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Abstract
During an infection with Schistosoma mansoni, immunopathology is associated
with a dominant Ty-2 type cytokine expression, tissue cosinophilia and high
levels of serum immunoglobulin 5. It is postulated that in addition to egg-
specific CD4™T cells, an [L-4Ra’ non-T cell effector population is required to
prevent tissue pathology. The role of this disscrtation was to examine the
functional role of IL-4Ra expression on the cells of the myeloid and lymphoid
lineages during 'an acute Schistosoma mansoni infection and its requirement for
the extent of schistosome egg induced lung inflammation and pathology. Mice
with myeloid [L.-4Ra specific deletion were highly susceptible to acute infection.
Death occurred in the presence of antigen specific Ty2 responses, cosinophil
recruitment, granuloma formation, and fibrosis. It was determined that in the
absence of myeloid specific [1.-4Ra signalling, liver granulomas were negative
for the macrophage markers, mannose receptor and arginase | and there was an
impaired alternative macrophage activation which correlated with increased
classical macrophage activation. This suggests that [L-4/1L-13-activated
alternative macrophages are essential for surviving acute schistosomiasis.
Furthermore, experiments performed in mice with a CD™T cell specific 1L-4Ra
deletion showed that liver or lung granuloma development was not abrogated in
the absence of CD4" T cell specific 11.-4Ra signalling. This was associated with
clevated levels of TGE-pB in both the liver and lung tissues. Type 1 responses did
not inhibit fibrosis with mutant mice being slightly more fibrotic than wild type
mice. The mutant strain. which showed an impaired 11.-4 promoted T2
development were resistant to infection. Resistance was associated with
alternatively activated macrophages, CD4'CD25" regulatory T cells and
upregulated Foxp3 expression in the liver and intestine. It was also determined in
mice expressing the human 1L-4Ra on T and B cells that schistosome egg-
induced  lung  granulomatous inflammation was  significantly abrogated.
Similarly, eosinophil infiltration, immunoglobulin I and T2 cytokine
production, characteristics of synchronous pulmonary granuloma (ormation,

were abrogated. Treatment of these mice with human L4 did not have an effect

XVi



Literature Review

LR. 1T INTRODUCTION

We live in a potentially hostile environment that contains a variety of infectious
microbes- viruses, bacteria, fungi, protozoa and multicellular parasites which can
cause disease and kill their hosts had we not developed a series of defence
mechanisms. The immune system faces a daunting challenge in its mission of
protecting the body [rom microbial invasion. Any immune response involves
firstly, recognition of pathogen and secondly, a reaction o climinate it. Broadly,
two general systems of immunity to infectious agents have been selected during
cvolution: Innate or natural immunity, and acquired (adaptive) or specilic
immunity. Phylogenetically, innate immunity is older with some forms
presumably present in all multicellular organisms, whereas adaptive immunity
cvolved about 400 million years ago and is found only in cartilaginous and bony
{ish. amphibian, reptiles, birds, mammals (Thompson, 1995). The ecssential
dilTerence between the two systems is the means by which they recognize micro-

Organisms.

Innate immune responses to many pathogens are provided by enzymes and other
proleins in the blood and tissue fluids (Stites, Terr & Parslow, 1993). These
proteins, whether they are cell surface receptors or soluble, usually sec
carbohydrate structures, for example, endocytose soluble glycoconjugates that are
bound to the mannose receplor, a C-type lectin with broad carbohydrate specificity
(Stahl, 1992). Macrophages also have a receplor for lipopolysaccharide (LPS), a
common constituent of Gram-negative baclerial outer membranes, which signals
the presence of infection by stimulating the synthesis of c¢ytokines such as
interleukin (1L)-1, IL-6, 1L-12 and tumour necrosis factor (TNF) (Fearon &

Locksley, 1996). These chemicals induce acute phase responses, enhance the



microbicidal functions of macrophages, and promote the development and growth

of helper T cells (Ulevitch & Tobias, 1995).

An important type of innate immune response is provided by a group ol serum
proteins that together make up the complement pathway. The complement cascade
is activated when either its alternative pathway interacts with carbohydrate-rich
particles lacking sialic acid (IFearon & Locksley, 1996), or its classical pathway is
triggered by the binding of collectin to certain carbohydrates (Holmskov et al.,

1994),

In contrast to this relatively inflexible system is the almost infinitely adaptable
acquired immune system. The adaptive immune response involves the
participation of a large number of distinct cell types whose functions must be co-
ordinated to ensure a response that is appropriate in quality and in magnitude to
the eliciting antigenic stimulus. This coordination of function is generally believed
10 be regulated by the action of T lymphocytes. There are several types of T cells,
cach with a specialized function. One group, designated T helper (T}))-1 cells,
interacts with mononuclear phagocytes and helps destroy intracellular pathogens.
The other group, 1,2 cells, interacts with B cells and helps them divide,
differentiate and make antibody. The third group of T cells is responsible for the
destruction of the host’s cells which have become infected with viruses or

intracellular pathogens (Roitt, Brostoft & Male, 2002)

Antigen-specific activation of helper T cells triggers their proliferation and
initiates the programmed synthesis of secreted immunoregulatory proteins called
cytokines.  These small protein, signalling molecules principally act in an
autocrine or paracrine way. Many cytokines act by causing aggregation of
receptors at the cell surface which leads to the activation of second messenger

systems.  These include various colony stimulating factors (CSF), chemokines,



interleuking and interferons (IFN) (Roitt et al., 2002). However the profile of
cytokines sccreted i1s highly dependent on the particular type of T cell and in many
diseases it is clear that this specific response of T cells to antigenic challenge

defines the nature of the immune response (Zurawski & de Vries, 1994).

According to the new CD" T cell paradigm, T helper cells can be divided into two
subsets based on their cytokine-producing profile and effector function (Figure A).
A tenet of this paradigm 1s that the two subsets function in antagonism and cross-
regulate one another’s activity by means of secreted cytokines. The T),1 type of
cells produce interferon —gamma (IFN-y) and tumour necrosis factor-beta (TNF-[3)
that participate in immune or inflammatory tissue-destructive reactions (Boros,
1999). '1))2 cytokine responses are typical of immune reactions to parasitic
helminth infections, allergies, and asthma, and are characterised by the production
ol the cytokines interleukin (IL)-4, 11.-5, 1L-9, and 11.-13, that can [unction as
antiinflammatory agents and promote humoral responses by subsets of the T2

type cells (McKenzie, 2000).

The cytokines 11.-4 and [IL-13 are produced in response to antigen receptor
engagement, and by mast cells and basophils upon cross-linkage of the high-
altinity receptor lor immunoglobulin E (IgE) (Kelly-Welch et al., 2003). Although
considerable attention has been given to the roles played by [1.-4 in T2 responses,
the identitication of the related cytokine 1L-13 has led to the re-evaluation of how

these two molecules combine in the generation of T2 immunity.
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Figure A Schematic representation of the differentiation of murine Ty cells into

subsets with distinctive patterns of cytokine release.



LR.2 1L-4 and 11.-13 and their recepntor comnplexes

LR. 2.1 Interleukin 4

Interleukin-4 is a member of a subset of the immune recognition-induced
lymphokines designated the “IL-4 family of lymphokines” (Boulay & Paul, 1992).
This family consists of IL-4, 1L-5, 1L-13 and granulocyte macrophage-colony
stimulating factor (GM-CSF). Murine I1L-4 is a glycoprotein with an approximate
molecular weight ot 19kDa when purified {rom a T-cell source (Paul, 1991).
Produced mainly by a subpopulation of activated T cells (CD4" T helper cells or
112 cells), itis synthesized as a precursor containing hydrophobic secretory signal
sequence of 24 amino acids (Boulay & Paul, 1992). The human IL-4 gene
contains four exons and has a length of approximately 10kb and maps to
chromosome 5¢23-3-31.2 (Arai et al., 1989), while the mouse 1L-4 gene maps (o
chromosome 11. The murine H.-4 gene is in close proximity to other genes
encoding hacmatopoietic growth lactors like granulocyte macrophage-colony
stimulating factor (GM-CSIY) (Ibelgauft, 2005). 11.-4 mediates its {functions by

binding to receptors expressed on target cells.

LR. 2.2 The 1L-4 receptor

-4 receptors are present in haematopoictic, endothelial, cpithelial, muscle,
fibroblast, hepatocyte and brain tissues and are usually expressed at 100 to 5000
sites per cell (Nelms et al., 1999). 11.-4 excrts it biological functions by binding to
the 11.-4Ra complex. The [L-4 receptor is a heterodimeric complex comprised of
an I1L-4Ra chain that binds 11.-4 with high affinity and the common gamma chain

{(yO).

The 1L-4Ra chain belongs to the type 1 cytokine receptor superfamily,
characterized by four positionally conserved cysteine residues and a WSXWS
motif in the extracellular region (Bazan, 1990). The cytoplasmic domain contains

a short amino acid sequence termed box 1. The receptor also bears a region



(besides or in addition to conscrved regions) termed insulin-11.-4 receptor (14R)
motif in the cytoplasmic domain of the human IL-4Ra (Keegan et al., 1994). This
region is essential for cellular proliferation (Harada et al., 1994; Seldin & Leder,
1994). The 1L.-4Ra also functions as a component of the 11.-13 receptor (1L-13R).
The other subunit, the yC chain, initially identified as the third component of the
IL.-2R complex, 1s a component of the receptor complex for 11.-2, [L-7, 11.-9, and
IL-15 (Brombacher, 2000). Mutations of the human yC cause X-linked SCID and
arc characterized by absence of T cells while the mouse phenotype is more severe,

displaying the absence of B, T, and NK cells (Takeda & Kishimoto, 1997).

LR.23 Biological activities of 11.-4

The biological activities of 11.-4 are species-specitic; murine [1.-4 is inactive on
human cells and human [1L-4 is inactive on murine cells. 11.-4 was first recognized
for its cffects on B-cell growth (Paul & Ohara, 1987). Mouse B cells, when
cultured at low densities, synthesize DNA poorly or not at all in response to anti-
leM antibody at relatively low concentrations. Although it does not itself stimulate
resting B-cells to undergo DNA  synthesis, LL-4 increases or induces their
expression of class 11 MHC antigens (Noelle et al., 1984), and of the low affinity
receptors for Igli, as well as increasing the number of 11.-4 receptors found on the
surface of the cell (Noelle et al., 1984; Ohara & Paul, 1988). In activated B-cells
I1.-4 stimulates the synthesis of IgGl and IgE and inhibits the synthesis of 1gM,
leG2a and 1gG2b. This isotype switching induced by IL-4 in B-cells is
antagonized by [FN-y (Paul & Ohara, 1987).

The effects of 11.-4 are not only restricted to B-cells, but it also has potent effects
on T lymphocytes. 11.-4 acts as an autocrine growth factor for a set of murine long-
term T-cell lines. Resting T cells treated with 1L-4 survive in culture without
dividing and treatment of these cells with phorbol esters and 11.-4 causcs

approximately 50% ol the cells to enter S phase and to divide (Paul, 1991). 11.-4

6



also acts on non-lymphoid haematopoietic cells in a variety of ways. [L-4 has
been shown to suppress the growth of macrophages and to increase their cytotoxic
activity for tumour cells (Melnnes & Rennick, 1988). 11.-4 also has activity as a

stimulant of mast cell growth (Else & Finkelman, 1998).

LR.2.4 Interleukin -13

Interleukin-13 is an immunoregulatory cytokine predominantly secrcted by
activated Ty;2 cells and it has similar biological activities as I1.-4 on human B cells
and monocyles (Minty et al., 1993). Interleukin-13 belongs to the class of type |
cytokines and shares the tertiary structure defined by a 4 a-helical hydrophobic
bundle core (Leonard & Lin, 2000). The cDNA of mouse 1L-13 (mil-13),
originally designated P600, corresponds (o a relatively abundant induction-specilic
mRNA derived from the ClL.Ly-1"279 T,,2 cell line (Brown et al., 1989). The
mlL-13 ¢DNA encodes a 131 amino acid protein that commences at the [irst
available ATG codon (Brown et al., 1989). The human 1.-13 (hilL-13) also
encodes a 131 amino acid protein although there are several variants of the cDNA.
They contain either Gly or Asp at position 61 and an insertion of Gln at position
98 (Zurawski & de Vries, 1994), The gene structure for 1L-13 is closely similar to
that of 1L-3, IL-4, IL-5 and GM-CSI, and all five genes arc clustered on 5q
(Ibelgauft, 2005). The I1L-13 gene is located between the GM-CSF and the 11.-4
gene. The hTL.-13 gene is a single copy and contains four exons and shows a high

degree ol sequence identity with the mlL-13 gene (Ibelgauft, 2005).

LR.2.5 IL-13 receptors

Interleukin-13 is a type I eytokine that is similar to 1L.-4 and it signals through the
type [ cytokine receptors. 1L.-13 receptors are expressed on human B cells,
basophils, eosinophils, mast cells, endothelial cells, fibroblasts, monocyltes,
macrophages, respiratory epithelial cells, and smooth muscle cells. However,

functional 11.-13 receptors have not been demonstrated on human or mouse T cells



(Hershey, 2003). There are a total of four receptors between 11.-4 and {1.-13
(Figure B). Both 1L-4 and IL-13 use the IL.-4Ra chain as a component of their
receptors. The T1L-4Ra chain plays an important role in 11-13 signalling, despite
the observation that it has a low affinity for [L-13. The common 7y also plays a role
in the 1L-13R complex and although it does not specifically bind 1L-13, it may
participate in signalling (Jensen, 2000). Additionally, two proteins, termed 1L-
13Ral (also known as IL-13Ra’) and 1L-13Ra2 (also know as IL-13Ra)
(Brombacher, 2000; Kawakami et al., 2001), both members of the haemopoietin
receptor superfamily, have been cloned and shown to play a role in the 1L-13R

complex.

Human T1L-13Ral has a 76% homology to the corresponding mllL-13Ra chain
(previously called NR4). For a functional IL-13 receptor, the 11.-13Ral forms a
productive complex with the primary IL-4 binding protein (11.-4Ra) (Kawakami et
al., 2001). The second receptor chain, 11L-13Ra2, originally cloned from the Caki-
I human renal carcinoma cells line (Jensen, 2000), binds I11.-13 with a high
allinity, but unlike the IL-13Ral it does not bind IL-4. TL-13Ra2 transcripts have

been found in the spleen, liver, lung, thymus and brain (Donaldson et al., 1998).
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Human and mouse 1L-13Ra2 display a 59% amino acid sequence identity, and the
cytoplasmic domains of each lack box-1 and -2 signalling motifs. [L-13Ral, IL.-
13Ra2, vC, and 11.-4Ra are proposed to form four types of IL-13R complexes, the
type of which depends upon the cells and which of the possible receptor

components arc present.

ILR. 2.6 Biological activities of 1L-13

[1.-13 has many diverse functions on a wide variety of cells types (Figure () that
arc relevant to the pathogenesis of allergic disorders. In human B cells 11.-13
promotes B-cell proliferation and induces class switching to IgG4 and IgE in
combination with CD40/CD40  ligand stimulation. [L-13  upregulates the
expression of surface antigens, including the low-affinity Igk receptor (FeeRI)
and MHC classll  (Chomarat & Banchereau, 1998). In monocytes and
macrophages 1L-13 enhances the expression of several members of the integrin
superlamily including CD11b, CDI1le, CDI8, CDI9 and CD49e (VLA-5)
(Zurawski & de Vries, 1994). 11.-13 also has the capacity to inhibit production of
pro-inflammatory mediators including prostaglandins (Endo, Ogushi & Sone,
1996), reactive oxygen and nitrogen intermediates (Doherty et al., 1993; Endo el
al., 1996), 1L-6, 11.-6, 1L-8, TNI'-oo and 11.-12 (de Vries, 1998). 1L-13 is also
involved in cosinophil survival, activation and recruitment (Luttmann et al., 1996;

Pope et al., 2001).
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LR. 3. Immunity to parasitic helminth infections

Parasitic helminths, or worms, comprise a diverse group of extremely successful
metazoan organisms that can parasitize all classes of vertebrates causing
widespread medical and economical problems worldwide (Colley, LoVerde &
Savioli, 2001). While the majority of individuals infected with parasitic worms
expericnce relatively minor symptoms compared to those infected with organisms
that typily more acute viral and bacterial infections, a small percentage suffer
severe life-threatening consequences. Owing to control of insect vector
populations and the availability ol ¢fficacious drugs, helminth parasites have been
largely eradicated as a public health concern in many developed countries
(Chitsulo et al., 2000). Unfortunately, however, in developing countries where
these types of control measures are still not yet practical, helminths remain a

significant biomedical problem.

Many of the parasitic worms have complex multi-stage lifecycles that involve
several hosts. In their mammalian hosts, they undergo extensive growth and
diffcrentiation with the ultimate goal of producing stages, usually the larvae,
intended for transmission to the next intermediate host. Many helminth parasites
arc long-lived and cause chronic infections.  Despite the extensive organismal
complexity, the immune responses of the hosts to worm infections that develop
during this time often cause pathologic changes that in many cases are the primary

cause of discase. (MacDonald, Araujo & Pearce, 2002)

In the majority of cases, the immune response of the hosts to worm infections are
remarkably similar, being T),2 like, with the production of I1.-4, IL-5, [1.-9, I1[.-13
and a development of strong immunoglobulin E (IgF), eosinophil and mast cell
responses (Pearce et al., 2004). This inherent ability of helminths to induce T;,2

responses has led to interest in them from both the perspective of clucidation of

the underlying mechanisms that lead to T,,2 response development and in terms of



understanding T),2 response function. A well studied example of T2 responses is

the granulomatous reaction that sequesters schistosome eggs.

LR 4. Model of choice: Schistosoma mansoni

LR. 4.1 Epidemiology

Schistosoma is a genus of Digenetic Trematode flatworms (flukes) that chronically
infeets more than 200 million people in 74 developing countries with more than
80% of infected people living in sub-Saharan Africa (Chitsulo et al., 2000).
Schistosomiasis, also known as bilharzia, after Theodore Bilharz, who first
identified the parasite in Egypt in 1851, is widespread with low mortality rate but
high morbidity rate.  The disease is often associated with water resource
development projects, such as dams and irrigation schemes, where the snail

intermediate hosts of the parasite breed (Pruss et al., 2002)

LLR. 4.2 Life cycle

Schistosome infection is initiated by ccreariae, which burrow into the skin,
transform into schistosomula and then enter the vasculature and migrate to the
portal system where they mature into adults. Within the vasculature, femalc
parasites releasce cggs that cross the endothelium and basement membrane of the
vein and traverse the intervening tissues, basement membrane and epithelium of
the intestine (S. mansoni) or bladder (S. haematobium) en route to the exterior

(IMigure D).
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It is not clear yet how this process occurs. It was postulated that antigens released
from the extravasated eggs induce a marked T;2 response that orchestrates the
development of granuloma around it (Grzych et al., 1991; Pearce et al., 1991).
The granuloma, consisting of motile cells, then moves to the intestinal lumen,
carrying the egg with it. Once in the lumen the granuloma disintegrates. However,
there scems to be an immunological component involved in the process because
cgg expulsion is minimal in immuno-compromised mice, but can be increased by

the transter ol sera or lymphocytes (Doenhofl, 1997).

In any case, about two-thirds of the eggs do not make it and large numbers build
up in the gut/bladder wall particularly in chronic cases (Schmidt and Roberts,
1989). Many eggs are never expelled [rom the venules but are swept away by the
blood, eventually to lodge in the liver or capillary beds of other organs. The
response to eggs progresses through a ThO stage to become Th2 dominant (Vella
& Pearce, 1992), and is characterized by high levels of TL-4, 1L.-5, [1.-13 and [1.-10
and circulating Iglkl antibody (La T'lamme ct al., 2001). By the time the ¢ggs reach
the outside -by way of lacces or urine, they are completely embryogenated and
hatch when exposed to fresh water (Schmidt & Roberts, 1989).  The first
indication of hatching is activation of the cilia on the miracidium. Upon hatching
the miracidium swims ceasclessly until it encounters a snail host.  Aflter
penetration of the snail host, it sheds its epithelium and develops into a mother
sporocyst (Schmidt & Roberts, 1989). About four weeks after initial penetration
by the miracidium, the infective cercariac emerge ready to infect a mammalian

host (Iigure 3).

LR. 5. Immunobiclosy of schistosomiasis

Three early findings piqued the interest of immunologists in schistosomiasis: (1)
The tmmune response is intimately involved in the development of pathological

changes that accompany infection, (2) infected individuals can have resistance to



super-infections and (3) schistosomes survive for many years in the host despite a

strong immune response.

LR. 5.1 Development of the immune response in infection

In the course of infection, the immune response progresses through at least three
phases. In the 3-5 weeks, during which the host is exposed to migrating parasites,
the dominant response is Tyl-like. As parasites mature, mate and begin to
produce eggs, at week 5-6, the Tyl component decreases, an event associated with
an emergence of a strong Ty2 response (Figure E). During the chronic phase, 10-
12 weeks of infection, the T2 response is modulated and granulomas that form

around newly-deposited eggs are smaller than during the acute phase of infection.

Intengity of Immune response

\-
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Figure E. Development of the immune response in schistosomiasis (Adapted

from Nature Reviews Immunology, 2000)
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LR.5.2 Acute schistosomiasis

Acute schistosomiasis in humans is a debilitating febrile illness that occurs before
the appearance ol eggs in the stools and is thought generally to peak between 6
and 8 weeks afler infection (Cheever, Hoffmann & Wynn, 2000). Symptoms
associated with acute disease usually appear 4 to 10 weeks after infection and
coincide with the migratory stages ol the maturing schistosomula in the lungs or
fiver, maturation of adult worms, or early oviposition in the mesenteric veins
(Boros, 1989). Acute discase is a clinical syndrome often seen in non-immune
individuals (tourists, immigrants) and it rarely occurs among reinfected individuals
living in an endemic area, presumably due to their pre- and postnatal exposures to
schistosome antigens via placental transfer (King et al., 1998) and repecated
infections in early childhood.

Schistosome  egg  antigens are complex host-immunogenic  glycoproteins
consisting of at least 30 components with molecular weights ranging from 10 to
=>200kDa and include those that are secreted by the egg or released following cgg
disintegration (Asahi & Stadecker, 2003). For many years, numerous eftorts have
been made to clucidate the T cell immunogens present in soluble egg antigen
(SEA) preparations of S. mansoni. The best studied egg component is the Sm-p40

antigen.

Sm-p40 is the most abundant schistosome egg component representing
approximately 10% of soluble egg antigen (SEA). First reported as a 40kDa
protein from cggs and miracidia, the Sm-p40 antigen has been shown to be
strikingly immuno-dominant in the large granuloma forming H-2" mouse strains
C3H and CBA (Hernandez et al., 1997a). In comparison to the mature CD4" Th
cell response to unfractionated SEA, which is polarized towards the Th-2 type
(Pearce et al., 1991), the Sm-p40 antigen clicits a response Th-1 biased response

(Cai et al., 1996). Sm-p40 has also been shown to be an immunogen in humans
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(Stadecker, 1999). In addition to Sm-p40, two additional T cell sensitizing egg
antigens  have been  described, namely, S mansoni phosphocnolpyruvute
carboxykinase (Sm-PEPCK) and thioredoxin peroxidase-1 (Sm-TPx-1) (Asahi ct
al., 2000; Tielens et al,, 1991). 1In contrast to Sm-p40, both of these molecules
induce a more balanced Ty-1/Ty-2 response and are relatively stronger antigens in
C57/B16 mice (Asahi, Hernandez & Stadecker, 1999a; Asahi et al., 1999b;
Williams ¢t al., 2001).

The exact mechanism(s) responsible for the pathogenesis of acute schistosomiasis
remain unclear but both nonimmune and immune mechanisms may participate in
the pathogenetic process (Boros, 1989). In humans, acute disease is presumably
unrelated to toxins secreted by the eggs of S. mansoni  because disease often
precedes cgg deposition (Wynn et al., 2004). In the murine model, at the immune
level, there are increascd levels of tumour necrosis factor (TNF) in the plasma and
large quantities of IL-1, 1L-6 as well as TNF produced by peripheral blood
mononuclear cells (PBMCs) (de Jesus et al., 2002). Consequently, in the natural
progression of the disease, the production and functions of these pro-inflammatory
mediators is downregulated by the developing egg-induced T2 response with [L-
10 playing a crucial role in the process (Montenegro et al., 1999). Overall, the

available data indicates that the symptoms of acute schistosomiasis in humans are
related to levels of circulating immune complexes, occur in response (o a variety
ol schistosome species, and are compatible with immune complex disease (de

Jesus et al., 2002).

LR.53 Chronic schistosomiasis

Granuloma formation to parasite eggs signals the beginning of a chronic disease
which may result in [ibrosis, scarring, portal hypertension, haemorrhage and death.
Granuloma formation is dependent on and mediated by MHC II restricted CD4" T

helper lymphoceytes with specificities directed against egg antigens (Hernandez et
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al.. 1997b; Mathew & Boros, 1986), and can occur in environments dominated by
cither Tyl or T2 type cytokines (Pearce et al, 1991; Wynn et al., 1993). A
dominant theme with chronic schistosomiasis is the necessity of the host to
modulate its immune response appropriately (Boros, [989). Although T2
responses seem crucial in modulating potentially life-threatening disease during
acute stages of infection, prolonged responses contribute to the development of

hepatic fibrosis and chronic morbidity (Wynn et al., 2004).

Studies of Schistosoma mansoni in the murine model have shown that 1L-13 plays
a central role in the development of fibrosis, while the absence of 1L-4 allows the

development of a severe, lethal inflammatory condition (Brunct et al., 1997,

I‘allon et al., 2000) with IL-10 exacerbating this condition (FHotfmann et al., 1999).
It is, however, not yet clear whether 11.-13 is important for hepatic fibrosis in
humans. Most individuals who are infected develop Ty2 responses (Araujo et al.,
1996; Williams et al., 1994), but the intensity of the response differs between

individuals. It has been suggested that infection intensity, but more importantly

the individuals genetic predisposition to the discase can affect the scverity of
chronic discase (Dessein et al., 1999; Mohamed-Ali et al., 1999). A segregation
study by Dessein and colleagues showed that a codominant major gene, known as
SM2, is responsible for the observed familial distribution of hepatic {ibrosis
(Dessein et al., 1999). The SM2 gene was mapped to 6q22-g23- a region that
contains the gene that encodes TFN-y receptor 1(IFN-yR1) (Mohamed-Ali et al.,
1999). These data suggest that mutations in IFN-yR1 that lead to loss of function
ol the receptor are associated with a lack of effectiveness of [FN-y in suppressing

[ihrogenesis (MacDonald et al., 2002).

An additional facet of immune-regulation during helminthiases is that the marked
1 cell response that follows initial infection is, in the majority ol patients,

dampened as the infections becomes chronic (King, 2001). Down-regulation of
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cellular proliferative responses during helminth infection is believed to be in the
best interest of the host as it is not apparent in inlected individuals exhibiting the
most severe forms of the discase (Maizels et al.. 1993).  The underlying
mechanisms behind down-regulation of cellular proliferative responses during
helminth inlections remain fairly unknown. Recent studies have, however,
suggested that host macrophages may be alternatively activated by the parasite to
elfect suppression via a contact-dependent mechanism (Falcone et al., 2001; Loke
et al., 2000), via NO production (Atochina et al., 2001) or through 1L-10

production (Mahanty et al., 1997).

A pervasive  theme of vesistance to helminths is that of premonition or
concomitant  immunitly, a state wherein the hosts is protected from further
infection with a given species by ongoing persistent infection with the same
[Hagan P ct al., 2004; Hagan et al., 2004). There are at least two explanations for
this type of immune response. In the first instance, parasites of the primary
infection induce an immune response that, while incapable of killing them, is
nevertheless able to kill incoming parasites that may cause a super-infection. This
would require that adult parasites, express immune evasion mechanisms and that
common antigens be shared between the different stages (MacDonald et al., 2002).
A sccond explanation is that the primary infection alters the anatomy or
physiology of the host is such a way that it becomes more difficult for incoming
tarval organisms to establish inlection in the appropriate niche (Harrison, Bickle &

Doenhoft, 1982).

These two themes are well illustrated by findings from immuno-epidemiological
studics ol individuals in areas of endemicity for Schistosoma species.  In such
arcas, individuals who have passed their mid-teens years gencrally have

significantly less-intensive infections than younger children, despite similar
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exposure Lo inlectious parasites, suggesting that concomitant immunity develops
with age in this case (Butterworth ct al., 1994b). The immunological basis of
resistance to re-infection lo schistosomiasis has been examined by comparing the
parasite-specific immune response of older (resistant) versus younger (susceptible)
individuals following treatment. Such studies indicate that anti-parasite lgli levels

closely correlate with resistance (Dunne et al., 1992a; Dunne et al., 1992b: Rihet

ctal., 1991).

In successful infections, the robust granuloma response that peaks during acute
infection, is gradually down-modulated as the infection progresses to the chronic
stage (Phillips & Colley, 1978; Wynn et al., 2004). Although it is generally
thought that immunopathology and immunorcgulation are under the control of
cgg-antigen-specific T cells, thus far it has been difficult to unite all of the
published findings into one general mechanism or pathway. Nevertheless, there is
a large body of data that indicate the importance of regulatory T cells, 11L.-10,
cross-reactive idiotypes, and anergy in these processes.  Stadecker et al
hypothesized that immunomodulation might represent a state of anrergy in the
responding Tyl cell (Stadecker et al., 1990). Support tor this hypothesis came
Irom studies which showed that macrophages derived from hepatic granulomas
nduced “ancrgy’ in cultured Tyl-cell clones and downregulated pulmonary
granuloma formation in vive (IFlores Villanueva et al., 1994a) with 11.-10 serving
as the alleged mediator (Flores Villanueva et al., 1994b). In a study by Montesano
et al. cross-reactive idiotypic antibodies produced during schistosome infection
were shown to modulate egg-induced pathology, and this modulation correlated
with the production of high levels of 1L-10 (Montesano et al., 2002). On the other
hand, studies in related asthma/allergy models have suggested that regulatory T
cells producing 1L-10 and /7 or TGF-p might also play a role during type-2
dominant immune responses. In one of the studies, DCs exposed to a defined

respiratory antigen (ovalbumin (OVA)) were shown to transiently produce 11.-10,



which in turn stimulated the development of 11.-10-producing CD4" T regulatory
cells (Akbari, DeKruyff & Umetsu, 2001). Similarly, the importance of 11.-10-
producing DCs, macrophages and regulatory T cells in the induction, maintenance,

and resolution of murine schistosomiasis has been established (Hesse et al., 2004).

LR. 6. Schistosomiasis in the murine model

Together studies on mouse and human schistosomiasis raise questions whether
severe morbidity and mortality due to infection are attributable to the development
of polarized T2 or Ty !-type immune responses. Data obtained (rom 1L-10/11.-4-
deficient mice show that these mice developed a highly polarized Tyl response,
lost weight rapidly at the onset of egg deposition and were all dead by 5 weeks
after infection (Hoffmann, Cheever & Wynn, 2000). Acute mortality in these
mice was associated with the over-expression of pro-inflammatory mediators
(interferon (IFN)-y and tumor necrosis factor (TNF)-a, nitric oxide (NO) and
formation of non-fibrotic granulomas. On the contrary, 1,-10-/11.-12-deficient
mice developed a progressive wasting disease that corrclated with increased
hepatic fibrosis, formation of large cosinophil-rich granulomas. a 10-fold increase
in T2 cytokines and significant mortality during the chronic stages of infection.
These findings revealed the central regulatory role of [L-10 in the pathogenesis of
schistosomiasis, and illustrate that excessive type 1 or type 2 cytokine responses

trigger distinet, but equally detrimental forms of pathology following infection.

Experiments with eytokine and gene-knockout mice have shown that schistosome
cpg-induced  granulomatous pathology is dependent on type 2-associated
cytokines, with T1L-4 and IL-13 playing prominent roles. The individual roles of
1L.-4 and 11-13 in granuloma formation were shown in earlier studies utilizing the
pulmonary granuloma model. In this model live eggs are purified Irom the livers
ol Schistosoma mansoni-infected mice and then injected intravenously into naive,

inlected or egg-sensitized mice, (Wynn et al., 1993; Wynn et al., 1994) or in some

S
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cases antigen-coated beads have been used (Ruth et al., 2000). In one of the
pioneering  studies, the individual roles of 1.-4 and 1L-13 in pulmonary
pranulomas were dissected by comparing 1L-4" mice with I1.-4" and wildtype
mice treated with a soluble TL-13Ra2-Fe (slL-13Ra2-I¢) fusion protein to block
endogenous 1L.-13 (Chiaramonte et al., 1999b). In their study, Chiaramonte ef al.
were able to show that in WT mice, lung granulomas that peak in size at 2 weeks,
were reduced by more than 50% following treatment with sIL-13Ra2-F¢, whercas
in 11-4" mice, which have reduced granuloma sizes, treatment with the 1L-13
blocker resulted in complete abrogation of lung granulomas (Chiaramonte et al.,
1999b). This was the first study to demonstrate the non-redundant rolcs of 11.-4
and 11.-13 in lung granuloma formation and were subsequently confirmed by
studics in [L-13" and 1L-4/1L-13" double-knockout mice (Hesse ct al., 2001;
McKenzie, 2000).

As the pulmonary model showed that 1L-4 and 1L-13 both contribute to the
inflammatory response, it became interesting to know if similar mechanisms were
involved in hepatic granulomatous responses. Studies showed that liver granuloma
development in IL-4" mice was similar to that observed in wild type mice
(Metwali et al., 1996; Pearce ef al., 1996). This was an unexpected finding as 1L-4"
" mice generated a reduced type-2 response in the liver and draining lymph nodes
(Chiaramonte et al., 1999a). Other analyses of the role of T,,2 cytokines during
Schistosoma mansoni infection revealed that 11.-4 is central effector cytokine in
Th2 cell differentiation and type 2 cytokine responses. In the absence of 1L-4, T2
cytokine production is severely impaired but not abolished (Jankovic et al., 1999)
and there are concurrent increases in the production of pro-inllammatory
mediators (i.e. NO, TNF-a, II'N-y), morbidity and mortality (Brombacher, 2000;

Fallon et al., 2000).



Although 11.-4 and I.-13 contribute to the induction of granulomatous responses
during infection, studies employing [L-4, STAT-6 or IL-4Ra deficient mice have
suggested that 1L-13 may have a role in IlL-4-independent responses during
helminth infection. The potential role for 1L.-13 in granuloma formation and
{ibrosis was implied by studies in [L.-4Ra™ mice (Jankovic et al., 1999). In their
studies, Jankovic and colleagues found that S. mansoni infected I1.-4Ra”” mice are
distinct from both 1L.-47 and wildlype animals in showing a near complete
ablation of egg pathology while retaining the same lymphokine profile as 11-4"
mice. A direct role of IL-13 in type 2 cytokine-mediated infections has been
shown by blocking 11.-13 activity (Chiaramonte et al., 1999a), whilst other studies
have shown that the removal of TL-13 from the 1;2 cytokine response to S
mansoni infection is beneficial to host survival (Fallon et al., 2000). By contrast
the removal of 1L.-4 resulted in very high mortality characterized by a breakdown
in intestinal integrity and the development of endotoxemia, implicating 1L.-4 as a
protective cytokine in schistosomias is infection. In the absence of [L-4 during live
infections, parasite eggs arc not excreted efficiently and are trapped in the intestine
causing intestinal inflammation leading to systemic LPS.  As livers of
schistosome-infected mice are more susceptible to endotoxin, L.PS leakage will
cxacerbate liver damage and ultimately result in death of the animal (Fallon et al.,

2000).

It is clear from literature that 11.-4 and IL-13 have distinct biological roles. 11.-4
directly induces T cell proliferation and differentiation (Kopf et al., 1993), whilst
[1.-13 mediates its functions on T cells indirectly (McKenzie et al.,, 1998a;
McKenzie et al., 1998b). However, [L-13 shares homology with [L.-4 and appcars
to have overlapping biological activities. 'This overlap in activity is due to 11.-4 ad
I-13 using the [L.-4Ra chain as a component of their receptor complexes and
signalling through a shared signal transducer and activator of transcription-

(STAT)6- dependent pathway (Brombacher, 2000). Both cytokines modulate [gh
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expression (Emson et al., 1998), deveclopment of T2 cytokine responses
(Chiaramonte ct al., 1999b; Kaplan ct al., 1998) and suppression of inflammatory
cytokine production from monocytes (Fallon et al., 2000). Although it has
previously been shown that tissue pathology in schistosomiasis requires, in
addition to egg-specific CD4" lymphocytes, a previously unrecognized 11.-4Ra
non-T cell population (Jankovic et al., 1999), this postulatc has not been
investigated. In the present study we directly addressed the role of cell-specific
expression of IL-4Ra in cgg pathology in S. mansoni-infected mice with a specilic

deletion of 11-4Ra on myeloid and lymphoid cell populations.



Obiectives of the project

“ To determine the role ol 1L-4/1L-13 myeloid responsive cells during
infection with 8. mansoni

% To determine the role of 1L-4/I1.-13 responsive T cells during infection
with 8. mansoni

s To determine the if T cell specific [1.-4Ra signalling is required for lung

granuloma development and egg-induced fibrosis



Materials and Methods

MM.I Mice

All mice were housed under specilic pathogen-Iree barrier conditions in the
animal facility ol the University of Cape Town and given food and water ad
libitum. Both male and female mice between 8-12 weeks were used in
experiments. The Animal Ethics Committee of the University of Cape Town

approved all experiments.

MM, 1.1 Generation and genotyping of conditional IL-4Ra-deficient
mice

Conditional 1L-4Ra-deficient (1L-4Ra™™"™) mice were generated using gene
targeting in BALB/c embryonic stem cells with an isogenic target vector and
Cre/loxP-mediated site-specific recombination as previously described (Mohrs
et al, 1999). LysM“™ (Clausen et al, 1999) and Lck™™ mice were first
backcrossed to BALB/c for nine generations and intercrossed with 1[L-
ARa™N mice. These mice were further mated with [L-4Ro-deficient (11.-
4Ra) mice to generate LysMTL-4Ra™™ and Lk “IL-4Ra”™™ mice
respectively. In all experiments transgenic negative littermates (1L-4Rog”™

referred to as wildtype (W) were used as controls.

Genotypes of mice were conlirmed by PCR analysis of tail biopsies under the
[ollowing conditions: 94°C/1 minute, 94°C/30 seconds, 57°C/30 seconds, and
72°C/1 minute for 40 cycles on an MJ thermocycler (Biozym, Hessissch

Oldendorl, Germany). Specific PCR primer pairs for the
H-4Ra: 5'-GTACAGCGCACATTGTTTTT-3'
Deletion: 5'-GGCTGCCCTGGAATAACC-3 and

5-CCTTTGAGAACTGCGGGCT-3'



LoxP: 5-CCCTTCCTGGCCCTGAATTT-3" and
S-GTTTCCTCCTACCGCTGATT-3'
Cre: 5-ATGCCCAAGAAGAAGAGGAAGGT-3" and

S-GAAATCAGRGCGTTCGAACGCTAGA-3’

Conditional human [L-4Ra transgenic (hlL-4RaTg) mice were obtained from
Dr. Masato Kubo. This transgenic mouse expresses the human TL-4Ra under
the control of an intronic enhancer from the lg H chain Ep locus to allow
specitic expression of the receptor only in lymphocytes (Seki et al., 2004). The
chimerie receptor composed of the human IL.-4Ra (hlL-4Ra) chain and mouse

y-chain is responsive to hil.-4.

MM. 2 Schistosoma mansoni parasites and snail hosts

Schistosoma mansoni, Puerto Rican strain, and Biomphalaria glabrata snails
used for the maintenance of the parasites were provided by Adrian Mountford,
York, UK). The snails were maintained in the laboratory at 25°C under a
regulated light/dark cycle in conditioned water and fed on commercial fish

lakes and/ or Romaine lettuce.

MM, 3 Animals Infections

M. 3.1 Live infections

Mice were infected with live S. mansoni cercariae using described protocols
(Coligan et al., 1991). Briefly: Mice were anacsthetized with Anaket-V
(Centaur Labs, RSA) and 2% Rompun (Bayer, Germany) at recommended
concentrations and the abdomen cleanly shaved. The abdomen was then wiped
with gauze moistened in conditioned water. Animals were placed on their

backs in a slotted restraining device to prevent involuntary movement.



Cercariac were shed from snails (Coligan ct al., 1991) and their numbers
adjusted to the required concentrations. Stainless steel rings were placed on the
abdomens of shaved mice and the cercarial suspension pipetted into the rings
with a Pasteur pipette. Animals were exposed to cercariae for ~Thour, and the
cercarial suspension and the rings were removed. Mice were then moved back

into their cages without washing or wiping the exposure site.

MM. 3.2 Collection of schistosome eggs from mouse tissues

Infected mice were euthanized by intraperitoneal injection of 0.3 ml Anaket-V
(Centaur Labs, RSA) and 2% Rompun (Bayer, Germany) at recommended
concentrations. The tissues (liver and/or intestine) were dissected out and
rinsed thoroughly in 4°C 1.2% NaCl Tissues were minced with scissors and
suspended in 1.2% NaCl and homogenized for 30 seconds at low speed with
X620 CA'T homogenizer (Staufen, Germany). A pinch of collagenase-V was
added to the homogenate followed by lhour incubation at 37°C. The
suspension was then passed through a crude sieve (420pm pore size). The
liltrate was then passed though a series ol stainless steel sieves with decreasing
pore sizes using a plastic spray bottle lilled with 1.2% NaCl and collected into
450mm  petri-dishes (Bibby Sterilin, Staffordshire, England). With gentle
swirling, eggs were concentrated in the middle of the Petri dish and collected
with a Pasteur pipette. Collected eggs were suspended in 1.2% NaCl and placed

on ice until used.

MM. 3.3 Synchronized pulmonary granuloma induction

[For the induction of pulmonary granulomas, purilied eggs were counted and
their numbers adjusted to the required concentrations. Using a 25G needle (B.
Braun. Melsungen, Germany) 5000 eggs were then injected intraperitoneally

into mice. After a period of 14 days, sensitized mice were challenged

intravenously via the tail vein with a further 5000 eggs.
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MM. 3.4 Enumeration of schistosome eggs from mouse tissues

Liver or intestinal tissues were removed from infected and euthanized mice,
weighed and digested in 200ml of 5% KOH solution at 37°C for 16hr. The
digest was then mixed thoroughly and the egps counted in several aliquots

using a compound microscope at 40x.

MM. 3.5 Enumeration of schistosome eggs from faecal material

Analysis of feacal samples for the presence of parasite eggs was performed
using the modified Kato-Katz technique as described elsewhere (Eberl et al.,
2002). Briefly: £250mg fresh taecal samples were suspended in 3ml PBS
overnight at 4°C and layered out on top of 3ml of 0.9%NaCl/60% Percoll
(Sigma) solution. After centrifugation at 330 x g for 15 minutes, the
supernatant was discarded and the pellet resuspended in PBS. The suspension
was then passed through a 150pm mesh sieve into a collecting tube to exclude
larger particles. The eggs in the flow-through were pelleted and transferred
onto a glass slide marked with parallel tramlines 1.5m apart, and counted at
40x magnification in the presence of 1:10 volume of malachite green

{Calbiochem, Darmstradt, Germany).

MM, 4 Enzvme Linked Immunosorbent Assay and ex vivo analyses

-
L

Nunc Maxisorp 96 well plates (Nalge Nunc International, Naperville, [1., USA)
were coated with 10pg/ml of “capturing antibody”™ or 10ug/ml of S. mansoni
soluble egg antigen (SEA) overnight at 4°C. Plates were washed with washing
buffer using a SkanWasher 300 microplate washer (Skatron Instruments,
Norway) and blocked with 200ul of blocking buffer overnight. Wells were
washed and recombinant mouse cytokine or isotype specific antibody standards
were added in serial dilutions at recommended concentrations. Samples were
diluted in dilution buffer and added in scrial dilutions and the plates were
incubated overnight at 4°C. Plates were washed and incubated overnight at 4°C

or 2 hours at 37°C with a biotinylated antibody. Plates were then washed and



incubated with streptavidin-alkaline phosphatase (BD Pharmingen) (1:1000
dilution) for | hour at 37°C. The plates were subsequently washed, incubated
with p-nitrophenyl phosphate (Img/ml) (Boehringer Mannheim, Germany) and
the enzymatic reaction was read at 405 using a Versamax microplate reader

(Molecular Devices, Sunnyvale, CA, USA).

MM. 4.1 Single cell suspensions

Splenocyte or lymph node single cell suspensions were obtained as previously
described (Coligan et al., 1991) and stimulated with anti-CD3 in lscove’s
Modified Dulbecco Medium (IMDM) supplemented with 10% Foetal Calf

Serum (FCS), penicillin/streptomycin

MM. 4.2 Granuloma tissue homogenates for cytokine analysis

5% (wt/vol) liver or intestinal tissue suspensions (ileum and colon) from
infected mice were homogenized in a lysis buffer containing S0mM Tris-HCL
(pH 8.0)-0.5% NP-40, ImM EDTA, 150mM NaCl, 0% glycerol, ImM
aprotinin, ImM phenylmethylsulfonyl fluoride with a protease inhibitor
cocktail (Sigma). The extracts were frozen immediately in liquid nitrogen and
stored at -80°C until use. Before use, extracts were homogenized in a Warring
blender and sonicated for 5 min. The extracts were cleared by spinning at
12000 rpm at 4°C. Protein content was assayed in all liver and intestinal

homogenates using a BCA protein assay kit (Pierce, Rockford, Hlinois, USA).

MM. 4.3 Granuloma cell purification

[Livers of 7.5 week-infected mice were homogenized and granulomas collected
by 1-G sedimentation and washed in I[scoves modified Dulbecco’s medium
(IMDM). Cell suspensions were incubated at 37° C with shaking in IMDM
containing 0.5% collagenase. The dispersed granulomas were further disrupted

by repeated suction and expulsion through 20 ml syringe. Cells were passed
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through sterile gauze, washed and wviability determined by Trypan blue
exclusion. Granuloma cells were cultured for 48-72 hrs in 96 well cell culture
plates (Nunclone surface, Nalge Laboratories, Denmark) in IMDM containing
10%  foctal  call  serum, 10mM  HEPES, 02mM  L-glutamine,
penicillin/streptomycin,  Cells were cultured with anti CD3 monoclonal

antibody at 20 pg/ml.

[ntestinal granulomas were prepared Irom 4dem sections of ileum from infected
mice, Mushed of faecal contents with PBS, treated with SmM EDTA for 30 min
to remove cpithelial cells, then minced and digested with collagenase for |
hour. Cells were passed through sterile gauze and layered onto Percoll (Sigma)
eradicnt (40/60%) and spun at 2200 rpm for 1 hour in a Jouan 1SO 9001

centriluge (France) and cells collected at the interface.

MM. 5 Arginase assay

Arginase activity in macrophages was evaluated as previously described
(Corraliza et al., 1994). Briefly: bone marrow-derived macrophages were
washed with PBS and stimulated with 1.LPS. To the activated cells, 50ul of
0.1% TTriton X-100 containing protease inhibitors (Sigma) was added and the
cells shaken at room temperature for 30 minutes. After lysis, 50ul of 10mM
MnCl,, 50mM Tris-HCI, pH 7.5 were added and incubated at 55°C for 10
minutes. 25ul aliquots of the previously-activated lysates were transferred (o
Lppendort tubes and arginine hydrolysis initiated by addition of an equal
amount of 0.5M arginine, pH 9.7, followed by incubation at 37°C for 60
minutes. The reaction was stopped by addition of 400pl of an acid mixture
containing [11,S0,, H3PO,, and 1,0 (1:3:7). 25ul of ISPF diluted in 100%
ethanol was added and mixture heated at 100°C for 45 minutes followed by
mncubation for 10 minutes in the dark. 200ul aliquots were transferred 1o

microtitre  plates and read at 540nm in a Versamax microplate reader



(Molecular Devices, Sunnyvale, CA, USA). A calibration curve was prepared

with increasing amounts of urea between 1.5png and 30pug.

MM. 6 Hepatocellular damage

Hepatocellular damage was indicated by elevated levels ol serum aspartate
transaminase as determined by AST/GOT kit (Sigma). Levels of serum LPS
were determined by using a I toxate kit for endotoxin delermination (Sigma) in
combination with an endotoxin colorometric susbtrate (Calbiochem,

Darmstadt, Germany) in endotoxin-free water and read at 405nm.

MM. 6.1 Hydroxyproline assay

Hydroxyproline content as a mecasure of collagen production was assayed in
acid-hydrolyzed samples as previously described (Bergman & f.oxley, 1963;
Bergman & Loxley, 1969) Briefly, tissue (lung or liver) samples (£1g) were
placed into 16 x 125 mm Kimble (Scientific Laboratories, NY, USA ) screw
cap glass tubes and Sml of 6N HCI added to each tube. The samples were
hydrolysed at 110" C for 18-24 hours and alfter cooling 40mg Dowex
(Sigma)/Norit (Mcrck) mixture in Sml distilled water was added 1o cach tube
and vortex mixed on a Vortex-2 Genie (Scientific Industries, NY, USA).
Samples were then centrifuged at 2000rpm at 4°C for 15minutes in a cooled
Beckman Model TI-6 centrifuge (UK). Samples were then filtred into new
glass tubes using number | Whatman 9em filter paper. 2ml of the filtrate was
ncutralized with 1% phenolphthalein and titrated against 10M NaOH. 200ul
aliquots were transferred to clean tubes and the final volume brought to 4ml
with distilled water. The aliquots were mixed with 400ul of isopropanol
(Sigma) and 200ul of chloramines-T/citrate bulfer solution (pH 6.0) (Sigma)
was added. I'hrlich’s reagent solution (Sigma) was added to each tube and the
tubes were incubated in a 60°C water bath for 25 minutes. The tubes were
allowed to cool under cold running water for 3min. Aliquots of 200ul were
transferred into flat bottomed 96-well microtiter plate (Bibby Sterilin,

Staffordshire, UK) and the absorbance read at 558-570nm using a Versamax



microplate reader (Molecular Devices, Sunnyvale, CA, USA). Hydroxyproline
levels were calculated by using 4-hydroxy-L.-proline (Calbiochem, Darmstadt,
Germany) as standard and results were expressed as pumoles hydroxyproline

. ~pe . » . 4 “
per weight of liver tissue that contained 107 eggs or as pug/g lung tissue.

MM. 7 FACS analvsis

Peripheral blood was collected in heparinized tubes; mesenteric lymph nodes
were oblained as previously described (Coligan et al., 1991). Granuloma cells
were stained for surface markers by flow cytometry. After blocking in FACS
buffer containing 2.4G2 mAb (Fe-block) cells were stained with 1pg of cach
conjugated mAbCD3-biotin, streptavidin APC, CD4-FITC, and CD25-PL
(Pharmingen) Cells were washed and re-suspended in 500mi of FACS bulfer
and analyzed with a FACSSCAN flow cytometer (Becton Dickinson, Mountain

View, California, USA)

MM. 8 Real-time RT-PCR

RNA from liver or intestinal tissue was cxtracted and the presence ol
contaminating genomic DNA was tested before cDNA synthesis by real-time
PCR using B-actin primers that bind to genomic DNA (5-TGGAATC CTGTG
GCAT CCA GAAAC-3" and 5'-TAAAACGCAGCTCAGTAACAGTCCG-3").
Data were analyzed using the “Fit Points” and “Standard Curve Method™ using

B-2-microglubulin as the housekeeping gene.

B2MG Forward: §'-TGA CCG GCT TGT ATG CTA TC-3'
P2MG Reverse: 5'-CAG TGT GAG CCA GGA TAT AG-3'
NOS-2 Forward: 5'-AGC TCC TCC CAG GAC CAC AC -3
NOS-2 Reverse: 5'-ACG CTG AGT ACCTCATTG GC -3
Arg-1 Forward: 5'-CAG AAG AAT GGA AGA GTC AG-3°
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Arg-1 Reverse: 5°-CAG ATA TGC AGG GAG TCA CC-3°
Foxp3 Forward: 5°-CAT GAT CAG CCT CCC ACC AC-3°
Foxp3 Reverse: 5°-TTG CAG ACT CCA TTT GCC AG-3°

MM. 9 Histology
Tissue samples (liver or lungs) for staining were rchydrated, fixed in neutral-

bultered formalin and processed for histology. 5-7pum sections were stained
with haematoxylin and cosin (H&E), periodic acid Schiff reagent (PAS), or
with chromotrope 2R and aniline blue solution (CAB) and counterstained with

Wegerl’s hematoxylin for collagen staining.

For immunohistochemistry, OCT embedded liver tissue was cut into 7 pm
frozen sections. Alter acetone fixation, macrophages werc deteclted using
peroxidase anti F4/80 mAb (Caltag, Burlingame, California, USA). A rabbit
anti-NOS-2 mAb (gift from 1. Pteilschilter, Franklurt, Germany) was used to

analyze macrophage {unction

MM. 9.1 Histopathology and imaging

Hepatic and pulmonary granulomas were measured in 5-pm-thick hematoxylin
and eosin (H & [) sections. The diameters of each granuloma containing a
single egg were measured by means of a computerized morphometry using the
Scion lmage Analysis Program (Scion Image, Frederick, Maryland,USA) by
subtracting the ecgg diameter from the diameter of the whole granuloma
(Cheever et al., 1992). An average of 50 granulomas per mouse was included in
the analysis. All histologic examinations were scored by the same individual in

a blinded fashion to obtain consistency.

Numbers of cosinophils in granulomas were also evaluated in the samc sections
used for granuloma measurements, whilst PAS positive cells were evaluated

from sections stained with periodic acid Schiff reagent (PAS). Granuloma



cosinophils were counted under immersion oil at x1000 magnification using a
Nikon Eclipse E400 microscope. Bosinophils were counted in four ficlds from

cach granuloma, and 50 granulomas were examined for each mouse.

Images of stained sections were captured using a Nikon DXM 1200 digital
camera attached 1o a Nikon Eclipse FE400 microscope and the ACT-1 soliware

application program.

MM. 10 Statistics
Values are given as mean + SD and significant differences were determined
using the unpaired two-tailed Student’s (-test or ANOVAL In all tests a p value

ol <0.05 was considered significant

Reagents

All chemical reagents used in these studies were of analytical grade and
purchased from the following companies unless otherwise stated:
Sigma-Aldrich, South Africa

BDI Chemicals Lid. Poole, England

Merck Laboratory Supplies. South Africa

General reagents

Phosphate Buffered Saline

s 8g NaCl

o 0.2 KCI

o |.44g Na, PO,

o (.24 KH,PO,.
Dissolve reagents in 900ml distilled F,O. Adjust to pH 7.4 HCL. Adjust volume
to 1000ml. Filter through a 0.22um filter (Millipore Corporation, Bedford,

USA).
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Hydroxvproline Assav reagents

Dowex/Norit mixture

Mix 40g Dowex (AG1-X8-200-400 mesh) with 20g of Norit (decolorizing
carbon) in a larger beaker. Add 6N HC1 and mix well. Transfer mixture to a
800ml Buchner funnel and apply suction. Wash 2 or 3 times with 6N HC1. Add
95% cthanol, mix and apply suction. Add 100% ethanol, mix and apply suction

and repeat the step twice. Dry in a larger dish under the hood

Citrate-Acetate buffer

Weigh out 57g of Sodium Acetate (x 3H,0), 37.5g trisodium citrate (x 2H,0),
and 5.5 g of citric acid. Mix with 385ml isopropanol (2-propanol) in a 1L-
graduated cylinder. Bring volume to 1L with distilled water. Stable indefinitely

at room temperature.

Chloramine T
Weigh out 7g of Chloramine T. Add distilled water to a {inal volume of 100ml.
Store dark and refrigerated at 4°C. Tor the assay, mix | part chloramine T with

4 parts citrate acetate buffer.

Ehrlich’s reagent

Add 25g of p-dimethylaminobenzaldehyde to 37.5ml of 60% perchloric acid
made from a 70% stock, by adding 32.1ml perchloric acid to 5.4ml. Store in the
dark at 4°C. For the assay, mix 3 parts of FEhrlich’s reagent with 23 parts

isopropanol.



FLISA reavents
Table A. Antibodies used in cytokine ELISA

Cytokine Capturing Detecting Antibody Source
antibody Clone number
Clone number (biotinylated)
-4 BVD4-1D11 BVD6-24G2 Pharmingen
[r.-5 TRFKS TRFK4 Pharmingen
H.-10 JES5-2A5 SXC-1 Pharmingen
.13 38213 Matched to capturing Ab. R & D
II'N-y R4-6A2 XMGI.2 Pharmingen
TGE-}3 AT75-2.1 A75-3.1 Pharmingen
TNF- (281-2626 MP6-X13 Pharmingen

Blocking buffer

o 40g Bovine Serum Albumin (Bochringer Mannheim, Germany)

o ().2g NaNj;
Dissolve BSA and NaN; in 800ml PBS (pH 7.2), bring the final volume to
1000m! and store at 4°C.

Dilution Buftfer
e 10g BSA
e (.2g NaN;
Dissolve BSA and NaNj in 800ml PBS (pH 7.2). Bring final volume to 1000ml

and store at 4°C.

20x Washing Buffer
e 20pg KCI
e 20g KH,PO,
e [44p Nall,PO,
o 800g NaCl




Dissolve reagents in 4500ml distilled H,O. Add 50ml Tween 20 and 100ml

10% NaNj. Bring final volume to 5000m! and store at room temperature.

Substrate Buffer

e (.2¢ NaN;

e 08z MgCl,
Dissolve NaN; and MgCl, in 700ml distilled H,O. Add liquefied
diethanolamine and adjust the pH to 9.8. Bring final volume to 1000ml with

distilled H,). Sterilize and store in the dark at 4°C.

Iscove’s Modified Dulbecco’s Medium (IMDM)

Dissolve 1 tube (3.024g/L) of IMDM in 750ml distilled H,O. Add 81.7ml 10x
Nal1CO; and 2ml of 500x penicillin/streptomycin. Using INaOH, adjust the
pll to between 7.2-7.4. Bring final volume to 1000ml with distilled H,0.
Sterilize through a 0.22um filter (Millipore Corporation, Bedford, USA) and

store at 4°C.

Red cell lysis buffer
o 8.34g NH,CI
e (0.037g LDTA
o g NallCO;

Dissolve reagents in 1000ml distilled H,O. Sterilize and store at 4°C.
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Experimental Studies



CHAPTER 1

Schistosoma mansoni infection in
macrophage/neutrophil-specific IL-4Ra-

deficient mice



SUMMARY

, ) . - S - . Cre o -/lox
Macrophage/neutrophil-specitic L-4Ra-deficient mice (LysM™™HL-4Ra™™)

were generated o understand the role of 1L-4/11.-13 responsive myeloid cells
during Th2 immune responses. In these studies three groups of mice were used,
AR (W), TL-4Ra™ and LysM ™ IL-4Ra™™ mice. A group of 6-8 mice
per group were percutancously infected with 100 S0 mansoni cercariac and the
immune response analyzed. LysM ™ 1L-4Ra™™ as well as 1L-4Ra”™ mice were
extremely susceptible 1o S, mansoni inlection with 100% mortality during
infection. I LysMTIL-4Ro”™™ mice, mortality was not dependent on
ncutrophils and oceurred in the presence of 112/ Type 2 responses, granuloma
formation and egg-induced fibrosis. In contrast, 172/type 2 and granuloma
formation were signilicantly abrogated but not completely abolished in 11.-
4Ra™ mice. Death was associated with increased Tyl cytokines, hepatic and
intestinal histopathology, increased NOS-2 activity, impaired cgg expulsion,
and sepsis. The  immunosuppressive  cylokine, TL-10 was not able to

compensate for the absence of [L-4/11.- 1 3-activated alternative macrophages.



RESULTS

1.1 Generation ol macrophage/neutrophil-specific IL-4Ra” mice'

Conditional 1L-4Ra-deficient (IL-4Ra" ™) mice were generated by gene
largeting using  isogenic targeting  vector and  Cre-mediated  site-specific
recombination in BALB/c cmbryonic stem cells. The neomycin resistance/
ihvimidine Kinase (neo/ik) cassette flanked by loxP sites was introduced into
mtron sequences 57 of exon 7 and an additional loxP site was inserted into the
mtron 5" ol exon 10 (Figure 1.TA). Transient Cre expression in successfully
target embryonic stem cells resulted in removal of the selection cassette and
retention of two loxP sites [Tanking exons 7-9. Cell-specific gene disruption in
macrophage and ncutrophils was achicved through an intercross between
hemizyeous H-4Ra™™ mice, bearing one floxed and one disrupted 11.-4Ra
alicle, and transgenic LysM‘™ mice on and [L-4Ra” background. Transgene-

<lox

bearing hemizygous mice, HL-4Ra mice were identified by PCR genotyping
(I'ipure 1.113). Cre-mediated disruption in bone marrow-derived macrophages
[rom l,ysM("'“H4-4I{Cx,”/““‘\ was confirmed by southern blotting (data not shown).
A dose-dependent proliferation ol [L-4 stimulated lymphocytes demonstrated

that the inscrtion of loxP sites had no influecnce on I11.-4 receptor function

(Figure 1.1C). These results suggest a silent floxed mutation of the [1-4Ra

1.2 Selective impairment of 1L-4Ra function in macrophages and
ncutrophils‘

1-4Ra cell surface expression was analyzed in neutrophil ([-a”/GR17).

macrophage ('4/80"), lymphocyte (CD3" and B220"), and dendritic cell

(CD1T'CHE and CD11e 'CDYY) populations from S, mansoni-infected mice.

In the LysMTL-4Ra™™ strain, abrogation of 1L-4Ra expression was

obscrved only in the ncutrophil and macrophage populations (Figure 1.2),

CGeneration and cedlular characterization studies were performed by C. Holscher and D. Herbert.
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Figure 1.1

Cell specific deletion of the IL-4Ra gene in macrophages and neutrophils

IL-4 U/mi

A) IL-4Ra gene locus and targeted deletion. Numbers indicate exons of the IL-

4Ra gene; B,E, and X, restriction sites for BamHI, EcoRI and Xhol

B) Identification of different IL-4Ro alleles and the LysM®™ transgene. Three

specific PCR reactions were used to identify LysMC™IL-4Ra”"™* mice

C) Lymph node cells from WT (black symbol), IL-4Ra™ (white symbol), and IL-

Ro"™™* (hatched symbol) were stimulated with IL-4 and DNA synthesis

measured by thymidine incorporation. Data are mean + SD from triplicate

cultures.
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Figure 1.2

Cell type—specific [L-4Ra expression

Mesenteric lymph node cells from S. mansoni infected mice were costained using 1L-
4Ra together with GR-17/1-a% or F4/80" for neutrophils or macrophages, B220" or
CD3" for B or T cells, CD11¢'CD8 and CD11¢"CD8" for dendritic cell
subpopulations. 1L-4Ra™ (grey shade), IL-4Ra™ (black line), LysM IL-4Ro ™
(grey dotted line). Data are from pooled samples of 5 mice and are representative

from four experiments.
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A

showing clicient Cre-mediated deletion ol the T1-4Ra gene. Indeed, 1.PS
stimulated  peritoncal macrophages treated with [L-4 showed a significant

. o T . . - . Ao Al -
reduction of TNE seerction only in W and not in [L-4Ra™ or LysM™"“IL-4Ra

“mice (Figure 1.3A).

Cviokine speciticity was demonstrated by co-treatment with 1L-10, which
clobally suppressed TNEF production in all macrophage populations. Similarly,
I -13-mediated suppression of NO production was absent in LPS/IFN-y-
stimulated peritoneal macrophages form 1L-4R™ and LysM““TL-4Ra™™ mice
but present in W mice (Figure 1.3B). In addition, F4/80" macrophages from
LysMIL-4Ra™ mice also showed impaired [1-4-mediated MHC-II (I-a”

-

upregulation and STAT6 phosphorylation (data not shown).

Granufocytes were isolated to determine the ability of IL-4 to suppress Oy

production. Pre-treatment with -4 (Iigure 1.3C) or [L.-13 (data not shown)

could effectively suppress up to 40% of Oy release in PMA-stimulated WT but
not in IL-4Ra™ or LysM ™ IL-4Ra™ granulocytes. Impairment was 1.-4Ro-

specihe since HL-10 could elfectively suppress O, production in all strains.

To turther characterise the Tunction of 1L-4Ra expression, CD4"1" cells were
solated from lymph nodes of naive mice, stimulated with anti-CD3/C128, and

eiven either 1L-12/anti-1L-4 or [L.-4/anti-1FN-y. Results demonstrate that Tyl

polarization was achicved in all three strains following 11.-12/anti-11.-4

arization from CD4'T cells ol

treatment, while I1.-4 was able to drive Ty2 po
[_\ﬁsM(‘"‘“H4—41'{(1.“/”“\' and WT. but not 1L-4Ra” mice (Figure 1.3D). In vitro
proliferation of B cells, which is [1.-4 promoted was comparable between WT
and LysM ™ IL-4Ra”™™™ lymphocytes in a  dose-responsive manner,  but
completely absent in 11-4Ra” lymphoeytes (Iigure 1.313). 11.-4 treatment of

CpG-stimulated bone marrow derived dendritic cells enhanced  1L-12p70

/

production in LysM™IL-4Ro™™ and W' but not the l-4Ra™ strain (Figure

.31, Together these data provide evidence for efficient impairment ol 11.-4Ra
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Figure 1.3

Collular characterisation  of  IL-4  and  1L-13-mediated  functions  in
Lysh 1= 4R ™ mice

Five mice per group were used (or cellular characterisation with a vepresentative from
two or four experiments. TNE (Panel A), Nitrite (panel B) and suppression ol

oxidative  burst were measured mn (reated peritoneal macrophages. U helper

polarization (panel D)y aud proliferation (panel [5) were determined in stimulated

lviiph node cells. T1L-4 instructed 1L-12p70 production by dendritic cell (pancl I').
Data are mean & S ol triplicate cultures with **p<0.01 by ANOVA compared 1o
Wil
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: o : Cre 5 /il -
mediated [unctions in LysM™ “IL-4Ra™™" macrophages and neutrophils but not

in Ivimphocytes or dendritic cells.

1.3 Susceptibility of LysM " IL-4Ra”™" mice to S. mansoni infection’

To determine the role of macrophage-specific [L-4Ra expression, [L-4Ra™™™
(W, 1l-4Ra™, and LysM(v"“JL-4R(‘1”f””“ mice were infected with the Puerto
Rican strain ol S mansoni parasites, Groups ol 6 mice per strain were
percutancously infected with 100 cercariac and monitored for discase outcome.
LysMO 4R and 1L-4Ra” mice succumbed (0 S, mansoni infection with
the mean survival times of 5442 and 5943 days. respectively, in contrast 1o
their W Iittermates that survived the monitored 80 days with little mortality

(Igure 1.4A).

Rapid weight loss is a well-documented symptom of patients with chronic

schistosomiasis. The elfect of S0 mansoni inlection on body weight was

therefore investigated. Results show that the observed mortality was associated

. . . . . . . . tl
with progressive weight loss in both mutant strains that began late in the 6™
week of infection, and some animals had lost up to 20% of their original body

weight at the time ol death (data not shown).

To determine if granulocytes were wnvolved in the early mortality after S.
mensoni infection, neutrophils were depleted ininfected mice. Despite the
weekly injections ol RB6-8CS starting at week 5 post-infection, no influence
on survival Kinetics was observed (Figure 1.4B). Together, this strongly
suggests  that H-4/11L-13-activated macrophages, but not ecosinophils are

cssential for survival during acute schistosomiasis.

“inlection studies performed by M. Leeto and 1), Herbert
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Ficure 1.4

Swrvivead kinetics in S.mansoni infected mice.

Four to six mice were infected percutancously with 100 cercariac of S mansoni and
analyzed 7 weeks post-infection. Mice were monitored on a weekly basis for survival
(Panct Ay, Panel B - survival kinetics atier depletion ot granulocytes, RB6-8C'5 (black
syinbols) or an isotype control GLT13 mAb (white symbols) were mjected weekly.

starting at 3 weeks post-infection.
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1.4 Alternative macrophage activation is not required for granuloma
formation or hepatic fibrosis
The effects of S, mansoni infection on the pathology of the livers in 1ysM ™ IT. -
4Ra™™™ mice were investigated due to the strain’s susceptibility to infection.
Hlistological examination of cgg-induced granulomas in liver sections of
aculely infected mice revealed a clear importance for 1L-4Ra expression in
liver pathology. In contrast to the cosinophilic, circumoval appearance ol the
W granulomas, a significant decrease in the eosinophil content and overall
size of 1L-4Ra™ liver granuloma tissue was observed (Table 1 and Figure
LSA). LvsM 18] =R o™ liver granulomas, however, were similar to the WT
strain but larger and less compact. Although there were hall as many
cosinophils per pm? in LysM ™ I1-4Ra”™ tissue (Table [), the absolute number
were comparable to WT due 1o the inereased granuloma size m the former. In
contrast granulomas that formed in 11.-4Ra” mice were impaired but not
completely abolished with significantly abrogated number ol cosinophils

(Table Tand Figure 1.5A).

-4/ -13-mediated activation of macrophages is thought to induce collagen
by enhanced proline production, thus leading to fibrosis. However, only 1l.-
ARe” mice but not LysM““IL-4Ra™™" mice showed impaired collagen
production as determined by CAB staining and quantitmion of liver
hvdroxyproline (Table 1 and Figure 1.513). Examination of fibrosis in mice 20
weeks after-infection with 25 cercariae also revealed that WT and LysM ([
4Ru™™ mice had similar levels ol fibrosis with mean values of I.5Spmoles/10

vos. versus |9pmoles/10" egps, respectively.

[
e



Liver pathology during acute schistosomiasis

Table |1

Laver pathology was analyzed i mice infected with 100 S, mansoni cercariae 7 weeks post-

inlection

IL-d R ™ IL-4Ra” LysM™IL-4Ra ™
Liver eranufoma arca [(um”) x 107 78 + 36 13.7+9 130 +£47
(;;‘athrirﬂbﬁk{;’(ﬂ%<;Qihophi13 (1 0()(),&;‘):"" 200 + 72 9 4 ()'* 100+ 27
IR R eI I — T5ias A STTT5
j,'!";u'n:;iﬂ"'l;iufdcn [{cegs/liver) x 1()'1'] 21545 - 18:{—_ 7 "17 +9

‘Data shown represent the mean of 50 granulomas measured per mousce in a group of
five animals

"Data shown represent the mean number of eosinophils per high-powered field in each

cranuloma, measured as above *p<0.05 by ANOVA in comparison to Wl




IL-4Ra™" LysM " IL-4Rg "

Figure 5

Histopathology of S. mansoni infected IL-4Ra”™ and LysM ™ IL-4R ™ mice

Five mice per group were infected with 100 cercariae of S. mansoni and analyzed 7
weeks later. Liver sections were removed and stained as described in Materials and
Methods. Shown are representative of a total of 250 analyzed sections from three

independent experiments. Magnification =200x (A &C), 100x (B & E)
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1o determine macrophage recruitment and classical activation, liver sections
were stained with F4/80 and NOS-2 staining, respectively. Results show that
impaired granuloma formation in 11.-4Ra” corresponded to reduced 1'4/80
stainine (Figure 1.SC), while both [L-4Ra” and LysM“™IL-4Rda"™ liver
eranufomas contained many NOS-2 positive cells mostly co-stained with F4/80
macrophage marker (Figure 1.5C). A marker for alternatively activated
macrophages, mannose receptor, was absent in [L-4Ra™ and [,_,ysi\/l("‘cll,—ﬂm'

Mo . . . g e -~ [
“liver granuloma tissuce but present in the WT (Figure 1.5D). These results

t AT ; . Creyy -/Mlox : . .
show that S, mansoni infected LysM "“IL-4Ra™ mice have impaired
alternative macrophage activation and enhanced NOS-2 production, together
with a larger granuloma size, and unaltered cosinophil recruitment and cgg-

lagen production.

To further characterize pathology in infected mice, sera from S, mansoni
infected mice were analyzed for levels of aspartate aminotransaminase (AST)
and endotoxin (LPS) as an indicator ol hepatocellular and intestinal damage,
respectively. Both LysM ™ IL-4Ra™ and 11-4Ra” strains had significantly
increased levels of AST and LIPS, as compared to WT (Figures 1.6A &B).
These results demonstrate that mortality in IL-4Ra™ mutant strains was
associted  with incrcased  hepatocellular  damage  (Figure  1.7) and

endotoxemia.

j
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Figure 1.6

Hepatocellular damage and sepsis in acutely-infected mice

Four o six mice were percutaneously infected with 100 cercariae ol S, mansoni and
analyzed 7 weeks after-infection. Aspartate aminotransaminase (AST) and LPS levels
were determined in the sera of infected mice as indicators of hepatocellular damage

and sepsis respectively, #p<0.05 by ANOVA



Figure 7

Pathology in schistosome infected mice
Mice were percutaneoulsy infected with 100 S. mansoni cercariae and analyzed for
pathology at week 7 post-infection. A representative image from four to six mice per

strain is shown.
A) IL-4Ro™ (WT)
B) IL-4Ro™
C) LysM“™IL-4Ro"M
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Fhe two mutant strains also showed massive inflammatory cell infiltrates in
mtestinal granulomas (Figure 1.7) associated with the enhanced production of
both anti-inllammatory (11.-10) and pro-inflammatory (I[I'N-v) cytokines in gut
tissue (Fgure T.BA&R)

{lox

Lurthermore, the faccal egg output ol lL-4Ra™ and LysM “IL-4R¢"™" mice
wits signilicantly reduced compared to W animals (Figure 1.9). To determine
i septic shock was the cause of mortality in infected LysM““TL-4Ra™™" and
[1-4Ru™ mice, infected mice were given 50mg/ml of enrofloxacin antibody in
drinking water starting at week S post-infection. Systemic antibiotic treatment
resulted in extension of survival time in LysM ™ IL-4Ro™™ and [L-4Ra™ mice,
as compared to the untreated counterparts (Figure 1.10) suggesting that sepsis

wis a lactor causing death of the mutant mouse strains.

1.5 Tyl and T2 responses are present in LysM“"IL-4Ra™™" mice

Fhe kineties of cytokine production was determined from splenocyte cell
culture supernatants of infected mice. Stimulation of cells with antigen (SEA)
revealed  increased [FN-y responses but reduced [11.-4, {1.-5 and 1L.-10
production in 11.-4Ra™ mice (Figure 1.11), as compared to WT mice at day 49
post-infection. LysM ™ IL-4Ra™™ showed a differential profile with increased

fevels of 1 -4, HL-5 and TL-10, but also high levels 'N-y.

Accordingly, measurement of SEA-specific antibody responses showed high
levels of TeGl and lglE antibody production in LysM“™IL-4Ra™ mice.
Similarly. SEA-specilic 1gG2a levels were also elevated compared to WT
(Fioure 112). A similar eytokine prolile was also observed in hepatic mRNA
transcripts. as determined by real-time PCR (Figure 1.13). The presence ol
.10 in infected LysM 1L-4Ra™™ mice (Figures 1.8 & 1.13) indicated that
I-10 might not influence alternative macrophage activation. This was

conlirmed as only 14 and [1.-13, but not [1.-10 or IFN-y were able to promote



Arginase [ oupregutation i LPS-stimulated  thioglyeollate-clicited W
macrophages (Figure P14 T summary, these results suggest that [-10 1s not

mvolved in alternative macrophage activation and the presence o a 1,2

. N . . .. { e
response 15 not able to prevent death from schistosomiasis i LvsM TR o

o

mice.
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Figure 1.8
Intestinal cviokine production
H-10 and 1FN-y concentrations were measured in ileum homogenates from non-

mfeeted and infected mice by ELISA. *p<0.05 by ANOVA compared to WT
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Figure 1.9

Faeeal egg oniput

Fog counts were enumerated from faccal pellets as described in Materials and
Methods. Data are mean = S and are representative of one of three independent

experiments. *p<0.05 by ANOVA compared to WT
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Inhibition of septic shock
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Figure 1.10

Inhibition of septic shock

Survival after treatment with broad spectrum antibiotics. W' (squares). 11.-4Ra™”
(circles), and LysM ™ 1L-4Ra™ (triangles) were given 50mg/ml of enrolloxacin-
treated water (black symbols) or left untreated (white symbols) starting at 5 weeks

post-infection with 75 cercariae ot S, mansoni
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Figure 1.11

Antiven specific T eell responses

Splenoceytes [rom acutely infected mice were restimulated with SEA and supernatants
analvzed for eytokine production. **p<0.01 compared to W'T. Lach data point
represents the average £ SD of triplicate samples. A representative from two ol five

independent experiments is shown.
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Figure 1.12

Antiven-specific B eell responses

SEA-specific antibody production was determined in sera ol individual mice (pooled

for total Tel2), Data are mean & S of five mice per g

¥

roup.
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Figure 1.13

(viokine transcripts in liver tissue of infected mice

Cytokine transeripts were determined in liver tissue from inlected mice by real-time
POR. Data are shown as relative expression compared to W non-infeeted tissue with

po 0,05 ANOVA compared to infected W
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Macrophage Arginase activity
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Figure 1.14

Arginase activity in peritoneal macrophages

FPS-stimuluted peritoncal macrophages were co-stimulated with 1L-4, 1.-13, 1010

and HFN-yand analvsed for arginase activity. Data are expressed as fold increase of

arca compared to LPS treatment only.
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Discussion

Lhe present work desceribes the generation, characterization, and functional
analysis of mice lacking the TL-4Ra chain selectively in macrophages and
neutrophils. An infectious discase model was cmployed in which host
protection or pathology was dependent upon Type 2 immune responses. Here,
we provide evidence that H-4/11-13-activated alternative macrophages are
cssential for surviving acute schistosomiasis. LysMIL-4Ra”™ mice were

established alter generating conditional knockout 11,-4Re™M

mice by gene
targeting in BALB/c LIS cells and subsequent interbreeding with LysM‘"™
knock-in mice. FACS analysis and subsequent lunctional studies revealed cell
type-specilic disruption of the 1L-4Ra gene in macrophages and neutrophils
only, with normal [1.-4/1L.-13 responsiveness in B and T lymphocytes, as well
as dendritic cells. This was confirmed in an experimental helminth infection (5.
mansoniy with impaired 1L-4/11.-13-activated alternative macrophage activation

. Cre -Hlox . ry R . e .
i LysM U ETL-4Ra™ ™ mice but normal T2/ Type 2 responses compared to W

littermalte controls.

nfection with S, mansoni leads to CD4" T cell-dependent granulomatous
pathology that occurs in response to parasite eggs deposited in liver and
intestinal tissue (Phillips and Colley, 1978; Stadecker and Hernandez, 1998). A
comparative analysis of granuloma size and composition was performed in
order 1o explore a possible role for alternative macrophage activation in this
process. In comparison to the W1 liver granulomas, there was much less cell
recruitment in the [L-4Ra™ strain (Figure 1.6). This contrasied with
[ysM-4Ra?™ mice that had slightly larger and somewhat less compact
pranulomas. as compared to the WI', but still contained significant numbers of
cosinophils (Figure 1.6A). Detection of [14/80" and CD11b -positive cells by
immunostaining demonstrated that macrophage recruitment was not inhibited
by the myeloid-specific 11L-4Ra deletion (data not shown). More importantly,

(he activation status of granuloma macrophages was profoundly altered in the
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abscence of TL-4Ra expression. Whereas WT liver granulomas were strongly
positive [or mannose receptor (Figure 1.61D) or Arginase 1 (FHesse et al, 2001;
Linchan et al., 2003), there was no staining for these markers in LysM“‘"IL—
AR or H-4Ra”™ granuloma tissue. Impaired alternative macrophage
activation corrclated  with increased classical macrophage activation, as
indicated by increased nitric oxide synthase (NOS-2)-positive cells in liver

eranuloma tissue of both 1.-4Roe mutant strains (Figure 1.6C).

Competition between NOS-2 and Arginase | for the common substrate |1,
arginine results in the production of nitric oxide or polyamines, proline, and
urca. respectively (Munder et al, 1998; Murata et al., 1998). Arginase [ is an
essential enzyme of the urea cycle that hydrolyzes L oarginine to urea and L
ornithine; ammonia detoxification is thus its primary function in the liver. 1.-
ortithine is also a necessary metabolite for the production of proline (a critical
amino acid for the synthesis ol collagen), which links arginase activity to
hepatic  fibrosis  during S, mansoni  infection.  Blocking  ornithine-

carbamoyltransterase (ODC)-dependent polyamine production showed a direct

role for the arginase biosynthetic pathway in pathological [ibrosis (llesse et al.,
2001). Since HL-4/1L-13-activated macrophages arc an important source of
proline. they were hypothesized to serve as important controllers of [ibrosis
(Iesse et al, 2001). Our results do not support this hypothesis, since there was
no decrcase in the hydroxyproline content ol S. mansoni liver tissue in
LysMUTIL-4Ra™™ mice, as compared to the WT. However, there was
abrogation of collagen production in the granulomas of 1L-4Ra™ mice, which
agrces with a previous study ol impaired granulomatous pathology in absence
ol 1T-4Ra (Jankovic et al., 1999). Thus, although TL-13 1s essential for
collagen  production  (Chiaramonte et al., 1999). alternatively-activated
macrophages are not the only proline source. A more likely cause of {ibrosis
during schistosomiasis are [L-13-activated fibroblasts termed stellate cells
the Tiver, which are well-known to be producers of collagen (Murata et al.,

1998). This may explain why collagen deposition. an important component of’
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wound healing, was not significantly impaired in the absence of alternative
macrophages and suggests that other 11 -4Ro-responsive cell types compensate

for Type 2-dependent egg-induced granulomatous pathology.

The presence of normal Ty 2/type 2 responses in S, mansoni-infected
'[_.ysM(k”'!l,J-4R<x"/m" mice also rules oul an il’m;)()rtam role for 1L-4/11.-13-
activated  macrophages in T2 cell development. This is a significant
obscervation, as there are to reports that alternative macrophage-activation
promotes Type 2 responses (Goerdt and Orfanos, 1999:; Mantovani ¢t al..
2002). Fven though less pronounced than in [L-4Ra™ mice, antigen-specilic
Ty 1/typel responses were present in LysM“(L-4Ra™™ mice, as observed in
peripheral lymphoid organs and blood, indicating that proinflammatory
macrophages may promote Tyl responses (Brombacher et al., 2003).
Morcover, IFN~y and 11.-6 were significantly increased in hepatic and intestinal
tissue, as compared to WT controls (data not shown). These inflammatory
cylokines at the site of antigen deposition correlated with enhanced NOS-2-
positive cells that were in close proximity to parasite eggs (Figure 1.5C). The
(inding that hepatic mRNA expression of 1L-10 was equivalent between W'T
and  LysM CIL-4Re™™ S mansoni infected  mice  despite  clevated
proinflammatory cytokines and NOS-2 production in the latter supports the
contention that [1.-10 is not able to compensate lor alternative macrophage
activation in the absence of TL-4/1L-13 (Gordon, 2003). This was confirmed in
vitro by the ability of 1L-4 and 1L-13 but not 1L-10 to stimulatc macrophages
for Arginasce activity (Figure 1.6D). These results support a recent study
demonstrating that 1L-10 and I1.-4 induce distinct and non-overlapping gene

expression patterns in macrophages (Stumpo et al., 2003).

Cre Slox ~ : C
LysM™ L-4Ra™™ ™ mice were unable to survive acute schistosomiasis, and the
severity of discase progression was strikingly similar to 1L-4Ra™ mice, with

100% mortality within the first two months, whereas W' littermate controls



survived the acute phase with few losses. Neutrophils served no essential role,

as i vivo depletion did not alter the kineties of mortality observed in Il -4Re™”
{rey y oy . . 5 ) ; \ g - ’ .

and LysM “IL-4Ra™™ strains (Figure 1.4B). Thus, [L-4/11.-13-activated

alternative macrophages were essential to survive acute schistosomiasis.

1The observation that the presence of antigen-specific 12 responses. cosinophil
recruitment, granuloma lormation, and fibrosis (all of which were absent in [L-

1

4R mice) were not sufficient for survival of LysM ™ 1L-4Ra”"™ mice further

highlights 11.-4/1L-13-activated  macrophages as the pivotal  downstream
cllector cells responsible for protection conferred by T2 cytokines during
schistosomiasis. This is an important finding, as it provides a cellular model to
explain the large body ol evidence for a beneficial role ol 142 cytokines during
this discase (Brunet ¢t al., 1999; Dunne and Pearce. 1999; Fallon and Dunne,

1999: Patton et al., 2002; Pearce and MacDonald, 2002).

Since the major target organs of egg deposition during S. mansoni infection are
the liver and intestine, experiments were conducted in order to identify factors
that could be correlated wilh the mortality observed in both I-4Ra” and
LysMY IL-4Ra™™ mice. Examination of intestinal granuloma tissue revealed
a massive infiltration in both 1L-4Ra™ and LySMC”[L-Zl Ra™¥ strains that was
closely associated with a reduced faecal egg output (Figure 1.9). Furthermore,
the signilicantly increased serum LPS levels in [L-4Ra” and LysM“™I{-4Ra
" mice sugeested that excessive inflammation in the gul was contributing to
mortality via septic shock. Indeed, there was dissemination ol non-fermentative
sram-negative bacilli (gut fora) in the spleen and liver of infected 1L.-4Ra™”
and Lys MU 4R mice {(data not shown), and treatment with an antibiotic
resulted inoa (ransient extension ol survival in both strains (Figure 1.10),
[Mowever. anti-hiotic-treated 11L-4Ra”™ mice only showed a slight extension in
survival time, most likely due to multiple organ defects, indicated by a scvere

atrophy ol spleen and liver by 7 to 8 weeks post-infection. Iixtension of
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survival time in 1L-4Ro™ and LysM " 11-4Ra”"" infected mice suggests that
mortality Is at least partially attributed (o septic shock due to the gut pathology,
a Inding also seen in other helminth infections (Nakagawa et al., 2002; Schopf

ctal., 2002).

As SOCS-1 15 upregulated in macrophages in response ﬁ) LPS for regulation of
NIK-[3 activation and proinflammatory cytokine production (Nakagawa et al.,
2002), we explored the possibility that suppressors of cytokine signalling
proteins (SOCS) were impaired in LysM1L-4Ra ™ and [L-4Ra™ mice. This
was not the case, as similar expression levels of SOCS-1 (or SOCS-3) in
intestinal homogenates from the infected mouse strains were observed (data not
shown).

Traversal ol cggs across the gut lining during S, mansoni infection is thought to

=

contribute to the intestinal bleeding seen in schistosomiasis patients (Chatterjce

cf al. 2000 and S0 mansoni-infected 11.-47" mice present with hemorrhagic
lesions ol the put (Brunet et al., 1997). lixcretion of parasite eggs is an
immune-mediated process abrogated by 1 cell tolerance to egg antigens (Fallon
and Dunne, 1999), HIV/S. mansoni co-infcction (Karanja et al., 1997), or
experimental infection of 11-47 or [1.-4/ 1L.-13" mice (Fallon et al., 2000). Our
results  extend  these  findings and  suggest  that  TL-4/11.-13-responsive
macrophages serve a unique role in promoting the successful passage ol eggs
into the faccal stream by controlling inlflammation, a process that seems not to
be substituted by 11-10. This was demonstrated by the presence of substantial
[I*N-v and 1L.-10 in gut homogenates (Figure 1.8). The amounts of 1L-10 in the
intestine seemed to correlate with inflammation, as there were much higher
fevels of TL-10 in H.-4Ra mutant strains, as compared to the Wl In addition to
eut pathology. enhanced hepatocellular damage was also detected in both [L-

R and LysM CTL-4R o™ strains (Figure 1.6A).
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Iepatoeellular damage and  endotoxemia are two morbidity factors in

” mice

schistosomiasis that are more pronounced in 1L-4" and 11-4/11.-13
(lallon et al, 2000; La Flamme et al., 2001). Hepatocellular damage i
schistosomiasis is due to dysregulated nitric oxide production and oxidative
damage to liver tissue is inhibited by 11.-4 (La Flamme et al., 2001). From the
present work it can be concluded‘l}mt in W mice the destructive potential of S.
meansoni  c¢op-induced  mtlammation 15 counterbalanced by alternative
macrophage activation. This allows preservation of intestinal and  liver

functions during acute schistosomiasis.

, e Crepy  qmo m-loX ol
In summary. the comparative analysis of LysM "“IL-4Ra™™ and IL-4Ra”
mice provides a cell specilic explanation of how 1L-4/1L-13 activated
allernative  macrophages prevent overt  pathogenesis during S0 mansoni

infection.
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CHAPTER 2

Schistosoma mansoni infection in the absence of

CD4"-specific-1L-4Ra signalling'

PAI ive infection experiments conducted by M. Leeto and D. Herbert
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SUMMARY

CH4" 12 cells are thought to be responsible for the extensive granulomatous

pathology that develops around S. mansoni eggs lodged in host tissue. T cell-
specific 1 -4Ra-deficient mice (Lek' “LL-4Ra™™™) were generated to (i) study
the role ol [1.-4 responsive T cells during infection with S, mansoni, and to (ii)
determine the requircment of CD4™ T cell specific 1L-4Ra signalling for the
extent of granuloma development or egg-induced fibrosis. In these studies,
three groups of mice were used: IL-4Ra”™™ (WT), [L-4Ra™, and Lk ™10-

Ry (CD4" T eell specific H,,,~4ch'/') mice. In the first set of experiments,
we percutancously infected mice with 75 S0 mansoni cercariae and analyzed the
mmune response. In the second set ol experiments, synchronized lung
eranulomas were induced by injecting 5000 live eggs mnto mice thal were
sensitized o S mansoni eggs. These studies demonstrate that Lek ™ “IL-4Ro”™™
mice survived acute schistosomiasis despite excessive granuloma TFN-y/NOS-2
production and severe liver pathology. Resistance was associated with
alternatively activated macrophages (AAM¢), CD4°CD25" cells, increased
1GE-B and  up-regulated Foxp3  expression in the liver and intestine.
Paradoxically, 1L-4Roa” eranulomas were devoid of these components and
mice experienced 100% mortality despite signilicantly elevated 10L-10 levels in
ova-containing organs.  Examination of mice following egg embolization
showed that liver granulomas were slightly exacerbated by the CD4" T cell
specific H-4Ra deletion in comparison to WL Similarly, lung granulomas in
ek ™L-4Ra™™™ mice were significantly exacerbated 21 days after-infection
compared (o W'I' controls. Interestingly, Tvpe 1 responses did not inhibit
librosis in fiver or lung granulomas, with CD" T cell specific [L-4Ra-deficient
mice being shghtly more fibrotic than wild-type mice. 1L-13 and T(il*’—(i
seeretion were both significantly clevated in W and CD4" T cell specific 11.-
4Ra-deficient liver granutoma cells. In the lung, a strong increase ol TGF-f3
production was also observed m I cell specilic HL-4Ra-deficient mice. Overall,

these studies demonstrate that CD4 specific TL-4Ra signalling during natural S.
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mansoni infection is protective for the Tiver during acute discase and controls

the extent of granulomatous pathology in different tissue compartments.
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RESULTS

2.1 Alternative macrophage activation is maintained despite an
impaired T, 2/elevated Ty,1 phenotype in Lek “IL-4Ro™" mice
1he S mansoni egg-specilic response in mice harbouring a natural infection is
characterized by a profound induction of T2 cytokines after 7-8 weeks.
Splenocyte responses in [L-4Ra™™, 1L-4Ro™, and Lek“™1L-4Ro™ mice
were analyzed 7.5 weeks post-infection to determine if CD4" T cell-specific
deletion of [L-4Ra signalling would impair T2 cytokine production.
Stimulation of cclls with the T cell mitogen anti-CD3 revealed scverely
impaired 11.-4 and 1L-13 responses from both 1L-4Ro mutant strains that were
highly significant when compared to WT mice (Figure 2.1A&C). Also,
significantly higher [FN-y production was detected in both [L-4Ra mutant

strains, as compared to the W,

W splenocytes secreted high levels of the immunosuppressive cytokine .- 10,
which is an essential component for survival of mice during S. mansoni
infection.  Conversely, 1L-10 production was severely abrogated in [L-4Ra™
and ek ™1 -4Ra™™ cultures, with the lowest amounts produced in the latter
strain (Figure 2.10D). Experiments that analyzed cytokine production from anti-
('D3 stimulated mesenteric lymph nodes revealed a nearly identical cytokine
seeretion profile as shown here for splenocytes (data not shown). These data
demonstrate that T cell-specitic deletion of [L-4Ra signalling led to an
impaired 1,2 response, reduced 11.-10, and an enhanced TFN-y response upon

polyclonal stimulation of peripheral lymphoid cells.
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Figure 2.1
('viokine production in spleens celly of infected mice
Splenocytes  from acutely infected mice were stimulated with anti-CD3 mAb

(20pe/mly for 72 hours and measurement of 1.-4. {113, 1L-10 and IFN-y levels in
supernatants determined by ELISA. Data shown are mean £ SD from five individual
mtice and are representative of three independent experiments. Statistical significance
was determined by one way ANOVA with (*) =p<0.05 and (**) =p<0.01. as

compared to W value.



I order to determine whether T cell-specific 1L-4Ra deletion skewed the
phenotype  of macrophages towards classical or alternative activation,
respectively: NOS-2 and arginase activity was quantitied by utilizing anti-CD3
stimulated splenocytes. The elevated nitrite levels in the supernatants of I1.-
4R and Lek ™ IL-4Ra™™ splenocytes was an expected result since NOS-2 is
an 1'N-y-activated gene (Figure 2.2A). However, Iigure 2.2B reveals that
ek I -4Ra™ splenocytes also contained significant arginasc activity,
indicating that although significantly decrcased amounts of 11.-4 and [L-13
were present i these cultures, they were sufficient to drive alternative
macrophage activation. On the contrary IL-4Ra” splenocytes were completely

devoid of” Arginasce activity (Figure 2.213).

Profiles of antibody production were assessed in sera of infected niice using
SEA-specific ELISA. Measurement ol the SEA-specific antibody response

. . A Creqy -/lox
revealed a significant rise of 1gG2b in Lek™"1L-4Ra™" sera, whercas levels of

leG 1 were not dilferent when compared to the WT (Figure 2.3A&RB).
Increased levels of antigen-specific 1gG2b, most likely due to IFN-y driven T
cell help, since polyclonal 1gE production was equivalent between Lek"™1L-
ARe™ and WT mice (Figure 2.3C). thus confirming intact B cell [L-4Ra
signaling.  These data indicate that T cell-specific deletion of 11L-4Ra skews
antigen-specilic antibody responses towards Type 1, but sufficient levels of 11.-
A/10-13 remain that are capable of inducing IgF production and arginase

activity in peripheral lymphoid tissue.
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Figure 2.2

Nitric oxide and arginase production

Supernatants from anti-CD3-stimulated splenocytes were subjected to the Griess
reaction to measure nitrite levels (Pancel A). Spleen cell Tysates from infected mice
were analyzed for argimase activity as expressed by levels of Urea (Panel B).
Lixperiments were perfornmed twice with similar results. (*) =p<0.05 by ANOVA

compared to Wl
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Figure 2.3

Sted-specific antibody production in S. mansoni infected mice

SEA=specific TeGl oand JpG2b levels in pooled serum from acutely-infected mice
were measured by ELISA (Panel A and B). Panel C shows serum levels of total Igl: in
pooled serum {rom infecied mice as determined by ELISA. Data shown are mean +
SD from triplicate wells and are representative of three independent experiments.
Statistical signilicance was determined by one way ANOVA with (*) =p-0.05, as

compared to W value.
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2.2 8. mansoni-infected Lek"“IL-4Ra™™ mice develop augmented

granulomatous pathology, elevated NOS-2, and severe liver damage
Schistosoma mansoni egg accumulation in hepatic tissue during human
intections has been reported as a causative agent of portal hypertension, venous
shunting, and potentially liver failure. To assess the extent of hepatocellular
damage, serum levels of aspnrl‘mc transaminase (AST) were measured as an
indication ol overall morbidity. Mice infected with 70 cercariac were bled at
7.5 weeks post-infection and measurement of AST performed. Lek ™ L-4Ror
Y mice produced 8-fold higher amounts of this enzyme than littermate
controls (p=0.001) and 2-fold more than IL-4Ra™ mice (p<0.05) (Figure 2.4A).
NOS-2 expression followed the same trend, with hepatic mRNA transcripts in
Lok I -4Ra™™ mice yielding the most pronounced response, as compared 10
[-ARa™ (P<0.05) and WT (P<0.001) liver tissue (Figure 2.4B). These data
support the conclusion that a causal link exists between NOS-2 uctivity and

hepatoeellutar damage during acute schistosomiasis.

Liver granuloma size and cellular composition was compared among groups in
order to further characterize enhanced liver damage in U cell specitic H.-4Ra
deficient mice. Hepatic granulomas that developed in Lek11L-4Ro”™ mice
(127 + 23um” x107) were significantly larger than WT (54 + 19um® x107™)
(p0.05) and 11.-4 Ra™” (4 4um x 10~ ) fesions (p<0.001) (Iigure 2.5A and
Table 1), Macrophage composition, as determined by immunolluorescence
staining for 1'4/80" cells, did not reveal any obvious differences between WT
and Lek IL-4Ra™™™ granuloma tissue and although TL-4Ra™ granulomas
were signilicantly smaller, there was an equivalent proportion of F4/80+ cells
present (Figure 2.58).  There was also no dilference in the mean number of
cosinophils per granuloma of WT and Lek™™IL-4Ra™™™ tissue, whercas
significantly fewer cosinophils were found in -4Ro™ hepatic granulomas

{(Table |
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Hepatocellilar damage in schistosome- infected mice

Mice were acutely infected with 75 S0 mansoni cercariae and serum levels ol aspartate

transaminase. an indicator of hepatocetlular damage determined. Data cxpressed as

mean + SD oof ve individual samples per group. Data are representative of three

mdependent experiments. () =p<0.05, (*¥**)

- p<0.001 by ANOVA compared to WT
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Figure 5
Immunohistochemical staining of liver tissue samples from infected mice.

A) Hematoxylin and eosin staining of formalin fixed liver tissue showing

granulomas of the indicated strains. (Magnification 200x)

B) Immunoflorescence staining was performed on frozen sections of liver
granulomas from the indicated strains. F4/80 (red) and NOS-2 (green)
(Magnification 200x)

C) Immunoflorescence staining for CD3" cells on frozen sections of liver

granulomas from the indicated strains. (Magnification 200x)
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Table |
Comparison of granuloma sizes. hydroxyproline, granuloma eosinophils and
liver cgg burden in acutely infected S, mansoni mice al week 7.5 post-infection.
Data shown represent the mean + SD. Statistical significance was determined
by onc way ANOVA with (*) =p<0.05 and (¥**) = p<0.001, as compared to

the WT value

[L-4Ra"™™ | IL-4Ra™ Lek " IL-4Ra™
CGranuloma area (um’x107) | 5419 20 [1* 127423
Hydroxyproline (uM/107 6.18 + 031 1.9+ 0.72 % 05 £049
“ epes)
[ o 172425 | 164 L 146+ 21
" Kosinophils
{ Eggs/liver (x10%) 2044 16+ 8 21e5s
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E : A & Y + .
tmmunofluorescence staining for CD3' cells revealed a clear circumoval
distribution of 'I" cells around the periphery of eggs in WT liver tissue, whereas
[l-4Ra™ granulomas contained seemingly more T cells closely apposed to

N

parasite ova (Iigure 2.5C). Curiously, there was a dramatic increase of CD3

Slox .
mice.

cells presem throughout liver granuloma tissue of Lek“™“IL-4Ra
I vivo analysis of dispersed liver granuloma cells was performed to determine
whether the impaired Ty 2/enhanced Ty 1 cytokine profile observed for spleen
and mesenteric lymph nodes was the same as within the local antigenic
microenvironment.  In contrast to peripheral responses, Lek“IL-4Rq” ™
sranuloma cells prodoced significant amounts of 11.-4, 11.-13, and 1L-10 that
were equivalent o W levels and significantly higher than 11-4Ra™ (Figures
2.6A-C). Interestingly. IFN=y production by Lek ™ 1L-4Ra”™ granuloma cells
was more similar to [L-4Ro™ cultures, both of which were significantly
clevated over amounts produced by the WT (p<0.01) (Figure 2.6D).  These
data demonstrate that IFN-y producers expand in vivo when [L-4Ra is deleted
1 cell-specifically, or as a null mutation, whereas sceretion of [1.-4, 1L-13, and
.-10 s up-regulated in the parasite egg microenvironment independently of T

cell specific 1L-4Ra expression.

2.3 Asymptomatic gut pathology and alternative macrophage activation

are predictors of survival during acute schistosomiasis

Natve WT, 1L-4Ra™, and LekS ™ 1L-4Ra” mice were infected percutancously

with 70-80 cercanac (high dose) and monitored weekly for weight loss and
mortality to determine il T cell-specific expression of 1L-4Ra was critical for
survival during acute discase. Remarkably, 4 independent experiments showed
that ereater than 95% ol Lek™™ 1L-4Ra”™ mice infected with a high dose (75
cercariac) survived beyond 11 weeks post infection (Figure 2.7), whercas WT

littermates showed only a 60-50% survival rate at this dose.
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Figure 2.6
Cyvtokine production in liver granuloma cells

Isolated liver granuloma cells of W, 1L-4Re”. and Lek“™IL-4Re™ mice at 7.5
weeks post-infection were analyzed for cytokine production. Levels of 1L-4, HL.-10,
[1.-13, and 1I'N-y measured in supernatants alier stimulation with anti-CD3 (20ug/ml)
for 48 hirs. Data shown are the mean +=SD of five mice per group. Significance in all
pancls was determined by one way ANOVA with (*) =p<0.05 compared to the WT
vilue, Any significant differences between 1L-4Ro” and Lek™™11L-4R o™ mice are

shown on the figure. Experiment performed three times with stimilar results,
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Figure 2.7

Survival of S mansoni- infected mice

WL -4Ra”, and ek IL-4Ra™ mice were infected with 70 cercariae and
monitored Tor survival over eleven weeks. Significance was determined by one way

ANOVA with * =p<0.05 and ** =p<0.01. as compared to the IL-4Ru” group. (13}
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Strikingly, HL-4Ra™ mice were highly susceptible to high dose S. mansoni

infection, showing 100% mortality by 8 weeks post-infection (Figure 2.7).

Accordingly, WT and I cell-specific TL-4Ra™ strains lost little weight over the
course of infection (data not shown), whereas [L-4Ro™ animals experienced
severe cachexia, peri-orbital oedema, hunched postures, and ruffled coats,
Macroscopic examination of [L-4Ra”™ mice revealed severe multi-organ
pathology that involved liver degeneration, spleen atrophy, and markedly
swollen small intestine that was hemorrhagic and oedematous. affecting the
distal jejunum and entire ileum (Figure 2.8). This type of pathology was never
observed in WT or Lk IL-4Ra™™™ infected mice and even post-mortem
analysis of WT animals that died during the acute phase revealed more of a

colitis-type  pathology  and  bloody stool  (unpublished observations).

o o

Hepatosplenomegaly was a consistent observation ol acutely-infected W and

Lek™ ™I -4 Ra™™ " mice, with little obvious gut pathology (Figure 2.8).

There was a high rate of egg excretion in both WT and [ek™™ 1L-4Ro™™™
strains, with a slightly higher number of eggs excreted in the latter strain. In
contrast, [L-4Ra™ mice showed a severe abrogation of faccal egg numbers six
weeks (data nol shown) and 7 weceks post-infection (Figure 2.9A). [ndeed. the
significant increase of serum endotoxin levels in 1L-4Ra™ mice (I'igure 2.4),
supports a working hypothesis that egg accumulation in gut tissue leads to
intestinal barrier dyslunction.  Moreover, quantitation ol intestinal mRNA
iranseripts for Arginase 1, an {L-4/11-13 dependent gene specilic for
macrophages and dendritic cells, showed up-regulated expression in both W'T
and Lek e -4Ra™™ mice, but virtually undetectable levels in I-dRa™ put
tissue (Figure 2.98). Together, these data indicate that an absence of AAM¢ is
associated  with  defective  parasite  cgg  exeretion and lethal intestinal

milammation.
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Figure 8

Post-mortem photographs of mice sacrificed at 7.5 weeks post-infection.

Note marked hepatosplenic atrophy in the IL-4Ra” group as compared to the
other strains (arrowheads), in addition to the marked hemorrhagic distension of

the small intestine. A representative image from each group is shown.
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Figure 2.9
Paccal egy output and arginase activity
A) Quantitation of S. mansoni egg excretion at 7 weeks post-infection. Data are
expressed as the mean + SD of ova counted per gram of faecal matter. Data

represent three experiments performed with similar results.

3) mRNA levels of Arginase-1 in gut tissue at 7 weeks post-infection,
determined by real-time PCR, normalized to beta-2 microglobulin and
expressed as fold increase over non-infected WT mice. ach symbol
represents an individual mouse liver sample. Data represent two independent

experiments with similar results.

86



2.4 Seclective deficit of the CD4"CD25" cell population in granuloma
tissue of [L-4Ra” mice leads to increased inflammation in the
presence of 1L-10

H-4 and 11.-10 both promote host survival during murine schistosomiasis

through antagonism of egg-driven TNF-u and [FN-y production. Experiments

were  performed  to o ascertain whether  the  differences  in organ
immunopathology between 1L-4Ra”™ vs. WT and Lek™ IL-4Ra™™ mice
rellected distinetive patterns of cytokine secretion. At 7.5 weceks post-
mteetion, crude organ homogenates of liver and intestinal tissue were prepared,
adjusted for equal total protein content, and analyzed for cytokine levels by

FLISA. Profoundly clevated amounts of INF and [FN-y were detected in 1L-

AR liver and intestinal tissue, as compared to levels in WT and ek ™ -

AR samples (Fig. 2.10A-B). Although IFN-y levels within Lek "1l -4Ro

TN intestinal tissue were higher than the W (p<t0.05), this amount was always

significantly lower than the 1L-4Ra™ strain (p<0.01). Surprisingly. analysis of

the same organ homogenates revealed significantly increased 11L-10 levels in
hoth Jiver and intestinal tissue of 1L-4Ro™ mice, as compared to the other two
strains (Figure 2.10C).

These results prompted a closer investigation into the cellular composition of

ova-conlaining tissues with a particular interest placed upon regulatory T cells,

as identified by CD4°CD25" expression.  Comparison of the CD4'CD25’
populations in various organ compartments among the three strains at 7 wecks
post-infection  revealed a striking defect of CD4'CD25" cells in granuloma
containing organs of 1L-4Ra™ mice. The results show that L-4Re null
mutants had a 6-lold decrease in liver CD4'CD25" cells and nearly 4-fold
decrease in gut CD4'CD25" cells when compared to WT mice (Figure 2.11C-
D). The relative absence of CD4'CD235" cells in [L-4Ra granuloma cell

IS

. . . o g rEe cye -
suspensions was not an overall defect in CD47 'l cell numbers or the ability of
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Figure 2.10

Pro-inflammeatory cylokine production in mouse 1issue homogenaies

3% (wt/vol) suspensions of tissue homogenates from infected mice were analyzed for
cylokine production. Data are from lour experiments and are the mean £SD of 5-7
mdividual samples per group. Significance in all panels was determined by one way
ANOVA with (*) =p=<0.05 and (**) =p<0.01, as compared to the WT value. Any
signiticant dilferences between 1L-4Ra”™ and Lek ™ “TL-4Ra™ mice are shown on
the fiaure



these mice (o generate the CD4°C D25" population, as there was an increased
pereentage of these cells within the peripheral blood and mesenteric lymph
node organs (Iigure 2.11A-B). Furthermore, this organ-specific defect was not

dependent upon 1 cell-specific expression of 11L-4Ro as there were equivalent

AT

pereentages of CD4'CD25" cells in thc liver and intestines of Lek™ ™ IL-4Ra™

mice when compared to the W (!*lgurc 2.11C-D).

Nonetheless, these data indicate that (1) in 1L-4Ra-deficient mice there is
specific abrogation ol the CD4'CD25" cell population in the antigenic
microcnvironment, but not in the peripheral circulation (2) increased [1.-10
levels in ova-containing tissue did not reflect the presence of CD4'CD25' cells
and (3) T cell-specific 11 -4Ra expression was not required for CD4'CD25"

presence in liver and intestinal organs.

2.5 Foxp3 expression and TGF-B preduction in granuloma tissue is
controlled by T cell-independent 11.-4Ra expression
Pxperiments  were  performed  to  determine  whether  lethal  cgg-driven
mMammation evident in [L-4Ra™ mice reflected an impaired presence of
reaulatory T cells, as determined by Foxp3 expression. TGE-B producing Treg
have shown cificacy in protection against various inflammatory diseases and
we hypothesized that a reciprocal pattern of Foxp3 expression and/or TGEF-3
production would cxist between the periphery and microenvironment of S,
mansoni cge deposition.  Indeed, TGE-B levels in serum of mice 7.5 weeks
post-infection revealed significantly elevated amounts of this cytokine in both
4R and Lek ™ IL-4Ra™ ™ mice, as compared to the WT (Figure 2.12A).
Also. anti-CD3 stimulation of splenocytes from infected animals revealed that
ek “IL-4Re ™ cells secreted the most TGE-B compared to both W and 11 -
ARG groups (p<0.03), with amounts produced by 1L-4Ra” splenocytes

stightly elevated over W levels (Figure 2.12B).
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Figure 2.11

CDLCD23 Tecell populations in infected mice

Pooled samples from S0 mansoni-infected mice were analyzed for the presence of
C4'CD25" cell populations in peripheral blood (Panel A), mesenteric lymph nodes
(Panel B). dispersed liver granuloma cells (Panel C) and in dispersed intestinal
aranuloma cells (Panel D). Numerical value represents the percentage of (!D4'CD25
cells within an initial CD3"CD4” gate. Data are representative of two independent

cxperiments with similar results.
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Figure 2.12
TGE-f production and Foxp-3 expression

A Serum levels of TGEF-P as determined by ELISA.
13) Splenocyte production of TGE-f3 upon stimulation with anti-CD3

Cy mRNA levels of Foxp-3 in lver tissue analyzed at 7 wecks post-infection

determined by real-time PCR
Dy Levels of TGE-f in liver homogenates

[) mRNA levels of Foxp-3 in gut tissuce analyzed at 7 weeks post-infection

determined by real-time PCR.

d4-5 mice per group. Experiments performed three times with similar results.
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I contrasl. there was a striking decrease in tissue levels of TGF-f3 as well as
[Foxp-3 expression in the liver and infestinal tissue of [L-4Ro”™ mice that bore a
remarkably similar pattern to the CD4'CD25" FACS results (Figure 2.12C-D).
Curiously. there was a highly significant increase in TGF-§ and Foxp-3 levels
in liver and intestines of ek “IL-4Ra™ mice compared to WT or IL-4Ro™”
animals. This may have rcflected the necessity to counteract signilicantly
clevated levels of 1TFN-y and NOS-2 i granulomas of this strain (Figure 2.4B,
2.60) Overall, these data strongly support a hypothesis that 11.-4Ra controls
the outcome ol acute schistosomiasis through its control of TGE-[3, Treg, and
AAMO populations independently ol T cell-specific expression and extends the

current understanding of Treg behaviour i1 vivo during murine schistosomiasis.

2.0 CD4" T cell independent 1L-4Ra expression is required for lung
granuloma development.
To address the requirement for CD4" T cell 1L-4Ra signalling in egg-induced
lung granuloma formation and fibrosis, we compared granuloma size and
cellular composition among WT, 1L-4Re™. and Lok 1L-4Ra™™ mice. To
induce synchronous pulmonary granulomas, 12-16 mice per group were
traperitoneally sensitized with 5000 cggs and 14 days later injected with 5000
live parasite cges intravenously. Mice were killed on day 7, 14, 21, and 28 for

analyses.

[istological examination of granuloma development showed no significant
ditferences in granuloma sizes among the three groups during the [lirst two
weeks atter egg-challenge (Figure 2,13 and Figure 2.14). On the contrary there
was a significant difference in gmnuloma sizes at day 21 post-challenge
between the 1-4Ra”™ (32um’x 107 ’3) and the two other groups of mice with
the Lek ™IL-4Ra™™™ mic (127pm X107 + 61) developing larger granulomas

i comparison to W (93um” X10 + 38) mice (p<0.05). There was. however, a
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Figure 2.13
Pulmonary gramidonia development and lung fvdroxyproline levels in egg-injected
e

Fung  tissue  {rom  egg-injected  mice was  processed  for  histology.  Lung
hydroxyproline levels were measured as described in Materials and Methods,
Pulmonary granuloma  sizes were determined from  histological  sections  using
computerized morphometry analysis program. An average of 50 granulomas per

mouse was ncluded in the analysis, (%)= p<0.05 by ANOVA compared to WT



Day 7

Figure 14

Pulmonary granuloma formations in egg-injected mice

Mice were sensitized with live eggs ip and late challenged with live eggs i.v. Mice
were sacrificed at day 7, 14, 21 and 28 and lungs removed. Paraffin embedded tissue
were sectioned at Sum and stained with haematoxylin and eosin. Sections are

representative of 4 mice per strain at each time point. (Magnification =200x)
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modest granuloma sizes of Lek™IL-4Ro™™ mice (80um”x107 + 31) as well
s W (80 pm x| 0™+ 44) mice on 28 post-challenge.

Consistent with these results, the analysis of collagen deposition within the
lung. from CAB stained lung sections and by measurement ol hydroxyproline
levels. showed a similar profile among all strains during the first two weceks
after cgg challenge (Figure 2.13B and Figure 2.15). In keeping with the gradual
orowth of granuloma in the lung, hydroxyproline levels were significantly
clevated at day 21 post-challenge in the W1 and Lek“ “IL-4Ra™™ mice
(p~0.001). There was, however, a considerable decrcase in hydroxyproline

levels at day 28 in both the WT and the Lek ™™ IL-4Ra”™™

strains (p<0.05)
(Iigure 2.13B). In general these data show that CD4” T cell independent 11.-
AR« expression is required for lung fibrosis and granuloma development in

Cre ; -lox .
[k "1 o-4Ra™ mice.

2.7 Cellular reeruitment in the pulmonary granuloma of Lek“™“1L-4Ro
N mice

Examination ol cellular recruitment in the lung granuloma ol egg-injected mice
showed weak cosinophil recruitment in Lek ™ 1L-4Ra”™ mice at day 7 and
day 14 after cgg embolization (Table 1), whereas 1L-4Re™ lung granulomas
were completely devoid of eosinophils at day 7. There were slightly more
cosinophils per granuloma in Lek“"“TL-4Ra™™ at day 21 post-challenge
ailhough the levels were still significantly lower compared to WT mice
(p=0.05) (Table 1), On the other hand, examination of PAS positive cclls from

stained Tung sections showed no prescence of PAS positive cells in the lungs of
both 1.ek ™ “1-4Re™™ and 1L-4Ra™ mice at any stage alter cgg challenge

(Table 11 and Figure 2.106).



Figure 15

Collagen deposition in the lungs of egg challenged mice

Paraffin embedded tissue from sensitized, egg-challenged mice were sectioned at Spum
and stained with CAB. Sections are representative of 4 mice per strain at each time

point. (Magnification =200x)
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Table 11

'

Comparison of granuloma cellular recruitment in egg challenged mice.

Numbers of eosinophils and PAS positive cells were determined (rom

histological scctions. An average ol 50 granulomas per mouse was included in

the analysis. Data shown represent the mean + SD. Statistical signilicance was

determined by one way ANOVA with (*) p<0.05 and (¥**) p =

compared to W value,

IL-4Ra’ oy

<0.001, as

1L-4Ro”

LeK™ L.
4 ] { a-/ flox

Fosinophils

0.00: 0.00%+

462464

PAS+ve cells

0.00:£ 0.00%**

Day 14

| Day21

' Day 28

Fosinophils

34 1.87***

PAS+ve cells

Eosinophils

0.00+ 0.00%**

7+ 5.0k %

0,004 0,005

PAS+ve cells

0.00 0.00%*

Eosinophils

24 + 8.4

PAS+ve cells 1

40 + 9.68

0.00+ 0.00%+

9+496%

0.004+ 0.00%#* | 0.003 0.00%+*
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LekCreIL-4Ra/fox

Figure 16

Absence of PAS positive cells in the lungs of egg-challenged LeK“* IL-4Ra™ mice
Paraffin embedded tissue from sensitized, egg-challenged mice were sectioned at Sum
and stained with PAS. Sections are representative of 4 mice per strain at indicated

time points. (Magnification =200x)
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2.8 Fgg-injected LeK ™“IL-4Ra™ mice develop polarized Tyl and
fypel immune response
Ihe  correlation between  the development of  schistosome  egg-induced
cranulomas and the presence of 12 cells in the granuloma has been
established. The production of Tyl vs. 17,2 eytokines was directly compared
with changes in granuloma development in pre-sensitized cgg challenged
Lek ™ I-4Ra ™ mice. LLung homogenates, mediastinal lymph nodes as well as
splenocyie supernatants were used to determine the changes in cytokine levels

in the local milieu ol granuloma formation.

Independent studies (2 =3) analyzing cytokine production in lung showed a
signilicantly impaired T2 cytokine (1L.-4, 11-5 and 1L-13) production in the
lung homogenates after egg embolization in Lek™“1L-4Ra”™ as well as IL-
ARu™ mice. whercas IFN-y levels were significantly elevated in these two
strains in comparison to W mice (Figure 2.17). In contrast, similar levels of
immunosuppressive cytokine TL-10 were observed between the WT and
Lek ™ 1-4Ra™™ mice. However, [L-10 levels were significantly elevated in
ek 1-4Ra™ mice at day 28 post-challenge (p<0.05) (Figure 2.18A).
Similarly, TGF-p levels were also profoundly clevated in Lek " IL-4Re ™™

mice in comparison to W mice, throughout the study (Figure 2. 18B).

Anti-CD3  stimulation of mediastinal lymph nodes and splenocytes also
revealed a similar profile of cytokine levels as that observed in lung
homogenate samples. At day 7 post-challenge, whereas 11.-13 levels were
similar between WT and Lek ™ 1L-4Ra”™ mice (Figure 2.19C), 1L-4 and [L-5

Mox s (p<0.05) (Figure

A R Cre ) .
levels were significantly reduced in Lek “1-4Ra
2 19A & BB) and remained so throughout the study (Figure 2.19 and Figure
2.20). On the contrary, 1FN-y were detected from as early as day 7 following

— : Creyp _Ap opMox -
cee cniholization  with [L-4Ra™ and Lek “HL-4Ra™™ mice producing

s
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Figure 2.17
Tl and 192 eviokine levels in lung homogenaies of egg-challenged mice
Fung tissue homogenates from egg-sensitized and challenged mice were analyzed for

Il (pancl Dy vs. T2 (Panel A-C) eytokine production. Each data point represents
the mean + SD of triplicate samples. Results are representative of one of three similar

soperiments (f) = p<0.05, (FF)=p<0.01 and (F*¥*) = p<0.001 by ANOVA,
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Figure 2.18

10 and TGE-J levels in lung homogenates of egg-challenged inice

Lung homogenates were analysed for the levels of 1L-10 and TGU- by ELISA. Data
represents mean <k SD of triplicate samples. Results are representative of three similar

experinments. (%)= p<0.05 by ANOVA 1n comparison to WT
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Figure 2.19

Thi and Th2 cyviokine levels in splenocyie cultures of egg-challenged mice
Anu-CD3-stimulated splenocyte cell cultures from sensitized cgg-injected mice were
analyzed for Tyl (Panel D) and Ty2 (Panel A-C) eytokine levels by ELISA. Data are
mean + SD of triplicate samples. Results represent one of three similar experiments.

() = p<0.05 and (**) = p<0.01 by ANOVA in comparison to WT
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Uil and Th2 cylokine levels in lymph node cell cultures of egg-challenged mice

Mice were sensitized with S. mansoni cggs 14 days prior to i.p challenge with live

coes. 12 (Panel A-Cy and Ty 1 (Panel D) cytokine levels were measured from anti-

('3 mediastinal lvmph node culture supernatant by ELISA. Data shown are mean

SO from triplicate samples and are representative of three independent experiments.

p<0.001 by ANOVA
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significantly higher levels of H'N-y levels compared to WT mice (Figure 2.19

and Figure 2.20).

[ikewise, TGI-B levels were significantly higher in IT1.-4R™ and LeK ™1 -

AR ™™ mice throughout the stndy (Figure 2.218 and 2.22B), whereas 11.-10

-
levels were similar from day 14-day to day 28 post-challenge (Figure 2.21A
and Mgure 2.22A). This data supports the contention that, in schistosomiasis,

IL-13 induced tissuc fibrosis is independent of TGIE-P.

o(G2 Ab isotype tilers associate with 1,2

&

In nmice, high 1gGl/Igk and low |

responses, while 1eG2 and low IgGl/ Igk titers are observed in 'I'yl-type

cellular tmmune responses. We compared antibody production in WT and
LeK “IL-4Re ™Y mice to study the association between Ab production and
cytokine production. Measurements of the SEA-specific antibody response
revealed a significant rise in [G2a and 1gG2b in LeK ™TL-4Ra™™ mice sera
[rom day 7-day to day 28 (Figure 2.23A & B) whereas [gG1l and total Ighk
levels were significantly abrogated in these mice (Figure 2.23C & D). Taken
together, T cell specific deletion of 11L-4Ra skews antigen-specific antibody
responses towards Type 1 and that polarized Tyl vs 112 cytokine production

does not correlate with granulomatous pathology in the lung.
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Figure 2.21

Ho A and TGF levels in splenocyies of egg-challenged mice

Splenocyte cell culture supernatants {rom mice pre-sensitized and challenged with S
nsoni eggs were analyzed for 11-10 and TGE- levels following stimulation with
at-CD50 Data are the mean + SD ol triplicate samples {rom three similar

experiments. (%) =p<0.05 and (**) = p<0.01 by ANOVA compared to WT
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Figure 2.22

110 and TGF-P levels in mediastinal lvmph nodes of egg-challenged mice
Mediastinal lymph nodes [rom egg-injected mice were stimulated with anti-CD3 mAb
(20pg/ml) or 72 hours and measurements and [L-10 and TGF-B levels in supernatants
determined by ELISAL Data shown are mean + SI from triplicate samples and are

representative of three independent experiments, (*) = p<0.05 and (**) = p<0.01 by

ANOVA in comparison to WT

106



A 1e(i2a B leG2b

(1.5
3 -
&~ *
;; 5.4 . Y ,-1 l
4 * 2
0.4 7 ) ;
% (IR o
o B3 « o
::' Kk o
. .2+
4
0.1+ l l 0.1
0.0 - T S K8 0.0 Iyd Ly
Day 7 Pay 14 Day 21 Pray 28 Day 7 Day 14 Dy 21 Day 28
~ foF
C LG D g

[¢R )]

Day 2t Day 28

Day 7 Bay 14 Day 21 Day 28 Bay 7 Pay 1
B
3R/~
1ekCHE g ARy

Figure 2.23

Antihody Production in sensitized egg-challenged mice

SEA-specific Type 1 (Panel A and B) and Type 2 (Panel C and D) antibodics were
analvzed in the sera of mice by ELISA at indicated time points after epp-challenge.
Pancl 1) represents total serum [gB levels. Each data point represents mean + SD
(riplicate serum samples. Results represent one of three similar experiments.

(*yp<0.05 and (**) =p=<0.01 by ANOVA compared to WT value.



DISCUSSION

The objectives of these studies were to determine the role of {14 /[1L-13

responsive I cells during infection with S mansoni and to determine the
requirement ol T cell-specific [L-4Ra signalling for the extent of granuloma
development or cgg-induced fibrosis. A clear distinction was seen in the
survival of Lek™™ IL-4Ra™™™ during an infection with S, mansoni parasites. As
compared to survival in W1 and 1L-4Ra” mice, Lek ™ IL-4Ra™™ mice had
stgnificantly increased survival, despite the excessive IFN-y/NOS-2 production
and severe liver pathology. Although 11.-4, T1.-10, and 1L-13 each serve distinet
and essential roles in liver pathology during schistosomiasis, the mechanism(s)
controlling parasite cgg-driven gut inflammation and faccal ¢gg excretion are
poorly understood. Comparative analysis among the three strains show that
profound cgg-induced gut pathology occurred in the presence of significanily
clevated [L-10 levels in the intestine. Furthermore, the presence of CD4'CD25"

oulatory T cells and TGE- in liver and intestinal granufoma tissue was 1.~
dRa-dependent, but expression was required on a non-T cell population.
Therelore, this indicates that [L-4/11L.-13 responsiveness is a fundamental
requirement  for prevention ol lethal Tyl driven gut pathology during
experimental schistosomiasis and that [L-4Ro is central to both ol these
processes through promotion of AAM¢ and control of CD4°CD25" T

regulatory cell behaviour.

-4 drives STAT-6 activation and 172 polarization (Zheng and Flavell 1997;
Kurata ¢t al. 1999: Nelms et al. 1999), but several reports have shown that
STAT-6/11 -4Ra responsiveness is not essential for T2 differentiation (Noben-
Trauth ot al. 1997, Jankovic et al. 2000), suggesting that [L-4Ra serves a more
mmportant role as an antagonist for 1)1 cell differentiation (Metwali et al.
2002). Our data in the S0 mansoni mouse model shows that 1L-4Ra null
mutants. macrophage/neutrophil-specific (LysM"“IL-4Rc N (Herbert et al.

2004y and T cell specific 1L-4Ra deficient mice all produce more ['N-y during
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acute  discase.  Lek"IL-4Ra™ ™ mice  generate the highest  precursor
frequencies ol [I'N=y clfector cells as determined by LELISPOT (data not
shown) and splenocyte cultures of these mice contains highly elevated NOS-2
activity (ligure 2.2A). 1L-4 can instructively signal professional antigen
presenting cells (APC) for increased secretion of 1L-12p70, thus driving T,
cell expansion (Bicdermann o al. 2001). Moreover, the short hall-life of
phosphorvlated STAT-6 necessitates constant re-activation via 10-4 receptor
stgnalling.  Therclore, it is likely that S. mansoni egg-induced 11.-4 production
acting on APC combined with the T cell specific 1.-4Ra deletion leads to such

Mox

a prominent 1FN=y response in Lek “IL-4Ra”™ mice.

[FN-v dominated responscs arc detrimental {or both human and experimental
schistosomiasis and the severity of hepatic immunopathology  during S
mansoni infection bears a strong genetic linkage to HEN-y, (Brunet et al. 1997,
Fallon and Dunne 1999; McKenzic et al. 1999; Flamme et al. 2001; Patton et
al. 2001).  Indeed, studics performed with mice deficient for [1.-4 (Patton et al.
20001, [L-4/11.-13 (Fallon et al. 2000), or IL-4/1L-10 (Hoffmann ¢t al. 2000),
all dic rapidly during acute disease through a common mechanism involving
enhanced production of [FN=-y, NOS-2, INF, and hepatocyte destruction.
Lok ™1 -dRa™  dispersed  granuloma  cells  stimulated  with  anti-CD3
produced significantly elevated [FN-y levels that were indistinguishable (rom
1 -4Ra” those of mice (Figure 2.6). In addition, Lek““1L-4Ro™™ hepatic
oranulomas were larger and more fibrotic than those ol littermate controls,
lactors that could have also contributed to increased hiver injury in this strain.
Surprisingly. our data clearly demonstrate that Lek ™ 1-4Ra™ mice given
leh mfectious doses (75 cercariae) display extended survival times despite
significantly clevated 1,1 responses, NOS-2 activity, and AST levels (Figure

.. ) A . Cre “flox . .
24y In contrast to 1L-4Ra™ mice, Lek™ 1L-4Ra™™™ mice produced high leve

S
ol 172 eytokines (11.-4, 11.-5, and 11.-13) in the liver whercas peripheral Tymiph

nodes and spleen showed significantly impaired 172 responses. 1t has been

109



shown that antigen specific 1 cell responses differ in the various organs during
Soomansoni mfection which is reflected in our results. Therefore dillerent
profiles ol cytokine secretion are obscrved depending upon the specific organ

analyzed.

1o this end, we decided to measure cytokine levels present in liver tissuc
homogenates instead ol re-stimulated collagenase-digested granuloma ccll
suspensions to determine the cylokine content per gram of tissue. Surprisingly,
(TUH

there were actually significantly lower amounts of [FN-y and TNF in Lk
AR ™ Tiver when compared to 10-4Ro” tissue.  TNF is a known contributor
to inercased mortality rates of S, mansoni infected [L-47" wmice. Therefore,
demonstration of lower tissue levels of both TFN-y and TNF in Lek ™ IL-4Ra
" mice provided an additional clue to explain the extended survival times of
these mice. Thus, while Lek ™ H-4Ra™™ and 11.-4Ra™ liver contained the
potential for release of pathogenic Ty 1 inflammatory cytokines, mechanism(s)

existed restricting secretion in the former strain, but not in the latter.

H.-10 was a likely candidate for this role due to its well known
nnmunosuppressive capabilities and recent demonstration that it is an essential
hepatoprotective factor in murine schistosomiasis. Significant elevations of [L-
10 were detected after anti-CD3 stimulation of WT and Lek ™ TL-4Ra”™™ liver
oranuloma cells, as compared to 11-4Ra™ mice. However, amounts of 11-10 in
liver homogenates showed a reciprocal pattern, with significantly higher
amounts of 1L-10 produced by |L-4Ra” mice as compared to the olher strains,
suggesting two difTerent cell sources of this cytokine. T cell derived T1L-10 is
completely independent of H.-10 produced by non-lymphoeyte cell populations

in the Tiver doring experimental schistosomiasis. LPS-stimulated macrophages

seerete high fevels ol inflammatory and anti-inflammatory cytokines (11.-6.
INEFOIL-12, and 11.-10) and constitute a predominant cell type ol S. mansoni

. . . [ -/~ . -~
granulomas. This, combined with demonstrated sepsis in [1.-4Ra™ mice at 7.5
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weeks  post-infection  strongly  suggests  that  macrophages  were  major
contributors to the high levels of both TNFE and 1L-10 in liver homogenates of
IL-4Ra™™ mice. Overall however, our data do not favour a hypothesis that
hepatic injury or [L-10 Tevels in liver tissue are determinants of mortality vs.
survival during experimental schistosomiasis. Instead, our working hypothesis
is that {L-4Ra cxpression is central for control of potentially fethal gul

mflammation

During S, mansoni infection of various inbred mouse strains, peak levels of T1-
dRa b mRNA transcripts are reached during acute disecase (6-8 weeks post-
infection).  1L-4Ra”™ mice consistently developed scvere gut pathology by 7
weeks post infection and experienced 100% mortality by 8 weeks. Profound
hemorrhagic distention of the small bowel involving the entire ileum and distal
jejunum oceurred in this strain, with pathology somewhat resembling toxic
mega colon in humans. Microscopic analysis of this region revealed that many
parasite cggs present in the muscularis propria encased by erythrocytes and
very few surrounding inflammatory cells (data not shown). S mansoni
infected 11.-47 and 1.-477/1L-137 mice also experience increased intestinal
damage accompanied by parasite-egg accumulation in gut tissue, decreased
fecal cgp exceretion, endotoxemia, and premature lethality by 7-8 weeks post
nlection. In chapter 1 we demonstrated that [L-4Ra dependent AAM¢ were
essential for control of Ty driven egg-inflammation that led 1o increased gut
immunopathology and sepsis (Ferbert et al. 2004). LysM ™ IL-4Ra”" and 11.-
4Ra” mice produced high amounts of TFN-y, TNF, and 11-10 in gut tissue
accompanied by premature lethality. Ol note, while premature lethality of
macrophage-specific [L-4Ra deficient mice was preventable by antibiotic
prophylaxis. this treatment was unable to rescue I-4Ro” mice. Thus, cven
though AAM¢$ arc necessary for survival, it was clear that other defects were
contributing to the greater sensitivity of 1L-4Ra™ mice to cven low dose

imfection with . mansoni (data not shown).
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Lhe selective impairment of the CD4'CN25" population in 11.-4Ra™ intestinal
lissue. but not in WT and Lek"™IL-4Ro™ mice provides a possible

mechanistic explanation for our previous observations. CD4 CD25" regulatory

1 ocells have been widely described as suppressors of tissue destructive

mllammatory 1‘L‘sp()11scs and providers ol host protection in models of colitis,
diabetes. and arthritis.  Although these markers have been widely used io
isolate and study regulatory ‘I cell populations, CD4'CD25" also designates
activated T lymphocytes. Figure 2.12 shows that hepatic and intestinal mRNA
transcripts for the Treg specific transcription factor l'oxp3 were barely
detectable in 1L-4Ra”™ mice, but strongly up-regulated in WT and Lek“™11 .-
AR strains. Curiously, Lek™™1L-4Ra™™ mice expressed 10-fold higher
levels of Foxp3 compared to the W' and in some of our FACS experiments
there were double the percentage CD4'CD257 cells in Lek ™I -4Ra”™
eranuloma tissue when compared to littermate controls (data not shown). This
impaired presence of CD4'CD25" cells in [L-4Re”™ granulomas did not refleet
a defect i Treg ontogeny or an overall inability of these mice to produce
suppressive cytokines because analysis of blood, spleen and mesenteric lymph
nodes  demonstrated  slightly  higher pereentages  of  CD4'CD25"  cells
accompanied by clevated TGU-p production (Figure 2.12) in these peripheral
tissucs. Therefore we propose that CD4" T cell populations in S, mansoni
oranuloma tissue can be divided into two populations. CD4"CD25" whose
fissue entry is 11.-4Ra independent and CD4°CD25" cells that are dependent
upon [1-4Ra expression on non-1 cells. STAT-6-dependent chemokines such
as macrophage-derived chemokine (MDC/CCL22) and thymus activation-
reeulated chemokine (TARC/CCLLT) have been shown to direct Treg, as well
as 1,2 cell migration (Iellem et al. 2001).  However, it is currently unclear
whether these results reflect defects in chemotaxis or impaired expansion ol
Tree i granuloma tissue duc to possible defects in APC function via the [1.-

SR null matation.



Locally produced TGI-w is able to cause the rapid expansion of Foxp3
expressing regulatory T cells that suppress disease causing Ty, 1 elfectors.
TGE-B-mediated suppression of colitis in various mouse models has been
extensively studied, but little is known about the role for TGF-B in suppression
ol intestinal inflammation during schistosomiasis. Results of experiments

mvolving  depletion of CD25" show increased pro-inflammatory cytokine

levels (IFN-y, TNF) and decreased faecal cgg excretion in W1 and Lek“™[L-
4R mice during acute disease (unpublished results) Data presented herein
suggest that TGE-B producing CD4'CD25 " regulatory T cells are responsible
Jor protection against lethal gut intlammation during murine schistosomiasis in
a H-4Ro dependent manner. Although we cannot rule out a role for T cell
independent TGIE-B production, Figure 2.12 shows highly clevated levels of
TGEF-B arc produced by anti-CD3-stimulated splenocytes and CD4' T cells
purilied from spleens of W, [L-4Ra™ and Lek ™ IL~-4Ro™™™ infected mice all
produce highly clevated levels ol TGE-B. The elevated production of TGF-f in
the peripheral tissues of IL-4Ra™ mice, but selective defect in granuloma
tissue reflects our data for CD4°CD25" cells, and Foxp3 expression, which
together strongly supports our contention that TGF-B-producing CD4"CD25'
Iree cells balance potentially fatal Tyl- driven ¢egg responses in the gut and
promotes the passage of faccal eggs. The non-T cell 11.-4Ra-expressing cell
that controls Treg entry and Jor expansion in granuloma tissuc is currently
anknown. but is likely to be a non bone marrow-derived cell.  1L-4/11.-13
dependent responsive intestinal epithelial cell functions have been shown to
control expulsion mechanisms against parasitic helminths. Nonctheless, these
data are the first 1o our knowledge to demonstrate a role for 1L-4Ra in the
hehaviour ol Treg cells in vivo and provide additional insight for the design of
therapies that limit or promote their presence during anti-tumour or anti-

parasite responses, respectively.



Similar to liver pathology, analysis of granulomatous inflammation in the lung

B} Cre 3 =/{To
also revealed that Lok ™ 1L-4RoM

mice developed larger and more fibrotic
eranulomas 11 comparison to their WT control littermates. In  contrast,
examination of cellular recruitment showed a weak cosinophil infiltration in
ek -4Ra™ mice as compared to WT mice. Consequently ELISA results
also showed that the immune response of the animals to the eggs in the lung
milicu was dominated by Tyl cytokines. These findings are in stark contrast to
previous (indings which showed that a Ty 2-type response is critical for normal
cop-induced lesion formation (Wynn et al. 1994). Most intercestingly, the
current data support the hypothesis that although TL-13 is a known potent
activator ol collagen production by fibroblasts, there may be other mediators
which are involved in collagen production, such as TGEF-P, as suggested in a
murine asthma model (Lee et al. 2001). Indeed we observed clevated levels of
TGE-B in the lung homogenates as well as LN and splecn cultures of Lek ™I~
AR mice which may suggest that TGF-p is indecd another mediator for
collagen  deposition in the lung. Our current data, does not, however,
completely rule out 1L-13 as the dominant factor in mediating collagen
deposition in the lung. A number of studies in other disease models  have
shown that that although 1L-13 production is markedly decrcased in the
absence of 1L-4, for example in 11.-4 or [[.-4Ro-deficient mice, the residual -
13 response remains highly active (Urban et al. 1998; Wills-Karp et al. 1998;
Chiaramonte et al. 1999; Mohrs et al. 1999; Noben-Trauth et al. 1999). Fven a
small amount ol 1L-13 is sufficient to mediate many of its in vivo cflector
functions. This may explain our (indings in which [L-13 levels in Lek ™ 1-
AR mice are low, but granulomatous inflammation is highly increased and

suggest that CD4™ 1 cell-independent [1.-4Ra expression is required (or lung

eranuloma development,



CHAPTER 3

Schistosoma mansoni infection in hlL-4RaTg

mice



Summary

Granuloma  formation induced by schistosome cggs s a cell-mediated
inflammatory response which has been shown to be associated with a dominant
I'h2-type 2 cytokine expression, tissue cosinophilia and high levels of serum
el The goal of this study was to determine the role of T-cell dependent 1.4
and 11.-13 responsiveness with specific focus upon granuloma development.
I'wo models, the live infection and induced synchronized lung granuloma
models were used. In these studies, three strains of mice were used: BALB/c
(R (W), [1-4Ra™ and human IL-4Ra/mouse 1L-4Ro™ ransgenic
mice (hl-4Rec'te). The latter strain expresses the human 1L-4R on a mouse [1.-

JRu-deflicient background specifically on T and B cells. Comparison of hepatic
eranulomas between W and the mutant strains showed that the latter
developed significantly smaller granulomas.  Microscopic examination ol
hepatic granulomas showed an abrogation of cosinophil recruitment in 1L4Ra™”
and hilL-4RaTg strains. Correspondingly, quantitation of liver collagen content
i hepatic samples showed significantly reduced levels ol hydroxyproline in
I1-4R«” mice and hIL-4RaTg mice samples. In contrast, granulomas that
formed in WT mice were large with high numbers of mean cosinophils per
eranuloma and elevated levels of hydroxyproline. Analysis of the host’s
immune response lo infection showed a clear default to type 1 antibody
production. with elevated levels of antigen-specilic 1Gg2a and 1gG2b and low
levels of 1gGl and total Tgk. Similarly, cytokine analyses showed a
predominanily Thl cytokine profile with high levels of 1I'N-y. Use of the
induced synchronous pulmonary model to study granuloma development in the
N-4RuTe niice showed similar results to those obtained during the live
infection. Analysis of lung granulomas showed that granulomas that formed in
I 4R and h1L-4 treated and non- treated hil-4RaTg mice were equivalent
to those of WT mice at day 7 post-challenge. However, they were significantly
reduced at day 21 and day 28 post-challenge compared to WT controls. Similar

lo those in the live infection model, granulomas in the mutant strains were



devoid ol cosimophils at day 7 afier challenge. Although the numbers of
cosinophils were slightly increased from day 14 (o day 28, they were
stentficantly few compared to controls. Correspondingly, hydroxyproline levels
were similar between all groups at day 7 but were signilicantly increased at day
20 and day 28 with WT mice showing significantly clevated levels of
hydroxyproline. In conclusion, the results of this smdy show that hil.-4RaTyg
mice have a similar immune profile as 11L-4Ra™ in response o S, mansoni
infection and although granuloma development was significantly abrogated in
these two strains 1t was not completely abolished. Likewise exogenous hil.-4
has no significant effect in driving the immune response towards Ty, 2/type-2 or
in granuloma development of these mice. This may suggest that the dosage of

hil.4 used was not adequate.



RESULTS

3.1 hl1L-4RaTg mice develop Tyl/typel immune responses against §.

mausoni infection

The correlation between  the development of  schistosome  egg-induced
eranulomas and the presence. of Th2 cells in the granuloma has been
established. Mice were percutancously infected with a dose of 75 S, mansoni
cercariae and the immune response analyzed to determine the role of T cell-
dependent 1h-4 and 1L-13 responsiveness on granuloma development. The
kinctics of 'Ty1 vs. 1,2 cytokine responses were determined from splenocytes
and mesenteric tymph node (MLN) cell culture supernatants 7.5 wecks post-
challenge. Stimulation of cells with anti-CD3 revealed a significant impairment
(p=0.01) of Th2 eytokine responses (IL-4, 1L-5, and 1L.-13) in both the 1L-4Ra’
“and hIL-4RaTg mice (Figure 3.1A-C). In contrast, significantly higher levels
of Ty 1 eytokine IFN-y were detected in the culture supernatants of H.-4Ra”

1d hL-4RaTe mice (Figure 3.1D). WT MLN and splenocytes seereted high
levels of the immunosuppressive cytokine 1L-10 and significantly reduced
fevels of TGEF-B (Ifigure 3.2). Conversely, 1L-10 production was significantly

abrogated in the mutant strains whereas TVG-B levels were increased.

The ability of hil-4 to drive activation of TCRto Th2 differentiation has been
shown (Scki. Miyazaki et al. 2004), We therefore determined the optimal dose
of hll-4 that could induce signalling through the chimeric hil.-4Ra in the
mouse, and in order possibly to drive the immune response towards 1 2/type in
vivo. Natve hlL-4Ra'Tg mice were treated with three injections of varying
doses ([0ug/m! 30ug/ml and 100ug/ml total protein) of human hil-4 and total
lols serum levels determined at different intervals, A dosc of 100pg/ml gave the
highest fevels of serum gl and was subsequently used in infection studies

{ddata not shown).
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Figure 3.1

Cytokine levely in the cultures of mesenteric lymph node (MLN) and spleen cells of
infected mice

Mice were acutely infected with 75 S mansoni cercariae and 11 and 1,2 cytokine
fevels in MEN and spleen cells determined by ELISA. Each data point represents
mean + S of triplicate samples. Results are representative ol four similar

experiments, (%)= p<0.01 by ANOVA compared to W value,
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Figure 3.2

HA10 and TGE-f levels in cultures of mesenteric lvmph node (MLN) and spleen cells
of infected mice

Mesenteric lymph nodes and splenocytes ol acutely infected mice were stimulated
with ¢-CD3 for 72 hours and measurement ol [L-10 and TGEF-P levels in supenatants
determined by ELISA. Fach data point represents the average = SD of triplicate serum
samples. The results are representative ol four similar experiments. (*) = p<0.05 and

(F*y = p20.01 by ANOVA compared to the WT value
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Treatment ol hlL-4RaTg mice with hlL-4 induced a slight increase production

-4 0 MEN and splenocyte cultures, whereas there were no observable
changes in other cytokine levels (Figure 3.1) Concurrently, there was a slight
reduction in 1L-10 levels and a significant decrease in TGF-B in the splenocyte

cultures of treated animals (Figure 3.2).

Profiles of antibody production were assessed in sera of infected mice using
SEA=specific ELISA. Measurement of SEA-specific antibody response showed
a significant rise of type 1 (IgG2a and 1gG2b) levels in both mutant strains
(Figure 3.3A & B) and a significant abrogation of type 2 (1pGl and IgB)
(Figure 3C & D) antibody production. In contrast, levels of 1gG1 and total Igll
were significantly elevated in WT mice, whereas 1gG2a and 10G2b levels were
abrogated. Similar to other mutant strains, hllL-4 treated transgenics also had
clevated levels of type | (Figure 3.3A & B) and abrogated levels of type 2

(I'igure 3.3C & Dy antibody production,

3.2 Hepatic granuloma formation in hlL-4RaTg mice is significantly
abrogated
To assess granuloma  development, liver granuloma sizes and  cellular
composition were compared among the groups 7.5 wecks post-infection.
Hepatic granulomas that developed in hlb-4RaTg mice and [L-4Ra” mice
were significantly smaller than W lesions (p<0.001) (Figure 3.4 and Figure
3.5) compared to their W7 littermates.  Similarly, granuloma sizes in treated
bl -4Ru'Tg mice were also significantly abrogated (p<0.001) although slightly
larger than in their non-treated littermates. Quantitation of  granuloma
cosinophils — showed  significantly  reduced numbers  (p<0.001) of mecan
cosinophils per granuloma in [L-4Ra™ (9 + 6) and hlL-4RaTg (7 + 4) mice
compared to W' (200 + 72) mice. Accordingly, quantification of
hvdroxyproline, as a measure of collagen deposition in the liver, showed a
stenificant abrogation (p<0.001) of granuloma collagen in the mutant strains

compared to controls (Iigure 3.6 and Figure 3.7).
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Puleniced type Fantibody levels in acutely infected hiL-+4RaTy mice

SEA-spectfic Type T (A & B) vs. type 2 (C & D) antibodies were analysed in the sera
ol infected mice by ELISA. Panel D represents total serum Igls levels, Each data point
represents the average + 5D of triplicate serum samples. Results are representative of
four similar experiments. (*) = p<0.05 and (**) = p<0.01 by ANOVA in comparison

o W value
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Figure 3.4

Abrogated hepatic gramiloma development in S.mansoni infected hlL-4RoTg mice.
Livers were obtained from acutely mfected mice and processed for histology as
deseribed in Materials and Methods. Hepatic granuloma sizes were determined from
histological sections using computerized morphometry analysis program. An average
ol 250 granulomas per strain was included in the analysis. Data are representative of

four similar analyses. (%)= p<0.001 by ANOVA in comparison to WT



Figure 5

H&E staining of hepatic granuloma in IL-4Ra” and hIL-4RaTg mice

Livers were removed from 8. mansoni infected mice and fixed in PBS buffered

formalin. Paraffin embedded tissues were sectioned at Sum and stained with

hematoxylin and eosin.

A)
B)
C)
D)

IL.-4Ra™* (WT)

IL-4Ra™

hil.-4RaTg

hIL-4RaTg (+hlL-4 treatment) (Magnification = 100x)
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Kigure 3.6

Reduced hepatic collagen depogition in the livers of infected hll.-4RaTg mice
Hydroxyproline levels, as an indicator of collagen deposition, was mecasured in
liver tissue as described in the Materials and Methods. Data arc representative

ol 4 similar analyses. ** p<0.001 by ANOVA in compared to WT



Figure 7

Reduced collagen deposition in granulomas of IL-4Ra”" and hiL-4RaTg mice

Livers of acutely infected IL-4Ra”™ (WT) (A), IL-4Ra™ (B), hIL-4RaTg (C) and
hIL-4 treated hIL-4RaTg (D) mice were processed for histology as described in
materials and methods and stained with CAB. (Magnification = 100x)
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3.3 hiL-4RaTg mice are highly susceptible to acute S. mansoni
infection
The importance of type 2 immune responses in protection against S. mansoni
mfection has been shown in mouse studies and corroborated by human studices
ol patients ol hepatosplenic  schistosomiasis  (Dunne and  Pearce  1999;
Hollmann. James et al. i@)‘)‘); de Jesus, Silva ct al. 2002). We assessed thc
clfect the observed immune responsc has on the survival of mice with
Ivmphocyie reconstitution of hlil-4Ra during infection with S. mansoni. [L-
ARG {1 -4Ru™ and hiL-4RaTg (8 mice per strain) were percutancously
infected with 75 S0 mansoni cercariae and their rate of mortality recorded.
Results show that hiL-4RaTg mice as well as IL-4Ro™™ mice were highly
susceptible and succumbed to S, mansoni infection by week 7.5 in contrast to
their WT litteriates  that had more than 50% survival rate beyond acufe

inlcction (week 6-8 post infection) (Figure 3.8A).

Rapid weight loss is a well documented symptom of patients with chronic
schistosome infections. To determine whether a correlation exists between
mortality and weight loss, morbidity rates were monitored [rom week 5 post-
inlection. There was a clear correlation between mortality and weight loss in
infected hIL-4RaTg mice and T1-4Re”™ mice with both strains of animals
showing more than 20% loss of body weight by 7 weeks post infection (Figure

3.81).

3.4 hilL-4 treatment has no significant effect on the survival of hiL-
4RaTg mice

To determine whether hil-4 (reatment has any effect on the survival rate of

hll -4Ra'T'g mice during Somansoni intection, a group ol acutely infected hll-

4Ra'Te mice were treated with three doses of 100pug/ml hIL-4(total protein) at

week 5, week 5.5 and week 6 post-infection. Human 1L-4 treated mice were

hichly susceptible to infection and succumbed to infection with the same

kinctics as their non-treated littermates (igure 3.8A).
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Figure 3.8
Movriality and morbidity vaies in S. manson- infected mice.
Mice were percutancously challenged with a dose of 75 8 mansoni cercartae and

monitored for mortality (A) and morbidity (B) rates. The results are representative of

dstmilar experiments (n+-6- 8 mice/strain).
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Similarly. treatment did not seem to have any significant cffect on weight loss
as there were no significant dilferences in body weight loss between the treated
and non-reated transgenic mice as well as [L-4Ra” mice (Figure 3.813).
Accordingly, W1 mice lost little weight over the course ol infection, whercas

the mutant strains experienced severe cachexia.

3.5 Death of hiL-4RaTg mice correlates with liver damage and severe
out pathology

To determine the cause ol death in hlL-4Ra'Tg mice a post-mortem analysis

was made at termination of the study. Macroscopic examination of infected

mice revealed a severe multi-organ pathology that involved liver degeneration,

spleen atrophy, and marked swollen small intestines that was hemorrhagic and

ocdematous alfecting the distal jejunum and ileum (FFigure 3.9).

To asses the extent of hepatocellular damage, duc to eggs trapped in the
sinusoids, scrum aspartate aminotrasferase (AST) was measured as an indicator
ol overall morbidity. hilL-4RaTg as well as [L-4Ra™ mice produced 4-fold and
2-Told higher amounts of this enzyme than controls (p<0.05) respectively
(Iigure 3.10A). On the contrary, trealment of the transgenic strain with hil.-4

o

showed a decrease in the amounts of AST, although not significant (Figure

310A). Consequently, the mutant strains showed a severe abrogation of faccal cog
excretion at week 7 post-infection  On the contrary, there was a high rate ol cgg

excretion i W mice (Figure 3.108).



Figure 9

Excessive gut pathology in schistosome infected IL-4Ra”" and hIL-4RaTg mice
Mice were infected with a dose of 75 S. mansoni cercariae and analyzed for pathology
at termination of the experiment.

A- IL-4Ra™™

B- IL-4Ra™

C- hIL-4RaTg

D- hIL-4RaTg +100pg/ml hiL-4

130



Figure 3,10
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Levels ol aspartate amino-transaminase (AST), as an indicator of liver damage, were

measurcd in sera ol acutely infected mice (A). Faecal egg output (B) was determined

from faccal samples at week 7.5 post-infection. Data are mean + SD and are

representative of tour sinular analyses. (%)= p<0.001 by ANOVA compared to 11.-
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3.6 Lung granuloma development is severely abrogated in hiL-4RaTg
mice

[t has previously been established that a protective immune response against S,

mansoni cgg-induced pathology is dependent on the host’s ability to form

eranuloma that are well defined. Ixperiments were conducted to determine the

-~

role of lymphocyte specific interleukin 11-4 and 1L-13 responsiveness during

"/'., hilL-4Ra'Tg, and hil-4Ra'T'g mice

lung eranuloma formation in WT, [L-4Ro
treated three times with 100pg/ml of human 1L-4 (h1L-4Ralg + hil-4).
Groups ol 12 -16 mice per strain mice were sensitized with live 5000 S.
mansoni cees intraperttoneally (.p). Fourteen days post-sensitization all mice
were intravenously challenged with 5000 live parasites eggs via the tail vein.
Three to four mice from each group were killed at 7, 14, 21 and 28 days post
challenge and lung granuloma development characterized by comparing

eranuloma sizes and cellular composition between the groups.

Results from four independent experiments showed no significant difference in
pulmonary granuloma sizes between hll-4RaTg mice (17.5pm’*x 107 + 10),
and W mice (;21.56;11112,‘{10"3 1+ 9.7) at day 7 post-challenge (I'igure 3.11 and
Figure 3.12). 'There was a significant abrogation in granuloma development at
day 14 post-challenge in hil-4RaTg mice (18um*x10™  + 9) and 1L-4Ro”
(21“;11)‘}(!{'}"3 £9.7) compared to WT (4014,11127410’3 + 15) mice (p<0.001). The
peak of granuloma development in W and mutant mice was reached at day 21

with granulomas that developed in hll-4RaTg mice (30pm’x 107 + 9.4), and in

-

IL-4Re” mice 3lpm’x107 + 12) significantly reduced compared to W’
(93.20um*x 107+ 38)(p<0.001). Similarly, granuloma sizes in hll-4RaTg (the
mutants was significantly abrogated at day 28 post-challenge compared to WT

(p0.001).
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Figure 3.11

Pulmonary eranloma development in egg-challenged mice

Lungs were obtained from egg-challenged mice and processed for histology.
Pulmonary granuloma sizes were determined {rom  histological sections using
computerized morphometry analysis program. An average of 50 granulomas per
mouse was included n the analysis. Data are mean + SD and are representative of

four similar studies. ¥#* p<(0.001 by ANOVA compared to WT value
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Day 21

Figure 12

H&E staining of pulmonary granulomas in egg-challenged mice

Mice were sensitized with live eggs 1.p and later challenged with live eggs i.v. Mice
were sacrificed at day 7, 14, 21 and 28 and lungs removed. Paraffin embedded lungs
were sectioned at Sum and stained with H & E. sections are representative of 4 mice

per strain at each time point. (magnification =200x)
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Treatment of hlL-4RaTg mice with human 11.-4 showed no significant effect
on granuloma sizes between the treated (18um’x107 + 11) and non-treated
(17.5um’x107 + 10) at day 7 post-challenge (Figure 3.12). Conversely, at day
14 post-challenge, granuloma sizes in treated hIL-4RaTg mice (27um’x 107
F13) were significantly increased compared to their non-treated littermates
(18umx 107 £ 9)(p<0.001). Similar to W'T mice, granuloma sizes reached their
peak at day 21 post-challenge in hil-4Ra'Tg mice. However, comparison of
oranuloma sizes between hll-4 treated (\'27p‘m?"x10“3 + 14) and non-treated
(30pm x10™ = 9.4) hiL-4RuTg mice, showed no significant difference in
granuloma sizes. Similarly at day 28 post-challenge, there was no significant
differences in granuloma sizes of treated versus non-treated hll -4RaTg mice

(Figure 3.1T and 3.12).

To further characterize granuloma development in hlL-4RaTg mice, collagen
deposition in the grannloma was quantitated from CAB-stained histological
sections  and acid-hydrolysed  lung  samples by measuring levels of
hydroxyproline. WT, 1L-4Ra” and hlL-4RaTg mice had similar levels of
hydroxyproline at day 7 post-challenge. Conversely, at day 14 post-challenge,
hydroxyproline levels were reduced in the mutant strains compared to W
controls (IMigure 3.13 and Figure 3.14). Similarly, hydroxyproline levels in W
mice were significantly increased whilst they remained significantly reduced in
the mutants at day 21 and 28 post-challenge (p<0.001). Quantitation of
collagen content showed similar levels of hydroxyproline were produced at day
7, 14. and 21, by both the treated and non-treated hIL-4Ra'Tg mice, although
the levels were  slightly higher in the treated mutants (Iigure 3.13).
Conversely, at day 28 post-challenge, hydroxyproline levels were signilicantly

increased in hlL-4-treated hil-4RaTg mice compared to their non-treated

littermates (p<0.03).
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Figure 3,13

Hyvdroxyvproline levels in the lungs of egg-challenged mice

Fungs were obtained from egg-challenged mice and processed lor hydroxyproline
assay. Flydroxyproline levels were measured {rom acid hydrolyzed Tung scctions at
mdicated time points. Data represents one of four similar experiments. (¥*%%) =

p(LO0T by ANOVA compared to WT.
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Figure 14

Collagen depaosition in the lungs of hIL-4RaTg mice

Paraffin embedded tissue from sensitized, egg-challenged mice were sectioned and
stained with CAB as described in Materials and Methods. Sections are representative

of 3-4 mice per strain at each time point. (Magnification =200x).

137



3.7 Eosinophil recruitment is abrogated in granulomas of hll-dRoTg
mice
Closer examination of cellular recruitment in the resulting lung granulomas
showed a complete abrogation ot cosinophil recruitment per granuloma in the
mutant strains on days 7 and 14 post-challenge (Table 1) in comparison to W'T
mice (p<:0.001). The peak number of granuloma eos:inophils was observed at
day 21 in W1 mice. Similarly, the number of granuloma cosinophils in the
mulant strains also peaked at day 21, with 11.-4Ra” mice showing shightly
higher numbers of eosinophils per granuloma compared to hlL-4RaTg mice,
although the numbers were significantly lower compared to WT mice

(p<0.001). There was. however, no difference in the number of granuloma

cosinophils between the treated and non-treated hilL-4Ra'l'g mice at days 7, 14

21 and 28 (Table T).

On the other hand. examination of PAS stained lung sections lor mucus
producing cells. showed no presence of PAS positive cells in the granuloma of
ocne delicient niice as compared to W animals at all time points (Table [ and

Figure 3.15)(p<0.001).

3.8  hiL-4RaTg mice develop Tyl/typel immune response against S.

mansoni egg deposition

l.ung homogenates, mediastinal Tymph nodes and splenocyte responses in W,
Il -4Rcas well as in hiL-4-treated and non-treated hlL-4Ra'Te niice were
analyzed at cach time point post-cgg challenge for cytokine production. lour
mdependent  experiments  show  that  analyzed cytokine levels in lung
homogenates showed significantly impaired levels of Ty,2 eytokines (11.-4, 1L-5
and H ~13) and an enhanced production of the Ty1 cytokine, IFN-y, in both 11.-

4R and hil ~ARa g mice at all four time points (Figure 3.16).



Table I

Reciced granmiloma cosinophils and PAS positive cells in hIL-4Ralg mice

Posinophils were counted from I & E stained lung sections using a light microscope

under oil immersion at 100x magnification. S0 granulomas from each mouse were

included in the analysis. Mucus producing (PAS positive) cells were quantified from

lung scetions stained with PAS using a light microscope at 100x magnification. Data

represent the mean + SD. The result represents one of four independent experiments.

{ ook sk ) .

Day7 |

Day 14

Day 21 |

Day 28 |

P<0.001 by ANOVA compared to WT

1L-4Rot | IL-4Ra” hIL-4RoTg | hIL-4RaTg
e (+hil-4)
Fosinophils | 13465 | 0.00=0.007 [0.00+0.00™ | 0.000.00 "

PASHve

0.00 + 0.00""

0.00+0.00

0.00+0.00"

3 1.87

¥EF

24+ 1.01

PAS+ve

0.00+0.007

0.00 £ 0.00

0.00 +0.00""

ILosinophils

374156

FEW
)

7452

ER

;"“f"*'\f
54+3.0

FRETTTTTT

+ 33

L

PAS+Hve

Fosinophils

51+ 11.95

0.00 + 0.00

0.00 + 0.00"

0.00 £ 0.00

| 244+ 8.4

kF

24 1.03

TR RN

2412

PAS+ve

40+ 068

000+ 0.00

0.00 +0.00

0.00 + 0.00

139

EEE




IL-4Rg/flox

IL-4Ra™”

hIL-4RaTg

hiL-4RaTg
(+hIL-4)

Figure 15

Absence of PAS positive cells staining in the lungs of egg-challenged hiL-4RaTg mice
Lung tissue from sensitized egg-challenged mice were removed, processed for
histology and stained by PAS as described in Materials and Methods for PAS positive

cells. Sections are representative of 4 mice per group at each indicated time points.
(Magnification=200x)
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Figure 3.16

Uil and 11,2 eviokine profiles in lung homogenates of egg-challenged mice

Mice were injected with S, mansoni cggs 14 days after egg sensitization and T
vs. 112 eviokine levels measured from lung tissue homogenates by ELISA. Each data
point represents the average + SD of triplicate lung homogenates samples. The results

are o representative of one of four similar experiments. (***) = p<0.001 by ANOVA

in comparison to WT value




Measurcment ol cytokines, [1.-10 and TGF-f showed that 1L.-10 levels were
stmilar between all groups on days 7 and 14, whereas TGEF-B levels were
signilicantly elevated i the mutant strains (Iigure 3.17A& B). Peak production
ol =10 was observed on day 21 in W'T mice, whilst TGF-B levels remained
siegnificantly lower (p<0.05). Treatment of hil -4Ra'Tg mice with hil.-4 did not
have any significant effect in the production of 1L-4, and 1L.-13 (Figure 3.16A-
C). but clevated levels of 11.-5 were observed on days 14 and 28 afler treatment
with hiL-4 (Figure 3.16B). Similarly. IFN-y levels were also incrcased in
treated animals on days 21 and 28. ELISA results from samples obtained from
hIL-1 treated animals also showed significantly elevated levels of 1L-10
(p<0.001) and TGF-B (p<0.05) on days 21 and 28 post-challenge in

comparison to their non-treated littermates (Figure 3.17A & B).

Stimulation of mediastinal Tymph nodes and splenocytes with the T cell
milogen anti-CD3 revealed a significantly impaired production of T2
cvtokines (1L-4. [1.-5 and 1L-13) in [[-4Re” and hIL-4RaTg strains in
comparison to Wl mice (p<<0.001) (Figure 3.18 & Figure 3.19 A-C). Unlike
the cytokine profiles in the lung homogenates of hIL-4RaTg mice, levels 11.-4
and 11.-13 were significantly increased by treatment ol mice with hil-4
(p=0.05) (Iigure 18 and Figure 19 A&C). Analysis of Ty1 cytokines from anti-
CD3 stimulated mediastinal LN (FFigure 3.18D) and splenocytes (Figure 3.19D)
culture supernatants showed elevated levels of [FN-y in the mutant strains at all
time  points alter egg-challenge compared to WT. Unlike in the lung
homogenates, 1FN-y levels in the LN and spleen of hlL-4Ro’V'g mice were not
increased by treatment of these animals with hil-4, on the contrary [I'N-y
levels were signilicantly reduced (p<0.05) in splenocytes of treated mice at day

21 post-challenge compared to the non-treated mutants.
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Figure 3.17

110 and TGEF-f5 levels in lung homogenates of sensitized egg-challenged mice

Mice were injected with schistosome cggs 14 days after egg scnsitization and
proinflammatory cytokine levels measured from Jung tissue homogenates by ELISA.
liach data point represents the average + SD of triplicate lung homogenates samples.
The results are representative of four independent experiments. (*) = p<0.05, (**) =

p0.01 and (¥*%) = p<0.001 by ANOVA compared to WT
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In contrast to 11.-10 levels in the lung, mediastinal LN and splenocyte culture
- 10 Tevels were consistently higher in WT mice whereas TGF-3 levels were
low compared to mutant strains (Figure 3.20A &B). These data demonstrate
that hil.-4RaTg mice, like 1L-4Ra™ mice develop an impaired T;,2 cytokine

response against schistosome eggs.

Antibody responses were measured in the sera of egg-challenged mice at days
7, 14021, and 28 alter egg-challenge.  Measurements of the SEA-specilic
antibody response revealed a significant rise in lgG2a and 1gG2b levels in [L-
AR as well as in both the treated and non-treated hiL-4RoTg mice from day

l4 post-challen

b

ge (Iigure 3.22 A & B). On the contrary, the levels of SEA-
specilic fgGland total Igl antibodies were signilicantly reduced in IL-4Ra”
and hll-4Ra'Tg mice at all four tme points compared to controls, which

showed prominently type 2 antibody production (Figure 3.22C & D).
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Figure 3.18

Tl and T2 eytokine levels in mediastinal lymph node of egg-challenged mice

Tl and T),2 eytokine levels measured from anti-CD3 stimulated mediastinal lymph
node culture supernatants by ELISA. Each data point represents the average + SD ol
triplicate samples. The results are representative of four similar experiments, (*) =

p=0.05 and (***) = p<t0.001 by ANOVA in comparison to WT value
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fligure 3.19
Lol and 13,2 eviokine levels in spleen cells of egg-challenged mice

T and 112 cytokine levels measured from anti-CD3 stimulated splenocyte culture

(**y = p<0.00] by ANOVA i comparison to WT value.
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Figure 3.20

Ilevaied 1L-10 and TGE-f levels in mediastinal lymph nodes of hil-4 treated
HllARaTe mice

Sensitized and egg-challenge mice injected with S0 mansoni eggs 14 days after egp
sensitization and cytokine levels measured [rom anti-CD3 stimulated mediastinal
fymph node culture supernatants by ELISA. Each data point represents the average +
SD ol triplicate samples. The results represent one of four similar experiments. (*) =

p=0.05 and (**) =p<0.001 by ANOVA compared to WT value
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Fipure 3.21

Flovated IL-10 cmd TGF-f levels in spleen cells hil-+ treated hil-4RaTg mice
Sensitized mice were injected with S0 mansoni eggs 14 days after egp sensitization
and cytokine levels were measured from anti-CD3 stimulated splenocytes culture
supernatants by ELISA. Each data point represents the average & SD of triplicate
samples. The results represent one of [our independent experiments. (*) = p<0.05 and

(**) = p=<0.00] by ANOVA in comparison to WT value




Human {1 -4 treatment decreased the levels of both [gG2a and 1gG2b in hll-
AR e mice (Figure 3.22A & B) at day 21 and day 28, but increased the levels
of Tl significantly (p<0.001) from day 14 post-challenge. Similarly, lgGl
levels were increased after treatment but the levels were only significantly
different (p<<0.05) on day 28 post-challenge compared to their non-treated
littermates, although the levels were still low compared to W1 (Figure 3.22C
&D). Collectively these data indicate that the immune response in hil -4Ra'Tg
is similar to that in IL-4Ra” mice being predominantly typel. Similarly,

exogenous hil-4, although it can induce the production ot Igh in naive mice

and increase levels of type 2 Abs in S© mansoni cgg-challenged mice, it is not

able to drive the immune response {ully towards T);2/type 2 immune responsc.
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Figure 3.22

Amtibody levels in sensitized egg-challenged mice

SEA-specific Type | (Panel A & B) vs. type 2 (Panel C & D) antibodies were
analysed in the sera ol egg-challenged mice ELISA at indicated time points. Panel D
represents total serum Igl levels. Each data point represents the average + SD of
triplicate serum samples. The results are representative of four similar experiments.
(*) = p=0.05, (**) = p<0.01 and (***) = p<0.001 by ANOVA in comparison to WT

value



DISCUSSION

Human 1L-4RaTg mice were generated to dissect the individual roles of 1L-4R

signalling and TCR signalling. This transgenic mouse model expresses the
human 1L-4Ra under the control of an intronic enhancer from the Tg H chain
Fie locus, to allow specific expression of the receptor only in lymphocytes
(Scki et al., 2004). The chimeric 1L-4R molccule composed of the hlL-4Ra
chain and the mouse common y-chain is responsive to hll.-4. therctore
allowing the control of 1L-4R signalling independent of endogenous 11.-4. The
study utilizing this mouse model revealed that 11.-4 signalling was required at
carly stages ol TCR-mediated T cell activation for lincage commitment to T2

(Scki et al., 2004).

DifTerent protocols were explored in the current study to investigate the role of
lymphoceyte specific LL-4 and 11.-13 responsiveness during S. mansoni infection
with focus on the dependence on 11-4Ra signalling for granuloma development
in 1lL-4RaTg mice. Immunohistochemical staining of liver tissues indicated
that the quality of granulomas in [L-4Ra” and hlL-4RaTg mice was
sienilicantly reduced compared to that of their WT littermates. Similarly,
eranulomas in these strains revealed a significant abrogation of eosinophil
recruitment, thus further signifying the importance of mouse 11.-4Ra signalling
for Tull eranuloma development and cellular recruitment. Failure to develop
full granuloma formation was associated with an inability to control egg-
mduced pathology intection by the mutant strains. Human [L-4RaTy mice
were unable to survive acute infection with S mansoni and the severity ol the
discase was similar to [L-4Ra™ mice. Compared to infected W1 mice, hil-
HRuTg and IL-4Ra”™ mice presented with severe morbidity as infection
progressed. Similar to findings by Brunet et al. (1997), this morbidity was
characterized by cachexia, lethargy, and peri-orbital oedema (personal

obscrvation). The high susceptibility of hll-4RaTg as well as [L-4Ra™ miice (o

Lh



mlection demonstrates that there is an absolute dependence on I1-4 and .13
i mediating an effective protective immune response against S, mansoni
infection. In the case of hIL-4Ra'Tg mice, it might suggest that this response is
non 1 cell dependent or cannot be mediated by signalling through the human
chimeric form of the receptor. It has been suggested that during an infection
with S mansoni a response dominated by the production of "E‘”Zf cytokines, like
I1.-4 and the suppressive eytokine 1L-10, may play a crucial role in reducing

"acute disease and allowing survival (La Flamme et al., 2001). ]

{
contrast to WT mice, hIl-4RaTg and TL-4Ra” mice succumbed to inlection
and produced high levels of Tyl cytokines in response to S. mansoni inlection
which is in accordance with reports that targeted deletion of the genes for 11.-4,
IL-4Ra or STAT-6 results in default Ty;1 responses dominated by IFN-y

(Mctwali et al., 2002; Patton et al., 2001).

Because adult schistosome worms live in the mesenteric veins, cggs cither pass
through the intestinal wall to be excreted or become lodged in the liver. In both
sites the cggs induce granulomatous lesions (Brunet et al., 1997). Experiments
were conducted (o identify factors that could be correlated with mortality
observed in 1L-4Ra™ and hIL-4RaTe mice. Compared to W mice, the
mucosal surface of the ileumn of [L-4Ro™ and hil.-4Ra'lg mice presented

prominent red foci, which were not observed in W, that were associated with

reduced faccal egg output.  This would suggest that since schistosome eggs
naturally pass across the gut wall in order to enter the lumen, there is a greater
potential for tissue destruction during the process. Our findings are similar to
previous  studies which  showed  that  scvere intestinal  pathology is a

aracteristic of mouse straing in which 1L-4 function (Brunet et al., 1997) or

key immunological genes have been disrupted (Mombaerts et al., 1993;

Sadlack et al., 1993; Shull et al., 1992). Indecd Fallon et al. have shown that in

the absence of 1L-4 (1L-47" of [L-4/1L-13"mice), parasite eggs are not

elliciently excreted and are trapped in the intestine, causing
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mllammation lcading to systemic LPS leakage which may cexacerbate liver
dumage and ultimately results in death of the animal (IFallon et al., 2000).

In separate studies, mice were sensitized i.p with eggs to establish a polarized
112 response and then challenged v, with cggs at a later period to induce
synchronized pulmonary granulomas. In these experiments, granulomatous
inflammation was significantly ;lbmgatcd but not totally ablated in hll.-4RaTg
mice. Similarly, Ty2-like characteristics ol synchronous pulmonary granulona
formation which include eosinophil infiltration and lgli production (McKenzie,

2000) were abolished or abrogated, respectively.

l‘ee induced pulmonary granuloma formation has been characterized as CD4'
T-cell mediated delayed-type hypersensitivity reaction (Grzych et al., 1991;
Mathew and Boros, 1986). Cytokine depletion studies, both in infected mice
(Cheever et al., 1994) and in mice injected i.v. with schistosome eggs (Chensue
¢t al.. 1992 Wynn et al., 1993) have revealed an important role for 1L-4 in
driving the cgg-induced T),2-mediated inflammatory response, as well as the
accompanying risc in - lgli levels (Cheever ct al.. 1994). In addition
Chiaramonte ¢t al. (1999) have demonstrated that the host response to
schistosome eggs is not totally dependent on 1L-4, but other Ty,2 cytokines like
I1.-13 serve as an important mediator of Ty2-mediated inflammation and also
play a role in eliciting Igli responses  triggered by schistosome ecggs. Our
findings also support this contention in that abrogation of granulomatous

inflammation in hil-4RaTg mice correlated with abrogation of T),2 cytokine

(114 and 11.-13) production alter cgg challenge.

revious studies have established that 1L-13 exhibits chemotactic activity for
human cosinophils {(Horie et al., 1997) and has a prominent role in [ibrosis
(Wynn, 2003). We therefore wanted to determine whether the altered
eranulomatous response in hlL-4RaTg mice was accompanied by changes in
cosinophil gccumulation and fibrosis. In contrast to WT mice, the number of

cosinophils in hlL-4Ralg and 1L-4Ra™ mice were significantly decreased.
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This lack of granuloma cosinophils may also explain lack of T}2 cytokine
production in these animals as activated cosinophils have been shown to be a
najor source of 1,2 cytokines in the granuloma milicu (Rumbley et al., 1999).
Similarlv, hydroxyproline levels, as an indicator of {fibrosis. or collagen
deposition, were significantly reduced in hlL-4Rol'g mice and [L-4Ra™ mice

'

which also correlated with low levels of 11.-13.

Fvidence shows that [L-4 plays a major role in mediating pulmonary
aranuloma Tormation  (Cheever et al., 1994), and parasite-induced gl
responses are believed to be almost entirely dependent upon [L-4 (Finkelman et
al.. 1988, Snapper et al., 1988). Total scrum [gh, as well as SEA-specific
oG, responses were signilicantly reduced in egg-injected hll-4Ra'Tg mice,
further demonstrating the requirement for this eytokine in granuloma formation
and lglke production.  However, treatment of these animals with hilL-4 had a
shight effect on gl and [gGl. These lindings support studies that showed that
112-like  characteristics  of synchronous pulmonary granuloma formation,
including cosinophil infiltration and Igll production were significantly reduced
in the absence of both TL-4 and 1L-13 (Vallon et al., 2000). Indeed treatment of
mice with hil.-4 did not have any effect on the immune responsce ol egg-
challenged mice which supports the contention that a hll.-4 signal was required
at the carly stages of TCR-mediated activation for lineage commitment to Th2
in hil-4RaTg mice. (Seki et al., 2004). Secondly, Scki er a/. have shown that
the chimeric 1L-4Ra molecule, composed of the hll.-4Ra chain and the mouse

conmnmon y-chain is only responsive to hil.-4, but not to endogenous mouse [1.-

"Iherelore 1t was not surprising that hl.-4Ra'T'g mice were not able to niount
a dominant type 2 immunce response against schistosome eggs despite
production of low levels of endogenous mousce [L-4. In their study Seki et al.
(Scki et al.. 2004) have established the time period for T cell differentiation,
induced by hll-4. to T;,2 lineage to be less than 36 hours alter which period the

. In our studies, a number of factors

frequency ol dilferentiating ce

may be responsible for the observed phenotype. Firstly, during a live inlection

154



with schistosome parasites cach parasite stage clicit a different immune
response in the host, which result in a mixed T)1-T2 betore egg-production
(Pearce and MacDonald, 2002). Similarly, egg production which is a major
stimulus responsible for 17,2 eytokine production is generally believed to start
at week 5 post-infection. Given these factors, the time that we initiated
treatment could have been inappropriate for the induction of a protective
immune response or the dosage used was not optimal for eliciting the required
protective immune response in the presence of pre-existing parasite antigens.
On the other hand, in the synchronized pulmonary granuloma model, where
there are no pre-existing worm responses and granuloma formation could be
attained within a coordinated period, it is not known what influence cgg-
antigens have on treatment. [t is clear from our studics though that although
N -4 can induce Tgh production in naive mice, and increase levels of 1gGl and
fols in response o egg antigens, this type of response is not adequate to drive

the immune response towards a full type 2 or for [ull granuloma development,

e
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Discussion

This dissertation addressed the role of cell specific expression of HL.-4Ra in egg

pathology in S mansoni-infected mice with a specific deletion of [L-4Ra on

myeloid and lymphoid cell populations. This study utilized two experimental
models of S mansoni, the live infection model, and the lung model. In the hive
micction model mice were infected with live S, mansoni cercariae and most of
the pathology is attributed to the animal’s reaction to schistosome eggs which
is maximal by the 8" week of infection. In the lung model, mice arc
itravenously injected with schistosome cggs which initiate  synchronous
eranuloma formation in the lungs. The lung model allows study of the
oranufoma formation and cytokine  production /z vive in naive or egg-
sensitized animals at defined periods alter cgg injection in the absence of pre-

existing worm antigens (Cheever et al., 2002).

Studies in experimental murine models recognized that the adaptive immune

response  Icading o immunopathology in schistosomiasis is  principally
mediated and orchestrated by MHC class H- restricted lymphocytes specilic for
schistosome egg antigen (Hernandez et al., 1997). After an infection, an initial
pro-intlammatory  CD4" T, l-type polarized response predominates and
continues into the period ol oviposition at around 5 weeks post-infection, when
oranulomatous inflammation begins (Stadecker & Iernandez, 1998). The
development of severe immunopathology is clearly attributed an inability to
develop a 13,2 response to regulate the initial pro-inflammatory Tyl response
(Peurce & MacDonald, 2002). Overall, the Ty lto T2 switch is critical to
prevent excessive host morbidity and promote enhanced survival; however, the
absence of the various conversion mechanisms has dissimilar cffects on the
resulting immunopathology. Of greatest consequence is the lack of intact
C'DH40-CD154 and B7-CD28 signalling as well as 1L.-4 (Stadecker et al., 2004)

as their absences can result in lethal discase characterized by hepatic
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mllammation with hepatocellular injury and necrosis (Brunet ¢t al.. 1997;

J

Hernandez, Sharpe & Stadecker, 1999 MacDonald ct al., 2002)

[t hus been postulated that, in addition to cgg-specific CD4" lymphocytes, a
. . o ) 4 e . . .
population ol non-T cell TL-4Ra” effector cells may be required m tissue

pathology against schistosomiasis (Jankovic et al., 1999). FHowever this

premise has never been investigated. The current study addressed this
hypothesis by utilizing mice with cell specific deletions of the 11.-4Ra receptor.
In the first set of experiments, the role of 11-4Ra expression was investigated
during an acute S. mansoni infection whercas the second set of experiments
determined the receptor’s requirement for the extent of schistosome egg-
indaced Tung inflammation and pathology. The first chapter ol the results
deseribes the generation, characterization and functional analyses of mice that
lack the T1-4Ra chain selectively on macrophages and neutrophils, and further
demonstrates what effect this deletion has in a discasc model in which
protection or pathology was dependent on type 2 immune responses.  The
lindings of this study reveal an absolute dependence on [1-4/T1.-13-activated
alternative macrophages for surviving acute schistosomiasis. Mice with a
speeilic deletion of [L-4Ra chain on myeloid cells succumbed to infection and
sulTered severe cachexia and endotoxemia despite the presence ol a strong 1,2
immune response, suggesting that although necessary, T)2 responses arce not
necessarily  protective against an infection. The observation that myeloid
specilic deletion of TL-4Ra leads to increased classical macrophage activation
(urther highlights I1.-4/11.-13-activated alternative macrophages as crucial for
protection against infection. -4 and 11.-13 inhibit nitric oxide production,
enhance MHC class 1 antigen and macrophage mannose receptor (Gordon et
al., 1995), indicating that they are able to participate in antigen presentation
and cificient uptlake ol selected pathogens. However, the present study shows
that these cytokines were not able to inhibit nitric oxide production nor enhance

macrophage mannosc receptor, suggesting that during an infection with S



- Cre Sox e e Cned TR
mansord in LysMT U TL-ARa™ ™ mice their functional capacity in these two

processes is impaired.

We addressed the requirement of T cell specific 1L-4Ra signalling for the
extent ol granulomatous pathology and egg-induced fibrosis. We concluded
Dt 1 cell-independent specific [L-4Ra cxprcssion‘ is required for prevention
ol fethal Tyl gut pathology through promotion of alternative macrophage
activation, and control of CD'CD25" T regulatory cells.  Similarly it was

determined that mice with a specific deletion of the IL-4Ra on CD4™1 cells

developed granulomas that were larger and more fibrotic than in wild type
controts suggesting that CD4 7T cell independent 1L-4Ra expression is required

for liver or Tung granuloma development.

Furthermore 1t was determined that granuloma development in hiL-4RaTg
mice was signilicantly abrogated. This was associated with clevated levels of
Ty type-1 immune responses in the lung and the draining lymph nodes.
Fathire of hlL-4RuTg mice to develop T 2/type 2 immune responses or
develop Tull pulmonary granulomas may be related to their [L-4Ra expression.
1-4 and 11.-13 mediate their effects via the type 2 1L-4R complex system
comprised of 1L-4Ra and [L.-13Ral, with 11.-4 and 11.-13 both utilizing the I1.-
4Ra chain for signal transduction (Nelms et al., 1999). In addition to binding
the signalling type 2 receptor, 11.-13 binds the high affinity [L-13Ra2 which is
expressed in various tissues and exists as a soluble receptor in the urine and
scrum of mice (Donaldson et al., 1998; Zhang et al., 1997). Andrews ef al. have
shown that transfected cells expressing human 11.-4Ra or human [1.-13Ral
alone were unable to respond or signal to H.-13 (Andrews ¢t al., 2001). This
suggested that 1L-13Ra could not combine with the endogenous murine 1L-4Ra
o generate a functional TL-13Ra. However, cells transfected with both human
I-4Ra and TL-4Rul responded to 1L-13 indicating that (he heterodimeric
interaction between 1.-4Ra and H.-13Ral is species specitic. This study

conlirmed an carlier study which showed that 11.-13 and 1L-4 were able (o



activate STAT-6 in cells expressing both 1 -4Ru and 1-13Ral, while no
activation was observed incells expressing cither one ol the other alone
(Miloux ct al.. 19971 Because W -4RaTe nice only express human 4R,
this might suggest that an additional human [L-13Ra! may be needed o
vencrale a Tunctional [-13R o allow TL-4 and TE-13 activated signaltling in the

[

MoSse.
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Conclusion

This dissertation provides new/or more insight concerning the role of 11.-4/11.-
I5 responsive myeloid and lymphoid cells in parasitic helminth infection.
Although it is has been previously shown that T2 lymphocytes play a major
role inthe immunopathology induced by S, mansoni infection, data presented
here reveals the role of TL-4/1L-13-activated alternative macrophages as crucial
downstream  elfector cells responsible  for protection conlerred by T2
cytokines, and provides a cellular model to explain the beneficial role of Ty

cylokines during schistosomiasis. This would suggest that the destructive
potential of S, mansoni egg induced inflammation is not only dependent on 13,2
responses but may be counterbalanced by alternatively activated macrophages

«-

thus allowing preservation of intestine, fiver and lung lunctions.

In addition, TGE-p producing CD4'CD25" regulatory T cells might also
contribute to protect against lethal gut pathology in an 1L-4Re dependent
nanner. This would be achieved by balancing the potentially fatal Ty, t-driven

ceu responses in the gut and promoting passage of faecal eggs. However the

the non-T cell, TL-4Ru expressing cell that controls entry and /or expansion ol
regulatory T cells in granuloma tissue is still unknown and further studies are
required to stady this phenomenon. Current data demonstrate the role of 1L-
4Rw in the behaviour of regulatory T cells in vivo and thus provide insight for
the design of therapics that limit or promote the presence of regulatory 1 cells
during anti-tumour or anti-parasite responscs. However, our data still does not
fully explain why Lek™ 1L-4Ra”™ mice survive infection betier than WT

controls and this result requires lurther investigation.

Finally hilL-4RaTg mice succumnbed to infection at with similar kinetics as
ARG mice and failed to develop full hepatic or pulmonary granulomas. 'his
was associated with elevated levels of T I-type-1 immune responses, which

were not altered by treatment with hlL-4. Two possible scenarios may explain
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this discrepancy. Firstly it is possible that the dosage of hil-4 uscd in treatinent
studics was inadequate or sccondly, there was no signalling through the
chimeric human receptor. Because [L-4Ra and I1-13Ral arce species-spectlic
and both are required to generate a functional [L-13Ra, in hIL-4Ra'Te mice the
peneration ol a {unctional receplor was nol possible. The generation and
characterization ol the hll.—:H{u'l:g mice should be revisited with probable

changes which may include in addition to the hlL-4Ra, a tunctional kil -

[3Rut.
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