm using a Versamax microplate spectrophotometer (Molecular

Devices, Sunnydale, CA, USA) and plotted as OD against dilution.
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MM. 9  Nippostrongylus brasiliensis methods

MM. 9.1 Culturing of N. brasiliensis

N. brasiliensis worms were passaged routinely in Witstar rats. Live 1.3 larvae were
prepared in 0.9% NaCl at 10 000 worms per ml. Six to eight rats were injected
subcutaneously in the flank of the leg with 500 of the worm solution using 20G needles
{Braun, Melsungen, Germany). After 5 days of infection, rats were transterred to gridded
cages for fecal collection and the bottom of the cages lined with damp paper to keep fecal
pellets moist. Fecal pellets from infected rats were collected daily from day 6 to day 12
post infection and soaked each day in MilliQ water containing Fungizone (Gibco Life
Technologies). Pellets were mixed with an equal volume of granular charcoal (Sigma) to
form a paste-like consistency and spread onto prepared culture dishes. A culture dish
consisted of a large petri dish containing a moist filter paper and a wet piece of square
gauze underneath it to act as reservoir. The dishes were incubated in humiditied
containers at 25°C for at least S days to allow ex-sheathed L3 larvae to migrate to the
edge of the moist filter paper. The outer layers of filter paper containing the worms were
removed and transferred to fresh culture dishes for further incubation until worms were

used for infection.

MM. 9.2 Preparation of worms and infection

Pieces of filter paper containing fresh ex-sheathed L3 larvae were placed in water for 10
minutes to dislodge the worms. The worms were counted in a gridded petri dish and a
solution of 3750 worms per ml prepared in 0.9% NaCl. The solution was continuously
mixed to prevent worms from settling at the bottom. The infection of mice was carried
out in an Animal Biosafety Level 2 Laboratory. Mice were injected subcutaneously with

750 worms in 200ul NaCl using a 20G needle (B.Braun, Melsungen, Germany).
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MM. 9.3 Fecal collection and egg counts

Infected mice were separated into individual cages containing no bedding on day 5 post
infection. From day 6 to day 15 about 20 fecal pellets were collected from each mouse
and weighed. Cages were cleaned every day for the collection of fresh feces on the
following day. The counting of eggs was carried out using a McMaster counting chamber
(Advanced Lquine Product, USA). The pellets were soaked in 5mi MilliQ water
overnight to emulsify the feces and 10ml of saturated NaCl added. The emulsion was
mixed and centrifuged at 1300rpm for 5 minutes. An aliquot of 2ml was taken from the
top of each sample and transferred to clean tubes to ensure that all eggs were included.
The aliquots were mixed thoroughly and a sample from each mixture added to both
chambers of the McMaster slide. Afier waiting 30 seconds the eggs were counted under
both of the etched areas on the slide. The volume under the etched area of each chamber
was 0.15ml, thus a total volume of 0.3ml was examined per sample. The total number of
eggs in the two chambers was divided by 0.3, multiplied by 2, and finally divided by the

weight of each sample to obtain the eggs per gram feces.

MM. 9.4 Intestinal worm counts

Infected mice were sacrificed on day 7 or day 14 post infection using cervical dislocation.
The intestines from individual mice were removed aseptically and placed in 50ml of
(.65% NaCl. The intestines were split longitudinally, placed on gauze and the gauze bags
submerged in the same 0.65% NaCl. The tubes were incubated at 37°C for 4 hours to
allow worms to migrate out. The {luid was transferred to gridded petri dishes and the

worms counted.
MM. 9.5 Restimulation of mesenteric lymph node cells
Afler sacrificing mice the mesenteric lymph nodes were removed under sterile conditions

and pooled for each group in IMDM supplemented with 10% FCS (IMDM/10%FCS).

Single cell suspensions were prepared and filtered through 70pm nylon cell strainers, The
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cells were centrifuged at 1200rpm for 10 minutes and resuspended in 2ml
IMDM/T10%FCS. Aliquots of cells (10ul) were diluted in Trypan Blue and viable cells
counted on a Neubauer haemocytometer. CD4" T cells were purified by magnetic CD4
microbeads using the MiniMACS system as instructed by the manufacturer (Miltenyi
Biotee, Auburn, CA). FACScan analysis was used to confirm that the purity of the cells
was above 95%. Purified CD4" T cells were resuspended in IMDM/10% FCS at a
concentration of 1x10° cells/ml and triplicates of 500ul of cells were plated in flat bottom
48 well plates (Costar). The plates were previously coated overnight at 4°C with 200ul of
20pg/ml anti-CD3 (clone 145-2C11) in PBS or PBS alone as control. The cells were
cultured at 37°C for 72 hours in a 5% CO; incubator. Supernatant were removed and

stored at -80°C for cytokine analysis using ELISA.

MM. 9.6 Anti-miIL-4 treatment

Anti-mouse 1L-4 antibody (11B11, rat 1gG1) was diluted in PBS to Img/ml. Designated
mice were injected intraperitoneally with 1mg of anti-mlL-4 at | day before infection and

7 days post infection.

MM. 9.7 Analysis of antibody responses

The tails of experimental mice were heated under an infrared light and a small incision
was made across the lateral tail vein. Blood was collected in microtainer serum separator
tubes and kept on ice. The samples were centrifuged at 4500rpm for 15 minutes and
stored at -20°C until antibody analysis using ELISA. Blood samples were collected from
naive mice and at day 7 and day 14 p.i. from infected mice. The antibodies of all time

points were measured simultancously.

Total [gG1, 1gG2a, 1gG2b and gk were measured to determine the antibody responses in
N. brasiliensis-infected mice. The goat anti-mouse antibodies (Southern Biotechnology
Associates, Inc, Brimingham, AL, USA) for each isotype were diluted 1:1000 in PBS and

added at 50ul per well to 96 well Maxisorp plates (Nalge Nunc International, Naperville,
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[L. USA). The plates were incubated overnight at 4°C, washed once and 200pu! Blocking
buffer added. After blocking overnight at 4°C, the plates were washed 4 times and 50ul
ol diluted samples and standards added. Samples were diluted 3-fold in Dilution buffer
ranging from /100 for lIgG isotypes (Southern Biotechnology Associates, Inc,
Brimingham, AL, USA) and diluted 10-fold from 1/10 for Igkl (BD Paharmingen). The
standards were diluted 3-fold from 10ug/ml for the 1gG isotypes and Tug/ml for IgE. The
plates were incubated overnight at 4°C and washed 4 times. A 1:1000 dilution of goat
anti-mouse antibody labeled with alkaline phosphatase was prepared for each isotype
(Biotechnology Associates, Inc, Brimingham, AL, USA) and 50ul added to the wells.
The plates were incubated at 37°C for 3 hours, washed 4 times and 50ul of p-nitrophenyl
phosphate (1mg/ml) diluted in Substrate buffer added. The absorbances of samples were
measured between 405nm and 495nm on a Versamax microplate reader (Molecular

Devices, Sunnydale, CA. USA}).
MM. 10 Statistical analyses
Values are given as mean = SEM and significant differences were determined using the

unpaired two-tailed Student’s t-test (Prism software). A p value of < 0.05 was considered

significant.
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1.1 Generation of lymphocyte-specific hiL-4Ra Tg/mIL-4Ra™ mice

IL-4 plays a key role in the differentiation of naive CD4" T cells into Th2 cells in vitro
{Swain et al., 1990; Murphy and Reiner, 2002). Upon activation of the TCR. IL-4 acts via
the STAT6 signaling pathway to up-regulate the transcription factor GATA3, which in
turn is essential for the maintenance of the Th2 phenotype (Zheng and Flavell 1997;
Zhang et al., 1997). To investigate the individual roles of [L-4 signaling and TCR
activation during Th2 lineage commitment, transgenic mice expressing hiL-4Ra under
the control of a lymphocyte-specific intronic enhancer of the lgH chain (Ep) locus
promoter were recently established (Seki et al., 2004). The hiL-4Ra subunit may interact
with mouse ye to form a functional chimenie type | IL-4R that is responsive to hil.-4
(Idzerda et al., 1990; Andrews et al., 2001). On the other hand, mlL-4 is unable to signal
through the chimeric receptor because 1L-4 binds to its receptor in a species-specific
manner (Mosmann et al., 1987). No chimeric type 11 1L-4R is formed due to both the lack
of 1L-13Ral in mouse lymphocytes, and the inability of hllL-4Ra to associate with mllL-
I3Roul (Zurawski and de Vries, 1994; Gauchat et al., 1997, Andrews et al., 2001). The
hiL-4Ra Tg mice, backcrossed to a BALB/c background for more than 10 generation,
were intercrossed with mlL-4Ra™ mice (Mohrs et al., 1999) to generate lymphocyte
specific hlL-4Ra Tg/mlL-4Ra™ (transgenic) mice (Fig. 1). The novel mice thus exXpress
the chimeric [L-4R in lymphocytes while being completely deficient for mll-4R,
allowing for the control of tL-4 signaling in lymphocytes independent of endogenous
miL-4 signaling. This novel mouse model provides us with an inducible 1L-4 system to
study the time dependent role of lymphocyte-specific 1L.-4 signaling in Th2 development

and disease outcome.
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Figure 1. Generation of lymphocyte-specific hIL-4Ra Tg/mIL-4Ra” mice
Transgenic BALB/c mice expressing lymphocyte-specific hIL-4Ra were intercrossed with mlL-

4Ra” mice to generate lymphocyte-specific hIL-4Ra Tg/mIL-4Ra™ mice. Lymphocytes from
transgenic mice express chimeric type | IL-4R while other cells lack type | and type [ IL-4R.
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1.2 Genotyping

To discern between hlL-4Ra Tg/mlL-4Ra™ and the littermate control miL-4Ra™, all
mice from these strains were genotyped using PCR analysis (Fig. 2). The presence of the
miL-4Ru gene was determined by using two sets of primers, one that amplifies the wild-
type allele and another that amplifies the “knockout altele”. In a mIL-4Ra” mouse exons
7. 8 and 9 of the mlL.-4Ra gene are deleted. The forward primer to the wild-type allele
binds in exon 7 and the reverse primer in exon 8 resulting in the amplification of a 600bp
band from DNA of a wild-type mouse containing these exons. On the other hand, the
forward primer of the knockout allele binds in exon 6 and the reverse primer in exon [0.
(n a PCR reaction using DNA from mIL-4Ra” mice, these primers would amplify a
471bp band, but the 3000bp section between exon 6 and 10 in a wild-type mouse is too
big to amplify. Therefore, whereas the PCR products from BALB/¢c mice contain the
600bp wild-type band, PCR products from hiL-4Ra Tg/ miL-4Ra™ and mIL-4Ro” mice
do not contain this band. On the other hand, the 471bp knockout allele was amplified
from DNA of hiL-4Ra Tg/mIL-4Ra™ and mlL-4Ra”™ mice but not from BALB/c mice
(Fig. 2A). The presence of the hlL-4Re transgene was assessed by amplifying a 522bp
segment from the transgene (Fig. 2B). The PCR products from hil-4Ra ’I‘giml’l,—élRiz"f'
mice were positive for this 522bp band while this segment was not amplified in DNA
from BALB/c and mlL-4Ro” mice. The negative control in both reactions had no

amplification products.
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Figure 2. Genotyping of gene-deficient and transgenic mice

Three PCR reactions were used to identify hIL-4Ra Tg/mIL-4Ra™ mice. A. PCR reactions using
primers to the 600bp wild-type allele and primers to the 471bp knockout allele. Lanes I, 2, 9 and
10 contain PCR products from WT BALB/c mice. Lanes 3, 4, 11 and 12 contain PCR products
from hIL-4Ra Tg/mIL-4Ra’” mice while lanes S, 6, 13 and 14 contain PCR products from mIL-
4Ra™ mice. A DNA marker was loaded in lane 8 and the negative controls for each reaction in
lanes 7 and 15. B, PCR reactions using primers to the hlL-4Ra transgene. Lanes | and 2 contain
the PCR products from WT BALB/c mice, lanes 3 and 4 contain PCR products from hiL-4Ra
Tg/mIL-4Ra™ mice and lanes 5 and 6 contain PCR products from mIL-4Ra™ mice. A DNA
marker was loaded in lane 8 and a negative control in lane 7. The sizes (in bp) of the DNA
marker are indicated on the right of each gel.
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1.3 Analysis of cell surface expression of mIL-4Ra and hIL-4Ra

The cell surface expression of mIL-4Ra and hIL-4Ra was analyzed using four colour
flow cytometry to verify that transgenic mice express lymphocyte-specific hIL-4Ra but
no mIL-4Ra. Different cell populations from naive lymph node, peritoneal exudate cells
and splenocytes were identified by staining with fluorescence labeled antibodies to
various cell surface molecules. The correct isotype controls for these antibodies were
used to ensure their specificity. Cells were further incubated with 7-AAD or propidium
iodide to ensure the analysis of viable cells. mIL-4Ra surface expression was absent on
CD3", CD4" or B220" lymph node cells from hIL-4Ra Tg/mIL-4Ro™ similar as mIL-
4Ra” strain compared to BALB/c positive control (Fig. 3).

To confirm that transgenic mice express lymphocyte-specific hIL-4Ra, lymphocyte and
non-lymphocyte subpopulations were analyzed for expression of this receptor subunit.
An isotype control antibody was used to verify the specificity of the anti-hIL-4Ra
antibody and function as negative control. BALB/c and mIL-4Ra” strains were included
as additional negative controls. CD3"CD4" (Fig. 4A) and CD3'CD8" (Fig. 4B) T cell
subsets expressed hIL-4Ra in the hIL-4Ra Tg/mIL-4Ra™ strain. Of the CD3"CD4" cells,
62% were positive for hIL-4Ra expression while 69% of CD3"CD8" T cells expressed
the subunit. A smaller NK-T cell subset (data not shown) with high CD3 and CD4%b
(DX5) expression showed hIL-4Ra expression as did 37% of CD19" B cells (Fig. 4C).
For surface expression in non-lymphocytes, macrophages, NK cells, dendritic cells (DC)
and granulocytes were analyzed. MHC 11" F4/80" (Fig. 5A) and MHC I1" F4/80" (Fig. 5B)
macrophages showed no expression of hIL-4Ra. CD3" DX5" NK cells (Fig. 5C) and
MHC II'CD11c¢" DC’s (Fig. 5D) were mostly negative for hIL-4Ra expression but 9%
and 8% of each respective gated population expressed the receptor subunit. GR-1"
CDI11b" granulocytes (Fig. SE) showed no expression of hIL-4Ra. Cells from BALB/c
and mlL-4Ra™ strains had no hIL-4Ra expression in any of the lymphocyte or non-

lymphocyte subpopulations studied as compared to the isotype control.
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Figure 3. Surface expression of mIL-4Ra on lymphocytes.

Lymph node cells were isolated from naive BALB/c (black line), hlL-4Ra Tg/mlL-4Ra™ (green
line) and mIL-4Ra™ (red line) mice and analyzed by FACS using various cell surface molecules.
Whole lymph node (LN) cells, CD3" T cells, CD4" T cells and B220" lymphocytes were
examined for the expression of mIL-4Ra. Cells were pooled from 3 mice per group with results
representing | of 2 independent experiments.
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Figure 4. Surface expression of hIL-4Ra on lymphocytes.

Lymph node cells were isolated from naive BALB/c (black line), hiL-4Ra Tg/mIL-4Ra™ (green
line) and mIL-4Ra”" (red line) mice and analyzed by FACS for the expression of hIL-4Ra. Cells
from hlL-4Ra Tg/miL-4Ra” mice were stained with the appropriate isotype control antibody
(blue line). CD3"CD4"and CD3"CD8" T cell subsets, as well as CD19"B cells were examined for
hiL-4Ra expression. M1 indicates surface expression of hlL-4Ra above that detected for the
isotype and negative controls. Cells were pooled from 3 mice per group with results representing
| of 3 independent experiments.
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Figure 5. Surface expression of hIL-4Ra on non-lymphocytes.

Splenocytes and peritoneal exudate cells were isolated from naive BALB/c (black line), hIL-4Ra
Tg/mlL-4Ra™ (green line) and mIL-4Ra™ (red line) mice and assessed for surface expression of
hiL-4Ra. Cells from hlL-4Ra Tg/mIL-4Ra™ mice were stained with the appropriate isotype
control antibody (blue line). Non-lymphocyte populations were identified as MHC 11" F4/80" and
MHC 11" F4/80" for macrophages, CD3" DXS" for NK cells, MHC 1I"CD1 Ic” for dendritic cells
and GR-1"CDI11b" for granulocytes. M! indicates surface expression of hiL-4Ra above that
detected for the isotype and negative controls. Cells were pooled from 3 mice per group with
results representing | of 3 independent experiments.
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1.4 In vitro functional analysis of chimeric 1L-4R responsiveness

1.4.1  Cell proliferation

Proliferation of murine B and T lymphocytes in vitro can be induced by 1L-4 via the type
[ HL-4R (Zurawski et al., 1995; Kondo et al., 1993). Cell proliferation assays on lymph
node cells were performed to determine whether hlL-4Ra expressed in lymphocytes
forms a functional chimeric receptor with mouse ye. Radiolabeled (*H) thymidine
incorporation during DNA synthesis was used as a measure of cell proliferation. Cells
were stimulated with miL-2 as positive control and medium alone as negative control.
Recombinant hlL-4, miL-4 and mlL-13 were used to confirm that hlL-4Ra functions in a
species-specific manner. Cells from BALB/c and milL-4Ra™ strains were used as
additional positive and negative controls. When stimulated with m1L-2 (Fig. 6A), cells
from all three strains proliferated in a dose dependent manner. Stimulation with miL-4
(Fig. 6B) induced proliferation in BALB/c cells but not in cells from hiL-4Ra Tg/mlL-
4Ra” and mlIL-4Ra” strains, On the other hand, hll.-4 stimulation (Fig. 6C) resulted in
proliferation of lymph node cells from hiL-4Ra Tg/mlIL-4Ra™ mice but not in cells from
BALB/c and mlL-4Ra”™ mice. The addition of mlL-13 (Fig. 6D) did not induce
proliferation of lymph node cells from any of the strains. Assays done without PMA
showed the same results but with lower thymidine incorporation (data not shown). These
data conflirm the species-specificity and function of the chimeric 1L-4R and the deletion

of miL-4R jn vitro.
1.4.2 Y cell differentiation

iL-4 induces naive T helper (Th) cells to differentiate into Th2 cells in vitro (Le Gros et
al., 1990) while 1L-12 drives Thi differentiation (Hsieh et al., 1993; Manetti et al., 1993;
Seder et al., 1993). In order to ascertain whether hil-4 stimulates the differentiation of
CD4" T cells from hll-4Ra Tg/mlL-4Ra™ mice into Th2 cells, Th1/Th2 differentiation

was analyzed in vitro.
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Figure 6, Cell proliferation of lvmph node cells stimulated with mL-2, mil-4, hiL-4 or
mil-13.

Lymph node cells were isolated from naive BALB/c (—a—), h1L-4Ra Tg/mll-4 Ra™ ( a1
milL-4Ra™ {3 maice and stimulated with miL-2 {panel A), mil~4 {pane!l B), hil.-4 {pane! ()
or miL-13 (panel D) in the presence of PMA (3ng/ml) for 48 hrs. The incorporation of [*H]
thymidine during the last 18 hrs of culture was used as a measure of proliferation. The results are
representative of 4 independent experiments. (n =4 mice per strain)

Cells from BALB/c and mIL-4Ra™ mice were used as controls. Purified CD4" T cells
isolated from naive lymph node cells were activated with plate bound anti-CD3/anti-
CD28. Celis were cultured for 72 hours in the presence of [L-2 (20 U/ml) with mll.-4,
hiL-4 or miL-13 and anti-IFN-y for Th2 differentiation, or with 1L-12 and anti-1L-4 for
Thi differentiation. After restimulation of cells for an additional 48 hours with anti-CD3,
Thi and Th2 cell differentiation were assayed by measuring the [FN-y and 11L.-4 secretion,

respectively. The results presented in Fig. 7 (left panel) illustrate that T cells from all
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three mouse strains showed equivalent ability to differentiate in Thl cells after
stimulation with [L-12 and anti-1L-4. [L-4 production in the right panel (Fig. 7) indicates
that CD4" T cells from hlL-4Ra Tg/mlL-4Ra™ had impaired Th2 differentiation after
culturing with mlL-4 as did miL-4Ra™ cells. In contrast, hil-4 induced Th2
differentiation in hiL-4Ra Tg/mlL-4Ra™ but not in BALB/c and mIL-4Ra™ cells. 1L-13
had no visible effect on either IFN-y or 1L-4 production in CD4'T cells from the three
strains confirming previous reports that IL-13 does not influence T cell differentiation in
vitro (Zurawski et al., 1993; de Waal Malefyt et al., 1995; Sornasse et al., 1996). In
conclusion, hil-4 but not miL-4 induces Th2 differentiation of naive CD4" T cells from

hil.-4Ra Tg/mlL-4Ra™ mice in vitro.

[FN-y iL-4
g pALB '
mz.-eRZ*rg { mit-4Ro™ g miL-43 7 anti-iFNy
Lo i 4R
i o hiL4 / anti4FN-y
 —
mil-4 7 antidFNy
mil-12 / antidL4
Medium
1] ¥ ¥ 1] ] 1 ] | 4 1 4 i L 4
60 50 40 30 20 0 0 10 20 30 40 50 &0
ng/mi

Figure 7. In vitro Th1/Th2 differentiation of CD4™ T cells from BALB/e, hlL-4Ra Tg/mik-
4Ra”" and miL-4Ra™ mice.

CD4' T cells were purified (>95% purity) from pooled lymph node cells of naive BALB/¢, hil.-
4Ra Tg/miL-4Ra” and miL-4Ra’™ mice (n = 3 mice per group). Cell were activated by plate-
bound anti-CD3/anti-CD28 in the presence of 1L.-2 and cultured with mIL-12 and anti-mlL-4 for
Thi differentiation or, for Th2 differentiation, with anti-IFN-y and mlL-4, hiL-4 or miL-13. After
72 hrs of culture, cells were restimulated with anti-CD3 for 48 hrs and the levels of IFN-y (left
panel) and 1L-4 (right panel) in the supernatant measured by ELISA. The results represent | of 3
independent experiments and show the average + SEM of triplicate values.
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1.4.3 Macrophage responsiveness to miL-4 and mIL-13

IFN-y/LPS induce the production of NO in classically activated macrophages (Ding et al
1988; Green et al., 1990a). This induction is counterregulated by IL-4Ra-dependent
mechanisms leading to alternative activated macrophages that have decreased NO
production and increased arginase 1 activity (Doyle et al., 1994; Corraliza et al., 1995;
Modolell et al., 1995; Takeda et al., 1996; Hélscher et al., 2006). Results from the
genotyping and FACS analysis showed that hiL-4Ra Tg/miL-4Ru™ mice were deficient
in milL-4Re. To confirm that macrophages from hiL-4Ra transgenic mice are
unresponsive to miL-4 and miL-13, [FN-v/LPS induced NO production and arginase |
activity were analyzed in macrophage cultures. Thioglycollate-elicited peritoneal
macrophages from BALB/c, hiL-4Ra Tg/milL-4Re”™ and mlL-4Ra™” mice were
preincubated with medium, mil-4 or miL-13 and subsequently stimulated with 1FN-
v/LPS. Macrophages were assayed for nitric oxide (NO) and for urea production as a
measure of arginase | activity. IFN-y/LPS induced NO production by BALB/c
macrophages (Fig. 8A) was significantly suppressed by preincubation with mil.-4 or
mll.-13 while arginase | (Fig. 8B) and thus urea production were induced. miL-4 and
mll.-13 were unable to stimulate urea production and suppress NO production induced by
IFN-y/LPS in hIL-4Ro Tg/mlL-4Ra” and mlL-4Ra” macrophages, These data confirm

that macrophages from transgenic mice lack functional 1L-4/1L-13 receptors.
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Figure 8. Macrophage responsiveness to miL-4 and mlL-13.

Pooled peritoneal exudate cells from naive BALB/c, hilL-4Ra Tg/miL-4Ro™ and miL-4Ra” mice
{n = 5 mice per group) were stimulated with medium alone or preincubated for 16 hrs with medium,
mlL-4 or mlL-13 and subsequently stimulated with IFN-y/LPS. After 48 hrs the NO production
{panel A) was determined by the Griess reaction, Urea production (panel B) after the addition of
arginine was used as a measure of arginase activity. One experiment representative of 2 is shown
with data representing mean + SEM of triplicate cultures. Statistical differences compared to the
IFN-v/LPS-stimulated cultures are indicated as ** p< 0,01 and *** p< 0.001.
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2. In vivo disease studies

2.1, Leishmania major infection

2.1.1 L. major disease progression

Susceptibility of BALB/c mice to L. major infection is associated with a Th2 response
and the production of type 2 antibodies (Heinzel et al., 1989). In the absence of [L-4Ra,
BALB/¢c mice show increased resistance to L. major infection and a shift towards the
production of type | antibodies (Noben-Trauth et al., 1999; Mohrs et al., 1999). The £.
major infection model is thus well suited to test the /n vivo specificity of the chimeric
receptor in hiL-4Ra Tg/mlIl-4Ra” mice. Establishing this i vivo model would allow the
investigation of the IL-4-dependent type 2 responses during L. major infection.
Furthermore, the inducibility of the system may shed light on how the timing of 1L-4

signaling influences Th2 or type 2 responses.

BALB/c, C57BL/6, hiL-4Ra ”I‘g/n‘n!lwétRa";“ and the littermate control miL-4Ra™ mice
were infecled subcutaneously (s.c.) with 2x10° L. major LV39 promastigotes in the hind
footpads and lesion development monitored by measuring footpad swelling. BALB/¢
mice developed progressive non-healing lesions resulting in ulceration while C57BL/

mice were able to control lesion development with no ulceration (Fig. 9). The miL-4Ra™
animals showed increased resistance compared with BALB/c with a moderate footpad
swelling. The hiL-4Ra Tg/mlL-4R«”™ mice developed disease progression with

increasing footpad swelling and ulceration similar to that in BALB/¢ mice.
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Figure 9. Footpad lesion development during L. major infection,

BALB/c, C57BL/6, hll.-4Ra Tg/miL-4Ra™ and mIL-4Ra”™ mice (n = 4 mice per strain) were
infected with 2x10° L. major LV39 promastigotes in the hind footpads. Lesion development was
menitored weekly and footpad swelling calculated as the difference between the infected and
uninfected footpads. One of 4 representative experiments is shown with data representing mean
footpad swelling £ SEM. The occurrence of ulceration and necrosis from individual mice is
indicated with an asterisk (*}.

2.1.2 Increased parasites burden in hiL-4Ra Tg/mIL-4Ra™ mice

To evaluate the ability of L. major-infected mice in controlling parasite growth, parasite
burdens were determined in infected footpads and lymph nodes at week 4 and week 12
p.i. Whole footpad homogenates and lymph node cell suspensions from single mice were
serially diluted, incubated for 10 days and examined for viable parasites. After 4 weeks
(Fig. 10) of infection parasite burdens in BALB/c and hiL-4Ra Tg/mIL-4Ra™ mice were
similarly enhanced in footpads as well as in draining lymph nodes. This was consistent
with the comparable lesion development observed for these two strains throughout the
infection. The parasite burdens in footpads from C57BL/6 and mllL-4Ra™ mice were
significantly reduced compared with BALB/c mice. In the draining lymph nodes,
C57BL/6 mice had reduced parasites while the mlL-4Ra™ mice showed a high parasite
burden comparable to the levels in BALB/c and hiL-4Ra Tg/mIL-4Ra” mice. At 12
weeks p.i. the parasite burdens were in accordance with the lesion development observed

in the different strains. The susceptible BALB/c and hiL-4Ra Tg/milL-4Ra™ strains
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showed equally enhanced parasite loads in both footpads and draining lymph nodes while
resistant C37BL/6 mice had markedly reduced parasite loads. The mlL-4Ra” mice also
showed reduced parasite loads in both footpads and draining lymph nodes compared with
BALB/c and hiL-4Ra Te/mil-4Ra™ mice. As was observed with the moderate lesion
development, mIL-4Ra™ mice had higher parasite burdens compared 1o CS7BL/6 mice.
These results demonstrate that hil-4Ra *i”‘g/ml[,;-ciRa"'“ mice, in the absence of hil-4,
maintain a susceptible phenotype to L major, comparable to that of BALB/c mice.
Furthermore, hiL-4Ra Tg/mIL-4Ra™ mice are significantly more susceptible than the

littermate control mIL-4Ra” mice.
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Figure 10. Parasite loads in footpads and lymph nodes of L. major-infected mice.

Footpads homogenates and lymph node single cell suspensions were prepared from single L.
major-infected mice (n = 4 mice per strain) at week 4 and 12 p.i. Limiting dilution assays were
performed and the dilutions were inspected for viable parasites after 10 days of culture. Each data
point represents the parasite burden in the organ of a single mouse with the bars indicating
arithmetic means. One representative of 2 experiments is shown. Statistical differences compared
to the BALB/c mice are indicated as * p< 0.05. For the parasite burden in footpads at week 12
statistical difference between hiL-4Ra Tg/mIL-4Ra™ and mlL-4Re” mice are shown,
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2.1.3 Type 2 antibody responses to L. major infection

IL-4 induces the production of type 2 antibodies lgGl and IgE in mouse B cells
(Coffman et al., 1986; Snapper and Paul, 1987). During L. major infection BALB/c mice
produce type 2 antibodies which are significantly reduced in mice that lack 1L-4Ra
{(Mohrs et al., 1999, 2000). Furthermore, a deficiency in 1L-4R« results in a shift towards
the production of type 1 antibodies 1gG2a and 1gG2b. [t was expected that the lack of
mlL-4Ra in transgenic mice would result in increased type | and reduced type 2 antibody
responses. Sera samples from L. major-infected mice were collected at day 0, week 4 and
week 10 post infection and the L. major-specific 1gGl, [gG2a and 1gG2b, as well as total
IgE antibodies were measured by ELISA. Antibody levels of antigen-specific 1gG1 (Fig.
FEA), 1gG2a (Fig. 11B) and 1gG2b (Fig. 11C) were low and similar in all groups at week
4 p.i.

After 10 weeks of infection, L. major-specific [gG1 production was increased in BALB/c
and hiL-4Ra Tg/mllL-4Ra™ strains but impaired in CS7BL/6 and mllL-4Ra” mice (Fig.
ITA). BALB/c mice also produced high 1gG2a and [gG2b while C57BL/6 mice made
fow amounts of both these two antibody isotypes (Fig. 1I1B & Fig. 11C). Typel [gG2a
and 1gG2b antibody production was equally elevated in hiL-4Ra Tg/mIL-4Ra”™ and mll.-
4Re” mice. Total IgE (Fig. 12) was increased in BALB/c and hiL-4Ra Tg/mll-4Ra™
mice belore infection with L. major. The levels of this type 2 antibody increased with
time in BALB/¢ mice while remaining constant in hlL-4Ra '!’”gi’milﬂlRa'/“ mice. On the
other hand, IgE antibody production was low throughout the infection in C57BL/6 and

completely abrogated in mlL-4Ra” mice.

These data demonstrate that transgenic mice make both type | and type 2 antibodies in
response to L. major infection. 1gE production is dependent on 1L-4 signaling (Shimoda
et al., 1996) indicating that B lymphocytes in transgenic mice respond to milL-4 in vivo

via the chimeric hlL-4Ra/myc receptor.
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Figure 11, Antigen-specific antibody responses in L. major-infected mice.

BALB/c, CS7BL/G6, hlL-4Rg Te/miL-4Ra” and mllL-4Ra" mice were infected with 2x10° L.
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Figure 12, Total IgE production in response (o L. major infection,

Sera from L. mujor-infected mice were collected at day 0, week 4 and week 10 post infection and
the total IgE antibody levels determined by ELISA. One representative of 3 experiments is
shown. The data is expressed as mean £ SEM of 4 mice per group. Statistical differences
compared to BALR/c values are indicated as * p< 0.05 and ** p<0.01.

2.1.4 Cytokine response to L. major infection

Susceptibility of BALB/c mice to L. major is associated with the production of Th2
cytokines such as IL-4, 1L-13 and [L-10 (Heinzel et al., 1989, 1991; Reiner et al., 1994).
To test whether the susceptibility observed in hlL-4Ru Tg/mlL-4Ra™ mice is
accompanied with a dominant Th2 response, the cytokine production of lymphocytes
were analyzed after 4 weeks of infection with L. major. Single cell suspensions were
made from pooled draining lymph nodes of infected mice and restimulated with anti-CD3
for 72 hours. The cell supernatants were analyzed by ELISA for IL-4, {L-5, 1L-13 and
IFN-y. Cells from BALB/c mice produced increased amounts of 1L-4 compared 1o

C57BL/6 and mlL-4Ra™ mice while hIL-4Ru Tg/mIL-4Ra™ cells expressed strikingly
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higher amounts of this cytokine (Fig. 13A). The hiL-4Ra Tg/miL-4Ra™ mice also
expressed increased levels of IL-5 (Fig. 13B), similar to BALB/c mice, but significantly
higher concentrations of IL-13 (Fig. 13C). In contrast, C37BL/6 and mIL-4Ra” mice
made lower amounts of both IL-5 and 1L-13. The IFN-y production was elevated in
CS57BL/6 mice while being lower in BALB/c and hlL-4Ra Tg/mlL-4Ra” mice and even

more reduced in mIL-4Ra™ mice (Fig. 13D).
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Figure 13. Cytokine production in lymph node cells from L. major-infected mice.

Single cell suspensions were prepared from pooled lymph nodes of week 4 L. major-infected
mice (n = 4 mice per group) and restimulated with anti-CD3 for 72 hrs, The levels of 1L-4, IL-5,
IL-13 and IFN-y in cell supematants were measured by ELISA. One representative of 3
experiments is shown with the values representing mean = SEM of triplicate cultures. Statistical
differences between groups are indicated as ** p< 0,01 and *** p< 0.001.
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2.1.5 Effect of hlL-4 treatment on susceptibility to L. major infection

To determine whether the hIL-4R/myc chimeric receptor in hiL-4Ra Tg/mlL-4Ra” mice
functions as an inducible system, the response of hil.-4-treated transgenic mice to L.
major inlection was investigated. For in vivo treatment of mice, 1L-4 at concentrations of
[-10ug has been used previously with increased IgE responses observed with 10pg of .-
4. Treatment of mice with IL-4 during the first 64 hrs ol L. major infection is sufficient 1o
induce Th2 development and susceptibility (Biederman et al., 2001; Sato et al., 1993;
Himmelrich et al.. 2000). Therefore, transgenic mice were injected with 10 ug of hil.-4 in
PBS intraperitoneal one day before infection, at the time of infection and day 2 post
infection. The treated mice as well as untreated transgenic and mil-4Ra” mice were
infected with 2x10° L. major 1LV39 promastigotes in the left hind footpads and lesion
development monitored by measuring footpad swelling. As previously observed (Mohrs
et al., 1999: Holscher et al., 2006), mlL-4Ra” mice developed slight footpad swelling but
were capable of controlled disease till week 12 of the L. major infection (Fig. 14). Both
hiL-4Ru Tg/mlL-4Ra™ groups developed progressive footpad swelling. Treatment with

hiL-4 had no significant effect on the susceptibility of transgenic mice to L. major.
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Figure 14. Effect of hl1L-4 treatment on lesion development during L. mujor infection.

Mice from hiL-4Ra Tg/mll-4Ra™ and milL-4Ra" strains were infected with 2x10° L. major in
the hind footpads. A group of hiL-4Ra Tg/mlL-4Ro™ mice was treated with hil.-4 on day -1, day
0 and day 2 post infection. The infection was monitored weekly by measuring footpads and
footpad swelling calculated as the difference between the infected and uninfected footpad. Data
represents mean = SEM of 3 mice per group.
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2.1.6 Type 2 antibody responses in L. major-infected mice

To analyze the effect of hiL-4 treatment on antibody responses in L. major-infected mice,
serum was collected one day before infection (day -1) and at week 7 and week 12 post
infection. L. major-specific 1gGl, 1gG2a and 1gG2b titers as well as total 1gE were
measured by ELISA. Whereas there was no increase in 1gG1 levels (Fig. 15A) in mIL-
4Ra” mice at both week 7 and week 12 p.i.. hil-4-treated and untreated hll-4Ra
Te/miL-4Ra” groups produced higher amounts of 1gG1 at week 7 which was further
increased at week 12 after infection. The miL-4Ra™ and transgenic mice had increased
levels of L. major-specific 1gG2a (Fig. 15B) and 1gG2b (Fig. 15C) after infection. As
expected no L. major-specific antibodies were detected in sera of mice from day -1 (data
not shown). Consistent with the previous antibody data naive untreated hilL.-4Ra Tg/mlL-
4Ra”” mice produced total IgE (Fig. 15D). Both hll-4-treated and untreated groups
showed similar levels of IgE at week 7 and week 12 p.i., but these antibodies were not
increased compared to naive Igk levels. On the other hand, Igk production was
completely abrogated in miL-4Ra™ mice during all time points examined.

These data clearly show that hiL-4 treatment of transgenic mice does not affect type 2
responses observed during L. major infection. The presence of the hlL-4Ra transgene,
even in the absence of exogenous hiL-4, results in susceptibility and type 2 antibody
responses. Treatment of transgenic mice with hiL-4 was discontinued to further

investigate why the chimeric receptor signals /in vivo in the absence of hilL-4.
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Figure 15, Effect of hIL-4 treatment on antibody responses in mice infected with L. major.

Experimental mice were infected s.c. with 2x10° L. major and sera collected at day -1, week 7
and week 12 post infection. Antigen-specific 1gG1, IgG2a and IgG2b as well as total IgE titers
were determined by ELISA. Data points represent mean + SEM of 3 mice per group. For total
IgE values, statistical analysis was performed using unpaired Student ¢ test defining differences to
untreated mIL-4Ra™ mice as significant (* p< 0,05, ** p< 0.01).
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2.2 Nippostrongylus brasiliensis infection
2.2.1 Worm expulsion

Expulsion of N. brasiliensis is 1L-13 dependent and requires 1L-4Ra expression in non-
bone marrow derived cells (Urban et al., 1998, 2001; McKenzie et al., 1998b). The hilL-
4Ro Te/miL-4Ra™ mice were shown to be deficient in mIL-4Ra and it was thus expected
that transgenic mice would not expel N. brasiliensis worms. BALB/c, h1L-4Ra Tg/mlL-
4Ra” and miL-4Ra” mice were infected with 750 L3 stage N. brasiliensis larvae and
compared for their worm expulsion and fecundity. As expected, wild-type BALB/c mice
completely expelled their worms by day 14 p.i. whereas the hll.-4Ra Tg/mliL-4Re” and
mlL-4Ra” animals had intestinal worms present at this time point (Fig. 16A). No worm
egos could be detected in feces of wild-type mice after day 10 p.i. while the presence of
egps in hiL-4Ra Tg/mIL-4Ra™ and mll-4Ra™ strains indicates to an inability of these
mice to expel egg-producing N. brasiliensis adult worms (Fig. 16B). These data confirm

that transgentic mice do not express 1L-4Ra on non-bone marrow derived cells.
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Figure 16. Expulsion of N, brasifiensis worms.

BALB/c, hil-4Ra Tg/mil-4Re™ and miL-4Rae™ mice were infected s.c. with 750 L3 stage M.
brasiliensis larvae. A. At day 7 and day 14 afler infection the number of worms in intestines of
individual mice were determined. B. Worm egg production was determined daily from individual
mice and expressed as eggs per gram feces. One representative of 3 experiments is shown and
data represents mean + SEM of 4 mice per group. Statistical differences compared to BALB/c
values are indicated as * p< 0.05.
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2.2.2 Antibody responses to N. brasiliensis infection

Infection with N. brasiliensis provokes an 1L-4 and STAT6 dependent polyclonal IgF
response in BALB/¢ mice (Finkelman ct al., 1988 Urban et al., 1998). Although antibody
production is not required for worm expulsion (Jacobson et al., 1977), the absence of 1L-
4, 1L-13, 1L-4Ra or STATG6 alters the antibody profile induced by N. brasiliensis. Both
IL-47/1L-13" and IL-4Ra” strains make undetectable IgE and increased 1gG2 levels
after N. brasiliensis infection (McKenzie et al., 1999; Urban et al., 1998). To ascertain
whether the antibody responses in hlL-4Ro Tg/miL-4Ra”™ mice were similar to those
reported for mlL-4Ra” animals, total serum lgGl, 1gG2b and IgE antibodies were
measured at day 14 after infecting with N. brasiliensis. BALB/c and mIL-4Ra™ mice had
a similar increase in total 1gG1 antibodies after infection (Fig. 17A). Transgenic mice
responded with significantly higher levels of 1gG1. The mIL-4Ra™ and h1L-4Ra Tg/mlL-
4Ra™ strains both produced increased IgG2b (Fig. 17B). Elevated IgE was observed in
BALB/c mice as well as in hiL-4Ra Tg/mlL-4Ra™ mice while mIL.-4Ra” animals made
no detectable levels of this antibody (Fig. 17C). Thus, although BALB/¢ and mlL-4Ra™
animals mounted the expected antibody responses, transgenic mice made high IgE and
lgG 1l antibodies indicating signaling through the chimeric receptor in B lymphocytes in

ViIVO.
2.2.3 Cytokine response to N, brasiliensis infection

In BALB/c mice the Th2 response induced by N. brasiliensis is characterized by CD4" T
cells that produce high levels of 1L-4, 1L.-5, 1L-10 and 1L-13 but low levels of [FN-y. On
the other hand, IL-4Ro™™ mice have a markedly reduced production of Th2 cytokines
(Kopf et al., 1993, Barner et al., 1998). To determine whether hll-4Ra Tg/mIL-4Ra™”
mice have impaired Th2 cytokine responses, the cytokine production afier 7 days of a V.
brasiliensis infection was analyzed. CD4" T cells were purified from pooled mesenteric
lymph nodes of infected mice and stimulated with medium or anti-CD3. The cytokine
levels in cell supernatants were measured by ELISA. As expected, cells from BALB/c

mice produced high 1L-4 with lower IFN-y while CD4" T cells from infected mIL-4Ra”
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mice had reduced {L-4 but higher IFN-y levels (Fig. 18). However, the [L-5 and 1L-13
levels were similar in these two strains. In contrast, the hiL-4Ra Tg/miL-4Ra™ cells did
not respond like mlL-4Ra” but produced significantly higher 1L-4, 1L-5 and lower IFN-y
than the litlermate controls. Although [L-13 levels were higher in hil-4Ra Tg/mlL-4Ra™
compared to mlL-4Ra™ cells, the differences were not significant. The data suggests that
transgenic mice develop Th2 cytokine responses in vivo due to signaling through the

chimeric receptor.
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Figure 17. Antibody responses in N, brasifiensis-infected mice.

Sera samples were collected from N, brasiliensis-infected mice at day 14 post infection and the
total 1gG1, 1gG2b and IgE antibodies measured by ELISA. One representative of 3 experiments is
shown and data is expressed as mean = SEM of 4 mice per group. Statistical differences
compared to BALB/c values are indicated as * p< (.05 and ** p<0.01.
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CD4" T cells were purified from pooled mesenteric lymph nodes of day 7 N. brasiliensis-infected
mice {n =4 mice per group). The cells were restimulated with anti-CD3 for 72 hrs and the levels
of 1L-4, 1L-5, {L-13 and IFN-y measured in supernatants by ELISA. Data is expressed as mean &
SEM of triplicate cultures with results representing 3 independent experiments. Statistical

differences between groups are indicated as * p<<0.05 and ** p<0.01.
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2.3 Neutralization of milL-4

2.3.1 Worm expulsion of N, brasiliensis

The 1L.-4 signaling by CD4" T cells and B lymphocytes in transgenic mice suggest that
endogenous mlL-4 signals through the chimeric receptor in vive. To address this
hypothesis, mll-4 was neutralized using anti-mlL-4 antibodies during N. brasiliensis
infection.

Treatment of mice with 0.5 — Img of anti-mlL-4 at the time of infection and at weekly
intervals therealter is sufficient to suppress Igh levels in mice infected with N
hrasiliensis (Finkelman et al., 1986) and L. major, respectively (Heinzel et al., 1989;
Debus et al, 2003). Thus, BALB/c and hil-4Ru T'g/rnlL,—:ﬁlR{x"" mice were injected
intraperitoncally with tmg of anti-mlL-4 one day prior to infection with 750 L3 stage V.
brasiliensis and again 7 days later. An untreated group of miL-4Ra™ mice was included
as control. As expected. the treated and untreated hllL-4Ra Te/miL-4Ra”™ and mlL-4Ra™
mice were unable to expel worms while both BALB/¢ groups expelled the parasites by
day 14 after infection (Fig. 19A). A similar result was seen in the egg counts (Fig. 19B).
Whereas no more eggs could be detected in the feces of BALB/c mice by day 14 post
infection, fecal eggs were present in hiL-4Ro Tg/mlIL-4Ra” and miL-4Ra™ strains at
this time point. Consistent with published data about tL-4-deficient mice, the anti-miL-4
treatment was unable to suppress egg production and worm expulsion in BALB/ mice

{Lawrence et al., 1996, Urban et al., 1998),
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Figure 19. Expulsion of V. brasiliensis after neutralization of mIL-4,

BALB/c and hIL-4Ra Tg/mIL-4Ra " mice were injected intraperitoneal with anti-mIL-4 (+ anti-
IL-4) and infected subcutaneously with N. brasiliensis one day later. Treated mice received a
second dose of anti-mIL-4 at day 7 after infection. As control an untreated group of mIL-4Ra™”
was infected with N. brasiliensis. A. The number of worms in intestines of individual mice was
counted on day 7 and day 14 post infection. B. The fecal eggs were counted daily in samples from
single mice with the values for day 14 shown, The results are representative of 2 independent
experiments with values representing mean + SEM of 4 mice per group. Statistical differences
compared to BALB/c values are indicated as * p< 0.05 and *** p< 0.001.

2.3.2 Antibody responses to N. brasiliensis after neutralization of mIL-4

To determine the effects of [L-4 neutralization on antibody responses in hIL-4Ra
Tg/mIL-4Ra™ mice, total IgGl, 1gG2a, IgG2b and IgE production were analyzed. N.
brasiliensis-infected mice were bled on day 14 post infection and their total serum

antibodies measured by ELISA. There were no significant differences in the levels of
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lgGl between strains and anti-mllL-4 treatment had no observable effect on the
production of this antibody (Fig. 20A). As previously demonstrated, total 1gG2a was
significantly higher in miL-4Ra™ mice compared to BALB/c mice (Fig. 20B). Anti-mIL-
4 treatment had no effect on serum levels of 1gG2a in BALB/c mice but increased levels
in hiL-4Ra Te/mlL-4Ra™ mice so that it was significantly higher than in BALB/c. The
levels of 1gG2b were higher in hIL-4Ra Tg/miL-4Ra™ and mIL-4Ra™ mice than in
BALB/c animals but these differences did not reach statistical significance (Fig. 20C).
The production of this antibody isotype was not affected by anti-mll.-4 treatment.
Neutralization of mflL-4 had a more pronounced effect on the total IgE levels measured.
The higher levels of IgE in both BALB/c and hlL-4Ra Tg/mIL-4Ra™ strains were
significantly decreased in animals treated with anti-mlL-4. As shown before no Igk was
detected in the mll-4Ra™ mice (Fig. 20D). These results were consistent in two
experiments and clearly indicate that IgF production observed in hiL-4Ra Tg/miL-4Ra™

mice is [L-4 dependent.
2.3.3 Effect of anti-mIL-4 treatment on cytokine production

The effect of mll.-4 neutralization on cytokine production was analyzed, to determine
whether endogenous mlL-4 drives the Th2 responses observed in N. brasiliensis-infected
transgenic mice. Purified CD4" T cells from pooled mesenteric lymph nodes of day 7
infected mice were restimulated with anti-CD3 for 72 hrs. The levels of 1L-4, 1L-5, [1.-13
and [FN-y were measured in cell supernatants by ELISA. Untreated BALB/c and hiL-
4Ro Tg/mll-4Ra” mice produced more 11.-4, 11.-5 and 11-13 than mIL-4Ra™ mice while
[FN-y production was increased in both miL-4Ra™ and hlL-4Ra Tg/mIL-4Ra™ strains
(Fig. 21). The increased Th2 cytokine production in hiL-4Ra Tg/mIL-4Ra” mice
corresponded to the previous findings. Anti-mlL-4 treatment reduced the levels of 1L.-4,
[L-5 and [L-13 in BALB/c and hllL-4Ra Tg/miL-4Ra™ strains. 1FN-y production was
slightly increased in BALB/¢ animals treated with anti-mlL-4 while being decreased in
the hlL-4Ra Tg/mll-4Ra™ mice. These data show that anti-mlIL-4 treatment reduces Th2
cytokine responses in fransgenic mice confirming that endogenous mll-4 signals through

the chimeric receptor.
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Figure 20. Antibody production in V. brasiliensis-infected mice treated with anti-mIL-4.

BALB/c, hiL-4Ro Tg/mIL-4Ra’” and mIL-4Ra” mice were infected subcutaneously with 750 L3
stage N. brasiliensis larvae. Groups of BALB/c and hiL-4Ro. Tg/mIL-4Ra™ mice were treated
with anti-mIL-4 one day prior to infection and at day 14 after infection (+ anti-IL-4). Sera
samples were collected at day 14 post infection and the total 1gGl, IgG2a, [gG2b and IgE
antibodies measured by ELISA. The results are representative of 2 independent experiments with
values representing the mean + SEM of 4 mice per group. Unpaired Student ¢ test was used to
determine statistical differences compared to BALB/c mice or to untreated groups where
indicated (* p< 0.05).
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Figure 21. Cytokine production in anti-mIL-4 treated mice infected with N. brasiliensis

BALB/c, hIL-4Ra Tg/mIL-4Ra™ and mIL-4Ra"™" mice were infected subcutaneously with 750 L3
stage N. brasiliensis larvae. Groups of BALB/c and hlL-4Ra Tg/mlIL-4Ra " mice were treated
with anti-mIL-4 one day prior to infection and at day 14 after infection (+ anti-1L-4). CD4" T
cells were purified from pooled mesenteric lymph nodes of day 7 infected mice (n = 4 mice per
group) and restimulated with anti-CD3 for 72 hrs. The levels of IL-4, IL-5, IL-13 and [FN-y in
cell supernatants were measured by ELISA. The results are representative of 2 independent
experiments with data representing mean + SEM of triplicate cultures, Unpaired Student ¢ test
was used to determine statistical differences compared to untreated groups where indicated
(** p<0.01, *** p< 0,001).
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3 In vivo analysis of h1L-4Ra Tg/ mIL-4Ra” /mIL-4" /mIL-13" mice

3.1 Generation and genotypic analysis of hIL-4Ra Tg/mIL-4Ra”/
mIL-4" /mIL-13" mice

The mil-4 neutralization studies indicated that mil.-4 is responsible for the increased gk
production and Th2 cytokine profile observed in N. brasiliensis-infected hilL-4Ra Tg/
miL-4Ra” mice. In a genetic approach, to confirm that 1L-4 signals through the chimeric
receptor, hll-4Ra Tg/ miL-4Ra” mice were intercrossed with mlL-4/miL.-13 double-
deficient mice. The use of mice that are also deficient in 1L-13 further eliminates possible
1L-13 signaling through the chimeric receptor. Both strains had previously been
backcrossed onto the BALB/c background for more than 10 generations. The hlL-4Rq
Te/ miL-4Ra™” /miL-4" /mIL-13" mice were identified by PCR analysis of DNA from
tail biopsies (Fig. 22). The presence of a 522bp PCR product using hilL-4Ra primers and
a 471bp product using miL-4Ra knockout allele primers, as described before tor the hlL-
4Ra Tg/mlL-4Ra mice, was used as positive identification. To verify the deletion of 1L-4
and 1L.-13 three primers were used. The amplification of an 80bp product indicated a
wild-type mouse while the amplification of 100bp product identified mlL-4/milL-13"
mice. The amplification of both products are observed in DNA from mIL-4/miL-13""
mice. PCR products from hiL-4Ra Tg/ mIL-4Ra” /milL-4" /mIL-13" mice contained the
100bp PCR product while PCR product from BALB/¢ mice contained the 80bp product.
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Figure 22. Genotyping of hIL-4RaTg/mIL-4Ra” /mIL-4" /mIL-13" mice

Four PCR reactions were used to identify hIL-4Ra Tg/mlL-4Ra /mIL-4"/mIL-13" mice.

A. PCR reactions using primers to the 600bp wild-type allele, the 471bp knockout allele and the
hiL-4Ra transgene. Lanes 1 and 2 contain PCR products from transgenic mice for wild-type
allele; lanes 3 and 4 contain PCR products for knockout allele and lanes 5 and 6 contain PCR
products for hIL-4Ra transgene. A DNA marker was loaded in lane 8 and a negative control in
lanes 7. B. PCR reactions using primers to the mIL-4/IL-13 allele. Lanes 1 and 2 contain the PCR
products from [L-4/IL-13"" mice, lane 3 contains DNA from a hIL-4RaTg/mIL-4Ra" ™ /mlL-4
/mIL-13" mouse and lane 4 contains PCR products from WT BALB/c mice. A DNA marker was
loaded in lane 6 and a negative control in lane 5. The sizes (in bp) of the DNA marker are
indicated on the right of each gel.
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3.2 Immune response to N. brasiliensis infection

3.2.1 Worm expulsion

To determine whether [L-4 and IL-13-deficiency had an effect on the immune response
elicited in transgenic mice, BALB/c, hiL-4Ra Tg/miL-4Ra™, mIL-4Ra™ and hiL-4Ru
Tg/ mIL-4Ra™ /mlL-4" /mlL-13" mice were infected with 750 L3 stage N. brasiliensis
farvac. BALB/c mice had intestinal worms present at day 7 p.i. but had expelled all
worms by day 14 (Fig. 23). In contrast, h1L-4Ro Te/mlL-4Re”, mIL-4Ra™ and hiL-4Rao
Te/mlL-4Ra” /mIL-4"" /mIL-13" mice were unable to expel the parasites by this time
point. As observed with the miL-4 neutralization, the absence of milL-4 and mflL-13 had

no effect on worm expulsion in mice containing the hll.-4Ra transgene.

350+
B BALBIc

hiL-4Ra Tg/miL-4Ra™"

Clmit-d4Ra ™

BRIhiL-4Ra Tg/miL-4Ra™ 7
mil-4"fmiL-13"

Amount of worms

Day 7 . ) Day 14

Figure 23. Worm expulsion of N, brasiliensis in h1L-4Ra Tg/mIL-4Ra" /miL-4" /miL-13"
mice.

BALB/c. hiL-4Ra Tg/miL-4Ra”, mlL-4Ra” and hiL-4Ra Tg/mll-4Ra™” /miL-4" /miL-13"
mice were infected with 750 L3 stage N. brasiliensis larvae. The numbers of worms in intestines
of dividual mice were counted on day 7 and day 14 post infection. Values represent mean +
SEM of 4 mice per group. Statistical differences compared to BALB/¢ values are indicated as
* p< 0.05 and ** p<0.01.
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3.2.2 Antibody response to N. brasiliensis infection

Total IgGl, 1gG2b and IgE levels were measured in sera of N. brasiliensis-infected
animals to determine the effect of endogenous milL-4 or 1L.-13 on antibody production in
hiL-4Ra Tg/miL-4Ra™ mice. Jmportantly. hiL-4Ra Tg/miL-4Ra™ /mlL-4" /mil-13"
mice had no detectable levels of IgE (Fig. 24). The absence ot mil-4 and mIL-13 in these
mice resulted in a deficiency to generate IgE as was observed for mIL-4Ra” mice. Both
BALB/c and hiL-4Ra Tg/mlL-4Ra™ strains showed an increase in IgE and 1gG1 at day
14 p.i. whereas these antibodies were either low or undetectable in miL-4Ra” and hil-
4Ro Te/miL-4Ro” /mIL-4" /mIL-13" mice. On the other hand, hIL-4Ra Te/mIL-4Ra™",
miL-4Ra™ and hiL-4Ra Tg/mil-4Ra™ /mIL-4" /mlL-13" mice responded with
significantly higher type 1 Ig(G2b antibodies. These data confirm that mIl.-4 or mil-13

signals through the chimeric receptor in B lymphocytes of transgenic mice.
3.2.3 Cytokine production

To confirm that hiL-4Ra Tg/miL-4Ra™ /miL-4" /miL-13" mice made no detectable
levels of 11.-4 or 1L-13 during a N. brasiliensis infection, cytokine production was
measured at day 7 p.i. CD4™ T cells were purified from pooled mesenteric lymph nodes
of infected mice and restimulated with anti-CD3 for 72hrs. The levels of 1L-4 and 11-13
in cell supernatants were determined by ELISA. As observed previously, BALB/c and
hiL-4Ra Tg/ mIL-4Ra” mice made higher amounts of [L-4 compared to mIL-4Ra” mice
(Fig. 25). 1L-13 levels were higher in BALB/c mice while being similarly reduced in hilL-
4R Tg/ mlL-4Re” and mlL-4Ro™ mice. As expected, hil-4Ro Teg/mIL-4Ro™ /miL-4"
/miL-13" mice showed undetectable levels of both [L-4 and IL-13 confirming a

deficiency in the expression of these cytokines.
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Figure 24. Antibody responses in hIL-4Ra Tg/mIL-4Ra” /mIL-4" /mIL-13" mice infected

with N. brasiliensis

BALB/e, hll~4Ro Tg/mIL-4Ra™”, miL-4Ra™ and hil-4Ra Tg/ mIL-4Ra™ /miL-4"" /mlIL-13" mice
were infected with 750 L3 stage N. brasifiensis larvae. Sera samples were collected at day 0 and
day 14 post infection and the total 1gGl, 1gG2b and IgE antibodies measured by ELISA. Values
represent mean £ SEM of 4 mice per group. Statistical differences compared to BALB/c values are
indicated as ** p<0.01 and *** p< 0.001.
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Figure 25. Cytokine production of CD4" T cells from hlL-4Ra Tg/mIL-4Ra” /mIL-4" /mIL-
13" mice infected with N. brasiliensis

CD4' T cells were purified from pooled mesenteric lymph nodes of day 7 N. brasiliensis-infected
mice {n = 4 mice per group). Cells were restimulated with anti-CD3 for 72 hrs and the tevels of
1.-4 and L.-13 in cell supernatants measured by ELISA. Data represent mean + SEM of triplicate
cultures. Statistical differences belween groups are indicated as * p< 0.05 and ** p< 0.01.

3.3 Immune response to L. major infection

3.3.1 Footpad lesion development after infection with L. major

To determine whether the absence of mlL-4 and mlL-13 rendered h1L-4Ra Tg/ mlL-4Ra
" mice resistant to L. major infection, BALB/c, C57BL/6, hlL-4Ra Tg/m[l.m%’\a“/} milL-
4Ra™ and hIL-4Ra Tg/miL-4Ra™ /mIL-4" /miL-13"" mice were infected with 2x10° L.
major promastigotes in the hind footpads. Due to time constraints mice were infected
with the more virulent L. major substrain MOHM/IL/8I/FEBNI. BALB/c mice infected
with this strain develop more rapid footpad swelling compared to mice infected with L.
major LV 39, MRHO/Sv/59/P (Biederman et al., 2001). Disease progression was
followed by weekly footpad measurements. Surprisingly, hIL-4Ra Tg/ mIL-4Ra” /mlL-
4" /mIL-13" mice were as susceptible to L. major infection as hlL-4Ra Tg/mlIL-4Ra™
mice indicating that the presence of the hlL-4Ra transgene is sufficient to induce

susceptibility in these mice (Fig. 26).
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Figure 26. Footpad lesion development in the absence of 1L-4 and 1L-13 during L. major
infection.

BALB/c, C57BL/6, hil-4Ra Tg/mlil.-4 Ra”, mIL-4Ra™ and hil.-4Ra Tg,/mllﬂlR(x*/" /mlL-47 /mllL-
13" mice were infected with 2x10° L. major MOHM/IL/81/FEBNI promastigotes in the hind
footpads. Lesion development was monitored weekly and footpad swelling calculated as the
difference between infected and uninfected footpads. Data represents the mean footpad swelling &
SEM of 8 mice per group. For each group 4 mice were killed at week 4 p.i. and the rest at week 9
p.i. The occurrence of ulceration and necrosis from individual mice is indicated with an asterisk (*).

3.3.2 Parasite burdens of transgenic mice in the absence of 1L.-4 and 11L.-13

To determine whether the increased footpad swelling in IL-4/1L-13-deficient transgenic
mice cotrelated with an inability to control parasite growth, parasite burdens were
determined in infected draining popliteal lymph nodes at week 4 and week 9 p.i. As
observed previously, the parasite burdens in lymph nodes after 4 weeks of infection were
similar in BALB/c. mlL-4Ra and both hiL-4Ra transgenic strains (data not shown).
Consistent with the lesion development, BALB/c lymph nodes contained high numbers of
parasites at week 9 p.i., while C57BL/6 mice showed no parasites at this time point (Fig.
27). The parasite burdens in the two hll.-4Ra transgenic strains were equally enhanced
and were significantly higher than that observed for mlL-4Ra™ mice. As reported
previously, mlL-4Ra™ mice harbored more parasites in lymph nodes compared to
C57BL/6 mice. These data confirm that transgenic mice, even in the absence of mil-4

and mll.-13, are unable to control L. major infection.
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Figure 27. Parasite loads in lyvmph nodes of L. major-infected mice.

Single cell suspensions were prepared of lvmph nodes from individual L. major-infected mice (n =
3-4 mice per strain) at week 9 post infection and limiting dilution assays performed. After 7 days of
culture the dilutions were inspected for viable parasites. Each data point represents the parasite
burden in the lymph node of a single mouse with the bars indicating arithmetic means. Statistical
differences compared to mll.-4Ra” mice are indicated as ** p< 0.01 and *** p< 0.001,

3.3.3 Antibody responses in mice infected with L. major

The data above showed that the lack of mil-4 and mlL-13 in transgenic mice did not
alfect susceptibility to L. major infection. To determine whether antibody responses were
influenced by the miL-4/miL-13-deficiency, L. major-specific IgGl and 1gG2a, and total
[gk antibodies were analyzed. The absence of endogenous mlL-4 and mlL-13 completely
abrogated total gl and L. major-specific 12G! responses observed for hlL-4Ra Tg/mlL-
4Ra™ mice (Fig. 28). The increased IgG2b production remained unchanged by the
deficiency for IL-4 and 1L-13. These data confirm the findings from the N. brasiliensis
infection, showing that endogenous mlL-4 or mlL-13 is responsible for the type 2
immune responses in transgenic mice. This unexpected i vivo responsiveness of the hiL-
4Ra chimeric receptor to mlL-4 or mlL-13 does not explain the susceptibility of these

mice to L. major infection.
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Figure 28, Antibody responses in hiL-4Ra Tg/mIL-4Ra” /mIL-4" /mIL-13" mice infected
with L. major

BALB/c, C37BL/6, hIL-4Ra Tg/miL-4Ra™, milL-4Re™ and hll-4Ra Tg/miL-4Ra™ /miL-4" /
mlL-13"" mice were infected with 2x10° L. major MOHM/IL/81/FEBNI promastigotes in the hind
footpads. Sera samples were collected at day 0 and week 8 post infection and the levels of L. major-
specific 1gG 1 and 1gG2a antibodies as well as total gkl measured by ELISA. Data represents mean
+ SEM of 4 mice per group. Statistical differences compared to BALB/¢ values are indicated as **
p<0.01 and *** p< 0.001.
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Transgenic BALB/c mice expressing human [L-4Ra under the control of an intronic
enhancer element of the Ig H chain (Ew) locus promoter, were recently generated to study
the temporal role of 1L-4 signaling in Th2 differentiation in vitro (Seki et al., 2004). The
Ep element functions in B and T cells (Grosschedl| et al., 1984; Kemp et al., 1980), and in
transgenic mice, linkage of Ep to genes (such as chloramphenicol acetyl transterase or
Thy-1) has been shown to provide B and T cell-specific expression (Chen et al., 1987;
Reik et al., 1987). In the study by Seki et al (2004) the hll.-4Ra gene linked to Eu was
introduced into the germline of BDFI mice and backcrossed with BALB/c mice,
resulting in lymphocyte-specific expression ol hll-4Ra on a BALB/¢ background. In
lymphocytes, hiL-4Ra may interact with myc to form a functional chimeric type 1 11L.-4R
(Andrews et al., 2001). Furthermore, due to the species-specific binding of murine and
human IL-4 to their respective receptors, the hliL-4Ra/myc chimeric receptor may be
responsive to hllL-4 but not miL-4 (Lowenthal et al., 1988; Park et al., 1987a; 1987b).
The species-specilicity and function of the hll.-4Ra/myc chimeric receptor in hlL-4Ra
Tg mice were confirmed by the hllL-4-induced proliferation of B and T cells from
transgenic mice. On the other hand, cells from BALB/c mice could not proliferate in
response to hlL-4 (Seki et al., 2004). In addition, hiL-4 stimulated the Th2 differentiation
of CD4" T from hllL-4Ra Tg mice similarly to miL-4-induced Th2 differentiation of
CD4" T cells from BALB/c mice. In order to eliminate signaling via mIL-4 in hilL-4Ra
Tg mice and generate a fully hil.-4 inducible system, hIL-4Ra Tg mice were backcerossed
to mIL-4Ra” BALB/c mice. The resulting hiL-4Ra Tg/ mIL-4Ra” mice allowed for the
Th2 differentiation of TCR activated CD4" T cells only when stimulated with h1L-4. It
was demonstrated that hll-4 added to CD4" T cells in the initial 48 hrs after TCR
activation resulted in Th2 lineage commitment. Delaying hilL-4 treatment to later time
points resulted in impaired Th2 differentiation, clearly showing temporal restrictions on
[L-4-induced GATA3 expression, and induction of Th2 differentiation in vitro.
Comparable results were observed in cells from hiL-4Ra Tg/ mIL-4Ra” mice and anti-

mll-4 treated cells from hlL-4Ra Tg mice. In that study it was demonstrated that the
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hiL-4Ra/myc chimeric receptor in hlL-4Ra Tg/ mil-4Ra™ mice functions in an

inducible and species-specific manner in vitro.

In the present study we characterized the hiL-4Ra Tg/mlIL-4Ra” mouse model as an
applicable in vivo model for studying the temporal role of lymphocyte-specific 11.-4
signaling in Th2 differentiation and disease outcome. Although [L-4 acting via STAT6
signaling is critical for Th2 differentiation in vifro (Le Gros et al., 1990; Swain et al.,
1990), the role of 1L-4 for Th2 development in vive is more complicated and
controversial. Early studies using anti-1L-4 antibodies suggested a requisite role for 11.-4
in mediating Th2 differentiation (Saddick et al., 1990; Heinzel et al., 1991; Fernandez-
Botran et al., 1986). However, studies with 11.-4 R or STAT6” mice indicated that Th2
responses can be induced independently of 1L-4 and 1L.-13 (Mohrs et al., 1999; Brewer et
al., 1999; Urban et al., 1998).

This inducible in vivo hlL-4Ra Tg/mlL-4Ra™ mouse model may firstly, elucidate the
role of lymphocyte-specific [1.-4 signaling for Th2 ditferentiation at different time points
after infection. Secondly, the requirement for lymphocyte-specific 1L-4 signaling for
disease progression, in the absence of [L-4Ra in non-lymphocytes could be investigated.
Thirdly, the inducible reconstitution of [L-4R could indicate when IL-4 signaling in

lymphocytes plays a role in disease outcome and development of type 2 responses.

Briefly, this study demonstrated that the lymphocyte-specific hil-4Ra/myc chimeric
receptor functions as a hlL-4 inducible system in vitro, as described previously (Seki et
al., 2004). However, /in vivo studies using L. major and N. brasiliensis infection models
demonstrated that endogenous mll.-4 could signal through the chimeric receptor in the
presence or absence of hiL-4. Neutralization of mIL-4 or the genetic deletion of mil.-4

and mil-13 abrogated the signaling of the chimeric receptor in transgenic mice.

Before establishing the in vivo characteristics of the hlL-4Ru Tg/mlIL-4Ra” mouse
model, /n viiro analysis was performed to confirm the lymphocyte-specific expression of
hil-4Ra and the induction of IL-4-mediated responses in lymphocytes by hilL-4.

Genotypic analysis of h1L-4Ra Tg/mlIL-4Ra™ mice confirmed the disruption of mlL-4Ra
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and the presence of the hllL.-4Ra transgene. Phenotypic analysis showed that hll.-4Ra
Te/mlIL-4Ra” mice did not express mouse IL-4Ra but did express hiL-4Ra in the
lymphocyte populations, CD4", CD8" T cells, and CD19" B cells. However, hiL-4Ra
surface expression was not observed in all lymphocytes. About 62% of CD3'CD4" T
cells, 69% of CD3'CD8" T cells and 37% of CD19" B cells expressed hlL-4Ra. The non-
lymphocyte populations NK cells, granulocytes and macrophages showed no surface
expression of hlL-4Ra but some hlL-4Ra expression was detected in 8% ol dendritic
cells and 9% ol NK cells. In the study by Seki et al (2004), the investigators stated that
the hlL-4Ra transgenic line selected expressed hlL-4R similarly to mIL-4R in B and T
cells. However, it was not specified how expression was quantified and it is possible that
their expression studies were done under different conditions. Furthermore, the study was
restricted to lymphocyte populations and no mention was made about hllL-4Ra
expression in non-lymphocyte populations. 1t is not surprising that hlL-4Ra is expressed
differently to miL-4Ra as the hlL-4Ra transgene is under the control of Ep and not the
mll.-4Ra promoter. Most studies using Ep-linked transgenes show no detectable levels of
the transgenes in non-lymphocyte populations (Moroy et al., 1990). Some low levels of
transgene expression in mice with an Ep-controlled N-myc transgene were attributed to
infiltrating lymphocytes in the organs studied (Dildrop et al., 1989). Another study
showed that an Ep-linked transplantation antigen gene (H-2Kb) was not only expressed

in B and T cells but also in a subset of splenic epithelium (Allison et al., 1990).

Our functional analysis confirmed the lymphocyte-specific expression and function of
h1L-4Ra, as described before (Seki et al., 2004) et al). Stimulation with hil-4 resulied in
proliferation of lymphocytes and Th2 differentiation of murine CD4" T cells while mouse
11.-4 had no effect. The lack of [L-13 signaling contirmed previous findings that mouse T
and B cells do not respond to 1L-13 (Zurawski et al., 1993), and that hiL-4Ra can not
form a functional type 11 IL-4R with mlL-13Ral (Andrews et al., 2001).

1L.-4 and IL-13 are able to suppress IFNy/LPS-induced NO production of BALB/c
macrophages by an lL-4Ra-dependent mechanism (Doherty et al., 1993; Doyle et al.,
1994; Modolell et al., 1995). Macrophages from 1L-4Ra” mice show no suppression of

NO production by 1L-4 and 1L-13. In our studies, the failure of IL-4 and IL-13 to
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suppress NO production and induce arginase | activity in the non-lymphocyte cell type
macrophages verified the functional deletion of mlL-4Ra. The inability of macrophages
from transgenic mice to respond to mlL-4 and m1L-13 corresponded to the impairment of
alternatively activated macrophages in macrophage/neutrophil-specific 1L-4Ra” mice
(Herbert et al., 2004). Those studies also demonstrated that the deficiency of 1L-4Ra in

macrophages resulted in impaired suppression of NO by [L-4 and IL-13.

For the in vivo studies two well established disease models were chosen: 1) the
Leishmania major model and 2) the Nippostrongylus brasiliensis model. Infection of
BALB/¢c mice with either of these pathogens induces a strong Th2/type 2 response and
important roles for 1L-4Ra in L. major and N. brasiliensis infections are well
characterized (Mohrs et al., 1999; Barner et al., 1998; Urban et al., 1998). These models
are ideal to test the functional species-specificity and inducibility of the chimeric 11.-4
receptor, and investigate the importance of lymphocyte-specitic [L-4 signaling during the

course of infection.

The in vitro data clearly showed that hlL-4Ra Te/miL-4Ra” mice were deficient for
miL-4Ra and that recombinant miL-4 alone did not stimulate lymphocytes from
transgenic mice through the chimeric receptor. We therelore expected transgenic mice to
behave as the littermate control mlL-4Ra™ mice in vivo in the absence of hil-4.
However, in both L. major and N. brasiliensis infections hiL-4Ra Tg/mIL-4Ra” mice
responded differently to infection compared to mlIL-4Ra” mice, clearly demonstrating
that the mouse model does not function in vivo as expected. The major differences
observed between hlL-4Ra Tg/mll-4Ra™ and miL-4Ra” mice, were enhanced Th2
cytokine and gk production by L. major or N. brasiliensis-infected transgenic mice,
compared 1o reduced Th2 cytokine levels and undetectable 1gE in mlL-4Ra™ mice.
Furthermore, hiL-4Ra Tg/mlL-4Ra™ mice were as susceptible to L, major infection as
BALB/c mice while mIL-4Ra™ mice showed increased resistance compared to BALB/c
mice. Treatment of transgenic mice with hil.-4 at the doses described in this study had

no effect on susceptibility or antibody responses to L. major infection,
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Expulsion of N. brasiliensis by BALB/c mice is critically dependent on [L-4Ra
expression on non-bone marrow derived cells (Urban et al., 2001). In our studies hlL-
4Ra Tg/miL-4Ra” mice were unable to expel N. brasiliensis worms as was observed for
mllL-4Ra” mice. These data confirmed previous findings that mil-4Ra™ mice show
impaired worm expulsion (Barner et al., 1998; Urban et al., 1998) and that 1L-4Ra in
non-lymphocytes is required for worm expulsion (Urban et al, 2001). This was also
recently shown in T cell-specific 1L.-4Ra”™ mice where the lack of 1L-4Ro in CD4" T
cells had no effect on N. brasiliensis expulsion (Hoving et al., unpublished data). The
inability of hlL-4Re Tg/mll-4Ra™ mice to expel worms in our studies furthermore
indicated that the problem with our iz vivo hil-4Ra Te/mlL-4Ra”™ mouse model lies not
in the miL-4Ra-deficiency. Our studies further demonstrated that even in the presence of
a strong Th2/type 2 response. N. brasiliensis worms could not be expelled normally in the
absence of IL-4Ra in non-lymphocytes,

The strong Th2 response in N, brasiliensis-infected transgenic mice, in the absence of

oy f
3

hil-4, was unexpected. Previous studies with mIL-4Ra” and mIL-4/IL-137 mice clearly
demonsirated 1L-4/11-13-dependent Th2 development during N. brasiliensis infection
(Barner et al., 1998; McKenzie et al., 1999). In the absence of 1L-4/11.-13 signaling the
production of Th2 cytokines were reduced while IFN-y was elevated. The reduced 11.-4
and increased 1IFN-y production by anti-CD3 stimulated CD4" T cells from mlL-4Ra™
mice in our studies confirmed the requirement of IL-4Ra {or Th2 development. However,
similar levels of 1L-5 and 11.-13 were observed for BALB/c and mll-4Ra” mice. This
difference between our data and a previous study (Barner et al., 1998) may be due to the
longer 72 hrs anti-CD3 stimulation in our studies compared to 48 hrs in theirs. In contrast
o miL-4Ra mice, CD4" T cells from transgenic mice produced enhanced 11.-4, 1L-5 and
IL-13 with lower IFN-y. This suggested that the hllL-4Ru/myc chimeric receptor in
transgenic mice signaled in vivo in N. brasiliensis infection and that endogenous mil-4
could be responsible for the 11.-4R signaling.

In accordance with our observations in the N brasiliensis model, transgenic mice
produced elevated Th2 cytokines during Z. major infection compared to BALB/¢c mice.
Th2 development might be expected in transgenic mice in the L. major disease model as

studies using milL-4Ra™ mice demonstrated that L. major infection can induce Th2
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differentiation independent of 1L-4 and [1.-13 signaling (Noben-Trauth et al., 1999;
Mohrs et al., 2000). Indeed, Th2 development in the absence of [L-4Ra in T cells was
recently demonstrated using cha™ T cell-specific IL-4Ra” mice {Radwanska et al.,
unpublished data). However, IL-4 and 11.-13-dependent mechanisms may also influence
Th2 development and disease outcome. Here, we showed that anti-CD3 stimulated lymph
node cells from miL-4Ra” mice produced lower Th2 cytokines compared to BALB/c
mice. A reduction in Th2 cytokines by anti-CD3 stimulated cells from mlL-4Ra” mice
was also shown by others (Noben-Trauth et al., 1999; Mohrs et al., 2000). However,
despite this impaired Th2 cytokine production by mlL-4Ra” mice, hiL-4Ra Tg/miL-
4R mice produced elevated Th2 cytokines. This confirmed that the hll.-4Ra/myc
chimeric receptor signals in vivo during L. major inlection.

These in vivo data clearly showed that in both L. major and N. brasiliensis infection
models, hIL-4Ra Tg/miL-4Ra™ mice produced Th2 responses that were not observed in
mlL-4Ra” mice. We could conclude that the chimeric receptor in transgenic mice was

able to signal in vivo in T lymphocytes.

The enhanced gk and 1gG1l production in L. major or N. brasiliensis-infected transgenic
mice. in the absence of hil-4, supported the notion that endogenous mll-4 was
responsible for the signaling of the chimeric receptor observed in vivo. N. brasiliensis-
infected 1L-4Ra™ mice produced significantly lower amounts of 1gG1 and undetectable
lgb antibodies, as reported previously (Barner et al., 1998; Urban et al., 1998). lgE
production absolutely requires IL-4 signaling and others have shown that in the absence
of 1L-4, STAT6 or 1L-4Ra, N. brasiliensis-infected mice produced no detectable Igk
antibodies (Kuhn et al., 1991; Urban 1998). The high levels of 1gG1 and Igk production
in hiL-4Ra Te/mlL-4Ra™ mice in contrast to the low 1gGl and undetectable IgE in mlL-
4Ra” mice indicated that endogenous miL-4 signaled through the chimeric 1L-4R in B
lymphocytes in vivo. Similarly. L. major-infected hIL-4Ra Tg/mIL-4Ra” mice produced
high L.major-specific 1¢G1 and total [gE antibodies, in the presence or absence of hil.-4.
In L major infection, type 2 IgGl and IgE antibody responses strictly require 1.-4
signaling and are abrogated in both 11.-4” and IL-4Ra” mice (Mohrs et al., 1999; 2000).

The impairment of [gG1 and 1gE production in mIL-4Ra™ mice in our 1. major infection
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studies confirmed the requirement for [L-4Ra for type 2 antibody responses. The high
type 2 responses in L. major-infected transgenic mice clearly indicated that the chimeric
receptor in B lymphocytes was responsive to miL-4 in vivo.

The observed increased Th2/type 2 responses suggested that endogenous mil-4 could
bind to the hl1L-4Ra/myc chimeric receptor in vivo resulting in signaling. Due to the short
transit time of N. brasiliensis through the host and the rapid development of Th2
responses (Finkelman et al., 1997), this model was chosen to investigate whether
neutralization of mll.-4 would abrogate Th2/type 2 responses in transgenic mice. In our
study, treatment of hiL-4Ra Tg/miL-4Ra” mice with anti-mIL-4 antibodies during N
brasiliensis infection resulted in decreased Th2 cylokine production and gk antibodies.
gk production was not completely blocked but this could be attributed to insufficient
mil-4 neutralization resulting in low levels of mllL-4 still present after anti-mllL-4
treatment. These data clearly indicated that mlL-4 signaled through the chimeric receptor
in vivo despite the species-specificily observed in vitro. Some studies have implicated a
role for 1L-13 in IgE production making it possible that mouse 1L-13 may signal through
the chimeric receptor (McKenzie et al., 1999; Emson et al.,, 1998)., However, this is
improbable as no mlL-13Ral expression has been shown in murine B cells and hiL-4Ra
does not bind to mlL-13Ral in vitro (Andrews et al., 2001). Furthermore, the significant
decrease in Th2 cytokine and Igk production after neutralization of mllL-4 in our studies
confirmed that mlL-4 was responsible for the observed Th2/type2 responses in N

brasiliensis-infected transgenic mice.

To rule out a role for mlL-4 or miL-13 in signaling via the chimeric receptor, we used a
genetic approach. The hiL-4Ra Tg/miIlL-4Ra” mice were intercrossed with mIL-4"/mlL-
137 animals (McKenzie et al., 1999) and investigated in the L. major and N. brasiliensis
in vivo models. Genotypic analysis confirmed the disruption of mll.-4 and milL-13 genes
while cytokine responses during N brasiliensis infection showed that IL-4 and [L-13
were not expressed in novel hiL-4Ra Tg/mll-4Ra’/mlL-4"/mlL-13"mice. In both £.
major and N. brasiliensis infection models the absence of [L-4 and 1L-13 resulted in

abrogation of type 2 antibody responses. These data conclusively demonstrated that
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endogenous miL-4 signaled through the hiL-4Ra/myc chimeric receptor /n vivo leading

to enhanced Th2/type 2 responses in transgenic mice.

In an attempt to explain the discrepancy between the in vitro and in vivo signaling of the
chimeric receptor we revisited earlier studies. Al reports demonstrating species-
specificity of IL-4R signaling were performed in vitro and correspond to our in vitro data
(Mosmann et al., 1987; Seki et al., 2004). However, there are no other reports showing
species-specificity of 1L-4R signaling in vivo. The differences between in vitro and in
vivo signaling may be explained by the measurement of different responses. In this study,
and as demonstrated previously (Seki et al., 2004), m{L-4 could not signal though the
chimeric receptor in B lymphocytes as assessed by B cell proliferation. Earlier studies
made use of human cell lines and radio-labeled [L-4 to show that mlL-4 does not bind
hiL-4R (Nakajima et al., 1987; Park et al., 1987b). More recently, species-specific 1L-4-
induced signaling in B cells in vitro was demonstrated by induction of CD23 and class [
MHC surface expression, as well as STATG6 phosphorylation (Andrews et al., 2001).
However, in our in vivo studies, 1L.-4 signaling in B cells was assessed by B cell antibody
responses. In T cells a similar approach was used to measure signaling of the chimeric
recepior in vitro and in vivo. The inability of mlL-4 to signal via the chimeric receptor in
vitro was shown by us and others in T cell proliferation and Th1/Th2 differentiation
assays (LLowenthal et al., 1988, Seki et al., 2004). Whereas miL-4 could not induce Th2
cytokine production in vitro, mlL-4 signaling in vivo resulted in 'V cells producing Th2
cytokines. Although some 1L-4 producing T cells were also observed in mlL-4Ra™ mice

the Th2 cytokine production was significantly enhanced in hIL-4Ra Tg/m1L-4Ra™ mice.

The possibility that another factor may signal through the chimeric receptor in vivo could
be ruled out, because blockade of mil-4 and deletion of mil.-4 and mllL-13 abrogated the
type 2 responses observed in transgenic mice. A factor present only in vivo may
contribute to the 1L-4 signaling through the chimeric receptor. It is possible that a
parasite-induced factor stimulates or enhances [L-4 signaling during L. major or N
brasiliensis infection. Several parasites including Leistmania and helminths release

factors in the host which modulate the host immune responses to establish an infection
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{(Mottram et al., 1996; Alexander et al., 1998; Mangan et al., 2004). Cysteine proteases
produced by L. mexicana specifically inhibit Thi responses in C3H mice and induce Th2
responses in BALB/c mice (Buxbaum et al., 2003; Pollock et al., 2003). Soluble proteins
produced by L. major were found to induce the activation of B cells and the production of
antibodies while down-regulating Thl cytokine production (Bohme et al, 1986;
Cordeiro-Da Silva et al., 2001). Preliminary evidence from OVA/alum sensitization
studies demonstrated that transgenic mice produced total Igl but no OV A-specific Igl in
response to OVA immunization. This indicated that an inert antigen such as OVA did not
result in increased antigen-specific responses while L. major and N. brasiliensis
infections induced strong Th2 and both antigen-specific and non-specitic type 2
responses.

Another possible explanation for differences observed in vivo and in vitro is that
recombinant mlL-4 used in vitro is glycosylated differently to natural mll-4. For
example, mouse and human IL-4 are hyper-glycosylated by veast hosts (Park et al.,
1987b). Nevertheless, early studies showed that additional glycosylation does not alter
the binding of either human or mouse L-4 to their respective receptors (Park et al.,
1987a; 1987b). Furthermore, in a comparative study using both natural and recombinant
mil-4, neither of these proteins had an effect on proliferation of human T cells
(Mosmann et al., 1987). However, these comparative studies were performed in vitro and
differences in glycosylation may only have an effect in vivo. The recombinant milL-4
used in our studies was produced in baculovirus-transfected insect cells. It is well
documented that insect cells have a different N-glycosylation pathway 1o eucaryotic cells,
resulting in the production of recombinant proteins that lack some oligosaccharide side
chains found in the mammalian-produced protein (Jarvis and Summers, 1992). These
differences in the side chains may affect protein-protein interactions and more
specifically in our case the binding of 1L-4 to its receptor. Also, in vivo, other factors
such as structural changes or myristylation of the chimeric receptor or mil-4, and
associated proteins may affect binding of miiL-4 to the chimeric receptor,

The Ep element linked to the hll-4Ra transgene may control transcription of the gene
differently in vitro and in vivo resulting in differences in expression and function of the

chimeric receplor. A study using an Eu-controlled green fluorescent protein (GI'P)
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transgene investigated the expression of GFP by flow cytometry in vitro, using cell lines
and in vivo using spleen and bone-marrow from transgenic mice (Guglielmi et al., 2003).
Whereas GFP expression was constitutive /n viiro, no GFP' cells or transcripts were
observed in vivo, clearly showing differences between in vitro and in vivo transcriptional

control by Ep.

Besides the discrepancy between the in vive and im vitro function of the chimeric
receptor, an additional major problem with the in vivo hlL-4Ra Tg/miL-4Ro™ mouse
model was the observed susceptibility of these transgenic mice to L. major infection. We
expected that in the absence of hil-4, transgenic mice would behave as mIL-4Ra™ mice
in vivo, and control L. major infection in the acute phase. In some studies L. major-
infected mil.-4Ra” showed increased resistance to acute L. major infection compared to
BALB/c mice (Mohrs et al., 1999; Radwanska et al., unpublished data). while others
showed either susceptibility or slight increased resistance (Noben-Trauth et al., 1999).
These studies highlighted that 1L-4/1L-13-dependent and  {L-4/1L-13-independent
mechanism may control disease outcome. Consistent with reports by our group (Holscher
et al., 20006; Mohrs et al., 1999; Radwanska et al., unpublished data), we demonstrated
that mlL-4Ra™ mice were more resistant to L. major infection compared o BALB/c
mice. However, L. major-infected transgenic mice developed similar lesion progression
and parasite burdens as observed for BALB/c mice, in the absence of hlL-4. The
treatment of transgenic mice with hlL-4 had no influence on the susceptibility of these
mice to L. major infection indicating that no hil-4 induction of the chimeric receptor
oceurred in vivo. These data demonstrated that the hil-4Ra Tg/mlL-4Ra”™ mouse model
did not function in vivo as expected.

Surprisingly, transgenic mice were highly susceptible to infection even though
macrophages from these mice were unable to respond to 1L-4 and IL-13. This suggests
that other factors such as 1L-10 or TGFB may play a role in the observed susceptibility of
transgenic mice. Both of these cytokines have been shown to inhibit classically activated
macrophages and NO production during L. major infection {(Kane and Mosser, 2001; Li
et al, 1999). Our studies revealed no noticeable differences in the L-10 production of

anti-CD3 stimulated lymph node cells from the different groups (data not shown).
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However, IL-10 levels at sites of infection were not investigated and may be more
informative considering that Leishmania amastigotes directly induce [L-10 production by
macrophages (Guy and Belosevic, 1993; Kane and Mosser, 2001). Preliminary data
indicated that lymph node cells from L. major-infected transgenic mice produced more
TGFp than BALB/c and 1L-4Ra” mice (data not shown). Neutralization of TGFf during
infection may shed more light on the role of this cytokine in susceptibility of hiL-4Ra
'S’g;’m![,-élRa”" mice to L. major.

The finding that mti-4 signaled through the chimeric receptor suggested that deletion of
IL-4 and 1L~13 in transgenic mice may result in increased resistance to L. major infection
as observed for miL-4Ra” and mil-4/mi.-137 mice (Matthews et al., 2000; Mohrs et
al., 1999). However, hiL-4Ra Te/mlL-4Ra” /mIL-4"/mlIL-13"mice were susceptible to
L. major already during acute infection, which was in contrast to mIL-4Ra” mice. We
concluded that the hllL-4Ra transgenic mouse model, even in the absence of miL-4 and
mlL-13 can not be used as an inducible system in L. major infection studies. The genetic
background of transgenic mice may influence susceptibility to L. major infection. The
original hllL-4Ra transgenic line was generated in a BDFL strain which is the first
progeny of a cross between C537BL/6 and DBA/2 mice (Manning and Thompson, 1976).
CS7BL/6 and DBA/2 mice are resistant to L. major infection (Saddick et al., 1986;
Nashed et al., 2000; Onishi et al., 2004). This suggested two possible explanations for the
observed susceptibility of transgenic mice to L. major infection in the absence of milL-4
and mlL-13. A resistance gene may have been disrupted by the incorporation of the
transgene into the germline of BDF1 mice. The other possibility is that the transgene may
be flanked by susceptibility genes as the resistant strains DBA/2 and C57BL/6 may also
have susceptibility genes in their genome. Although transgenic mice were backcrossed
with BALB/c mice for more than 10 generations, the transgene is always selected for and
any gene closely linked to it may be transferred to the next generation. The combination
of the transgene-linked sequences together with the distuption of IL-4Ra may induce

susceptibility to L. major infection or create an “on” switch for susceptibility genes.

In conclusion, in viire we showed that hilL-4 but not miL-4 or miL-13 stimulated

lymphocyte proliferation and Th2 differentiation of CD4" T cells from hiL-4Ra Tg/mlL-
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4Ro” mice. However, in contrast to the species-specific signaling of the chimeric
receptor in vitro, endogenous mil.-4 signaled through this receptor iz vive. In the absence
of WL-4, N. brasiliensis or L. major infection induced Th2/type 2 responses in transgenic
mice. These responses were abrogated by the necutralization of miL-4 or the genetic
deletion of mll-4 and mlL-13 in transgenic mice, indicating that endogenous miL-4
signaled through the chimeric receptor in vivo. Our findings highlight the importance of

extending /n vifro studies to /n vivo models and the additional complexity this may bring.

e
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Future studies

Further investigation is required to explain how endogenous mlL-4 signals through the
chimeric receptor. Some studies have implicated a role for 1L-13 in IgE production in
vivo (McKenzie et al,, 1999; Emson et al., 1998). The abrogation of Th2/type 2 responses
in transgenic mice treated with anti-mlL-4 antibodies demonstrated that mll-4 was
responsible for the signaling observed in hiL-4Ra Tg/m1L-4Ra” mice. The intercrossing
of transgenic mice with animals deficient in either miL-4 or mlIL-13 could confirm that
mil-4 and not mlL-13 signaled through the chimeric receptor. In another approach, the
reconstitution of mil-4 in hiL-4Ro Tg/mIL-4Ra™ /miL-4"/miL-13" mice using
recombinant protein will confirm the role of mlL-4 in transducing a signal through the
chimeric receptor. The measurement of gk responses after treatment of OVA/alum
immunized mice with either recombinant mlL-4 or PBS could be used as an in vivo
approach. Immuno-precipitation studies may provide evidence for the proteins that bind
to the hlL-4Ra/myc chimeric receptor and identify whether other factors are involved in
the observed IL-4 signaling /s vivo. Additional FACS analysis is required to explore the

differences in hlL-4Rae and mlL-4Ra expression in lymphocyte populations and to

further investigate hlL-4Ra surface expression in DC’s.

The novel hiL-4Ra Tg/miIL-4Ra™ /mlL-4"/mIL-13" mouse model can be used as an
inducible system to study the time-dependent role of 1L-4 signaling in N. brasiliensis
infection. Treatment of mice with hlL-4 at various time points could uncover when 1L.-4
influences Th2 differentiation in this in vive model. The hiL-4 treatment of transgenic
mice during L. major infection had no effect on susceptibility or type 2 antibody
responses. It is possible that the doses of hil.-4 used were insufficient to induce signaling
via the chimeric receptor. Further investigation is needed to find the optimal dose ot hilL-
4 for chimeric receptor signaling. The combination of hiL-4 and shiL-4R may provide
stronger and longer lasting i vivo responses as has been previously shown for milL-4
(Finkelman et al., 1993). Due to the lack of IL-4 and 1L-13, other markers for Th2

responses would be examined. These include the transcription factors, GATA3J and T-bet,
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other Th2 cytokines such IL-5 and [L-9, type 2 responses such as eosinophilia, and type 2

antibodies, IgG1 and 1gk.

Genetic analysis of transgenic mice is required to identify where the transgene was
incorporated into the mouse genome. The known sequences of the hlL-4Ra transgene
could be used to design radio-labeled probes for Southern blot analysis. DNA from
transgenic mice could be digested with restriction enzymes and bands containing the
transgene identified in Southern blots. The cloning of identified products into vectors and
subsequent sequencing would allow for comparative analysis with BALB/c sequences.
These studies may show whether a disrupted or transferred gene explains the
susceptibility of hIL-4Ra Tg/mIL-4Ra™ mice to L. major infection. These data could also

identify new resistance or susceptibility factors in L. major infection for future studies.
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Appendix A

APPENDIX A
Reagents

All chemical reagents used were of analytical grade and were purchased from the
following companies unless otherwise stated:

BDH Chemicals Ltd, Poole, England

Merck Laboratory Supplies, South Africa

Sigma-Aldrich, South Africa

The composition of the general reagents used is described below.

Phosphate Buffered Saline

o 8¢ NaCl

e (.2g KCI

e |.44g Na,HPO,

o (.24g KH,PO,
Dissolve reagents in 900ml distiled H,O. Adjust to pH 7.4 with HCI. Adjust the volume
to 1000ml. Filter through a 0.22um filter (Millipore Corporation, Bedford, USA).

ELISA reagents

Table 2. Antibodies used in cytokine ELISA

Cytokine Capturing Detecting Antibody | Source
Antibody Clone number
Clone number (biotinylated)
1L-4 BVD4 - 1DI BVD6-24G2 BD Pharmingen
[L-5 TRFKS TRFK4 BD Pharmingen
I-13 38213 Maiched to R&D Systems
capturing antibody
1FN-y R4-6A2 XMGL.2 BD Pharmingen
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Blocking buffer
e 20g Bovine Serum Albumin (Boehringer Manheim, Germany)
o 0.2¢ NaN;
Dissolve reagents in 800mi PBS (pH 7.4). Adjust the volume to 1000m! and store at 4°C,

Dilution buffer

¢ 10g Bovine Serum Albumin (Boehringer Manheim, Germany)

o 0.2g NaNy
Dissolve reagents in 800ml PBS (pH 7.4). Adjust the volume to 1000ml. Filter through a
0.22um fitter (Millipore Corporation, Bedford, USA) and store at 4°C.

Substrate buffer

e (.2g NaNj

e (.8g MgC(l
Dissolve reagents in 700ml distilled H,O. Add 97ml of liquefied dicthanolamine. Adjust
to pH 9.8 with concentrated HCL. Adjust the volume to 1000ml with distilled H»O. Filter

through a 0.22um filter (Millipore Corporation, Bedford, USA) and store in dark at 4°C.

20x Washing buffer
e 20gKCl
o 20g KH,PO,
e 144p Na,HPO4.2H,0
o 800¢g NaCl
Dissolve reagents in 4.5 liters distilled H>O. Add 50ml Tween 20 and 100ml 10% NaN;

solution. Adjust volume to 5 liters with distilled H,0O and store at room temperature.

FACS buffer

e 1g Bovine Serum Albumin (Boehringer Manheim, Germany)

e 0.05g NaN3
Dissolve reagents in 900m! PBS (pH 7.4). Adjust volume to 1000ml. Filter through a
0.22pm filter (Millipore Corporation, Bedford, USA) and store at 4°C.
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Iscoves Modified Dulbeccos Medium

Dissolve | tube (for Iiter) of IMDM (Gibeo/BRIL. #4302200) powder in 800m! distilled
H-0. Add 3.024g NaHCO; and 2Zml of 500x penicillin/streptomycin. Using IM NaOH,
adjust to pH between 7.2 and 7.4. Adjust volume to [000ml with distilled H,O. Filter

through a 0.22um filter (Millipore Corporation, Bedford, USA) and store at 4°C.

500x Penicillin/Streptomycin
Dissolve 754.38mg Penicillin G and 0.5g Streptomycin in 50ml distilled water. Filter

through a 0.22pm filter (Millipore Corporation, Bedford, USA) and store at ~20°C.

Red cell lysis buffer

o 834g NH,(C|

e 0.037g EDTA

e lg NaHCO;
Dissolve reagents in [000ml distilled H,0. Filter through a 0.22um filter (Millipore
Corporation, Bedford, USA) and store at 4°C.

RPMI 1640

Dissolve 1 tube (for Hiter) of RPMI 1640 (Gibeo/ #31800-022) powder in 800m] distilled
H>0. Add 0.852 NaHCO; and 2m] of 500x penicillin/streptomyein. Using NaOH, adjust
to pH 7.6 and adjust volume to 1000ml with distilled H>O. Filter through a 0.22pm filter

(Millipore Corporation, Bedford, USA) and store at 4°C.

Schreider’s insect medum

While stirring gently, add 1 tube (for 1liter) of Schneider’s insect medium (Sigma/S9893)
powder to 800ml distilled H,O until dispersed. Add 0.4g NaHCO; to medium and stir
until dissolved. Using HCI, adjust the pH to 6.9 while stirring. Slowly add a calcium
chloride solution (0.6g anhydrous calcium chloride dissolved in 50ml distilled H,0)
while stirring rapidly to prevent precipitation. While stirring, adjust to pH 7.2 and adjust
volume to 1000ml with distilled H,O. Filter through a 0.22um filter (Millipore

Corporation, Bedlord, USA) and store at 4°C.





