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ABSTRACT

BALB/c mice infected with P. chabaudi AS develop immunity to erythrocytic-

stage infection with early Th1 responses followed by a switch towards Th2

responses later to mediate protection during chronic disease. In order to

determine the importance of the Th2 cytokines, IL-4/IL-13, in inducing

protective immunity, the course of P. chabaudi infection was monitored in

IL-4Rα-deficient mice. Interestingly, an early delay in the onset of peak

parasitaemia in IL-4Rα-/- compared with WT control BALB/c mice was evident.

Consequently, we demonstrated that IL-4Rα deficiency resulted in mice

becoming more susceptible to chronic P. chabaudi infection with increased

recrudescence, mortality and an impaired Th2 immune response compared with

WT control mice. Similar results in the overall disease and immunological

profiles between IL-4R-/- and wild-type mice were obtained whether male or

female mice or the AJ or AS strains of P. chabaudi were used to infect mice.

Thus, the protective role of IL-4R signalling during chronic disease was not

parasite strain-specific or host gender dependent. However, males were

significantly more susceptible than female mice and consequently further

studies involving cell-type IL-4R-/- mice, utilized female mice to identify

functional targets of IL-4/IL-13 protection. Abrogated IL-4Rα expression on

macrophages/neutrophils (LysMcreIL-4Rα-/lox) mice had minimal effect on the

outcome of P. chabaudi AS chronic infection and was comparable to WT mice

implicating no major role for alternatively activated macrophages during chronic

infection. In contrast, CD4+ T-cell-specific IL-4Rα-/- (LckcreIL-4Rα-/lox) mice

infected with P. chabaudi AS developed increased recrudescence, increased

mortality and impairment of Th2 immunity during the chronic infection similar to

that of the global IL-4Rα-/- mice. This highlights the importance of signalling via

CD4+ T-cells signalling via IL-4Rα for protective immunity during chronic

infection. Paradoxically, CD4+CD8+ T-cell-specific IL-4Rα-/- (iLckcre IL-4Rα-/lox)

mice displayed a similar disease profile to WT control mice but manifested a

delayed Th2 phenotype during the latter stage of the disease with enhanced

splenomegaly in comparison to the WT and IL-4Rα-/- mice. Thus while  protection

during chronic infection with P. chabaudi AS appears dependent on CD4+ T-cells

responsive to IL-4, CD8+ T cells responsive to IL-4 have a more complex and more

difficult role to interpret.
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Chapter One

Literature Review
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1. INTRODUCTION

1.1 Malaria Epidemiology

Compared with 30 years ago, malaria remains one of the greatest burdens for

the developing world with increased infections, morbidity and mortality rates.

Infection is endemic in most parts of sub-Saharan Africa and in other tropical

regions. Approximately half of the world’s population is at risk of malaria. An

estimated 250 million cases and 1 million deaths, mostly among African children

under five years of age and pregnant women, occur annually amongst the 3.3

billion people at risk (WHO World Malaria Report, 2008)

There are over 200 species of Plasmodium, in the phylum Apicomplexa, and they

collectively infect humans and other mammals, birds and lizards although with a

significant amount of specificity for host species. They represent a successful

group of parasites due to their invasion and host immunity avoidance

capabilities. There are four types of human malaria. The majority of severe

cases and deaths are caused by Plasmodium falciparum. Relatively infrequent

causes of morbidity are caused by P. malariae and P. ovale while P. vivax is a

common cause of severe acute febrile illness especially in Asia and South

America but is rarely fatal (Price et al., 2009, 2007, Stevenson and Riley, 2004).

In recent years, some human cases of malaria have also occurred with

Plasmodium knowlesi, a primate malaria that occurs in certain forested areas of

South-East Asia (Sabbatani et al., 2010).

Malaria transmission occurs via the bite of female Anopheles mosquitoes, which

bite mainly between dusk and dawn. Intensity of transmission depends on factors

related to the parasite, the vector, the human host, and the environment. There

are about 100 species of Anopheles which can transmit malaria with 30-40

regularly transmitting the parasite. About 20 different Anopheles species occur

around the world and breed in shallow collections of freshwater puddles, rice

fields, and hoof prints. Transmission is more intense in areas where the mosquito

is relatively long-lived which enables the malaria parasite to complete its

development inside the mosquito, and where the mosquito prefers to bite

humans rather than other animals. For example, the long lifespan and strong

human-biting habit of the African vector species, Anopheles gambiae, is the

underlying reason why more than 85% of the world's malaria deaths occur in

Africa. In areas of intense transmission, human immunity is another important
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factor. Immunity to malaria infection is developed over years of exposure to the

parasite but still does not provide complete protection (Hafalla et al., 2011;

Crompton et al., 2010; Marsh and Kinyanjui, 2006). It does, however, reduce the

risk of severe disease. This explains why the majority of deaths occur in young

children. In areas where there is lower transmission and low immunity, all age

groups are at risk of infection and clinical disease. Climatic conditions such as

rainfall patterns, temperature and humidity is another factor affecting the

transmission rate of malaria by the mosquito. Malaria epidemics can occur when

climate conditions suddenly favour transmission (Paaijmans et al., 2010, 2009;

Parham and Michael, 2010) in areas where people have little or no immunity to

malaria. Alternatively this can occur when people with low immunity move into

areas with intense malaria transmission, for instance to find work, or as

refugees.

Malaria is an acute febrile illness. Only the malaria parasite multiplying in the

red blood cell (RBC) will cause disease. Clinical symptoms associated with the

blood-stage infection usually include bouts of fever, headaches, chills and

vomiting which may be mild and difficult to sometimes recognize as malaria. If

not treated within 24 hours of clinical symptoms first appearing, P. falciparum

infection can progress to severe malaria often leading to death. Young children

with severe disease where malaria is endemic frequently develop severe

anaemia and respiratory distress in relation to metabolic acidosis, which appears

between seven and fifteen days after an infective bite. Malaria during pregnancy

may cause severe disease in the mother, and may lead to premature delivery or

delivery of a low-birth-weight baby. In P. vivax and P. ovale infections, clinical

relapses may occur weeks to months after the first infection. These relapses

arise from dormant liver forms of the parasite termed hypnozoites that

reactivate and which are absent in P. falciparum and P. malariae infections

(WHO, 2010). Special treatment targeted at these liver stages is mandatory for a

complete cure. In addition, host inflammatory mediators have also been

implicated to play a role in immune-mediated pathology in humans and a

number of well-characterized animal models (Couper et al., 2008, Riley et al.,

2006, Engwerda et al., 2005, Artavanis-Tsakonas et al., 2003, Hunt and Grau,

2003, Omer et al., 2000, Kwiatkowski et al., 1997).
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A number of factors have been proposed to be responsible for the failure to

develop lasting immunity to natural malaria infections and for the difficulty of

inducing strong protective immunity against malaria in trials of prototype

vaccines. These factors include the following: the complex Plasmodium life

cycle, antigenic diversity in and variation by the malaria parasites (Hafalla et

al., 2011, Marsh and Kinyanjui, 2006), genetic polymorphism and malnutrition of

the human host, an immature immune system in young children (Marsh and

Kinyanjui, 2006, Good, 2001, Shankar, 2000) and the consequence of socio-

economic deficits and warfare in human populations (Trape et al., 2002).

Furthermore, concurrent helminth infections, highly prevalent in malaria

endemic areas, have recently been recognized as a possible contributing factor

modulating immune responses to pathogens including the malaria parasite (Melo

et al., 2010, Achidi et al., 2008, Su et al., 2005, Nacher, 2000).

1.2 Life-cycle (Plasmodium falciparum)

Plasmodium parasites’ genome encode for at least 5600 genes and have a

complex life cycle. The malaria parasite has two stages of development, first, in

the human host (asexual stage) and secondly in the mosquito vector (sexual

stage). The first stage is divided into two phases, namely, the liver phase (pre-

erythrocytic phase) and the blood phase (erythrocytic phase). The second stage

within the mosquito vector involves fusion of gametes and further parasite

propagation via sporogony (Cowman and Crabb, 2006, Bannister and Mitchell,

2003, Phillips, 2001). An excellent animation of the life-cycle of P. falciparum

can be viewed on the following website:

http://www.wehi.edu.au/education/wehitv/malaria_lifecycle_part_1_human_h

ost/ (Drew Berry, Biomedical Animator, The Walter and Elisa Hall Institute of

Medical Research, WEHI-Tv, 2008).

ASEXUAL STAGE

Pre-erythrocytic Phase

Investigation of pre-erythrocytic stages remains restrictive because P.

falciparum only infects humans and a few primate species (Herrera et al., 2002,

Mazier et al., 1985). P. berghei and P. yoelii, which are rodent malaria

parasites, provide good models for pre-erythrocytic stage biology studies and

described below.
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Plasmodium sporozoites are injected into the skin by the bite of an infected

mosquito, which then move through dermal cells, enter a blood capillary and are

rapidly distributed to the liver in the blood circulation. Some sporozoites are

immobilized in the skin before reaching the blood circulation and eventually

undergo incomplete transformation in the skin before being eliminated by

phagocytes. However, in a P. berghei model, it was shown that after 24 hours

about 10% of sporozoites develop in the epidermis and dermis where they can

survive for weeks, differentiate into merozoites and possibly persist (Gueirard et

al., 2010). Some sporozoites are removed by the lymphatic system to the

draining lymph node where they provide a source of antigens for activation of T-

cell responses (Hafalla et al., 2011).

Sporozoites cross the liver sinusoidal barrier possibly through Kupffer cells.

Kupffer cells are specialized macrophages lining the liver sinusoids. In the liver

parenchyma, sporozoites do not immediately switch to productive invasion but

rather actively traverse/glide through numerous hepatocytes (Amino et al.,

2008) before invading a target cell by forming a parasitophorous vacuole, where

the parasite differentiates into an exo-erythrocytic form (EEF). The parasites

actinomyosin motor, a family of transmembrane proteins called thrombosponsin-

related adhesive protein (TRAP), powers this gliding motility (Baum et al., 2006,

Menard, 2001). After multiple rounds of replication, mature EEFs release

membrane-shielded merosomes that contain infectious merozoites. These

merosomes are transported away and eventually rupture in the lung

microvasculature, releasing thousands of modified merozoites directly into the

bloodstream for a brief extracellular period of about 20-40 seconds (Hafalla et

al., 2011).

Erythrocytic Phase

The life-cycle for the human malarial parasites is relatively similar and is

described here for P. falciparum (Cowman and Crabb, 2006, Bannister and

Mitchell, 2003, Phillips, 2001).

Merozoites (2-3μm long) are well suited to invade and establish themselves

within erythrocytes and initiate the pathogenic blood-stage of a malaria

infection. Merozoites contain the organelles, micronemes, rhoptries and dense
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granules, which contain many of the key proteins needed for its apical

reorientation, then formation of an irreversible "tight" junction and finally entry

into the red blood cell (RBC) in a parasitophorous vacuole. Invasion in the RBC

appears to be via a receptor ligand-interaction mechanism. Within the

erythrocyte, the parasite undergoes a number of maturation steps from mature

trophozoites to mature schizonts, ultimately containing 16-24 merozoites each.

Some of the changes to the erythrocytic surface in P. falciparum in the last third

of each asexual cycle are linked with the infected erythrocytes sticking, via a

cytoadherant molecule called P. falciparium erythrocyte membrane protein 1

(PfEMP1), to endothelial cells lining capillary venules and as a result stop

circulating in the peripheral blood. This process is known as sequestration. 48

hours after merozoite invasion, the RBC ruptures releasing the merozoites into

the blood-stream where they either invade further RBC’s, repeating the cycle or

differentiate into gametocytes. Rupturing of numerous infected RBC’s occurs at

the same time and results in the release of pyrogens and the characteristic

periodic fever associated with malaria infection. Combined with the destruction

of RBC’s and haemoglobin, the malaria parasite produces haemozoin, a molecule

formed via haeme-catalyzed lipoperoxidation as a detoxification product and is

released together with other cell debris (Hänscheid et al., 2007).

SEXUAL STAGE

When a new mosquito takes a blood meal from an infected human host, the

male and female gametocytes would be taken up by this mosquito and develop

into male and female gametes.  The gametes fertilize, form a zygote which

differentiates into a motile ookinete.  The ookinete develops into an oocyst on

the midgut wall of the mosquito within which the sporozoites develop. Rupturing

of the oocyst releases numerous sporozoites into the haemocoel in the mosquito

and these migrate to the salivary glands of the mosquito ready to begin the cycle

again (Figure 1.1).
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Figure 1.1: The lifecycle of Plasmodium falciparum. The figure depicts the asexual stage in

the human host and the sexual stage in the mosquito vector. The asexual stage consists of two

phases namely the pre-erythrocytic phase in the liver and the erythrocytic phase in blood-

stream. Picture taken from the National Institute of Allergy and Infectious Diseases (NIAID)

website at www.niaid.nih.gov/.../pages/lifecycle.aspx.

1.3 Parasite-specific proteins

Sporozoites must invade and develop within hepatocytes in order to produce

merozoites. The hepatic infection is a clinically silent phase of the parasite’s

life-cycle. These unique characteristics make the pre-erythrocytic phase an ideal

target for vaccine interventions and prophylactic drug discovery as this would

prevent both disease and transmission. In the early 1980’s it was discovered that

the most abundant protein on the sporozoite surface is the circumsporozoite

protein (CSP) (Nussenzweig and Nussenzweig, 1985). The CSP is a multifunctional

protein required for sporozoite development and likely mediates several steps of

this journey. It was the first pre-erythrocytic antigen to be cloned and

sequenced, appears to be present in all malaria species and displays a similar
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structure across the species with a central region of repeats and two conserved

regions. The CSP is essential for parasite development and participates in

binding the sporozoite to hepatocytes. CSP’s are thus targets of anti-sporozoite

neutralizing antibodies (Phillips, 2001, Plebanski and Hill, 2000).  Most pre-

erythrocytic vaccine candidates are based on the CSP, expressed in various cell

lines, microorganisms, or as the corresponding DNA.  Studies in which radiation

attenuated sporozoites, of P. falciparum and P. vivax in humans, and P. berghei

and P. yoelii in mice, were injected, the recipients showed resistance to

infection for variable periods of time thereafter (Marsh and Kinyanjui, 2006,

Nardin et al., 1999,). Thus, development of vaccines against the pre-

erythrocytic stages has been attempted although it is not clear why vaccination

with attenuated sporozoites induces strong immunity compared to that induced

by natural infections. Irradiated sporozoites undergo partial development which

seems to be essential. However, since infected irradiated mosquitoes are

unavailable for large scale vaccination, the alternative is to develop subunit

vaccines. Naturally infected humans have a wide range of specificities for P.

falciparum CSP (Calle et al., 1992) and other pre-erythrocytic antigens including

liver-stage antigen 1 (LSA1) and thrombosponsin-related adhesive protein (TRAP)

(John et al., 2003) as well as to antigens recently known to also occur in the

sexual stage, namely, STARP (Pasquetto et al., 1997) and apical membrane

antigen 1 (AMA-1) (Silvie et al., 2004). Antibodies, affinity purified on most of

these proteins, were shown to block P. falciparum sporozoite invasion into

hepatocytes in in vitro studies (Silvie et al., 2004, Pasquetto et al., 1997).

Currently, however, there is no clear evidence that the presence or level of

antibodies recognizing sporozoites is related to protection against infection or

disease.

Initial erythrocyte contact by the merozoite is thought to be partly via the

merozoite surface protein 1 (MSP-1), an immuno-dominant antigen and the most

abundant protein on the surface of the merozoite. MSP-1 was suggested to be

essential for parasite survival and is a major vaccine candidate (O’Donnell et al.,

2000). Although there is some evidence for the role of P. falciparum MSP-1 in

initial contact of the host erythrocyte in in vitro studies (Goel et al., 2003),

definitive proof is lacking. It, however, remains possible that MSP-1 is involved

in the early invasive recognition and attachment events but these events still
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remain to be defined (Cowman and Crabb, 2006, Bannister and Mitchell, 2003).

Furthermore, P. falciparum invasion is facilitated by the erythrocyte binding

antigen (EBA 175), an erythrocyte glycophorin A binding protein (Cowman and

Crabb, 2006, Sim et al., 1994); AMA-1, a micronemal protein thought to engage

in apical junction formation by secretion into the merozoite apex before

invasion (Mitchell et al., 2004, Narum et al., 1994); the serine-rich antigen

(SERA), secreted in the parasitophorous vacuole and the dense granules are also

associated with the invasive mechanism of the merozoite into its host

erythrocyte (Bannister and Mitchell, 2003). In P. falciparum the VAR genes are

responsible for antigenic variation and code for PfEMP-1, expressed on the

surface of infected erythrocytes. This cytoadherent protein is the major

antigenically variant protein and due to its variability creates difficulties for

recognition by the immune system and for vaccine development (Arnot and

Jensen, 2011, Bannister and Mitchell, 2003, Phillips, 2001).

CSP and MSP parasite-specific proteins in recent years have been vaccine

candidates which could induce immune responses to prevent invasion of the

parasite within the host cell.  However, several problems are associated with

vaccine development, namely (1) parasitic antigens are specific for each stage of

its life-cycle, (2) host genetic susceptibility and immune status and (3) antigenic

diversity in immunologically dominant polymorphic antigens (Stevenson and

Zavala, 2006, Phillips, 2001).

After many years of research and testing, a partially efficacious first generation

vaccine, the RTS,S⁄AS01E vaccine against P. falciparum, is currently undergoing

pivotal phase III trials in Africa (Cohen et al., 2010). One of the obstacles facing

the development of a licensed malaria vaccine is the extensive heterogeneity of

many of the current malaria vaccine candidate antigens. To counteract this

antigenic diversity, an effective malaria vaccine may need to elicit an immune

response against multiple malaria antigens, thereby limiting the negative impact

of variability in any one antigen. Since most of the malaria vaccine antigens that

have been evaluated in people have not elicited a protective immune response,

there is a need to identify additional protective antigens. In a study by Limbach

and colleagues, the efficacy of three pre-erythrocytic stage malaria antigens

(PY0311, PY03424 and PY03661) was evaluated in a P. yoelii model of
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protection. Their results suggested that vaccine combinations with vectors that

express PY03011 and PY03424, or PY03011, PY03424 and PY03661 protected mice

at significantly higher levels than vaccines that express the individual antigens

(Limbach et al., 2011). Other studies have also shown that combination vaccines

can enhance protection, as well as circumvent the HLA restricted protection

observed with some single antigen vaccines in rodent (Doolan et al., 1996) and

primate models (Weiss et al., 2007). Combination vaccines, however, can have

several disadvantages. A multi-component vaccine may be more expensive to

manufacture than a single component vaccine. In addition, there is a risk that

one vaccine component can have an immunosuppressive effect on the other

components. For example, a vaccine containing nine different DNA-P.falciparum

vectors elicited significantly lower immune responses against each individual

antigen than a vaccine containing the individual vectors (Sedegah et al., 2004).

Therefore, combining vaccine antigens would need to be evaluated thoroughly to

see if synergistic, additive or antagonistic responses are observed.

A detailed understanding of the host immune response to malaria parasites in

terms of identifying mechanisms, which will either suppress or induce protection

within the host, will in addition to vaccine studies aid the development of an

effective and safe vaccine.

2. IMMUNITY TO MALARIA

In humans, natural acquired immunity, takes several years to develop and is

followed by repeated exposure to the parasite in endemic regions (Stevenson

and Riley, 2004, Baird, 1995). Naturally acquired immunity is targeted against

the erythrocytic stage of the parasite and only protects against the clinical

manifestations of the disease and does not provide complete/sterile protection.

The malaria parasites have evolved intricate mechanisms to avoid the

development of effective anti-parasitic immune responses that would protect

the human host against future re-infections. Other factors influencing immunity

to malaria infection include the parasite infective dose, age, genetic

background, pregnancy, nutritional and immune status of the human host.
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It has been widely established that immunity in humans and mice to blood-stage

malaria infection is characterized as a parasite-specific innate and acquired

immune response involving both cell-mediated and antibody-dependent

mechanisms (Burns et al., 2004), essential for the control of parasitaemia levels

and hence parasite-induced pathology (Good, 2005, Good et al., 2004,

Langhorne et al., 2004, Taylor-Robinson and Phillips, 1994, Taylor-Robinson et

al., 1993, Stevenson et al., 1992). Although host immunity may be protective, it

has also been implicated as a significant contributor to the pathology of malaria

(Artavanis-Tsakonas et al., 2003, Heddini, 2002).  Upon malaria infection,

activation of specific cells and their effector mechanisms during innate

immunity is vital as it greatly influences the nature and magnitude of the

adaptive response (Stevenson and Zavala, 2006). The nature of the immune

response induced depends on the following factors: the parasite and the

pathogen recognition receptor (PRR) and toll-like receptors (TLR) involved; the

cytokines and chemokines; the strength of the activation signal between the

antigen presenting cell (APC) and the pathogen receptors; the antigen dose and

the influence of cell memory (Langhorne et al., 2004).  The innate and adaptive

immune effector mechanisms in malaria infection can limit peak parasitaemia,

prevent severe pathology and reduce the levels of circulating infected

erythrocytes but ultimately, they usually fail to eliminate the infection

completely leading to a long-lasting or even persistent low-grade parasitaemia

which might persist for months to years (Stevenson and Riley, 2004, Franks et

al., 2001).

2.1 Rodent Plasmodium species causing malaria

P. chabaudi, P. berghei, P. yoelii and P. vinckei, isolated from small rodents in

central and West Africa, have been used as mouse models to mimic human

malaria infections (Table 1.1). At present, there is no single mouse model

available to replicate all the features of human infection in terms of pathology

and immune responses (Hunt and Grau, 2003, Langhorne et al., 2002).  However,

mouse models have proved useful in the investigation of immune mechanisms

and pathology, identification of genes regulating susceptibility to infection and

for vaccine development studies (Dechamps et al., 2010, Langhorne et al., 2002,

de Souza et al., 2002, Fortin et al., 2002, Shear et al., 1998).  Genetic variations

among inbred strains of mice have been shown to influence susceptibility to
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Plasmodium chabaudi

Plasmodium berghei

Plasmodium yoelii

Plasmodium vinckei

• P. chabaudi chaudi AS, P. chabaudi adami

• Study immune mechanisms, immunoregulation by cytokines, identify

susceptibility loci & immune basis of pathology

• P. chabaudi chabaudi AS: non-lethal in resistant mice & lethal in susceptible

mice.

• P. chabaudi adami: mild, non-lethal infection

• P. berghei ANKA, P. berghei K173

• Widely used to study pathogenesis. P. berghei ANKA: serves as an

experimental model of cerebral malaria (ECM)

• There is genetic variation in the development of ECM between inbred mouse

strains which correlates with the production of pro-inflammatory cytokines

• P. yoelii 17XL, P. yoelii 17XNL, P. yoelii YM

• Study immune mechanisms and pathogenesis & ECM, as recombinant

MSP-1 is available

• P. yoelii 17 XL widely used to identify vaccine-induced immunity

• Study pathogenesis and for chemotherapy studies

• Causes lethal infection

• P. vinkei petteri causes a non-lethal infection & used to study immune

mechanisms

infection with the mouse Plasmodium species (Fortin et al., 2002). In a P.

chabaudi AS model, non-lethal infections occur in BALB/c, C57BL/6 and

C57BL/10 mice while lethal infections occur in A/J and DBA/2 mice (Langhorne

et al., 2004, Langhorne et al., 2002, Cross and Langhorne, 1998, Stevenson et

al., 1992).

Table 1.1: Plasmodium parasites that cause malaria in mice (Stevenson and

Riley, 2004)

2.2 Plasmodium chabaudi AS model of blood-stage infection

In a review by Phillips and colleagues, the immune response to blood-stage

malaria parasites was characterized using NIH mice infected with P. chabaudi AS

(Figure 1.2) (Phillips et al., 1997). NIH mice are immunologically impaired and

can survive an acute infection that is followed by one or two patent

recrudescences. The course of infection resembles that in the natural host and

therefore used as an accessible model for further studies.



13

An unusual feature of immunity in the P. chabaudi AS model compared with

other parasitic infections is that CD4+ Th1 and CD4+ Th2 cells play an important

role in protection. It is worth remembering that the Plasmodium parasite has the

ability to undergo antigenic variation, a factor that has affected vaccine studies.

In P. chabaudi infection, antigenic variation occurs at high rates and because

different variable antigen types (VATS) switched at different rates provides for

their expression in a hierarchical sequence and consequent immune evasion by

the parasite. Consequently, the increasing parasitaemia is largely composed of

the parental VAT with minor VATS emerging at different rates as the infection

progresses. During the rising primary parasitaemia, immune effector mechanisms

that are effective against all VATS, are initially dominated by NK cells and CD4+

Th1 cells which release IFN-γ. IFN-γ in turn activates macrophages and Kupffer

cells in the liver, which is a major site of parasite sequestration. Macrophage

functions include anti-parasitic mechanisms (including TNF-α and IL-12

production) (Namazi and Phillips, 2010) and phagocytosis. IFN-γ production then

tails off, one or two days before peak parasitaemia, implying that non-specific

mechanisms are declining. Consequently, initial protection against rising

parasitaemia is mediated through cytotoxic and cytostatic (NO) non-specific

effector mechanisms largely driven by Th1 cells. All VATS present might be

expected to be vulnerable to the early immune clearance. Thus, the antigenic

stimulus for this Th1 acquired immune response would mainly occur from the

parent VAT. At peak parasitaemia, there are more specific effector mechanisms

that come into play and are mediated through IgG2a and IgM with possibly some

early IgG1 antibody production which in turn remove the parental VAT and leave

behind the minor VATS. Thereafter, there is a switch from being predominantly

CD4+ Th1 to predominantly CD4+ Th2 cells with IL-4 driving the major anti-

parasitic effector mechanisms mediated by IgG1 antibodies to the individual

VATS and the recrudescence is controlled (Namazi and Phillips, 2010, Phillips et

al., 1997) as shown in Figure 1.2. Consequently, the erythrocytic stage of P.

chabaudi AS infection depends on a complex and dynamic interaction of

immunological events and parasite immune evasion strategies. Thus, both the

parasite and host contribute to this balance (Phillips et al., 1997).
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Figure 1.2: The immune response to the erythrocytic stage of P. chabaudi AS infection. The
initial control is mediated by CD4+ Th1 cells and after the primary parasitaemia there is a switch
to CD4+ Th2 regulated responses. This diagram suggests how the cytokine network drives the
immune effector mechanisms. Immunopathology can also be a consequence (Phillips et al.,
1997).

Other studies using P. berghei and P.yoelii infection models, demonstrated that

humoral immunity was responsible for parasite clearance and protection

(Stevenson and Riley, 2004, Phillips, 2001, Roberts et al., 1977). In contrast, P.

chabaudi adami required antibody-independent immunity as B-cell deficient

mice were able to control the infection (Stevenson and Riley, 2004, Phillips,

2001, Grun and Weidanz, 1981).  On the other hand, again, clearance of P.

chabaudi infection has been shown to be associated with a switch from a B-cell

independent to B-cell dependent immune response (Stevenson and Riley, 2004,

Taylor-Robinson et al., 1993).  Supporting studies have demonstrated that both

T-cell (McDonald and Phillips, 1978) and B-cell responses are crucial for

protective immunity and both antibody dependent and independent mechanisms

are involved (Stevenson and Riley, 2004, Taylor-Robinson and Phillips, 1994).

Depletion or deficiency in cell-mediated responses alters the course of infection

during both the acute and chronic phases whereas depletion or deficiency of B-

cells alters the course of infection during the chronic phase only (Figure 1.3).
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Evidence from the P. chabaudi AS model of blood-stage malaria highlights the

importance of adaptive, CD4+ T-cell dependent mechanisms for control.

However, although initial studies have indicated that control of parasitaemia

levels, after the primary peak parasitaemia, is dependent on a Th2 response,

other investigations have indicated that Th1 responses are required not only

during acute infection to promote cell-mediated immunity but also during the

chronic stage of infection to promote antibody responses (Stevenson and Riley,

2004, Su and Stevenson, 2002).

Figure 1.3: Course of infection with P. chabaudi chabaudi AS in C57BL/6 mice. Shown for (a)

C57BL/6 wild-type, (b) CD4+ T-cell depleted mice, (c) IFN-γ deficient mice, (d) γδ T-cell

deficient mice, (e) B-cell depleted or deficient mice and (f) NK cell depleted mice. The infection

consists of an acute and chronic phase. In intact C57BL/6 wild-type mice, peak parasitaemia was

controlled during the acute phase by a CD4+ T-cell (Th1), IFN-γ dependent mechanism that is

antibody independent. The parasite was eliminated during the chronic phase by a mechanism

that requires both CD4+ T-cells and malaria-specific antibody. Depletion or deficiency of CD4+ T-

cells or NK cells alters the course of infection during acute and chronic infection, whereas

depletion or deficiency of B-cells alters the course of infection during the chronic phase only. γδ

T-cells are not essential for resolution of infection. (Stevenson and Riley, 2004).
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2.3 CELL-MEDIATED IMMUNITY

2.3.1 Antigen presenting cells (APC’s)

Many parasitic infections are controlled by cell-mediated immunity. A key

question that needs to be resolved is the identity of the antigen-presenting cells

(APCs) that activate T-cells to produce IFN-γ and mediate class switching to the

protective IgG2a and IgG2b (in mice) and IgG1 and IgG3 (in humans) antibodies

during an acute Plasmodium infection (Su and Stevenson, 2002). Bone-marrow

derived macrophages, DC’s and B-cells isolated from immune mice have showed

that they have the ability to present malarial antigen to T-cells (Quin et al.,

2001).

Macrophages

In the early stages of inflammation/infection, neutrophils and macrophages kill

most microbes and macrophages remove the apoptotic bodies and present

antigen to T-lymphocytes, thereby initiating the mechanisms of acquired

immunity, which ends in the production of antibodies and cytokines and memory

cells. Macrophage activity then switches from being pro-inflammatory to anti-

inflammatory, whereby they remove all the tissue debris, thus achieving healing

(Celada, 2009) (Figure 1.4).

The signals encountered by developing macrophages during migration determine

their functional properties at sites of inflammation or infection (Claasen et al.,

2009, Celada, 2009). Among these signals, cytokines, which can act

synergistically or have opposing effects, are responsible for the development of

highly divergent macrophage phenotypes. The classification of macrophage

activation is described for in figure 1.5.
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Figure 1.4: Dual activity of macrophages at the inflammatory loci. In the initial stages of
inflammation, macrophages eliminate the remaining microbes that escape neutrophils, remove
the apoptotic bodies of dead neutrophils and present antigen to T-lymphocytes, thereby
initiating the mechanisms of acquired immunity, which ends in the production of antibodies and
cytokines and memory cells. Macrophage activity then switches from being pro-inflammatory to
anti-inflammatory, whereby they remove all the tissue debris, thus achieving healing (Taken and
adapted from Celada, 2009).
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Figure 1.5: Classification of macrophage activation. Type-1 cytokine-dependent
proinflammatory responses induce classically activated macrophages (caMac) which leads to
nitric oxide (NO) production and the synthesis of several products of NO reaction. CaMac are
crucial for parasite control during protozoan infections but can also contribute to the
development of immunopathological disease symptoms. Type-2 cytokines such as IL-4 and IL-13
antagonize caMac inducing alternatively activated macrophages (aaMac) that upregulate
arginase-1 expression. Arginase-1 can also be induced during the infection by apoptotic cells or
even directly by parasites or parasite components. Arginase-1 limits caMac-dependent parasite
clearance promoting parasite proliferation. Additionally, arginase-1 suppresses T cell response.
Therefore, generation of alternative activation states of macrophages could limit collateral
tissue damage because of excessive type-1 inflammation. However, they affect disease outcome
by promoting parasite survival and proliferation (Taken and adapted from Stempin et al., 2010).

During an early, acute-phase microbial infection, for example with bacteria

(McCaffrey et al., 2004, Nau et al., 2002) or protozoa (Walther et al., 2006,

Plebanski and Hill, 2000, Kropf et al., 2004, Peluffo et al., 2004), macrophages

are activated by pathogen-associated molecular patterns (PAMPs) which allow

them to recognize, engulf and kill invading pathogens (Zhang et al, 2010).

Interaction with different PAMPs and cytokines leads to different states of

macrophage activation (Zhang et al, 2010). Microbial products such as

lipopolysaccharide (LPS) through engagement of pattern recognition receptors

(PRRs) and/or the presence of Th1-type proinflammatory cytokines particularly

IFN-γ but also TNF-α and IL-12 (Stempin et al., 2010, Mosser, 2003), induces

classically activated macrophages (caMac), also known as M1 cells (Zhang et al,

2010). The prime function of caMac is initial microbial destruction, which is
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controlled by the production of reactive oxygen, and nitrogen intermediates

such as nitric oxide (NO) from inducible NO synthase (iNOS/NOSII) (Claasen et

al., 2009, Gordon, 2003, Yu et al., 1999). During infections with protozoan

parasites such as Plasmodium (Walther et al., 2006, Plebanski and Hill, 2000),

Leishmania (Kropf et al., 2004) or Trypanosoma (Peluffo et al., 2004), an IFNγ-

dependent proinflammatory response triggering the development of caMac is

required for controlling parasitaemia particularly during the acute stage of

infection (Stempin et al 2010). Consequently, caMac are essential components of

host defense but their activation must be securely regulated since the cytokines

and mediators that they produce can lead to host-tissue damage and pathology

(Stempin et al., 2010, Celada, 2009).

Alternatively, depending on the parasite species or parasite virulence, host

genotype and stage of infection, type-2 cytokines such as IL-4 and IL-13, are

produced by the host and antagonize caMac and induce arginase-1 expression in

macrophages. These macrophages, termed alternatively activated macrophages

(aaMac), are commonly found during parasitic infections (Noël et al., 2004) and

have been associated with the downregulation of type-1 immunity and the

survival of both protozoa (Raes et al., 2007) and helminths (Reyes and Terrazas,

2007). IL-4 and IL-13 upregulate the expression of the mannose receptor and

major histocompatibility complex (MHC) II molecules on macrophages and as a

result stimulate endocytosis and antigen presentation and induce the expression

of selective chemokines. The concept of alternative activation has been less well

studied than macrophage activation by IFN-γ or innate activation by

lipopolysaccharide (LPS) or microbes. Studies with the latter led to the discovery

of toll-like receptors (TLR’s) and signalling pathways that are distinct from those

used by the IL-4/IL-13 receptor (IL-4Rα) (Menzies et al., 2010). Apart from IL-4

and IL-13 activation (Martinez et al., 2009) factors such as IL-10, TGF-β (Gordon,

2003) and phagocytosis of apoptotic cells (Freire-De-Lima et al., 2000) also

antagonize caMac and induce alternative non-M1 activation states in

macrophages.
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During P. falciparum infection, as red blood cells and haemoglobin are

destroyed, the malaria parasite produces hemozoin, a molecule formed via

heme-catalyzed lipoperoxidation as a detoxification product and released

together with other cell debris (Hänscheid et al., 2007). Hemozoin induces the

release of endogenous ligands lipoxin A4 (LXA4), 5,15-diHETE and 15-HETE, that

can activate a peroxisome proliferator-activated receptor (PPAR) which

suppresses production of type-1 proinflammatory cytokines and favour the

development of aaMac which control inflammation and pathology (Chan et al.,

2010). Significantly, IL-4 and IL-13 also activate PPAR (Chan et al., 2010).

Overall studies would indicate that aaMac not only inhibit T-cell proliferation via

an arginase induced hypo-responsiveness (Kropf et al., 2005), but also promote

resolution of inflammation and fibrogenesis. They actively express a set of genes

enabling them to regulate anti-inflammatory processes, induce tolerance and

wound healing (Chan et al., 2010, Celada, 2009). These anti-inflammatory

regulatory mechanisms can act as a counterbalance to limit disease severity and

protect the host from detrimental effects of an excessive type-1 response.

In particular and with reference to the present study, IL-4Rα deficient mice and

more recently macrophage/neutrophil specific IL-4Ra deficient mice have been

exploited in various parasitic and infectious disease models to examine the

importance of alternative activation of macrophages (Bryson et al., 2011,

Hölscher et al., 2006, Herbert et al., 2004, Gordon, 2003).

Dendritic cells

Dendritic cells (DCs) are the most important heterogeneous potent antigen-

presenting-cells (APC) with a key role in the initiation and regulation of innate

and adaptive immune responses (Gordon, 2003, Banchereau et al., 2000).  DCs

have the remarkable ability to sample sites of pathogen entry, integrate signals

coming from the environment, take up and process antigen and deliver this

antigen to naïve T-cells. In turn, DCs activate these and memory T-cells through

antigen presentation via receptor interaction bound to the MHC inducing the

appropriate response for the initial stimuli (Terrazas et al., 2010, Langhorne et

al., 2004, Sher et al., 2003, Guermonprez et al., 2002). DCs can be broadly

divided into plasmacytoid DCs (pDC) and conventional DCs (cDC) based on the
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expression of a variety of cell surface markers and their response to the

pathogen molecules (Colonna et al., 2006, Banchereau et al., 2000).

Toll-like receptors (TLRs), expressed by cell-types including DCs and

macrophages, have a vital role in triggering innate immunity and orchestrating

the acquired immune response during infection. In order to initiate an immune

response, TLRs recognize certain pathogen associated molecular patterns

(PAMPs) (Gazzinelli and Denkers, 2006). The role of TLRs in immunity to malaria

has not been firmly established, although this area is under investigation. In a

model of cerebral malaria, Adachi and colleagues has analyzed the involvement

of TLRs in cerebral malaria by using a mouse infection P. berghei model whereby

myeloid differentiation primary response gene 88 (MyD88), an essential adaptor

molecule for most TLRs, was critical for IL-12 induction by P. berghei NK65

parasites and caused liver injury (Adachi et al., 2001). Furthermore, glycosyl-

phosphatidylinositol (GPI) and hemozoin (a parasite heme metabolite) derived

from P. falciparum has been identified as the ligands for TLR2, TLR4 and TLR9

and induce TNF-α synthesis (Coban et al., 2006, Coban et al., 2005,

Krishnegowda et al., 2005). Other heat-labile molecules derived from the

malaria parasite are still to be clarified for TLR9-mediated recognition (Coban et

al., 2006, Pichyangkul et al., 2004).

DCs are widely accepted as having a crucial role in Th1-cell versus Th2-cell

differentiation but DC plasticity in vivo and in vitro makes it inappropriate to

equate different types of DCs (pre-DC, DC1, DC2 and plasmacytoid DC) with Th-

cell subsets or with corresponding macrophage phenotypes. Depending on their

maturity and modulation, DCs can activate or suppress Th-cell responses

(Gordon, 2003, Pulendran et al., 1999) or induce Th-cell anergy (Gordon, 2003).

In addition, modulation of TLRs by parasites to evade effects of the host immune

system has also been shown in P. falciparum and P. yoelii infection studies

(Gazzinelli and Denkers, 2006). DCs and phagocytes infected with the

Plasmodium spp. became unresponsive to LPS-induced activation resulting in

defects in T-cell activation. Furthermore, in P. chabaudi infection, phagocytosis

of malaria haemozoin, a TLR9 agonist, resulted in non-responsive of DCs to LPS

and thus their inability to activate T-cells (Millington et al., 2006). A more
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recent review by Terrazas and colleagues discusses in detail how Plasmodium

species through varied mechanisms (human and murine) modulate DC function in

order to survive (Terrazas et al., 2010). For example, modification of DC

function results in a decrease in the total number of DCs and an altered ratio of

myeloid versus plasmacytoid cell subsets, the latter involved in the induction of

Tregs and IL-10. Furthermore, the reduced capacity of Plasmodium-exposed DCs

to prime T-cells results in the inability to establish prolonged interactions with

naïve CD4+ T-cells. Together, this suggests that Plasmodium species have the

ability to switch an aggressive immune response into a more permissive one in

order to survive within its host.

2.3.2 Natural Killer (NK) cells and Gamma-Delta T-cells (γδ T-cells)

The early source of IFN-γ remains controversial with both NK cells and γδ T-cells

being indicated as a potential source of this critical cytokine that is necessary

not only during the innate immune response to pathogens but also in activation

of the adaptive immune response and development of protective immunity

(Urban et al., 2005, Stevenson and Riley, 2004, Choudhury et al., 2000, Troye-

Blomberg et al., 1999). The mechanism by which they accomplish this appeared

to be mediated via their secretion of IFN-γ induced by cytokines such as IL-12,

TNF-α, and IL-6 produced by other components of the innate immune system,

including macrophages and DCs (Ing and Stevenson, 2009, Robinson et al., 2009,

van der Heyde et al., 2006, Stevenson et al., 2001, Mohan et al., 1997). NK cells

are rapid IFN-γ responders to Plasmodium falciparum-infected erythrocytes

(PfRBC) in vitro and are involved in controlling early parasitaemia in murine

models, yet little is known about their contribution to immune responses

following malaria infection in humans. Therefore, McCall and colleagues have

studied the dynamics of and requirements for in vitro NK cell responses to P.

falciparum infected RBC (PfRBC) in malaria-naïve volunteers undergoing a single

experimental malaria infection under highly controlled circumstances, and in

naturally exposed individuals. They concluded that NK cells make a significant

contribution to total IFN-γ production in response to PfRBC but their innate role

was questioned because of their dependency on (memory) T-cell help (McCall et

al., 2010).
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P. chabaudi malaria is more severe in wild-type (WT) mice treated with IFN-γ

neutralizing antibody and in IFN-γ-deficient (IFN-γ-/-) mice, as indicated by the

increased magnitude and duration of parasitaemia and mortality in the IFN-γ-/-

mice compared to the intact controls (Su and Stevenson, 2000, van der Heyde et

al., 1997, Meding et al., 1990). Earlier genetic studies failed to correlate

susceptibility to P. chabaudi infection with NK activity (Urban et al., 2005,

Skamene et al., 1983). Subsequently, Mohan and colleagues reported that

depletion of NK cells during acute P. chabaudi AS infected C57BL/6 mice led to a

rapid increase in blood-stage parasitaemia levels and less efficient resolution of

the infection (Mohan et al., 1997). The mode of action by which NK cells

function appeared to be via the secretion of cytokines rather than direct

cytotoxicity against blood-stage malaria parasites (Mohan et al., 1997).

Contrary to the findings of Mohan and colleagues, other studies indicate similar

P. chabaudi parasitaemia in depleted mice and intact controls after NK1.1

monoclonal antibody (MAb) depletion of NK cells (Taniguchi et al., 2007, Yoneto

et al., 1999, Kitaguchi et al., 1996). Kim and colleagues showed that by using

microarray analysis of blood cells from P. chabaudi-infected mice, a rapid

production of IFN- γ and activation of IFN-γ-mediated signalling pathways as

early as 8 hours existed after infection. However, NK cells did not express IFN-γ

or exhibit IFN-γ-mediated pathways in their analysis (Kim et al., 2008). At this

time, NK cells are replicating and migrating from the spleen to the blood. In

humans with P. falciparum infection, increased IFN-γ production by peripheral

blood mononuclear cells (PBMC) in response to parasitized RBCs correlated with

protection from acute parasitemia and clinical malaria (D’Ombrain et al., 2008,

2009). Early IFN-γ production by PBMC obtained from malaria naive donors was

primarily produced by γδ T cells and not by NK cells (Robinson et al., 2009).

Animal models do not exactly mimic the human condition and experimental

malaria in mice is species specific from those that infect humans. Nevertheless,

analysis of protective immunity by murine models provides important

information on how a protective immune response to Plasmodium may be

elicited. Whether both NK cells and γδ T-cells have essential roles during the

early stages of immunity to blood-stage malaria remains to be determined and

whether these cells function early in cell-mediated immunity (CMI) to malaria

parasites is unknown. To address these issues, Weindanz and colleagues infected
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NK cell-or-γδ-T-cell-depleted JH
-/- mice with blood-stage P. chabaudi. Their data

indicated that the suppression of acute P. chabaudi infection by CMI was γδ T-

cell dependent, was independent of NK cells, and was highlighted by the

deficient IFN-γ response seen early in γδ T-cell-depleted mice (Weindanz et al.,

2010).

2.3.3 CD8+ T-cells

Research studies have shown that immune protection against pre-erythrocytic

stages of Plasmodium infection depends on CD8+ T-cell responses (Good and

Doolan, 1999). However, immunity against the erythrocytic stage is largely

antibody-mediated although CD4+ T-cells may also be protective (Good and

Doolan, 1999). Mounting evidence in murine models has also shown that CD8+ T-

cells contribute to the pathology of experimental cerebral malaria (ECM)

although the precise mechanisms remain unclear (Renia et al., 2006, Belnoue et

al., 2002, Hermsen et al., 1997, Yanez et al., 1996).

Studies implicating CD8+ T-cells in ECM required reinterpretation in light of

recent evidence, which demonstrated that DCs expressing CD8α mediate priming

of T-cell responses to pathogens such as viruses (Belz et al., 2005, Smith et al.,

2003) and bacteria (Belz et al., 2005). For example, studies using depletion with

anti-CD8α antibody to implicate CD8+ T-cells in pathology may be reinterpreted

as implicating CD8α DCs in CD4+ T cell priming. Similarly, studies implicating

CD8+ T-cells in ECM that used perforin-deficient mice might reflect a role for NK

cells rather than CD8+ T cells in disease. Lundie and colleagues have recently

resolved the role of CD8+ T cell responses to Plasmodium blood-stage infection.

In order to examine Plasmodium-induced CD8+ T cell responses to blood-stage

malaria in the absence of known MHC class I (MHC I) restricted epitopes, they

generated transgenic P. berghei parasites expressing a variety of model T-cell

epitopes for which T-cell receptor (TCR) transgenic mice were available. Using

those parasites, they demonstrated that antigens expressed by blood-stage P.

berghei were captured and cross-presented by CD8α DC to stimulate naive CD8+

T cell proliferation and lytic function (Lundie et al., 2008).
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2.3.4 CD4+ T-cells

CD4+ T-cells play a central role in the immune response to blood-stages of P.

chabaudi AS infection (Langhorne et al., 2002). They produce cytokines that

amplify the phagocytic and parasitocidal response of the innate immune system,

as well as dampening this response later on to limit immunopathology (Stephens

and Langhorne, 2006, Stephens et al., 2005, Langhorne et al., 2002). CD4+ T-

cells are also required to help B-cells produce the antibody that is essential for

parasite clearance (Stephens et al., 2005, Langhorne et al., 2002). Therefore,

understanding the mechanisms by which T-helper cells undergo priming,

expansion and development of specific and effective T-cell memory and

immunity would aid the formulation of suitable treatment therapies (Stephens

and Langhorne, 2010).

Initial priming and activation of T-cells by APCs is vital for effective cell-

mediated and antibody-mediated responses. Thus, athymic mice, deficient in T-

cells, have been shown to be unable to control a primary infection, and die with

fulminating malaria following infection with P. berghei, P.yoelii (Weinbaum et

al., 1976) and P. chabaudi adami (Cavacini et al., 1990) indicating the

importance of T-cells during early infection. In P. chabaudi AS infection, there is

debate over the extent to which T-cells protect via Th1 cytokine mediated

mechanisms or by the Ab’s that they help to produce (Stephens et al., 2005).

Both mechanisms dominate the T-cell response to P. chabaudi in turn with an

early Th1 type cytokine response that has been shown to provide protection

during the acute patent parasitaemia which switches later to a Th2 response

which provides effective help for malaria-specific Ab production as the infection

becomes chronic (Stephens et al., 2005, Smith and Taylor-Robinson, 2003,

Langhorne, 1989, Langhorne et al., 1989). In support of these observations, CD4+

T-cells isolated during acute P. chabaudi AS infection were shown to display a

typical Th1 phenotype while CD4+ T-cells during the chronic phase displayed a

Th2 phenotype (Stevenson and Tam, 1993, Taylor-Robinson and Phillips, 1992).

During chronic infection, CD4+ T-cells are activated to produce additional

cytokines such as IL-4 and IL-10 and it has been suggested that this change in Ag-

presenting splenic DC population is responsible for the switch away from the

predominantly IFN-γ-producing T-cells present in the acute infection (Sponaas et
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al., 2006). A similar T-cell profile seems to occur during human P. falciparum

infection (Riley et al., 1993, Brown et al., 1990).

Enhanced IFN-γ, TNF-α and IL-12 production are all associated with an acute

infection with P. chabaudi AS (Taylor-Robinson and Phillips, 1994). IL-12 is the

critically important cytokine in the establishment and differentiation of Th1 cells

(Manetti et al., 1993) and is also required for NK activity (Kobayashi et al.,

1989). T-cells and NK cells are important for IFN-γ production, which is an

essential mediator in immunity to P. chabaudi AS infection (Su and Stevenson,

2000, van der Heyde et al., 1997, Favre et al., 1997). IL-12 also acts

synergistically, while participating in cellular immunity, it also contributes to

IgG2a production required for clearance of the parasite following peak

parasitaemia (Su and Stevenson, 2002).

In-vivo studies have shown that neutralization of IFN-γ significantly elevates

peak parasitaemia during P. chabaudi AS infection (Meding et al., 1990,

Stevenson et al., 1990). In addition, IFN-γ has been shown to induce IgG2a

antibody production during P. chabaudi AS infection (Stevenson and Tam, 1993).

P. chabaudi AS infection studies provided further evidence that in the absence of

IFN-γ the Th1 associated IgG2a antibody response was significantly reduced and

thought to account for the failure to clear parasitaemia levels (Su and

Stevenson, 2000). Furthermore, IFN-γ deficient C57BL/6 mice infected with P.

chabaudi AS demonstrated higher morbidity and mortality compared to the

controls (Yoneto et al., 2001, Balmer et al., 2000, Su and Stevenson, 2000).

TNF-α on the other hand exerts a dichotomy of functions during Plasmodium

infection, providing protection but also contributing much to the pathology

associated with infection (Beutlar and Cerami, 1988). TNF-α is a potent activator

of macrophages and nitric oxide production (Liew et al., 1990) but not a

necessity for the development of immunity whereby other cytokines are

sufficient to replace its actions.
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While CD4+ Th1 cells and their role in acute malaria infection have been widely

investigated, the mechanisms governing the Th1 to Th2 switch and the resulting

protective mechanisms that occur during chronic malaria infection await

elucidation. IL-4 has been shown to be the key cytokine driving a Th2 type

response (Gordon, 2003, Brombacher, 2000).  Studies have shown that in

129SVxC57BL/6 mice deficient for IL-4 have elevated Th1 responses during P.

chabaudi AS infection as measured by increased IFN-γ production (Balmer et al.,

2000, Von der Weid et al., 1994).  These mice were able to control and clear the

infection similar to the wild-type mice although Balmer and colleagues noted

that the IL-4 deficient mice demonstrated a significantly elevated peak

parasitaemia (Balmer et al., 2000) whereas von der Weid and colleagues showed

increased recrudescent infection in these mice (von der Weid et al., 1994). The

Th2-type response initiated in the deficient mice was delayed but not absent.

Evidence for the protective Th2 response in the IL-4 deficient mice was

attributed to IL-13 to substitute for the action of IL-4 (Balmer et al., 2000).

Taken together, the ability of the IL-4 deficient mice to control infection in the

absence of early Th2 responses indicated the importance of the Th1 response in

inducing IFN-γ and IgG2a antibody production thereby promoting parasite

clearance. It is notable that in the same series of experiments, IFN-γ deficient

mice rapidly died at the primary patent parasitaemia (Balmer et al., 2000).

CD4+ T-cell priming, expansion and memory in response to model antigens is also

an important factor to consider since it has been suggested that continuous

exposure to the parasite may be required for the maintenance of immunological

protection from malaria as has also been suggested for Leishmania major

(Uzonna et al., 2001) and other (Hansen et al., 2009) chronic infections

(Stephens and Langhorne, 2010). Recent work with P. chabaudi demonstrated

that the diminishing protection is replicated in mouse models and that this may

be determinined by a decay in the memory T-cell function (Freitas do Rosário et

al., 2008).

Although the role of CD4+T cells in immunity to blood-stage malaria is well

established (Yoneto et al., 2001) the complexity of the antigen repertoire of the

Plasmodium parasite, makes it difficult to identify which antigens are effective

in inducing protective CD4+ T-cell–dependent immunity. Thus, the development
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and characterization of antimalarial immune responses in a CD4+ T-cell antigen

receptor (TCR) transgenic mouse with a TCR specific for Plasmodium chabaudi-

derived MSP-1, a major vaccine candidate antigen has been investigated

(Stephens and Langhorne, 2010, Stephens et al., 2005) and could provide

another tool to ascertain the role of CD4+ T-cells in antimalarial immunity.

2.4 ANTIBODY-MEDIATED IMMUNITY

There is longstanding evidence that naturally acquired immunity to the

erythrocytic stages of malaria is strongly dependent on antibodies (Abs) (Osier et

al., 2008, Cavanagh et al., 2004, Metzger et al., 2003, Conway et al., 2000).

Malaria infection induces both polyclonal and specific immunoglobulin (Ig)

production and although the different Ig isotypes may have protective functions,

IgG is seen as the most important (Table 1.3). Passive antibody protection has

been described in P. falciparum infection (Diggs et al., 1995) as well as in

animal studies. During P. falciparum infection, specific antibodies for a number

of the parasite antigens such as MSP-1 and MSP-2 (O’Donnell et al., 2001, Egan

et al., 1996, Al-Yaman et al., 1994) and PfEMP1 (Marsh et al., 1989, Celada et

al., 1982) have been correlated with resistance.  Similarly, passive transfer

experiments in P. chabaudi infection have also shown the protective role of

antibodies during P. chabaudi infection where treatment with anti-serum at the

time of infection in mice subsequently induced a delay in patent parasitaemia

levels (Falanga et al., 1984, McLean et al., 1982). Furthermore, P. chabaudi AS

infection involving the switch from a Th1 to Th2 response that induced the

characteristic switch from IgG2a to IgG1 antibody production (Phillips et al.,

1997, Stavnezer, 1996, Taylor-Robinson and Phillips, 1994). Thus, during the

acute infection, IgG2a antibodies were shown to predominate while during the

chronic stage, IgG1 antibodies were associated with protection. Earlier mouse

studies with P. yoelii (White et al., 1991) and P. berghei (Waki et al., 1995)

infections also showed that antibody-dependent protection and parasite

clearance was related to IgG2a production. In addition, a more recent study by

Couper and colleagues has demonstrated that IgM also has a significant role to

play in controlling both primary and recrudescent P. chabaudi AS parasitaemias

(Couper et al., 2005). The effector mechanisms of IgE antibody (generated

during a Th2 response) during Plasmodium infection in humans and mouse

models are not as clear. However, in P. falciparum infection in humans, total
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and specific parasite IgE levels were shown to be increased (Perlmann et al.,

1994). Furthermore, parasite-specific IgE antibodies were shown to be

associated with pathogenesis of disease when total IgE and specific IgE Ab’s were

higher in Thai patients with severe P. falciparum infection. Specific IgE Ab’s

detected in apprpoximately 65% of the patients were also positively correlated

to parasitaemia (Perlmann et al., 2000).  In contrast, others have demonstrated

that high parasite-specific IgE antibody levels in asymptomatic individuals were

associated with the reduced risk of clinical episodes (Bereczky et al., 2004).

Thus, the significance of IgE, which is present in increased levels in severe

malaria, remains unknown.

Both experimental malaria models and human malaria, have shown evidence for

loss of memory or activated CD4+ T-cells, B-cells and plasma cells and short-lived

malaria specific Abs after a primary acute infection (Langhorne et al., 2008,

Wykes et al., 2005, Struik and Riley, 2004, Xu et al., 2002). This suggested that

some of the components contributing to the humoral response might be short-

lived. Moreover, other studies have suggested that maintenance of malaria-

specific Abs was dependent on the presence of chronic parasitaemia

(Akpogheneta et al., 2008). However, there are conflicting reports on the life-

span of Ab reponses to Plasmodium. In some longitudinal studies short-lived Ab

responses with reduced half lives have been reported (Akpogheneta et al., 2008,

Kinyanjui et al., 2007, Kinyanjui et al., 2003, Cavanagh et al., 1998), whereas

other studies report that Ab responses persist and are protective (Osier et al,

2008, Drakeley et al., 2005, Taylor et al., 1996). Nonetheless, it still has to be

determined whether there are any deficiencies in the generation and

maintenance of Plasmodium-specific memory B cells and Abs. Long term

production of Abs was maintained by a combination of short-lived and long-lived

Ab secreting cells (ASC). Although short-lived ASC die within 3–5 days, Ab levels

can be maintained by continuous proliferation and differentiation of memory B

cells into short-lived ASC upon continuous re-activation either by persistent

antigen during chronic infection (Gatto et al., 2007, Zinkernagel and

Hengartner, 2006) or by polyclonal stimulation (Crompton et al., 2009,

Bernasconi et al., 2003, Bernasconi et al., 2002). Alternatively, long-term

production of Ab is maintained by long-lived ASC, which migrate to survival

niches within the bone marrow (Manz et al., 1997, Slifka et al., 1995) and spleen
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IgM Complement activation against merozoites

Opsonization

Neutralization of merozoites

Agglutination of merozoites and pRBC’s

Immune complex formation and clearance in the spleen

IgG2a Complement activation against merozoites
Opsonization
Neutralization of merozoites
Agglutination of merozoites and pRBC’s
Immune complex formation and clearance in the spleen
Cytophillic and may induce ADCC by macrophages and PMN’s

IgG1 Neutralization of merozoites
Agglutination of merozoites
Immune complex formation and clearance in the spleen

IgE Binds CD23 and may induce pathology by upregulating type 1 cytokine production

IgD Function largely unknown

(Slifka et al., 1998) and can exist for the life-time of the mouse (Manz and

Radbruch, 2002, Manz et al., 1997), and this is probably also the case in humans

(Cambridge et al., 2003). In a more recent study by Ndungu and colleagues, they

showed that P. chabaudi-MSP-1-specific B-cells and plasma cells were still

detectable after eight months following infection and that both long-lived

memory B cells and plasma cells secreting anti-MSP119 Abs can be generated

after a single infection (Ndungu et al., 2009).

Table 1.2: Associated antibodies and their functional properties during

Plasmodium infection (Taken from Couper, 2003)

2.5 PROTECTION VERSUS PATHOLOGY

Immunity to malaria infection clearly involves a complex network of cells and

cytokines, as well as both pro-inflammatory and regulatory mechanisms. Innate

immunity involving rapid pro-inflammatory responses is of great benefit in

controlling primary infection but rapid and potent cytokine development can

lead to severe malaria either directly or by amplifying the effects of the

adaptive response (Riley, 1999). The ability of the immune response to control
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circulating levels of pro-inflammatory cytokines so that they facilitate parasite

clearance but do not trigger pathology is one of the hallmarks of acquired

immunity to malaria. However, the mechanisms by which this may be achieved

are still unknown. In mice (Omer and Riley, 1998, 2003, Li et al., 2003) and

humans (Schmieg et al., 2003, Kurtzhals et al., 1998) the key regulatory

cytokines are IL-10 and TGF-β. The primary function of IL-10 and TGF-β is to

prevent the pathological consequences of both Th1 and Th2 responses. Both

cytokines can be produced by cells of the innate (macrophages) or adaptive

immune systems (T-cells) and can regulate either system (O’Garra and Vieira,

2007). The source of IL-10 was thought to be via T-cell subsets (Th1, Th2, Tr1

cells, Treg cells) (Niikura et al., 2011) but today, it is known that the sources of

IL-10 is not only CD4+ T-cells but also almost all leukocytes (Niikura et al., 2011).

IL-10 has been shown to inhibit IL-12 production by DCs and macrophages

thereby downregulating IFN-γ production by NK cells and T-cells (Niikura et al.,

2011, D’Andrea et al., 1993). The depletion of IL-10, using neutralizing IL-10-

specific or IL-10 receptor (IL-10R)-specific monoclonal antibodies or IL-10–/–

mice, has been shown to increase the resistance of mice to a number of

intracellular pathogens namely, Listeria monocytogenes, Toxoplasma gondii,

Mycobacterium avium, Mycobacterium bovis bacillus Calmette–Guérin (BCG), P.

chabaudi chabaudi, Candida albicans, Trypanasoma cruzi (O’Garra and Vieira,

2007). However, in a model of P. chabaudi chabaudi, inhibition of IL-10 also

resulted in immunopathology (Moore et al., 2001). TGF-β has also been shown to

inhibit pro-inflammatory cytokine responses resulting in unconstrained parasite

growth in P. yoelii (Omer et al., 2003) and P. chabaudi (Tsutsui and Kamiyama,

1999) mouse infection studies by antibody depletion.  Other studies have also

shown that TGF-β can inhibit human IFN-γ production from NK cells directly

(Ortaldo et al., 1991).

Recently there has been considerable interest as to the mechanisms by which

parasites can modulate the immune response. For example, it has been shown

that malaria parasites could directly activate endogenous latent TGF-β to its

bioactive form indicating that the parasite itself can manipulate the innate

response of the host (Omer et al., 2003).  In addition, the malaria parasite has

been implicated in modulating DC function as mentioned in chapter 2.3.1

(Millington et al., 2006).
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2.6 ROLE OF IL-4-RECEPTOR-ALPHA (IL-4Rα) IN IMMUNITY/PATHOLOGY

The role of the Th2 response in immunity to malaria is particularly intriguing.

Classically Th2 responses and the associated cytokines IL-4 and IL-13 are thought

to counter-regulate Th1 responses (Brombacher, 2000). Consequently, during

early P. chabaudi infection when it has been recognised that protective

immunity is Th1 dependent it might be expected that a Th2 response would serve

primarily to limit pathology associated with a pro-inflammatory type-1 response.

Similarly, a Th2 response early in infection may limit the effectiveness of a Th1

response and promote parasite growth. Thus, in the absence of IL-4/IL-13 or IL-

4/IL-13 signalling reduced parasitaemias and increased pathology might be

expected. Conversely, during chronic infection with P. chabaudi, immunity is

primarily dependent on a Th2 response and IgG1 production. Consequently, in

the absence of IL-4/IL-13 signalling it might be expected that enhanced parasite

growth would result. However, recent evidence would suggest that the roles of

Th2 cytokines might not be as clear-cut as early publications would suggest. In

certain disease and immune-modulatory models, Th2 responses can be induced in

the absence of IL-4 or IL-4/IL-13 signalling (Brewer et al, 1999). Furthermore,

infectious and inflammatory disease models have provided a substantial body of

evidence indicating that the typical Th2 cytokines, IL-4/IL-13, can not only

counter-regulate Th1 responses but also in particular examples actually drive,

facilitate or promote Th1 responses (Alexander and McFarlane, 2008). In various

disease models such as Toxoplasma gondii (Suzuki et al., 1996), Listeria

monocytogenes (Flesch et al., 1997), Cryptosporidium parvum (Menacacci et al.,

1998), Leishmania major (McDonald et al., 2004) and Leishmania donovani

(Alexander et al., 2000, Biedermann et al., 2001, Stager et al., 2003, Murray et

al., 2006), IL-4/IL-13 has been shown to drive protective Th1 responses as well as

in an experimental autoimmune uveoretinitis and murine model of colitis (Fort

et al., 2001, Ramanathan et al., 1996), IL-4/IL-13 has been shown to aggravate

the Th1 responses (Alexander and McFarlane, 2008). Taken together (Alexander

and McFarlane, 2008), it has been suggested that IL-4/IL-13 mediate their

functions by inducing IL-12 production from macrophages and/or dendritic cells

(McDonald et al., 2004, Hochrein et al., 2000), enhance IFN-γ production (Noble

and Kemeny, 1995) or synergise with IFN-γ for enhanced antimicrobial activity

(Lean et al., 2003, Bogdan et al., 1993).
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Previous work utilising IL-4-/- mice on the B6 and/or 129 backgrounds has

indicated no significant role for IL-4 in malaria pathology (Balmer et al., 2000,

van der Heyde, 1997, von der Weid et al., 1994) but potential roles for IL-4 in

controlling parasite growth in either the early acute phase (Balmer et al, 2000)

of infection or during chronic infection (von der Weid et al.,1994). The former

observation with regard to parasite numbers during primary infection in IL-4-/-

mice would be contra-intuitive if IL-4 was indeed inhibiting a Th1 response, while

the latter observation might be expected if control of chronic infections was

indeed Th2 dependent. The moderate alteration in susceptibility observed in

IL-4-/- mice as opposed to a more significant effect was attributed to the related

cytokine IL-13 compensating for a deficiency in IL-4 and promoting protective

immunity.

It has been documented that IL-4 and IL-13 share 30% homology (Brombacher,

2000, McKenzie et al., 1993) with functional overlaps. They have broadly similar

effects on macrophages and other cell types because they share a common IL-

4Rα chain (Figure 1.6) but there are also differences with regards to the range of

cell types that respond to each cytokine which correspond with the presence of

different receptor subunits. The signalling pathway involves members of the

Janus-activated kinase (JAK) and signal transducer and activator of the

transcription (STAT) families (Brombacher, 2000, Zurawski and de Vries., 1994,

Minty et al., 1993).
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Figure 1.6: IL-4 and IL-13 receptor complexes. IL-4 interacts with the IL-4Ra binding protein in

combination with either gc (IL-4 type 1 receptor), IL-13Ra1 or IL-13Ra2 (IL-4 type 2 receptor). IL-

13 interacts with IL-13Ra1 or IL-13Ra2 binding proteins in combination with the IL-4Ra chain. The

IL-4Ra chain is the signal transducing receptor for IL-4 and IL-13 and signal are transmitted via

STAT6 or IRS-2 pathways. Increasing thickness of the arrows indicate increasing binding affinities

(Kd) (Taken from Brombacher, 2000).

2.7 AIMS OF STUDY

In order to determine whether, in the absence of IL-4, IL-13 might drive a Th2

response and promote parasite clearance during P. chabaudi infections

preliminary studies were carried out in our laboratory to compare the course of

P. chabaudi infection in IL-4-/- and IL-4R-/- BALB/c mice that are deficient in

both IL-4 and IL-13 signalling (Couper et al, 2003). In agreement with previous

studies IL-4-/- mice displayed delayed parasite clearance and enhanced

recrudescent infection compared with wild-type mice but were able to clear

infections to sub–patent levels. IL-13 contributed to parasite control as shown by

elevated recrudescent infections in IL-4R-/- mice compared with IL-4-/- animals.

However, in the absence of IL-4, but not IL-4 and IL-13 signalling, mortality

increased significantly suggesting an additional exacerbatory role for IL-13

during P. chabaudi infection. Thus, our preliminary work indicated that both IL-4

and IL-13 played immunomodulatory roles during P. chabaudi infection.
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However, IL-4 and IL-13 are pleiotropic cytokines and numerous cell types of

both the innate and adaptive immune responses produce these cytokines as well

as express their receptors. In order to differentiate better the specific role of IL-

4/IL-13 responding cells from global effects in vivo, tissue specific IL-4R-/- mice

have been produced in the laboratory of our co-principal investigator Professor

Frank Brombacher in the University of Cape Town. So far macrophage/neutrophil

specific (LysMcreIL-4R-/lox) (Herbert et al., 2004), CD4+ T cell specific (LckcreIL-

4R-/lox) (Radwanska et al., 2007) and pan T-cell specific (iLckcreIL-4R-/lox)

(Dewals et al., 2009) IL-4R-/- mice have been generated.

Consequently, the aims of the present project were:

1. To re-establish an appropriate murine model of P. chabaudi infection in the

laboratory that was compatible with current ethical guidelines and was

reproducible.

2. To determine whether the results previously obtained in the laboratory

utilizing IL-4R-/- mice were reproducible and whether results were mouse

gender and/or parasite strain dependent.

3. To identify a potential role for alternative macrophage activation by

comparing disease in macrophage/neutrophil specific (LysMcreIL-4R-/lox) mice

and wild-type equivalent mice.

4. To identify potential roles for IL-4 signaling via CD4+ T-cells in

pathology/immunity by utilizing CD4+ T-cell (LckcreIL-4R-/lox) IL-4R-/- mice.

5. To identify a potential role for IL-4 signalling via T-cells in

pathology/immunity by utilizing pan T-cell (iLckcreIL-4R-/lox) IL-4R-/- mice.

6. To characterize the immune mechanisms underlying any disease phenotypes

characterized.
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Chapter Two

Methodology
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2. GENERATION AND BREEDING STRATEGY OF TISSUE-SPECIFIC IL-4-Rα-

DEFICIENT (IL-4Rα-/-) BALB/c MICE

Tissue-specific IL-4Rα-/- mice were created using homologous recombination in

embryonic stem (ES) cells in combination with the Cre/loxP recombinase system.

Gene targeting in BALB/c ES cells and Cre/loxP-specific site-specific

recombination was performed to generate floxed IL-4Rαlox/lox BALB/c mice which

resulted in a silent mutation of the IL-4Rα gene (Mohrs et al., 1999). Mice that

specifically express the Cre recombinase in macrophages/neurtophils under the

control of the lysozyme M promoter (LysMcre mice) were generated by a knock-in

approach (Clausen et al., 1999). This approach was similar for mice expressing

Cre recombinase in CD4+ T-cells under the control of the Lck promoter (Lckcre

mice) (Gu et al., 1994) and for mice expressing Cre recombinase in all T-cell

populations under the control of the iLck promoter (iLckcre mice) (Garvin et al.,

1990). These mice (kindly provided by Prof. F. Brombacher, University of Cape

Town) were first backcrossed to BALB/c for nine generations and then inter-

crossed with global IL-4Rα-/- BALB/c mice (Mohrs et al., 1999) to establish double

transgenic LysMcreIL-4Rα-/- BALB/c, LckcreIL-4Rα-/- BALB/c and iLckMcreIL-4Rα-/-

BALB/c mice respectively in specific pathogen-free conditions in individual

ventilated cages. These mice were further inter-crossed with IL-4Rαlox/lox BALB/c

mice to generate cell-type-specific LysMCreIL-4Rα-/lox (McFarlane et al., 2011,

Brombacher et al., 2009, Herbert et al., 2004), LckCreIL-4Rα-/lox (Bryson et al.,

2011, Radwanska et al., 2007) and iLckCreIL-4Rα-/lox (Dewals et al., 2009) BALB/c

mice respectively. The Cre-negative IL-4Rαlox/- littermates served as “wild-type”

controls for cell-type specific LysMcreIL-4Rα-/lox, LckcreIL-4Rα-/-, and iLckMcreIL-

4Rα-/- BALB/c mice. An example of how the tissue-specific IL-4Rα gene-deficient

mice were generated, namely for LysMcreIL-4Rα-/lox mice, is shown in Figure 2.1
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LysMcreIL-4Rα-/lox Generated BALB/c mice

Day 0 Day 7 Day 14

Challenge (i.g)

4mg/mouse

and sacrifice

G1: PBS/PBS
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(G= group)

Sensitization (i.p) 50µg/mouse
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G1: PBS/PBS
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(G= group)
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G1: PBS/PBS

G2: PBS+Alum/PBS

G3: OVA+Alum/OVA

G4: CPE+Alum/CPE

(G= group)

Sensitization (i.p) 50µg/mouse

X

LysMcre IL-4Rα-/-
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creLysM

LysM

LysM
cre

Figure 2.1: Principle of macrophage/neutrophil specific deletion of IL-4Rα. Conditional IL-

4Rαlox/- mice were generated by homologous recombination. In these mice exons of the IL-4Rα

are flanked by two loxP sites (triangles) that are recognized by the Cre recombinase. Mice that

specifically express the Cre recombinase in macrophages/neutrophils under control of the

lysozyme M promoter (LysMcre mice) were first intercrossed with global IL-4Rα-/- mice. To

facilitate efficient Cre-mediated recombination, LysMcreIL-4Rα-/- mice were crossed with

conditional IL-4Rαlox/lox mice. Because the Cre recombinase is only expressed in macrophages and

neutrophils of hemizygote LysMcreIL-4Rα-/lox offspring, loxP-flanked exons of the IL-4Rα locus on

one allele was deleted only in these cell types. Hemizygote mice were used to reduce the

substrate for the enzyme and to increase efficiency of Cre-mediated deletion in

macrophages/neutrophils. In other cell types, the enzyme was not active and a functional IL-4Rα

was still expressed. In experiments, Cre-negative IL-4Rαlox/- littermates served as controls for

macrophage/neutrophil-specific LysMcreIL-4Rα-/lox mice. Adapted from Brombacher and

colleagues (Brombacher et al., 2009).
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2.1 Genotyping of the tissue-specfic IL-4Rα-/lox mice

One capillary (Hawksley and Sons Ltd, West Sussex, UK) of blood was removed

from the tail of the mouse being genotyped and was placed into a RNA/DNA free

eppendorf (Axygen Scientific, California, USA). To lyse erythrocytes, 1ml of

Boyle’s solution (1:9 v/v 0.17M Tris: 0.16M ammonium chloride) was added to

the sample and was incubated at room temperature for 5 minutes. The blood

was centrifuged at 13, 000 rpm for 3 minutes and the supernatant removed. The

resulting pellet was resuspended in 100μl Tris-HCL and freeze-thawed at -80oC.

The sample was then ready for use in a PCR reaction.

2.1.1 Cre determination by PCR

Two PCR reactions were carried out on the samples: a Cre PCR to determine

which mice were positive for Cre-recombinase and a second PCR reaction to

determine if the mice were IL-4Rα-deficient or flox (presence of IL-4Rα gene on

Macrophages/Neutrophils, CD4+ T cells and pan-T-cells flanked by lox-p

sequences). All reagents were kept on ice at all times and all plasticware was

RNA/DNA free. The primers and primer sequences used are summarised in Table

1.1. All PCR reactions used 13μl total volume: 6μl 2x Readymix (ABgene, Epsom,

UK), 0.5μl of the relevant primers (obtained from Invitrogen, Paisley, UK) and an

appropriate volume of molecular grade water (Sigma Aldrich, Poole, UK) to give

12μl. Lastly, 1μl of blood sample, prepared in 2.1, was added to give a final

volume of 13μl.

A relevant positive control was included in the PCR studies and molecular grade

water was used as a negative control for PCR reactions. The product sizes for the

relevant genes are shown in Table 1.2 and the PCR conditions are shown in Table

1.3. Samples were maintained at 4oC until an electrophoresis of samples could

be completed. Electrophoresis of the PCR products for each tissue-specific group

is shown in Figure 2.2.
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Table 2.1: The primer sequences for each of the primers used in the genotyping

of the LysMcreIL-4Rα-/flox, iLckcreIL-4Rα-/flox and LckcreIL-4Rα-/flox BALB/c mice. All

primers were obtained from Invitrogen (Paisley, UK).

PRIMER PRIMER SEQUENCE

LysM Cre F 5’- CTT GGG CTG CCA GAA TTT CTC –3’

LysM Cre R 5’– CCC AGA AAT GCC AGA TTA CG -3’

iLck Cre F 5’- GAG GGT GGA ATG AAA CTC TCG GT –3’

iLck Cre R 5’– CAG GTA TGC TCA GAA AAC GCC TGG -3’

Lck Cre F 3’– TGC ATG ATC TCC GGT ATT GAA AC

Lck Cre R 5’– GGT GAA CGT GCA AAA CAG GCT CTA

IL-4R P2 5’- CCT TTG AGA ACT GCG GGC T -3’

Flox IL-4R Intron 6.2 F 5’- CCC TTC CTG GCC CTG AAT TT -3’

Flox IL-4R Intron 6 R 5’- GTT TCC TCC TAC CGC TGA TT -3’

Glyceraldehyde-3-phosphate

dehydrogenase (GADPH) F

AGA TTG TTG CCA TCA AAC GAC

GADPH R ATG ACA AGC TTC CAT TTC TTC

Table 2.2: The band sizes (base pairs) for the LysM Cre, iLck Cre, Lck Cre,

IL-4Rα deleted and flox PCR gene products.

GENE BAND SIZE (bp) REFERENCE

LysM Cre 450 Herbert et al., 2004

LysM IL-4Rα deleted 1300 Herbert et al., 2004

Lck Cre 450 Dewals et al., 2009

Radwanska et al., 2007

Lck IL-4Rα deleted 471 Dewals et al., 2009

Radwanska et al., 2007

Lox-p 188 (floxed)

94 (wild-type)

Dewals et al., 2009

Radwanska et al., 2007

Herbert et al., 2004
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Table 2.3: The thermal profile for the PCR reactions carried out to determine

the genotype of the LysMcreIL-4Rα-/flox, iLckcreIL-4Rα-/flox and LckcreIL-4Rα-/flox

BALB/c mice.

2.1.2 Electrophoresis

An electrophoresis gel was prepared using 1.6% w/v agarose (Bioline, London,

UK) in TBE buffer (0.5 strength: 10.8g Tris base, 5.5g boric acid and 7.54g

EDTA). The agarose was dissolved by microwaving the suspension for 1-2 minutes

then cooled to prevent the release of a vapour when adding ethidium bromide

(Sigma Aldrich, Poole, UK). 2μl ethidium bromide/100 ml of agarose/TBE was

added and the solution was poured into a gel tank containing a sealed gel bed.

Running buffer (0.5 strength TBE) was added to the gel tank and the samples

were added to the gel along with a DNA ladder Forever Marker (Seegene,

supplied from Insight Biotechnology, Wembley, UK). Samples were exposed to an

electrophoresis voltage of 150 V. Once the samples had run sufficiently far along

the gel, the gel bed was removed and the gel was viewed using an ultraviolet

transilluminator (Viber Lourmat) and photographed for a permanent record.

TEMPERATURE TIME STEP

94 oC 1 minute Enzyme activation

94 oC 30 seconds Denaturation

60 oC 30 seconds Annealing

72 oC 1 minute Extension (40 cycles)

72 oC 5 minutes Final extension
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A. B.

C.

Figure 2.2: Genotyping. Genotyping of the transgene bearing (A) LysMcre, (B) iLckcre and (C)

Lckcre IL-4Rα-/lox deletion PCR fragment of (A) 1300bp and (B+C) 471bp, the loxP-specific PCR

product of 188bp and the 94bp product is present in the wildtype configuration. The Cre-specific

PCR generates a 450bp PCR product (Dewals et al., 2009, Radwanska et al., 2007, Herbert et al.,

2004).



43

2.2 MICE

2.2.1 Infection and Monitoring of the course of P. chabaudi AS infection

8-9 week old BALB/c wild-type mice, IL-4Rα-/- and tissue specific gene deficient

BALB/c mice were housed in the Strathclyde University animal facility and were

kept in a reverse light/dark cycle from 19h00 to 07h00 and fed with the standard

diet. The capsule of cryopreserved infected blood was taken from liquid nitrogen

(N2) storage and thawed in a 37oC waterbath. To the thawed blood, an equal

volume of 0.5ml 17.5% sorbitol was mixed and then inoculated intraperitoneally

(ip) into a passage BALB/c mouse. Parasites were then maintained if required by

subpassage through susceptible mice. Briefly, infected mice were sacrificed in a

carbon dioxide (CO2) chamber and bled by cardiac puncture into a syringe

containing sodium heparin at 10 i.u. heparin per ml of blood. The parasitemia of

the donor mouse was determined by examination of a Giemsa (10% R66 improved

Giemsa-staining Gurr (BDH Limited) v/v PBS pH 7.4 for 20 minutes) stained thin

blood smear. The infected blood was subsequently diluted to give the required

infective doses of the parasitized red blood cells (pRBCs). Here, infective doses

were 1 × 105 pRBCs for P. chabaudi AJ and Plasmodium AS. Subsequently, the

experimental mice were infected intraperitoneally with 1X105 Plasmodium

chabaudi AJ or AS parasitized red blood cells (pRBCs) obtained from 4-5 day

infected passage BALB/c mice. The stabilates were stored at -80oC or in liquid N2

until required. P. chabaudi AJ stabilate was obtained from Dr. Owain Millington

from the University of Strathclyde and P. chabaudi AS stabilates were obtained

from Dr. Paul Hunt from the University of Edinburgh. Thin blood smears from 3-6

mice per group, depending on the group size, were performed daily initially and

then every second to third day during the course of infection (0-47 days) to

monitor parasitaemia. Smears were evaluated via microscopy following fixation

for 1 minute in 100% methanol and Giemsa’s staining. Daily and then on selected

days weight loss was determined as a sign of morbidity and the mean red blood

cell count was followed during infection to monitor malaria induced anaemia. On

selected days, tail bleeds were performed to follow cytokine and antibody

profiles during the infection.
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2.2.2 Measurement of P. chabaudi AS induced anaemia

3 μl of non-infected and P. chabaudi infected mice venous blood obtained by tail

tip bleeding were mixed with 597μl formaldehyde/saline buffer (10ml 40%

formalin adjusted to 1 litre with 32g/l trisodium citrate). Following vortex

mixing, the red blood cell concentration was then determined by microscopy

using a haemocytometer

2.3 Antigen preparation

P. chabaudi antigen and control red blood cell antigen were prepared for use in

in vitro stimulation of splenocytes and ELISA. P. chabaudi antigen was prepared

from mature trophozoite or schizont-infected red blood cells as only these life

cycle stages induce expression of parasite specific antigens on the red blood cell

surface.

2.3.1 P. chabaudi antigen preparation

Late stage trophozoites or schizont-infected red blood cells were obtained at

high pRBC to RBC ratio from BALB/c mice. The parasites were washed in 5% RPMI

at 200G for 10 minutes, and then washed twice in sterile PBS at 200G for 10

minutes. Following washing the pellet was resuspended to the original volume

and freeze-thawed 5 times in liquid nitrogen. The pRBC antigen containing

supernatant was then collected by centrifugation at 1500G for 10 minutes and

the protein concentration was determined using the Bradford assay.

2.3.2 RBC (-ve) control antigen preparation

Red blood cell control antigen was prepared by bleeding uninfected BALB/c

mice. Following collection, the blood was subjected to snap-freeze thawing 5

times in liquid nitrogen. The supernatant was then collected following

centrifugation at 1500G for 10 minutes. The protein concentration was

determined using the Bradford assay.

2.3.3 The Bradford protein concentration estimation assay

300 μl Bradford reagent (100mg Coomaise brilliant blue dissolved in 50ml

methanol and 100ml 85% orthophosphate acid and adjusted to 1 litre with

deionised water) were mixed 1:4 with de-ionised water and added to 10 μl of

BSA standards ranging from 1mg/ml to 0.0625μg/ml or 10μl of sample in a 96
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well microtitre plate. The absorbance was read at 570nm using a Molecular

Devices Spectramax Pro spectrophotometer.

2.4 Splenocyte Stimulation Assay

Mice spleens were removed aseptically and placed in petri dishes containing 5ml

complete media (RPMI 1640 (Lonza, Belgium), 10% v/v heat inactivated FCS

(Sigma Aldich, Poole, UK), 1% v/v of 2mM L-glutamine solution and 1% v/v of 100

IU/ml Penicillin-100 μg/ml Streptomycin (PAA Laboratories, GmbH, Austria). Half

a spleen per mouse was used. Cell suspensions were prepared by teasing the

spleens apart using nitex (monofilament filter nylon cloth 100mm, Cadisch

Precision Meshes, London, UK) and a 2ml syringe (Becton Dickinson, Madrid,

Spain) and the resultant suspension was centrifuged at 1200rpm for 5 minutes.

The supernatant was poured off and 2ml Boyle’s solution (1:9 v/v 0.17M Tris:

0.16M ammonium chloride) was added to lyse erythrocytes. The reagents were

mixed before use and sterile filtered through a 0.22μm syringe driven filter unit

(Millipore, Cork, Ireland). The resultant cell suspension was centrifuged for 5

minutes at 1200rpm. The pellet was washed twice in 5ml complete media by

centrifuging at 1200rpm for 5 minutes. The pellet was then resuspended in 1ml

complete media and the number of viable cells was then estimated by trypan

blue exclusion using a haemocytometer (Assistant, Germany). The cell

suspension was adjusted to 5x106 cells/ml (equivalent to 5x105 cells/well) and

100μl was added to the wells of a 96-well sterile flat-bottomed tissue culture

plate (Iwaki, Japan) to which P. chabaudi antigen (prepared as previously

described, 10; 50; 100μg/ml) and Concanavalin A (Sigma-Aldrich, Poole, UK,

10μg/ml) had previously been added. The plates were incubated at 37oC and 5%

CO2/95% air for 60 hours before being stored at -20oC for cytokine

quantification.

2.5 Enzyme Linked Immunosorbent Assay (ELISA)

Serum P. chabaudi specific IgG2a and IgG1 isotype titres were quantified by

indirect ELISA. Spleen cytokine (IFN-γ, IL-12 p40/70, IL-10, IL-4) levels were

measured using sandwich ELISA protocols.



46

2.5.1 Anti P. chabaudi AS and RBC specific antibody ELISA

Blood was harvested at sacrifice, serum prepared and stored for up to 24 hours

at 4oC. Clotted blood was centrifuged at 13 000 rpm for 10 minutes and the

resulting serum collected and stored at -20oC until assayed. 96-well microtitre

plates (Greiner Bio-One, Germany) were coated overnight with P. chabaudi

antigen or RBC antigen at 2μg/ml. The plates were then washed 3 times in

phosphate buffered saline (PBS) pH 7.4, 0.05% Tween 20 (Sigma-Aldrich, Poole,

UK) and blocked using 200μl/well 10% Foetal calf serum (FCS) (Harlan Sera-Lab

Ltd) in PBS pH 7.4, at 37oC for 1 hour. Thereafter, serum samples were serially

diluted. Dilutions were performed in PBS pH 7.4, 10% FCS buffer. Plates were

then incubated at 37oC for 2-3 hours. Thereafter, plates were washed 4 times

and 100μl of horseradish peroxidise conjugated goat anti-mouse IgG1 or IgG2a

(Southern Biotechnology, supplied by Cambridge BioScience Ltd, Cambridge, UK)

diluted 1/20 000 or 1/10 000 v/v respectively in PBS pH 7.4, 10% FCS buffer were

added to the plate. The plate was then incubated at 37oC for 1 hour then

washed 4 times and 100μl of substrate tetramethylbenzidine (6mg/ml in DMSO)

diluted 1/100 in 0.1M sodium acetate pH 5.5 containing hydrogen peroxide

(which was added just before the substrate was applied to the plate) were

added. The plate was covered in foil until an appropriate colour change was

observed. The reaction was stopped with 50μl of 10% sulphuric acid added to

each well. The absorbance was read at 450nm on a SOFTmax Pro (Molecular

Devices, California, USA). The end point titres of parasite specific IgG1 and

IgG2a for each sample were regarded as the last dilution to give an absorbance

above background levels.

2.5.2   Cytokine ELISA

A 96 well microtitre plate (Greiner Bio-One, Germany) was coated with

50μl/well of 1μg/ml w/v of the appropriate purified anti-mouse capture

antibody (IFN-γ R4-6A2, IL-12 p40/70, IL-10 JES5-2AS and IL-4 11B11

(PharMingen, supplied by Insight Biotechnology, Wembley, UK) diluted in PBS pH

9 respectively and incubated overnight at 4oC. The plates were then washed 3

times and the wells were blocked using 10% FCS in PBS pH 7.4, at 37oC for 1

hour. After washing 3 times, samples were added neat. Standards were prepared

for each cytokine. Murine recombinant IFN-γ, IL-12 p40/70, IL-10 and IL-4

standards (R&D Systems Europe Ltd, Abingdon, UK) were diluted in 10% v/v
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FCS/PBS. Standards started at 20ng/ml for IFN-γ, 10ng/ml for IL-12 p40/70,

10ng/ml for IL-10 and 1ng/ml for IL-4. The samples were incubated at 37oC for 3

hours before being washed 4 times and 100μl of the appropriate biotinylated rat

anti-mouse monoclonal antibody at 2μg/ml (IFN-γ, IL-12 p40/70, IL-10 and IL-4)

(PharMingen, supplied by Insight Biotechnology, Wembley, UK) diluted in 10% v/v

FCS/PBS were added to the plate. The plate was then incubated for 1 hour at

37oC before being washed 4 times. 100μl Streptavidin-alkaline phosphatase

(PharMingen, supplied by Insight Biotechnology, Wembley, UK) diluted 1/2000 in

10% v/v FCS/PBS were used for the IFN-γ, IL-12 p40/70 and IL-10 assays whilst

100μl of a streptavidin horseradish peroxidise conjugate diluted 1/4000 in 10%

v/v FCS/PBS (PharMingen, supplied by Insight Biotechnology, Wembley, UK) were

used for the IL-4 ELISA. The plate was incubated for 45 minutes at 37oC before

being washed 4 times. 100μl/well of substrate p-nitrophenylphosphate (pNPP)

(1mg/ml, Sigma-Aldrich, Poole, UK) dissolved in 0.1M glycine buffer pH 10.4

(7.51g glycine, 0.203g MgCl and 0.136g ZnCl) were used for the IFN-γ, IL-12

p40/70 and IL-10 ELISA. The substrate for the IL-4 ELISA was

tetramethylbenzidine (6mg/ml in DMSO) diluted 1/100 in 0.1M sodium acetate

pH 5.5 containing hydrogen peroxide (which was added just before the substrate

was applied to the plate). The plates were covered in foil and incubated at 37oC

until a colour change developed. For IL-4, the reaction was stopped by adding

50μl of 10% sulphuric acid to each well. The absorbance was read at 405nm for

IFN-γ, IL-12 p40/70 and IL-10 ELISA and at 450nm for the IL-4 ELISA using a

SOFTmax Pro (Molecular Devices, California, USA). The cytokine concentration

(ng/ml) was determined by linear regression using the standard value.

2.6 Statistics

Values are given as mean ±SEM and significant differences were determined by

the unpaired 2-tailed Student t-test using the computer software GraphpadPrism

4 (GraphPad Software Inc, San Diego, California). Values P<0.05 were considered

statistically significant.
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Chapter Three

The course of Plasmodium chabaudi AJ erythrocyte infection in wild-

type (WT) and global IL-4R-alpha-deficient (IL-4Rα-/-) female mice.
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3.1 Abstract

Preliminary studies from our laboratory using male BALB/c mice infected with P.

chabaudi AS indicated that IL-4Rα-/- mice were more susceptible than their wild-

type counterparts as determined by greater recrudescent parasitaemia and

severity of chronic infection. The present study was undertaken in the first

instance to determine whether this result was parasite strain dependent and

secondly whether it was host gender specific. Consequently, wild-type and

IL-4Rα-/- mice were infected with P. chabaudi AJ. As with the previous study

using AS strain parasites, IL-4Rα-/- mice were also more susceptible to P.

chabaudi AJ infection than wild-type mice as measured by severity of

recrudescent infection. Interestingly, there was an early delay in the onset of

peak parasitaemia in IL-4Rα-/- mice compared to the wild-type counterparts.

There was evidence of an enhanced Th1 response early in infected IL-4Rα-/- mice

as measured by increased ConA stimulated splenic IFN-γ production and elevated

serum IgG2a antibody levels followed by a diminished Th2 response during the

chronic infection as measured by reduced splenic IL-10 and IL-4 cytokine

responses and serum IgG1 antibody titres. These results are extremely similar to

those previously obtained using the P. chabaudi AS strain indicating that the

observation (chronic infection) is not parasite strain dependent. In addition, the

present study used female mice suggesting that the observation (enhanced

recrudescence in IL-4Rα-/- mice) is independent of host gender.
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3.2 Introduction

The most characterized rodent model of malaria is P. chabaudi AS which can

result in lethal and non-lethal infections in various mouse strains. Comparative

studies in resistant and susceptible mice have shown that pro-inflammatory

responses seem to be necessary for the subsequent development of protective

immunity (Su and Stevenson, 2002, Sam and Stevenson, 1999). The current

understanding of protective immunity towards the blood-stage of P. chabaudi AS

infection is that initial protection is mediated through Th1 responses that control

the acute patent parasitaemia followed by a switch toward a Th2 response that

controls and eventually eliminates the chronic-stage of disease (Namazi and

Phillips, 2010, Phillips et al., 1997, Langhorne et al., 1989).

Preliminary studies from our laboratory have shown that in comparison to

BALB/c wild-type (WT) mice, IL-4-deficient (IL-4-/-) mice survive P. chabaudi AS

infection with only a slight but consistent elevation in peak parasitaemia and

significantly higher recrudescent parasitaemias. Given that the role of antibody

as an effector mechanism was well established, it was surprising that the IL-4-/-

mice survived the infection and produced a Th2 response (Couper, 2003, Balmer

et al, 2000, von der Weid et al., 1994).  An explanation for this finding was that

IL-13 can exert a functionally similar effect to IL-4 on macrophages and in the

absence of IL-4 takes over its activities. In addition, it is well established that

Th2 responses can be induced independently of IL-4 (Brewer et al., 1999).

Subsequent findings by our group also demonstrated a role for IL-4Rα signalling

in chronic P. chabaudi AS infection in male BALB/c mice (Couper, 2003). That is,

that mice deficient in IL-4/IL-13 (IL-4Rα-/-) were more susceptible to the

chronic-stage of P. chabaudi AS infection contrary to their WT counterparts. In

the present study, we aimed to further investigate whether the previous findings

were reproducible and whether observations were parasite-strain specific and/or

host gender dependent.
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The absence of a suitable P. chabaudi AS strain early in the course of the project

allowed us to study the outcome of P. chabaudi AJ strain infection in IL-4Rα-/-

and wild-type BALB/c mice. Female BALB/c WT and IL-4Rα-/- mice were infected

with P. chabaudi AJ and the infection was monitored over a 47-day period and

was subsequently terminated. Overall, results of the present study were in

agreement with previous findings and demonstrate a role for IL-4Rα signalling

during the chronic stage of P. chabaudi infection with AJ as well as AS strain

parasites. Recrudescent infections were significantly greater in IL-4Rα-/- mice

than their wild-type counterparts.
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3.3 Results

3.3.1 Comparison of the survival rates and disease phenotypes of wild-type

(WT) and global IL-4R-alpha-deficient (IL-4Rα-/-) female mice following

Plasmodium chabaudi AJ infection.

The IL-4Rα-/- mice displayed an enhanced mortality rate of 60% by day 13 post-

infection when compared to their WT counterpart, 40% mortality (Figure 3.1, A).

Parasite burdens at day 5 were significantly lower in the IL-4Rα-/- mice compared

to the WT control while peak parasitaemia was comparable between the groups

(days 10-12). However, an elevated recrudescent episode was observed in the IL-

4Rα-/- mice who were unable to effectively clear and control the infection

compared to the WT mice on days 32 and 36 (Figure 3.1, B) thus highlighting an

exacerbated infection in the absence of IL-4 and IL-13 function. Following day

36, IL-4Rα-/- mice suppressed the infection and was subsequently able to

mediate the chronic infection until termination of the experiment on day 47 in a

comparable manner to the WT controls. In addition, these findings were in

accordance with a previous study conducted in our research group (Couper,

2003). In the latter study, male BALB/c WT and IL-4Rα-/- mice were infected with

P. chabaudi AS parasites. Peak parasitaemia was comparable in both the WT and

IL-4Rα-/- mice. Furthermore, the IL-4Rα-/- mice displayed elevated recrudescence

on days 14-17 compared to the WT mice. In the IL-4Rα-/- mice, the infection was

then controlled following day 21 in a comparable manner to the WT controls

(Addendum One, Figure A).

WT and IL-4Rα-/- mice displayed similar weight loss during infection with no

significant differences between the groups at peak and post infection (Figure

3.2, A). Maximal weight loss occurred between days 10-12 post infection and

following parasite control a recovery in weight loss was observed in the WT and

IL-4Rα-/- mice (Figure 3.2, A). Furthermore, Couper showed maximal weight loss

in both WT and IL-4Rα-/- mice at day 9 and elevated weight loss in the IL-4Rα-/-

mice on days 8-20 when compared to their WT counterparts (Couper, 2003)

(Addendum One, Figure B).
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Severe malarial induced anaemia was observed in both groups between days 10-

12 post infection (Figure 3.2, B) corresponding to peak parasitaemia (Figure 3.1,

B). Following parasite control, reduced RBC counts were only observed in the IL-

4Rα-/- mice compared to the WT control at day 32 of the chronic infection

(Figure 3.2, B). Results were similar to Couper who showed that peak anaemia

was observed around day 10 in the WT and IL-4Rα-/- mice but the severity of

anaemia was greater in the IL-4Rα-/- mice compared with the WT controls on day

14 post-infection (Couper, 2003) (Addendum One, Figure C).
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Figure 3.1: (A) Comparison of the survival rates of P. chabaudi AJ infection in WT and IL-4Rα-/-

female mice on a BALB/c background. (B) Comparison of the disease parasitaemias of P.
chabaudi AJ infection in WT and IL-4Rα-/- female mice on a BALB/c background. Results are
displayed as a log % of parasitaemia levels. Data are representative of two similar studies, n=3-4
and * denotes p<0.05.
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Figure 3.2 Comparison of (A) weight loss and (B) malaria induced anaemia during the course of
P. chabaudi AJ infection in WT and IL-4Rα-/- female mice on a BALB/c background. Data are
representative of two similar studies, n=3-4 and * denotes p<0.05.
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3.3.2 Comparison of the splenic cytokine production in wildtype (WT) and

global IL-4Rα-deficient (IL-4Rα-/-) female mice following Plasmodium chabaudi

AJ infection.

IFN-γ production by IL-4Rα-/- derived splenocytes were significantly greater than

WT derived splenocytes following ConA stimulation from day 12 infected mice

while IFN-γ production was comparable following stimulation with antigen (Ag)

(Figure 3.3, A). IL-12 production by IL-4Rα-/- derived splenocytes was

significantly increased following P. chabaudi AJ Ag stimulation (Figure 3.3, B)

compared to their WT counterparts (Figure 3.3, B). Furthermore, a significantly

elevated IL-10 response was observed following ConA and P. chabaudi AJ antigen

stimulation of IL-4Rα-/- derived splenocytes compared with WT derived

splenocytes (Figure 3.3, C). IL-4 production was not significantly different

between the groups in WT and IL-4Rα-/- mice (Figure 3.3, D).

At day 47, IFN-γ production by IL-4Rα-/- derived splenocytes were significantly

lower than the WT derived splenocytes following any of the stimulation methods

(Figure 3.4, A). IL-12 production by WT and IL-4Rα-/- derived splenocytes

displayed no significant comparable differences upon any of the stimulation

methods (Figure 3.4, B). IL-10 production from the IL-4Rα-/- derived stimulated

splenocytes were below the sensitivity of the ELISA compared to the increased

IL-10 production observed from WT derived splenocytes stimulated with ConA

(Figure 3.4, C). In addition, IL-4 production was significantly reduced in IL-4Rα-/-

derived splenocytes following ConA stimulation when compared to the WT

derived splenocytes (Figure 3.4, D).
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Figure 3.3 Comparison of day 12 splenic (A) IFN-γ, (B) IL-12,(C) IL-10 and (D) IL-4 production in
P. chabaudi AJ infected WT and IL-4Rα-/- female mice on a BALB/c background. Data are
representative of two similar studies, n=3-4. ND indicates not detected within the standard curve
range of the ELISA. * denotes p<0.05.
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Figure 3.4 Comparison of day 47 splenic (A) IFN-γ, (B) IL-12, (C) IL-10 and (D) IL-4 production in
P. chabaudi AJ infected WT and IL-4Rα-/- female mice on a BALB/c background. Data are
representative of two similar studies, n=3-4. ND indicates not detected within the standard curve
range of the ELISA. * denotes p<0.05.
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3.3.3 Comparison of the IgG2a and IgG1 antibody responses in wildtype (WT)

and global IL-4Rα-deficient (IL-4Rα-/-) female mice following Plasmodium

chabaudi AJ infection.

Significantly increased IgG2a antibody responses were observed in both infected

groups between days 10-21 and again between days 30-45 when compared to the

non-infected control mice (Figure 3.5, A). Comparable IgG2a antibody responses

were observed between the infected WT and IL-4Rα-/- mice during the course of

the infection except for day 21 when significantly elevated IgG2a Ab titres were

observed in the IL-4Rα-/- mice compared to their WT counterparts (Figure 3.5,

A).

IgG1 antibody responses were comparable in both the infected and the non-

infected control groups during the course of the infection except for the

infected WT mice which displayed elevated IgG1 Ab titres between days 28-45

(Figure 3.5, B). Furthermore, significantly decreased IgG1 Ab titres were

observed in the infected IL-4Rα-/- mice on days 25, 32 and 39 post-infection

when compared to their WT counterparts (Figure 3.5, B).
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Figure 3.5 Comparison of the (A) IgG2a and (B) IgG1antibody responses of P. chabaudi AJ
infected WT and IL-4Rα-/- female mice on a BALB/c background. Data are representative
of two similar studies, n=3-4. * denotes p<0.05.
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3.4 Discussion

The data presented in this study demonstrate that IL-4Rα-/- female mice are

more susceptible to P. chabaudi AJ during the chronic stage of infection than WT

mice. These observations confirm previous results from our group which

illustrated a role for IL-4 and IL-13 in the protective immune response to P.

chabaudi AS infected male mice (Couper, 2003). Although a different parasite

strain was used to the latter investigation due to strain availability at the time,

similar observations were obtained. Consequently, our findings were also

focussed on whether the two parasite strains reproduced similar disease profiles

in the gene deficient mice.

It is established that Th2 responses, driven by IL-4, are thought to control

elimination of malarial parasites at the chronic stage of infection. However,

studies have shown that male IL-4-/- (129SV X C57BL/6)F2 mice were able to

control P.chabaudi AS primary erythrocytic infection in a comparable manner to

WT mice (Balmer et al., 2000, Von Der Weid et al., 1994) so IL-4 alone was not

responsible for protection. It is known that IL-4 and IL-13 have similar

fundamental roles in protection as they both signal via their shared receptor

component, IL-4Rα.

In this study, WT and IL-4Rα-/- mice displayed comparable elevated peak

parasitaemia but IL-4Rα-/- mice were unable to clear and control the infection as

effectively as WT mice with recrudescence on days 32 and 36. This is

comparable with previous findings in our group in which the lack of IL-4 and IL-

13 does affect parasite clearance (Couper, 2003). It has also been shown in

previous findings that IL-4Rα-/- mice displayed greater recrudescence than IL-4-/-

mice, which indicated that in the absence of IL-4, IL-13 played a part in parasite

control. IL-13 thus may replace the function of IL-4. Although IL-13 may be

protective with regard to controlling parasite growth, greater mortality was

found in IL-4-/- mice in comparison to IL-4Rα-/- mice infected with P. chabaudi AS

during primary infection which suggested that IL-13 not only contributes to

protection but also to the pathology of malaria disease. IL-13 may promote

pathology by synergistic activity with IL-2 to promote IFN-γ production by NK

cells or by directly affecting cellular function (Defrance et al., 1994, Punnonen
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et al., 1993) thereby over stimulating the pro-inflammatory response. Despite

the potential pathological role of IL-13 in contributing to mortality in the

absence of IL-4 during P. chabaudi AS infection, it was also required to limit

parasite burden since IL-4Rα-/- mice displayed elevated recrudescence compared

with IL-4-/- mice (Couper,2003).

In the present study at day 5 of the early stage infection, IL-4Rα-/- mice showed

a significantly reduced parastaemia count than WT mice. It may be of

significance that IL-4Rα-/- mice have an enhanced Th1 response compared to

wild-type mice as measured by increased IFN-γ production from ConA stimulated

splenocytes on day 12. Studies using IFN-γ or its receptor gene deficient mice

provide conclusive evidence for the pivotal role for this cytokine in the control

of acute parasitemia and survival of the host during primary infection (Sue and

Stevenson, 2000, van der Heyde et al., 1997, Favre et al., 1997, Meding et al.,

1990). Studies in human malaria have also shown that IFN-γ production is

associated with protection (Plebanski and Hill, 2000 Luty et al., 1999).

Furthermore, nitric oxide (NO) a hallmark of macrophage activation, causes

direct parasite killing. In line with these findings, the present study showed that

IFN-γ production is more pronounced in mice deficient in IL-4 and IL-13 during

the very early stage of P. chabaudi AS infection. What we also found was that at

day 47, IFN-γ production from stimulated splenocytes was significantly reduced

in the IL-4Rα-/- mice compared to the WT control. Our findings were similar to

that of Thawani and colleagues (Thawani et al., 2009). Their data from malaria-

infected STAT6-deficient mice had significantly lower IFN-γ levels than infected

WT mice. Consequently, they suggest that there may be a link between IFN-γ

levels and IL-4 dependent STAT6 signalling in malarial anaemia during acute

blood-stage infection (Thawani et al., 2009). Previous studies have also shown

that IL-4 can promote Th1 responses (Alexander and McFarlane, 2008, McDonald

et al., 2004,  Lean et al., 2003, Hochrein et al., 2000, Noble and Kemeny, 1995,

Bogdan et al., 1993). It is clear that the cellular sources of IFN-γ induced by

human and murine malarial infections have not been definitively identified but

NK cells, CD4+ T-cells, NKT cells, γδ-T cells and dendritic cells have all been

proposed as potential sources (Couper et al., 2007, D’Ombrain et al., 2007,

Soulard et al., 2007, Newman et al., 2006, Leisewitz et al., 2004, Perry et al.,

2004, Mohan et al., 1997, Pichyangkul et al., 1997). In addition, Charles and
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colleagues have shown that an early host response to P. chabaudi infection is

mediated by IFN-γ by an expansion of NK cells (Charles et al., 2008). The

relevance however of these responses to the generation of protective immunity

is still to be addressed which provides another reason for utilizing the

availability of cell-specific gene deficient mice to address these questions.

Interestingly, at day 12, antigen-specific splenocyte stimulation resulted in

elevated IL-10 and IL-4 production in IL-4Rα-/- mice compared to WT mice. These

findings indicate the production of non-specific IL-4 production in the IL-4Rα-/-

mice. Studies have proved the existence of non-specific IL-4 because of the

presence of soluble IL-4Rα and soluble IL-13Rα2 chains by alternate splicing or

shredding and their ability to modulate IL-4 and IL-13 responses (Brombacher,

2000; Jung et al., 1999; Zhang et al., 1997).

The extent of the disease phenotype, characterized by reduced RBC counts, and

reduced weight loss was evident in the WT and IL-4Rα-/- mice at peak infection

with no differences observed. This is in line with previous studies conducted in

our group (Couper, 2003). These phenotypic characteristics do not identify with

the recrudescence and mortality observed in the IL-4Rα-/- mice during chronic P.

chabaudi AS infection.

At peak infection, parasite burdens reach similar levels in both groups but

recrudescence is only evident in the IL-4Rα-/- mice. Indeed, IL-4 inhibits IFN-γ

production from T-cells and IL-12 production from macrophages thereby down-

regulating a Th1 response (Skeen et al., 1996, Powrie et al., 1993) and inducing

the Th2 switch (Phillips et al, 1994, 1997).  Wild-type mice displayed the typical

Th1/Th2 switch with elevated splenic IL-4, IL-10 and induction of IgG1 antibodies

and promotion of Ab-mediated immunity against chronic P. chabaudi AS

infection. It has been shown previously that IL-10 by itself and in co-operation

with Th1 cytokines such as IL-12 also regulates Th2 responses (Wilson et al.,

2007, Hoffmann et al., 2000, Joss et al., 2000, Grunig et al., 1997, Schandene et

al., 1994). Couper and colleagues reviewed the importance of IL-10 as a master

regulator of immunity to infections. They discuss IL-10 as a key immunoregulator

in various types of infections and ablation of IL-10 signalling results in the onset

of severe, often fatal, immunopathology in different types of infections namely
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Plasmodium spp, Toxoplasma gondii, Trypanosoma spp, Mycobacterium spp and

HSV and can be seen in the table summarized in Addendum two (Couper et al.,

2008).  The IL-4Rα-/- mice on the other-hand displayed reduced splenic IL-4 and

IL-10 cytokine production and IgG1 antibody production at day 47 compared to

WT mice. Since both IL-4 and IL-13 enhance B-cell function, IL-4Rα-/- mice

showed an impaired B-cell antibody response with lower IgG1 antibody levels

during the chronic stage of infection compared to the WT control. IL-10

production was only impaired in the IL-4Rα-/- mice and may therefore be

controlled by IL-4 and IL-13 stimulation.

Ab mediated immunity, involving both B cell and CD4+ T cells is considered to

play a major role in the resolution of the chronic stage of infection. The acute

primary parasitaemia is accompanied by IgG2a antibody production which is

preferentially induced by an IL-12 driven Th1 response and IFN- production.

Studies with P. yoelii (White et al., 1991) and P. berghei (Waki et al., 1995)

models have also demonstrated that Ab-dependent protective immunity against

these species is mediated by the Th1-dependent IgG2a Ab. It is possible that IL-

12 and associated Th1 type cytokines, produced early during blood-stage P.

chabaudi AS infection, modulate the Ab subclass response and consequently

exert influence on Ab-mediated protective immunity for control of the chronic

infections. Su and Stevenson further support the role for IL-12 and the type-1

response during both acute and chronic phases of blood-stage malaria (Su and

Stevenson, 2002). They have demonstrated that IL-12 is required not only for

activation of innate and cell mediated immune mechanisms to control acute

primary infection, but also for the development of efficient Ab-dependent

immunity to resolve the chronic phase of primary infection and to control

challenge infection (Su and Stevenson, 2002). The present study shows that

IgG2a is greater in IL-4Rα-/- mice at day 21 post infection compared with WT

mice. In contrast to the WT mice, IL-4Rα-/- mice displayed reduced IgG1 Ab

production at day 47. These findings may indicate that in the absence of IL-4 and

IL-13 regulation, Ab-dependent protective immunity against P. chabaudi AS

could still be mediated by Th1-dependent IgG2a Ab.
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In summary, IL-4Rα-/- mice have increased early resistance and diminished

resistance during chronic infection compared with wild-type mice when infected

with P. chabaudi AJ strain parasites. This is roughly concomitant with an

enhanced Th1 response as measured by IFN-γ early and diminished Th2 response

as measured by IgG1/IgG2a levels late in infection.

In particular, we have shown that the IL-4Rα-/- mice showed greater

susceptibility to P. chabaudi AJ infection in comparison to their WT counterparts

as measured by elevated recrudescence suggesting that IL-4 and IL-13 cytokines

provide a protective function during the chronic stage of P. chabaudi AJ

infection of female mice. These findings are in agreement with previous

observations made in our group using P. chabaudi AS strain. Consequently, our

results provide evidence that the immunological effects of infection are not

parasite strain-specific as infection with both strains of the parasite produced a

similar impaired Th2 immune response during chronic protection in the IL-4Rα-/-

mice. Thus, the effect of the absence of IL-4/IL-13 is the same with the

different parasite strains. Secondly, our current findings in which female mice

were utilized produced the same disease phenotype as was previously shown

using male mice indicating that the observation obtained was not dependent on

the host gender, the male and female mice demonstrated a similar disease

profile.
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Chapter Four

A comparison of the course of Plasmodium chabaudi AS erythrocyte

infection in wild-type (WT) and global IL-4R-alpha-deficient

(IL-4Rα-/-) male and female mice.
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4.1 Abstract

Findings in Chapter 3 using female BALB/c mice infected with P. chabaudi AJ

indicated that the IL-4Rα-/- mice were more susceptible than WT controls during

chronic infection and that these findings were similar to what has been

previously obtained using the P. chabaudi AS strain. In this Chapter, with the

availability of P. chabaudi AS strain, we firstly wanted to utilize the original P.

chabaudi AS model system in male mice to further investigate the role of IL-4Rα

signalling during murine malaria infection. However, we found that male mice,

compared with female mice were extremely susceptible to infection with

greater mortality observed. As a consequence, experiments using male IL-4Rα-/-

and equivalent number of WT control mice were terminated at day 14.

Nevertheless, lower survival rates were obtained in IL-4Rα-/- mice compared with

their WT counterparts suggesting yet again the protective potential of IL-4/IL-

13. As a result of the extreme susceptibility of male mice, we opted for the use

of female mice infected with P. chabaudi AS as a more suitable model for

subsequent investigations. Female IL-4Rα-/- mice in comparison to WT controls

demonstrated an early delay in the onset of acute parasitaemia but were more

susceptible to P. chabaudi AS infection as measured by the severity of the

recrudescent infection. There was evidence of an enhanced Th1 response early in

the infected IL-4Rα-/- mice as measured by increased ConA stimulated splenic

IFN-γ. This followed by a diminished Th2 response in IL-4Rα-/- mice during the

chronic-stage infection as measured by reduced splenic IL-10 and IL-4 cytokine

responses following ConA stimulation and reduced serum IgG1 antibody titres at

day 48. In conclusion, these results are similar to that obtained using the AJ

strain of P. chabaudi.
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4.2 Introduction

The optimal immune response to malaria infection comprises the rapid induction

of inflammatory anti-parasitic responses that is followed by equally rapid

resolution of inflammation that is mediated by anti-inflammatory cytokines to

prevent immunopathology (Artavaris-Tsakonas et al., 2003).

Protective immunity during the initial ascending and peak parasitaemias is

controlled through innate NK and macrophage responses and CD4+Th1 T cells,

with IL-12, IFN-γ, TNF-α, ROI and NO candidates in parasite control (Langhorne

et al., 2004). IL-12 (Su and Stevenson, 2002) and IFN-γ-deficient (Balmer et al.,

2000) or depleted mice display increased peak parasitaemia and an impaired

capacity to clear the infection. Th2 protection is correlated to antibody

production.  Clearance of the acute primary parasitaemia occurs at the time

corresponding to the switch from Th1 to Th2 biased immunity: B cells are

essential for the switch to occur (Taylor-Robinson and Phillips, 1994). The exact

mechanism inducing the biphasic T cell switch is, however, not as clear but may

involve a gradual alteration in APC identity from DC’s and macrophages to B-

cells, and also IL-4/IL-13 may play a role.  An IL-4 driven Th2 response and

associated cytokines such as IL-13 counter-regulate Th1 responses and

consequently Th2 responses control the chronic infection. The decline of IL-12

production as infection develops along with IL-10 production has been suggested

as contributing to the T-cell switch (Taylor-Robinson and Phillips, 1994).  IgG2a

associated with a Th1 response has been demonstrated to be important in the

control of infection as depletion of IgG2a and using IL-12-/- mice, which display

reduced IgG2a responses, reduces the protective capacity of anti-sera (Cavinato

et al., 2001). A number of recrudescent episodes occur during P. chabaudi AS

chronic infection, which is the result of antigenic switching of variant antigen

types (VAT) and modulation of the immune response by the parasite (Phillips et

al., 1997).
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It has been shown in previous studies that hormonal and immunological

differences mediate sex differences in parasitic infections (Klein, 2004). Females

typically have greater immune responses than males (Klein, 2000, Zuk and

McKean, 1996) and in rodent malaria studies, mortality rates have shown to be

greater in males than females and may involve immunological differences

between the sexes (Klein, 2004). In P. chabaudi (Wunderlich et al., 1991) and P.

berghei (Kamis and Ibrahim, 1989) infection studies, administration of

testosterone was shown to increase mortality rates. Consequently, the

immunomodulatory effects of testosterone may underlie the increased

susceptibility to Plasmodium infections in males compared to females (Klein,

2004).

With the availability later in the project of P. chabaudi AS, the present study

focused on using the original model as described by Couper (Couper, 2003) in

male BALB/c mice to determine the immune response to infection in IL-4Rα-/-

mice compared to WT controls. However, we found that male mice were highly

susceptible to infection and suffered severe pathology and high levels of

mortality. Consequently, they were not appropriate for further experimentation.

Female mice were less susceptible and were used in all subsequent experiments.

Moreover, the disease and immunological phenotypes produced in IL-4Rα-/- and

wild-type BALB/c mice infected with P. chabaudi AS strain were similar to that

using the AJ strain (previous chapter).
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4.3 Results

4.3.1 Disease phenotype and immunological responses in wild-type (WT) and

global IL-4R-alpha-deficient (IL-4Rα-/-) male mice following Plasmodium

chabaudi AS infection.

Mortality in the WT and IL-4Rα-/- mice (Figure 4.1, A) occurred between days 10-

14 and coincided with the peak infection (Figure 4.1, B), maximum weight loss

(Figure 4.2, A) and P. chabaudi AS induced anaemia (Figure 4.2, B) observed.

However, parasite burdens around peak infection and upon termination of the

experiment at day 14 were not significantly different between the IL-4Rα-/- and

WT mice (Figure 4.1, B). Maximal weight loss occurred between days 10-12

(Figure 4.2, A). WT and IL-4Rα-/- mice displayed no significant difference in

weight loss at the peak infection (Figure 4.2, A). Severe P. chabaudi AS induced

anaemia was observed in both groups between days 10-12 of the acute infection

(Figure 4.2, B). However, no significant differences in RBC count was observed

between the IL-4Rα-/- and WT mice at peak infection (Figure 4.2, B).

While 54% of WT mice survived infection all remaining IL-4Rα-/- mice had to be

sacrificed at day 14 because of severe pathology (Figure 4.1, A).

Immunological responses demonstrated that an enhanced Th1 response occurred

at day 10 of the peak infection in IL-4Rα-/- mice as measured by increased ConA

stimulated splenic IFN-γ production compared to their WT counterparts (Figure

4.3, A). Furthermore, day 10 splenic IL-10 (Figure 4.3, B) levels were

comparable and IL-4 (Figure 4.3, C) levels showed no significant differences

between the IL-4Rα-/- and WT control groups. Similarly, at day 10 IgG2a (Figure

4.4, A) and IgG1 (Figure 4.4, B) antibody titres were comparable between the

groups.
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Figure 4.1: (A) Comparison of the survival rates of P. chabaudi AS infection in WT and IL-4Rα-/-

male mice on a BALB/c background. (B) Comparison of the disease parasitaemias of P. chabaudi
AS infection in WT and IL-4Rα-/- male mice on a BALB/c background. Results are displayed as a
log % of parasitaemia levels. Data are representative of two independent studies, n=4-8. †,
experiment was terminated because of severe pathology displayed by male IL-4Rα-/- mice.
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Figure 4.2: Comparison of (A) weight loss and (B) malaria induced anaemia during the course of
P. chabaudi AS infection in WT and IL-4Rα-/- male mice on a BALB/c background. Data are
representative of two independent studies, n=3-4.
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Figure 4.3: Comparison of day 10 splenic (A) IFN-γ, (B) IL-10 and (C) IL-4 production
in P. chabaudi AS infected WT and IL-4Rα-/- male mice on a BALB/c background.
Data are representative of two independent studies, n=3-4. * denotes p<0.05.
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Figure 4.4: Comparison of the (A) IgG2a and (B) IgG1 antibody responses of
P. chabaudi AS infected WT and IL-4Rα-/- male mice on a BALB/c background.
Data are representative of two independent studies, n=3-4. * denotes p<0.05.
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4.3.2 Comparison of the survival rates and disease phenotypes of wild-type

(WT) and global IL-4R-alpha-deficient (IL-4Rα-/-) female mice following

Plasmodium chabaudi AS infection.

The IL-4Rα-/- mice displayed an enhanced mortality rate of 17% at day 12 and a

further 33% at day 36 post-infection when compared to the WT mice where no

deaths were recorded (Figure 4.5, A). Parasite burdens at day 3 were

significantly greater in the WT mice compared to the IL-4Rα-/- mice while peak

parasitaemia was comparable between the groups (days 7-12). However, an

elevated recrudescent episode was observed in the IL-4Rα-/-  mice that were

unable to effectively clear and control the infection compared to the WT mice

on days 17, 22 and 28 (Figure 4.5, B) thus highlighting an exacerbated infection

in the absence of IL-4 and IL-13 signalling. Following day 28, IL-4Rα-/- mice

suppressed the infection and were subsequently able to control the chronic

infection until termination of the experiment on day 48 in a comparable manner

to the WT counterparts.

WT and IL-4Rα-/- mice displayed similar weight loss during infection with no

significant differences between the groups at peak and post infection (Figure

4.6, A). Maximal weight loss occurred on day 10 post infection and following

parasite control a recovery in weight was observed in the WT and IL-4Rα-/-  mice

(Figure 4.6, A).

During the early stage of infection at day 5, RBC counts were significantly higher

in the IL-4Rα-/- mice compared to the WT mice (Figure 4.6, B) corresponding to

the lower parasitaemia levels observed in the IL-4Rα-/- mice around this time

(Figure 3.1, B). Severe anaemia was observed in both groups at day 9-10 post

infection (Figure 4.6, B) corresponding to peak parasitaemia (Figure 4.6, B).

Following parasite control, no consistent difference in malarial induced anaemia

was observed during chronic infection between the WT and IL-4Rα-/- mice (Figure

4.6, B).
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Figure 4.5: (A) Comparison of the survival rates of P. chabaudi AS infection in WT and IL-4Rα-/-

female mice on a BALB/c background. (B) Comparison of the disease phenotype of P. chabaudi
AS infection in WT and IL-4Rα-/- female mice on a BALB/c background. Results are displayed as a
% and as a log % of parasitaemia levels. Data are representative of two independent studies. WT
n=14 and IL-4Rα-/- n=18. * denotes p<0.05.
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Figure 4.6: Comparison of (A) weight loss and (B) malaria induced anaemia during the course of
P. chabaudi AS infection in WT and IL-4Rα-/- female mice on a BALB/c background. Data are
representative of two independent studies, n=14. * denotes p<0.05.
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4.3.3 The influence of chronic disease on splenomegaly in wild-type (WT) and

global IL-4Rα-deficient (IL-4Rα-/-) female mice infected with Plasmodium

chabaudi AS.

Whole spleen weights of non-infected and infected WT and IL-4Rα-/- mice were

measured to determine the severity of splenomegaly during the course of P.

chabaudi AS infection between the respective groups. It is clear that P. chabaudi

AS parasites directly cause splenomegaly in the infected groups compared to no

spleen enlargement observed in non-infected mice throughout the duration of

the disease (Figure 4.7). Furthermore, a slight decrease but not significant

difference in spleen weight was observed in the IL-4Rα-/- mice when compared

to the WT mice on day 10 (Figure 4.7, A) and day 17 (Figure 4.7, B). Similarly, no

significant difference in the severity of splenomegaly was observed between the

WT and IL-4Rα-/- mice at day 48 post-infection (Figure 4.7, C).
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Figure 4.7: Comparison of the whole spleen tissue weights of non-infected and P. chabaudi AS
infected WT and IL-4Rα-/- female mice on a BALB/c background on (A) day 10 (B) day 17 and (C)
day 48. Data are representative of two independent studies, n=5-6. * denotes p<0.05.
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4.3.4 Comparison of the splenic cytokine production in wild-type (WT) and

global IL-4Rα-deficient (IL-4Rα-/-) female mice following Plasmodium chabaudi

AS infection.

IFN-γ production by WT derived splenocytes was significantly lower than IL-4Rα-/-

derived splenocytes following ConA stimulation from day 10 infected mice while

IFN-γ production was comparable following stimulation with antigen (Figure 4.8,

A). IL-12 production by WT and IL-4Rα-/- derived splenocytes was comparable

following all in vitro stimulation methods (Figure 4.8, B). In contrast, a

significantly elevated IL-10 response was observed following P. chabaudi AS

antigen (200µg) stimulation by IL-4Rα-/- derived splenocytes compared with WT

derived splenocytes (Figure 4.8, C). Peak IL-4 production was induced by ConA

stimulation in both groups (Figure 4.8, D).

At day 17, IFN-γ production was significantly reduced by IL-4Rα-/- derived

splenocytes following ConA stimulation compared to WT derived splenocytes

(Figure 4.9, A). IFN-γ production was not witnessed for any of the other

stimulation methods. Furthermore, IL-12 production was below the sensitivity of

the ELISA in the IL-4Rα-/- derived splenocytes compared to the WT derived

splenocytes (Figure 4.9, B). A significantly reduced IL-10 response by IL-4Rα-/-

derived splenocytes compared with WT derived splenocytes was observed

following ConA stimulation. No IL-10 production was witnessed following any of

the other stimulation methods (Figure 4.9, C). No significant differences in IL-4

production were obtained in WT and IL-4Rα-/- derived splenocytes following ConA

stimulation. No IL-4 production was witnessed following any of the other

stimulation methods in the IL-4Rα-/- derived splenocytes (Figure 4.9, D).



81

At day 48, no significant differences in IFN-γ production was observed between

the WT and IL-4Rα-/- derived splenocytes following stimulation with any of the

stimulation methods (Figure 4.10, A). IL-12 production by WT and IL-4Rα-/-

derived splenocytes was comparable following in vitro stimulation (Figure 4.10,

B). IL-10 production was significantly reduced in IL-4Rα-/- derived splenocytes

following ConA stimulation when compared to WT derived splenocytes while IL-

10 production was comparable following the other stimulation methods (Figure

4.10, C). IL-4 production was significantly reduced in IL-4Rα-/- derived

splenocytes following ConA stimulation but showed significantly increased IL-4

production following P. chabaudi AS antigen stimulation when compared to WT

derived splenocytes (Figure 4.10, D).



82

A. B.

     IFN- (D10)

Neg
at

ive
Co

nA g)

RB
C 

Ag
 (1

00
g)

RB
C 

Ag
 (2

00
g)

AS
 A

g (
10

0
g)

AS
 A

g (
20

0
Neg

at
ive

Co
nA g)

RB
C 

Ag
 (1

00
g)

RB
C 

Ag
 (2

00
g)

AS
 A

g (
10

0
g)

AS
 A

g (
20

0

0.0

0.5

1.0

1.5
40
90

140
190
240

WT

IL-4R-/-*
n

g/
m

l

     IL-12 (D10)

Neg
at

ive
Co

nA g)

RB
C 

Ag
 (1

00
g)

RB
C 

Ag
 (2

00
g)

AS
 A

g (
10

0
g)

AS
 A

g (
20

0
Neg

at
ive

Co
nA g)

RB
C 

Ag
 (1

00
g)

RB
C 

Ag
 (2

00
g)

AS
 A

g (
10

0
g)

AS
 A

g (
20

0

0.0

0.1

0.2

0.3
WT

IL-4R-/-

n
g/

m
l

     IL-10 (D10)

Neg
ati

ve
ConA g)



RBC A
g (1

00
g)



RBC A
g (2

00
g)



AS A
g (1

00
g)



AS A
g (2

00
Neg

ati
ve
ConA g)



RBC A
g (1

00
g)



RBC A
g (2

00
g)



AS A
g (1

00
g)



AS A
g (2

00

0.0

0.5

1.0

1.5

2.0

2.5

*

*

WT

IL-4R-/-

A
ve

ra
ge

 O
D

 (
ng

/m
l)

 IL-4 (D10)

Neg
ati

ve
ConA g)



RBC A
g (1

00
g)



RBC A
g (2

00
g)



AS A
g (1

00
g)



AS A
g (2

00
Neg

ati
ve
ConA g)



RBC A
g (1

00
g)



RBC A
g (2

00
g)



AS A
g (1

00
g)



AS A
g (2

00

0.0

0.5

1.0

1.5

2.0

2.5

NDND NDND

WT

IL-4R-/-

A
ve

ra
ge

 O
D

 (
ng

/m
l)

C.    D.

     IFN- (D10)

Neg
ati

ve
ConA g)



RBC A
g (1

00
g)



RBC A
g (2

00
g)



AS A
g (1

00
g)



AS A
g (2

00
Neg

ati
ve
ConA g)



RBC A
g (1

00
g)



RBC A
g (2

00
g)



AS A
g (1

00
g)



AS A
g (2

00

0.0

0.5

1.0

1.5
40
90

140
190
240

WT

IL-4R-/-*

A
ve

ra
ge

 O
D

 (
ng

/m
l)

     IL-12 (D10)

Neg
ati

ve
ConA g)



RBC A
g (1

00
g)



RBC A
g (2

00
g)



AS A
g (1

00
g)



AS A
g (2

00
Neg

ati
ve
ConA g)



RBC A
g (1

00
g)



RBC A
g (2

00
g)



AS A
g (1

00
g)



AS A
g (2

00

0.0

0.1

0.2

0.3
WT

IL-4R-/-

A
ve

ra
ge

 O
D

 (
ng

/m
l)

     IL-10 (D10)

Neg
at

iveCo
nA g)

RB
C 

Ag (
10

0
g)

RB
C 

Ag (
20

0
g)

AS
 A

g (
10

0
g)

AS
 A

g (
20

0
Neg

at
iveCo

nA g)

RB
C 

Ag (
10

0
g)

RB
C 

Ag (
20

0
g)

AS
 A

g (
10

0
g)

AS
 A

g (
20

0

0.0

0.5

1.0

1.5

2.0

2.5

*

*

WT

IL-4R-/-

n
g/

m
l

 IL-4 (D10)

Neg
at

ive
Co

nA g)

RB
C 

Ag (
10

0
g)

RB
C 

Ag (
20

0
g)

AS
 A

g (
10

0
g)

AS
 A

g (
20

0
Neg

at
ive

Co
nA g)

RB
C 

Ag (
10

0
g)

RB
C 

Ag (
20

0
g)

AS
 A

g (
10

0
g)

AS
 A

g (
20

0

0.0

0.5

1.0

1.5

2.0

2.5

NDND NDND

WT

IL-4R-/-

n
g/

m
l

Figure 4.8: Comparison of day 10 splenic (A) IFN-γ, (B) IL-12,(C) IL-10 and (D) IL-4 production in
P. chabaudi AS infected WT and IL-4Rα-/- female mice on a BALB/c background. Data are
representative of two independent studies, n=3-5. ND indicates not detected within the standard
curve range of the ELISA. * denotes p<0.05.
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Figure 4.9: Comparison of day 17 splenic (A) IFN-γ, (B) IL-12, (C) IL-10 and (D) IL-4 production in
P. chabaudi AS infected WT and IL-4Rα-/- female mice on a BALB/c background. Data are
representative of two independent studies, n=3-5. ND indicates not detected within the standard
curve range of the ELISA. * denotes p<0.05.
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Figure 4.10: Comparison of day 48 splenic (A) IFN-γ, (B) IL-12, (C) IL-10 and (D) IL-4 production
in P. chabaudi AS infected WT and IL-4Rα-/- female mice on a BALB/c background. Data are
representative of two independent studies, n=3-6. ND indicates not detected within the standard
curve range of the ELISA. * denotes p<0.05.
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4.3.5 Comparison of the IgG2a and IgG1 antibody responses in wild-type (WT)

and global IL-4Rα-deficient (IL-4Rα-/-) mice following Plasmodium chabaudi AS

infection.

Significantly increased IgG2a antibody responses were observed from day 10 WT

infected mice compared to the IL-4Rα-/- mice (Figure 4.11, A). At day 17 post

infection, comparable IgG2a antibody responses were observed between both

groups (Figure 4.11, B). However, IgG2a antibody responses at day 48 were then

significantly increased in the IL-4Rα-/- mice compared to their WT counterparts

(Figure 4.11, C).

IgG1 antibody responses were significantly increased in the WT infected mice

compared to the IL-4Rα-/- mice on days 10 and 17 (Figure 4.12, A, B). IgG1

antibody responses at day 48 were significantly reduced in the IL-4Rα-/- mice

compared to their WT counterparts (Figure 4.12, C).
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Figure 4.11: Comparison of the IgG2a antibody responses of P. chabaudi AS infected WT
and IL-4Rα-/- female mice on a BALB/c background on (A) day 10 (B) day 17 and (C) day
48. Data are representative of two independent studies, n=4-6. * denotes p<0.05.
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Figure 4.12: Comparison of the IgG1 antibody responses of P. chabaudi AS infected WT
and IL-4Rα-/- female mice on a BALB/c background on (A) day 10 (B) day 17 and (C) day
48. Data are representative of two independent studies, n=4-6. * denotes p<0.05.
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4.4 Discussion

In this study, male IL-4Rα-/- mice presented higher fatalities to P. chabaudi AS

infection than the WT control and could not survive the duration of the

experiment. However, no significant phenotypic differences were observed in

parasitaemia levels, RBC counts and weight loss in the IL-4Rα-/- mice compared

to the WT controls. There was evidence of an enhanced Th1 immune response at

day 10 in the IL-4Rα-/- mice as measured by increased ConA stimulated splenic

IFN-γ production but IgG1 and IgG2a Ab titres remain comparable. It was evident

that the magnitude of the immunological response in the infected male mice

was greater than what had previously been found in female mice (chapter 3 and

4). An explanation for this finding was attributed to the fact that the

immunomodulatory effects of testosterone, a male hormone, may underlie

increased susceptibility to Plasmodium infection in males compared to females.

It has been shown before in a P. chabaudi model that exposure of adult female

mice to testosterone reduces Ab production, decreases MHC II cells in the spleen

and increases CD8+ T-cells in the spleen (Benten et al., 1997) thereby increasing

susceptibility to infection. Another study showed that it was possible for

testosterone to modulate Th1/Th2 function in the protection against P. chabaudi

chabaudi AS infection (Zhang et al., 2000). IFN-γ-/- and IL-4-/- mice reveal that

the effects of IFN-γ and IL-4 on survival were more pronounced in males than

females. Male IFN-γ-/- and IL-4-/- mice have shorter survival times than their

male WT counterparts. In contrast, no differences were obtained between

female IFN-γ-/- and IL-4-/- mice and WT counterparts (Zhang et al., 2000).

As a result of the extreme susceptibility of male BALB/c mice and particularly

male IL-4Rα-/- mice to infection with P. chabaudi AS, female mice were used in

all subsequent studies. Female IL-4Rα-/- mice infected with P. chabaudi AS did

not display elevated peak parasitaemia compared to the WT control so the lack

of IL-4/IL-13 function does not affect iRBC clearance. However, the IL-4Rα-/-

mice displayed reduced parasitaemia levels at day 5 compared to the WT control

indicating that Th1 mechanisms and parasite control were possibly enhanced in

the absence of IL-4/IL-13. A significantly enhanced recrudescent episode was

displayed in the IL-4Rα-/- mice compared with the WT control indicating that the

absence of IL-4/IL-13 function resulted in an impaired Th2 protective immune
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response during the chronic stage of the disease. Furthermore, there was

evidence of early Th1 associated cytokine control in the IL-4Rα-/- mice compared

to the WT control as measured by increased IFN-γ production from ConA

stimulated spleens. Following the declining parasitaemia, an impaired Th2

immune response was characterized by reduced IL-10 and IL-4 production from

ConA stimulated spleens and reduced IgG1 Ab titres from IL-4Rα-/- mice in

comparison to the WT control indicating that adequate protection was

compromised in the IL-4Rα-/- mice.

The results of the female P. chabaudi AS infection model are in agreement with

previous findings obtained using P. chabaudi AS strain from our group (Couper,

2003) and with that obtained in chapter 3 using P. chabaudi AJ strain. It is

evident that a significant role for IL-4Rα exists in the protective response against

P. chabaudi AS infection that requires further investigation. IL-4 and IL-13 are

Th2 cytokines whose biological functions are induced through a common IL-4Rα

chain. The IL-4 receptor consists of two chains, the IL-4Rα chain and the IL-2Rγ

chain (Hart et al., 1999).  The IL-13 receptor is a complex of the IL-4Rα chain

and the IL-13Rα1 chain.  Effective IL-13 signalling occurs only through the IL-4Rα

chain and IL-13Rα1 chain.  Thus, IL-4Rα is a common component of the receptor

complexes for IL-4 and IL-13. Accordingly, IL-4 and IL-13 have many functional

properties in common including the modulation of Th2 cell development, type 2

Ig class switching in B cells and inflammatory responses due to the regulation of

macrophage functions (Brombacher, 2000). Of note is that murine lymphocytes

do not have IL-13 receptors.

In conclusion, we have shown that a role for IL-4 and IL-13 exists for protection

against P. chabaudi AS infection in male and female BALB/c mice. However,

male mice succumbed to infection at a greater extent than the female mice due

to possible immunomodulatory effects of sex hormones. Although no major

differences were found between WT and IL-4Rα-/- mice at peak parasitaemia,

there was a significant early delay in the onset of peak parasitaemia in the

IL-4Rα-/- compared to the WT control mice. However, in comparison to the WT

control, recrudescence was only evident in the IL-4Rα-/- mice, which indicated

impairment in the Th2 immune response, which was demonstrated by reduced
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serum IgG1 antibody responses and discussed in more depth in the previous

chapter.

IL-4 and IL-13 are pleotrophic cytokines and numerous cell types are responsive

to signalling via IL-4Rα. Recently, Brombacher and colleagues have generated a

number of tissue specific deficient mice (Bryson et al., 2011, Mc Farlane et al.,

2011, Brombacher et al., 2009, Dewals et al., 2009, Keating et al., 2009, Michels

et al., 2009, Horsnell et al., 2007, Radwanska et al., 2007, Leeto et al., 2006,

Herbert et al., 2004). This is achieved by the use of tissue specific promoters

and a Cre/loxP-specific site-specific recombination technique (see Methodology,

Chapter 2). Using such mice will ultimately allow dissection of the cell types

responding to IL-4/IL-13 that mediate protection/susceptibility to P. chabaudi

infection.

In chapter five, I shall examine whether the protective modulatory capacity of

IL-4/IL-13 functions via IL-4Rα signalling on macrophages/neutrophils by

utilization of macrophage/neutrophil-specific IL-4Rα gene deficient mice

(LysMcreIL-4Rα-/lox).
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Chapter Five

The role of IL-4/IL-13 responsiveness by macrophages and neutrophils

during Plasmodium chabaudi AS erythrocyte infection in female

mice.
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5.1 Abstract

Differently activated macrophages display distinct biological features. Previous

investigations have shown that IL-4, IL-13, IL-10, TGF-β, immune complexes and

apoptotic cells elicited during protozoan infections induce alternative activation

states of macrophages thereby affecting the disease outcome. Disease outcome

is affected on the one hand, by promoting parasite survival and proliferation and

on the other hand, by limiting collateral tissue damage because of excessive Th1-

type inflammation. Thus, modulation of macrophage activation may be

instrumental in allowing parasite persistence and long-term host survival. In the

present study, macrophage/neutrophil-specific IL-4Rα-/- (LysMcreIL-4Rα-/flox)

female mice were generated to understand the role of IL-4/IL-13 mediated

functions on macrophages/neutrophils to determine whether the alternate

activation of these cells provides long-term protective immunity in a P. chabaudi

AS infection model. Our data showed that LysMcreIL-4Rα-/flox mice developed

protective immunity against Plasmodium chabaudi AS infection. Wild-type (WT)

and LysMcreIL-4Rα-/flox mice demonstrated similar disease profiles. The

LysMcreIL-4Rα-/flox mice showed no mortality, no recrudescent parasitaemias and

recovered from infection more effectively compared with the IL-4Rα-/- mice.

Furthermore, induced Th1 (IFN-γ) and Th2 (IL-10 and IL-4) spleen cytokine

production, upon antigenic stimulation, and the induction of serum IgG2a and

IgG1 antibody responses were similar to wild-type mice and presumably

contributed to control of parasitaemia and long lasting protective immunity in

the LysMcreIL-4Rα-/flox mice. In contrast, IL-4Rα-/- mice were extremely

susceptible to P. chabaudi AS infection with greater mortality and recrudescent

parasitaemia observed. Additionally, Th2 cytokines and antibody responses in the

IL-4Rα-/- mice were impaired during the chronic stage of infection. Taken

together, our results indicate that the alternate activation of

macrophages/neutrophils by IL-4 and IL-13 are not essential for long-term

protective immunity towards P. chabaudi AS infected mice.
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5.2 Introduction

The Th2 cytokines IL-4 and IL13 are closely related cytokines that share common

biological properties with overlapping, yet distinct, functions.  Consequently,

IL-4 and IL-13 are important regulators of disease. The functional similarities are

explained by both cytokines sharing the same IL-4Rα chain (Brombacher, 2000,

Zurawski and de Vries, 1994). Signalling for both cytokines is dependent upon

the IL-4Rα chain in association with either the common γ chain as well as via the

type 2 receptor, a heterodimer between the IL-4R chain and the IL-13Rα1 chain.

The type 2 receptor is the only functional IL-13R.  IL-4Rα responsiveness

therefore provides an effective strategy for protection against parasites such as

Nippostrongylus brasiliensis, Schistosoma mansoni, Trichuris muris, and

Trichinella spiralis. However, in allergic disease, IL-4 and IL-13 activation can

have fatal consequences for the host (Brombacher, 2000). In Plasmodium

studies, the effect of IL-4Rα signalling on macrophages/neutrophils for long-term

protection is not well understood. Taken together, IL-4Rα signalling can confer

protection or promote inflammation and tissue injury depending on the antigenic

stimulus and the type of cell expressing the receptor.

Depending on the type of antigenic stimuli or cytokine environment, activation

of macrophages can develop into two distinct pathways (Mantovani et al., 2002,

Goerdt and Orfanos, 1999; Munder et al., 1988). Classically activated

macrophages (caMø) (activated by Th1-type signals such as IFN- γ) serve a vital

role in response to bacterial stimuli such as LPS (Brombacher et al., 2009,

Gordon, 2003). caMø produce Reactive Nitrogen Intermediates (RNI) and

proinflammatory cytokines such as TNF and IL-12. Thus, caMø are indispendable

effector cells of protective immunity against intracellular pathogens including

Mycobacterium tuberculosis (M.Tb) and Leishmania major (Brombacher et

al.,2009, Gordan, 2003, Holscher et al., 2001, Louis et al., 1998). Although caMø

provide a beneficial role in host defense, proinflammatory responses can be

detrimental to the host tissue if persistant escalation of inflammation occurs and

can result in immunopathology. Thus, an alternate pathway of Mø activation has

been proposed as a mechanism for attenuation of excessive inflammation

(Brombacher et al., 2009, Gordan, 2003, Goerdt and Orfanos, 1999). Alternate

activation of macrophages (aaMø) are induced by the Th2 cytokines, namely,
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IL-4 and IL-13 via the shared IL-4Rα chain (Brombacher et al., 2009, Gordon,

2003). aaMø attenuates excessive inflammation and secretes anti-inflammatory

mediators to resolve inflammation (Brombacher et al., 2009, Gordon, 2003;

Goerdt and Orfanos, 1999). IL-10 is often co-induced with the Th2 cytokines in

the course of an immune response. It is not appropriate to classify IL-10 together

with IL-4 and IL-13 as an alternative activator of macrophages. IL-10 acts on a

distinct plasma-membrane receptor (IL-10R consisting of the ligand-binding

subunit, IL-10R1 and the accessory subunit, IL-10R2) (Moore et al., 2001) to those

for IL-4 and IL-13. Its effects on macrophage gene expression are different,

involving a more profound inhibition of a range of antigen-presenting and

effector functions, together with the activation of selected genes or functions.

IL-10 clearly has actions on macrophages that are distinct from those of IL-4 and

IL-13 (Gordon, 2003).

It is known that immunity to P. chabaudi is complex and involves both innate

and adaptive cellular and humoral responses (Namazi and Phillips, 2010, Couper

et al., 2005; Phillips et al., 1997; Mohan et al., 1997; Taylor-Robinson, 1995).

CD4+ Th1 and Th2 cells play important protective, but functionally different roles

during malaria infection (Namazi and Phillips, 2010, Smith and Taylor-Robinson,

2003, Taylor-Robinson, 1995, Langhorne, 1989). Reports have shown that initial

control against P. chabaudi infection is by innate cellular (such as macrophages

and NK cells) and Th1 responses whereby protection is associated with IFN-γ,

TNF-α and NO production (Couper et al., 2005; Taylor-Robinson et al., 1993;

Taylor-Robinson and Phillips, 1992; Langhorne et al., 1989). Th2 response rises

when the infection becomes chronic and protection is largely dependent on B-

cell and antibody production (Couper et al., 2005; Smith and Taylor-Robinson et

al., 2003; Langhorne et al., 1989) and could play a role in the elimination of the

infection (Namazi and Phillips, 2010, McDonald and Phillips, 1980). While IL-4 is

an important cytokine driving the Th2 response, little is known about the cellular

mechanisms orchestrating the Th1-Th2 switch and the involvement of alternative

macrophage activation during Plasmodium infection. Therefore, the emphasis of

the present study was to elucidate whether alternative activation of

macrophages/neutrophils via IL-4Rα signalling was necessary for long-term host

protection during P. chabaudi AS infection.
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Functional studies on the role of aaMø in experimental mouse models of human

diseases have been aided by the use of macrophage/neutrophil-specific IL-4Rα-/-

mice established by Brombacher and colleagues (McFarlane et al., 2011, Michels

et al., 2009, Keating et al., 2009, Brombacher et al., 2009, Herbert et al.,

2004). To determine the role of IL-4Rα signalling in macrophages/neutrophils

during P. chabaudi AS infection, mice were engineered with a loxP-flanked IL-

4Rα allele and Cre-recombinase expression under control of the regulatory

region for the lysozyme M gene (LysMCre mice) (Clausen et al., 1999) and thereby

restricting Cre-mediated loxP recombination to only macrophages and

neutrophils (McFarlane et al., 2011, Michels et al., 2009, Keating et al., 2009,

Brombacher et al., 2009, Herbert et al., 2004). We report here that the role for

IL-4/IL-13 activated macrophages/neutrophils during Th2 responses of P.

chabaudi AS infected LysMcreIL-4Rα-/lox mice was not critical for host survival or

disease susceptibility.
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5.3 Results

5.3.1 Comparison of the survival rates and disease phenotypes of wild-type

(WT), global IL-4Rα gene deficient (IL-4Rα-/-) and macrophage/neutrophil-

specific IL-4Rα-deficient (LysMcreIL-4Rα-/lox) female mice following

Plasmodium chabaudi AS infection.

WT and LysMcreIL-4Rα-/lox mice survived the acute stage infection with no

mortalities observed whereas the IL-4Rα-/- mice displayed an enhanced mortality

rate of 17% on day 12 (Figure 5.1). During the chronic-stage infection, 25%

mortality was observed in the WT strain on day 22 while the majority of deaths,

at 33% mortality, was observed in the IL-4Rα-/- mice at day 36 (Figure 5.1). In

contrast, no deaths were seen in the LysMcreIL-4Rα-/lox mice during the course of

infection (Figure 5.1).
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Figure 5.1: Comparison of the survival rates of P. chabaudi AS infection in WT (IL-4Rαlox/-),
IL-4Rα-/- and LysMcreIL-4Rα-/lox female mice on a BALB/c background. n=6. Data are
representative of two independent studies.
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Parasite burden around peak infection (day 7) showed no significant differences

between the groups (Figure 5.2). Furthermore, no significant differences

occurred between the WT and LysMcreIL-4Rα-/lox mice (Figure 5.2). The IL-4Rα-/-

mice demonstrated significantly greater recrudescent parasitaemia on days 19,

22, 28 and 33 post infection compared to the WT and LysMcreIL-4Rα-/lox mice

(Figure 5.2).

% Parasitaemias

0 4 8 12 16 20 24 28 32 36 40 44 48 52
0

10

20

30

40

50

60

IL-4R-/-
WT (IL-4Rlox/-)

LysMcreIL-4R-/lox

* *
* *

* *
* *

Days post infection

%
 p

R
B

C

Log % Parasitaemias

0 4 8 12 16 20 24 28 32 36 40 44 48 52
0.01

0.1

1

10

100

IL-4R-/-
WT (IL-4Rlox/-)

LysMcreIL-4R-/lox
* *

* **
* *

*

Days post infection

Lo
g 

%
 p

R
B

C

A.

B.

Figure 5.2: Comparison of the disease parasitaemias of P. chabaudi AS infection in WT
(IL-4Rαlox/-), LysMcreIL-4Rα-/lox and IL-4Rα-/- female mice on a BALB/c background. Results are
displayed as a (A) % and as a (B) log % of parasitaemia levels in these groups. n=6; * and #

denotes p<0.05 (* WT versus IL-4Rα-/- and * LysMcreIL-4Rα-/lox versus IL-4Rα-/-). Data are
representative of two independent studies.
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Contrary to infected mice, non-infected mice showed a steady weight gain over

the 48 day period (Figure 5.3, A). Maximal weight loss was reached at day 10 of

the peak infection but no significant differences occurred between the

LysMcreIL-4Rα-/lox mice and their WT counterparts (Figure 5.3, A). On the other

hand, the IL-4Rα-/- mice showed a significant drop in weight on day 10 when

compared to the LysMcreIL-4Rα-/lox mice (Figure 5.3, A). Following recovery, all

mice showed an increase in weight while a significant increase in weight was

only observed in the WT and LysMcreIL-4Rα-/lox mice when compared to the

IL-4Rα-/- mice on days 12 and 14. Furthermore, weight gain was significantly

lower in the IL-4Rα-/- mice on day 17 when compared to the LysMcreIL-4Rα-/lox

mice (Figure 5.3, A). LysMcreIL-4Rα-/lox mice survived Plasmodium chabaudi AS

infection. In contrast, WT and IL-4Rα-/- mice were more susceptible to infection

as measured by mortality.

In contrast to non-infected mice, severe anaemia peaked in all groups at day 10

post infection with a significant drop in RBC counts (Figure 5.3, B) which

corresponded to peak parasitaemia observed (Figure 5.2). At peak infection, no

differences in RBC counts were observed between the groups. Following parasite

control during the chronic stage of infection, a significant increase in RBC count

was observed in the WT mice compared to the IL-4Rα-/- mice on day 14 while no

significant differences occurred between the WT and LysMcreIL-4Rα-/lox mice

(Figure 5.3, B). RBC counts were significantly increased in the WT and

LysMcreIL-4Rα-/lox mice on days 19 when compared to the IL-4Rα-/- mice (Figure

5.3, B) and coincided with the reduced parasitaemia observed in these groups at

the same time (Figure 5.2). In contrast, RBC counts in the WT and

LysMcreIL-4Rα-/lox mice were significantly lower at day 33 compared to IL-4Rα-/-

mice but levelled off in all the groups as time progressed (Figure 5.2).
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Figure 5.3: Comparison of (A) weight loss and (B) malaria induced anaemia during the course of
P. chabaudi AS infection in WT (IL-4Rαlox/-), IL-4Rα-/- and LysMcreIL-4Rα-/flox female mice on a
BALB/c background. n=6; * denotes p<0.05 (*WT versus IL-4Rα-/-, *LysMcreIL-4Rα-/lox versus
IL-4Rα-/-). Data are representative of two independent studies.
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5.3.2 The influence of chronic disease on splenomegaly in macrophage/

neutrophil IL-4Rα-deficient (LysMcreIL-4Rα-/lox) female mice infected with

Plasmodium chabaudi AS.

Whole spleen weights of non-infected and infected WT, IL-4Rα-/- and

LysMcreIL-4Rα-/lox mice were measured to determine the severity of splenomegaly

during the course of P. chabaudi AS infection between the respective groups. P.

chabaudi AS parasite directly causes splenomegaly in the infected groups

compared to no enlargement of spleens observed in non-infected mice

throughout the duration of the disease (Figure 5.4). Furthermore, no significant

decrease in spleen weight was observed in the infected IL-4Rα-/- and

LysMcreIL-4Rα-/lox mice when compared to the infected WT mice on day 10 (Figure

5.4, A). Although no significant difference was seen between the infected WT

and infected IL-4Rα-/- mice at day 17, a significant decrease in splenomegaly was

observed in the infected LysMcreIL-4Rα-/lox mice when compared to the infected

WT control mice (Figure 5.4, B). Furthermore, no significant difference in the

severity of splenomegaly was observed between the infected WT, IL-4Rα-/- and

LysMcreIL-4Rα-/lox groups at day 48 post-infection (Figure 5.4, C).
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Figure 5.4: Comparison of the whole spleen tissue weights of non-infected and P. chabaudi AS
infected WT (IL-4Rαlox/-), IL-4Rα-/- and LysMcreIL-4Rα-/flox female mice on a BALB/c background.
(A) Day 10 (B) Day 17 and (C) Day 48. n=5-6. * indicates non-infected versus the knock-out mice
and # indicates infected WT versus the infected LysMcreIL-4Rα-/lox mice, and denotes p<0.05. Data
are representative of two independent studies.
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5.3.3 Comparison of the splenic cytokine production in wild-type (WT),

Macrophage/Neutrophil-specific IL-4Rα-deficient (LysMcreIL-4Rα-/lox) and global

IL-4Rα-deficient (IL-4Rα-/-) female mice following Plasmodium chabaudi AS

infection.

IFN-γ production by WT and LysMcreIL-4Rα-/lox derived splenocytes were

significantly lower than IL-4Rα-/- derived splenocytes following ConA stimulation

from day 10 infected mice (Figure 5.5, A). IL-12 and IL-10 production by WT and

LysMcreIL-4Rα-/lox derived splenocytes could not be detected whilst no significant

differences in IL-4 production by ConA stimulated splenocytes occurred between

these groups (Figure 5.5, B). IL-4 production by ConA stimulated splenocytes was

significantly increased in IL-4Rα-/- mice compared to the WT control and

LysMcreIL-4Rα-/lox mice (Figure 5.5, B).

IFN-γ production, at day 17, was significantly greater in the WT control and

LysMcreIL-4Rα-/lox ConA stimulated splenocytes but IFN-γ production from antigen-

specific stimulated splenocytes was only significantly increased in

LysMcreIL-4Rα-/lox mice compared to WT and IL-4Rα-/- mice (Figure 5.6, A). IL-12

production was below the sensitivity of the ELISA in the IL-4Rα-/- derived

splenocytes and IL-12 production was comparable with no differences observed

in WT and LysMcreIL-4Rα-/lox mice (Figure 5.6, B). A significant increase in IL-10

production occurred in WT and LysMcreIL-4Rα-/lox derived splenocytes upon ConA

stimulation compared to IL-4Rα-/- derived stimulated splenocytes (Figure 5.7, A).

Furthermore, IL-10 production from antigen-specific stimulated splenocytes from

the LysMcreIL-4Rα-/lox mice was significantly higher than the IL-4Rα-/- mice (Figure

5.7, A).  Significantly, greater IL-4 production was obtained following ConA

stimulation of IL-4Rα-/- derived splenocytes compared to the WT counterpart and

LysMcreIL-4Rα-/lox derived splenocytes (Figure 5.7, B). However, IL-4 production

from antigen-specific stimulation of LysMcreIL-4Rα-/lox derived splenocytes were

significantly increased compared to the IL-4Rα-/- and WT mice (Figure 5.7, B).
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At day 48, IL-4Rα-/- mice displayed a significantly reduced IFN-γ production from

ConA stimulated splenocytes compared to the WT and LysMcreIL-4Rα-/lox mice

whilst IFN-γ production from antigen-specific stimulated IL-4Rα-/- derived

splenocytes was significantly increased compared to the WT and

LysMcreIL-4Rα-/lox mice (Figure 5.8, A). IL-12 production was comparable with no

differences observed in WT, IL-4Rα-/- and LysMcreIL-4Rα-/lox mice (Figure 5.8, B).

WT and LysMcreIL-4Rα-/lox mice displayed comparable IL-10 production with

significantly increased ConA and antigen-specific stimulation of splenocytes

(Figure 5.9, A). IL-4 production was significantly reduced in the ConA stimulated

splenocytes of IL-4Rα-/- and LysMcreIL-4Rα-/flox mice compared to WT mice (Figure

5.9, B). In addition, IL-4 production by ConA stimulated splenocytes in

LysMcreIL-4Rα-/lox mice was also significantly reduced when compared to the

IL-4Rα-/- mice (Figure 5.9, B). However, IL-4 production by antigen-specific

stimulated IL-4Rα-/- derived splenocytes was significantly increased compared to

the WT and LysMcreIL-4Rα-/lox mice (Figure 5.9, B).
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Figure 5.5: Comparison of day 10 splenic (A) IFN-γ and (B) IL-4 production in P. chabaudi AS
infected WT (IL-4Rαlox/-), IL-4Rα-/- and LysMcreIL-4Rα-/lox female mice on a BALB/c background. ND
indicates not detected within the standard curve range of the ELISA. n=4-5 and * denotes p<0.05.
Data are representative of two independent studies.
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Figure 5.6: Comparison of day 17 splenic (A) IFN-γ and (B) IL-12 production in P. chabaudi AS
infected WT (IL-4Rαlox/-), IL-4Rα-/- and LysMcreIL-4Rα-/lox female mice on a BALB/c background. ND
indicates not detected within the standard curve range of the ELISA and n=4-5. Data are
representative of two independent studies.



106

A.

     IL-10 (D17)

Neg
ati

ve
ConA g)



RBC A
g (1

00
g)



RBC A
g (2

00
g)



AS A
g (1

00
g)



AS A
g (2

00
Neg

ati
ve
ConA g)



RBC A
g (1

00
g)



RBC A
g (2

00
g)



AS A
g (1

00
g)



AS A
g (2

00
Neg

ati
ve
ConA g)



RBC A
g (1

00
g)



RBC A
g (2

00
g)



AS A
g (1

00
g)



AS A
g (2

00

0.0

5.0

10.0

15.0
WT (IL-4Rlox/-)
IL-4R-/-

LysMcreIL-4R-/lox

NDND NDND
*

*
*

ng
/m

l

B.

 IL-4 (D17)

Neg
ati

ve
ConA g)



RBC A
g (1

00
g)



RBC A
g (2

00
g)



AS A
g (1

00
g)



AS A
g (2

00
Neg

ati
ve
ConA g)



RBC A
g (1

00
g)



RBC A
g (2

00
g)



AS A
g (1

00
g)



AS A
g (2

00
Neg

ati
ve
ConA g)



RBC A
g (1

00
g)



RBC A
g (2

00
g)



AS A
g (1

00
g)



AS A
g (2

00

0.0

0.2

0.4

0.6

0.8

NDND

WT (IL-4Rlox/-)
IL-4R-/-

ND

*

*

LysMcreIL-4R-/lox

ng
/m

l

Figure 5.7: Comparison of day 17 splenic (A) IL-10 and (B) IL-4 production in P. chabaudi AS
infected WT (IL-4Rαlox/-), IL-4Rα-/- and LysMcreIL-4Rα-/lox female mice on a BALB/c background.
n=4-5 and * denotes p<0.05. ND indicates not detected within the standard curve range of the
ELISA. Data are representative of two independent studies.
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Figure 5.8: Comparison of day 48 splenic (A) IFN-γ and (B) IL-12 production in P. chabaudi AS
infected WT (IL-4Rαlox/-), IL-4Rα-/- and LysMcreIL-4Rα-/lox female mice on a BALB/c background.
n=4-5. Data are representative of two independent studies.
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Figure 5.9: Comparison of day 48 splenic (A) IL-10 and (B) IL-4 production in P. chabaudi AS
infected WT (IL-4Rαlox/-), IL-4Rα-/- and LysMcreIL-4Rα-/lox female mice on a BALB/c background.
n=4-5. Data are representative of two independent studies.
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5.3.4 Comparison of the IgG2a and IgG1 antibody responses of

macrophage/neutrophil IL-4Rα-deficient (LysMcreIL-4Rα-/lox) female mice

following Plasmodium chabaudi AS infection.

Peak parasitaemia levels demonstrated no significant differences in IgG2a

antibody levels between the respective groups at day 10 of the infection (Figure

5.10, A). WT and LysMcreIL-4Rα-/lox showed comparable IgG2a antibody responses,

which were significantly greater than the IL-4Rα-/- mice at day 17 post infection

(Figure 5.10, B). However, at day 48, IgG2a antibody responses showed no

respective significant differences between the groups (Figure 5.10, C).

On days 10 and 17, IgG1 antibody levels were comparable between the WT and

LysMcreIL-4Rα-/lox mice but were significantly higher compared to the IL-4Rα-/-

mice (Figure 5.11, A and B). On the contrary, no significant differences in IgG1

antibody levels were observed between the groups on day 48 (Figure 5.11, C).
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Figure 5.10: Comparison of the IgG2a antibody responses of P. chabaudi AS infected WT
(IL-4Rαlox/-), IL-4Rα-/- and LysMcreIL-4Rα-/lox female mice on a BALB/c background on (A)
day 10 (B) day 17 and (C) day 48. n=5-6 and * denotes p<0.05. Data are representative of
two independent studies.
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Figure 5.11: Comparison of the IgG1 antibody responses of P. chabaudi AS infected WT
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day 10 (B) day 17 and (C) day 48. n=5-6 and * denotes p<0.05. Data are representative of
two independent studies.
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5.4 Discussion

We used the Plasmodium chabaudi AS disease model in which host protection or

pathology was dependent on Th1 and Th2 responses to investigate the

importance of alternate macrophage activation on disease outcome. This study

provided evidence that long-term protection of LysMcreIL-4Rα-/flox mice infected

with P. chabaudi AS did not require the presence of IL-4 and IL-13 activation of

macrophages. Thus, the increased susceptibility of IL-4Rα-/- mice compared with

WT mice must depend on IL-4Rα signalling cell populations other than

macrophages/neutrophils.

The disease profile of LysMcreIL-4Rα-/lox mice was very similar to that of the WT

control apart from the fact that the WT mice demonstrated only a 25% mortality

rate at day 22 post infection. Acute parasitaemia in both these groups

corresponded to the reduced RBC count and weight loss observed in the groups

around this time. On the other hand, IL-4Rα-/- mice displayed greater mortality

and greater recrudescent parasitaemia to the WT and LysMcreIL-4Rα-/lox mice.

Furthermore, peak infection correlated with the significantly reduced weight in

IL-4Rα-/- mice compared to the WT control and LysMcreIL-4Rα-/lox mice and

following primary infection, weight loss and RBC counts were significantly lower

in this group compared to the WT and LysMcreIL-4Rα-/lox mice. Taken together,

these results show that in the absence of IL-4/IL-13 activation of macrophages,

the LysMcreIL-4Rα-/lox mice are able to survive the P. chabaudi AS infection and

control chronic infection more effectively than the IL-4Rα-/- mice.

Cell-mediated responses during the acute stage (day 10) of infection

demonstrated reduced IFN-γ production from ConA stimulated splenocytes in WT

and LysMcreIL-4Rα-/lox mice compared with the IL-4Rα-/- mice. This may explain

why no mortality was observed in the LysMcreIL-4Rα-/lox mice due to no over-

production of IFN-γ compared to IL-4Rα-/- mice. The detrimental effect of IFN-γ

production in malaria was documented. Essentially, excessive production of a

strong proinflammatory type I immune response and the resulting cytokines

produced, namely IFN-γ, may directly contribute to severe disease such as

severe anaemia, cerebral malaria and organ damage (Couper et al., 2010, Good

et al., 2005, Schofield and Grau, 2005). IgG1 antibody levels around this time

were significantly higher in the WT and LysMcreIL-4Rα-/flox mice and may have
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resulted from IL-4 stimulation of other cell types (CD4+ Th2 cells) which in turn

activate B-cell differentiation into Th2-type antibody production. Following

recovery from primary infection (day 17), the cytokine profile in the WT and

LysMcreIL-4Rα-/flox mice showed a mixed Th1-Th2 phenotype. IFN-γ production

from antigen-specific stimulated splenocytes in WT and LysMcreIL-4Rα-/flox mice

were significantly greater than IL-4Rα-/- mice and correlated to the increased

IgG2a antibody levels at this time. In addition, IL-10 and IL-4 production from

antigen-specific stimulated splenocytes were significantly greater than IL-4Rα-/-

mice and correlated to the increased IgG1 antibody levels around this time. The

presence of IL-12 was not detected in IL-4Rα-/- mice and not significant in WT

and LysMcreIL-4Rα-/flox mice. Previous studies in malarial anaemia have also shown

that suppression of IL-12 decreases production of IFN-γ and IFN-α and the

suppression of IL-12 appears to be a consequence of the induction of IL-10,

which in turn is stimulated by infection (Ouma et al., 2008; Keller et al ., 2006).

Following termination of the experiment at day 48, a Th2 phenotype was

dominant in the WT and LysMcreIL-4Rα-/flox mice with increased IL-10 and reduced

IFN-γ production. Taken together these results indicate the presence of Th1 and

Th2-type cytokine and antibody responses in LysMcreIL-4Rα-/flox mice controlling

P.chabaudi AS chronic infection in the absence of IL-4Rα signalling on

macrophages/neutrophils.

Results from the LysMcreIL-4Rα-/flox mice in the present study are in contrast to

data found in previous work (Couper, 2003). These are the first two studies,

which have utilized cell-specific gene deficient mice to provide data regarding

IL-4Rα signalling via macrophages/neutrophils in a P.chabaudi AS infected mouse

model. Couper showed that LysMcreIL-4Rα-/flox mice displayed a similar disease

course to IL- 4Rα-/- mice with enhanced mortality and recrudescent infection and

impaired Type 2 protective immunity to WT mice (data not shown). He

concluded that IL-4 and IL-13 protection might be via regulation of

macrophage/neutrophil function. An explanation for the differences observed

between the two studies is the fact that Couper used male mice and the present

study utilized female mice. Several studies have illustrated that immunological

differences exist between the sexes and linked with circulating steroid hormones

(Klein, 2004; Roberts et al., 2001; Klein, 2000; Zuk and McKean, 1996). Human

studies have shown that increased susceptibility to infection is thought to be one
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of the leading causes of increased death rates amoung men as compared with

women (Klein, 2004; Owens, 2002; Klein, 2000). Rodent studies reveal that sex

differences are present and may be mediated by endocrine-immune interactions.

Castration of male mice reduces, whereas exogenous administration of

testosterone increases mortality following P. chabaudi or P. berghei infection

(Klein, 2004; Wunderlich et al., 1991; Kamis and Ibrahim, 1989). In addition,

male mice recover slower from P. chabaudi-induced weight loss, anaemia and

hypothermia and have lower antibody responses than female mice (Klein, 2004).

The phenotypic differences between the sexes in response to P. chabaudi

infection may be mediated by sex differences in the expression of genes that

modulate pro-inflammatory and Th1 responses during infection. The

immunomodulatory effects of testosterone may underlie increased susceptibility

to Plasmodium infections in males compared with females. Exposure of adult

female mice to testosterone reduces antibody production, decreases MHC II and

increases CD8+ T-cells in the spleen (Klein, 2004; Benten et al., 1997). Another

study aimed to determine why females were less susceptible than males and

measured the effects of estrogen and progesterone responses in malaria

infection (Klein et al., 2008). Results of the P. chabaudi infected C57BL/6

female mice showed that the physiological levels of estrogen rather than

progesterone enhanced immunity (IFN-γ and IL-10) and could possibly protect

females from disease symptoms during malaria infection (Klein et al., 2008).

Furthermore, Bryson and colleagues (Bryson et al., 2011) identified a dichotomy

between the sexes in a disease model in an attempt to identify which cell types

cause IL-4/IL-13 induction resulting in a non-healing Leishmania mexicana

disease. They infected mice lacking IL-4Rα expression on CD4+ T-cells

(LckCreIL-4Rα-/lox) with L. mexicana and monitored disease progression. They

found that the LckCreIL-4Rα-/lox female mice developed small lesions, which

subsequently healed, and a strong Th1 response was manifested compared to the

controls. In contrast, the male LckCreIL-4Rα-/lox mice developed small lesions,

which persisted, and a strong Th1 response was elicited but IL-4 was also

elevated independent of CD4+ T-cell IL-4 responsiveness and not the case in the

female mice (Bryson et al., 2011). They suggest a significant effect of sex

hormones on CD4+ T-cell function whereby infected male but not female

LckCreIL-4Rα-/lox mice can drive IL-4 production independently of IL-4Rα
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signalling. Hence, their finding also provides evidence for male and female

immunological differences that can exist during similar parasitic infections.

In addition, the role of aaMø in various disease models utilizing LysMCreIL-4Rα-/lox

mice show differences in disease susceptibility or protection. For example, the

induction of IL-4/IL-13 by Mø’s are required in a Schistosoma mansoni infection

for protection against organ injury through douwnregulation of egg-induced

inflammation (Herbert et al., 2004). Similarly, IL-4Rα-responsive Mø’s are

essential promoters of protection in experimental autoimmune

encephalomyelitis (EAE) (Keating et al., 2009). Keating and colleagues also

highlighted the importance of T-regs since the IL-4Rα-/- mice showed lower EAE

incidence and LysMCreIL-4Rα-/lox mice were protected from EAE. They concluded

that Mø activation in the absence of Th2 cytokines can promote disease

suppression by T-regs (Keating et al., 2009). On the other hand, protection

against infection can be independent of IL-4Rα responsive macrophages as is the

case in the present study and similarly shown in other disease models of aaMø.

For example, in Trichinella spiralis (Michels et al., 2009), Leishmania donovani

(McFarlane et al., 2011) and Leishmania mexicana (Bryson et al., 2011) infection

studies utilizing LysMCreIL-4Rα-/lox mice, protection was shown to be independent

of aaMø.

In conclusion, we have shown that a role for IL-4 and IL-13 alternate activation

of macrophages/neutrophils is not crucial for host survival during chronic P.

chabaudi AS infection in female BALB/c mice. IL-4 and IL-13 may therefore exert

their protective functions via IL-4Rα signalling on different T-helper cell types

such as CD4+ and CD8+ T-cells in P. chabaudi AS infection, which will be the

focus of the next chapters.
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Chapter Six

The role of IL-4/IL-4Rα signalling on CD4+ T-cells during Plasmodium

chabaudi AS erythrocyte infection in female BALB/c mice.
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6.1 Abstract

A feature of P. chabaudi infection compared to other parasitic infections is that

both Th1 and Th2 CD4+ T-cells play an important protective role. CD4+ Th2-

dependent control of P. chabaudi infection immediately following acute primary

parasitaemia is known to involve IL-4 and antibody-dependent mechanisms.

Further work in the previous chapters showed that mice deficient in the IL-4Rα,

with abrogated IL-4 and IL-13 function, were more susceptible to infection

during the chronic phase with impaired Th2 protective responses. Additionally,

our previous work on macrophage/neutrophil-specific IL-4Rα-deficient BALB/c

mice demonstrated that these mice did not succumb to infection and were able

to resolve infection as effectively as the WT controls. In the present study, CD4+

T-cell-specific IL-4Rα deficient (LckcreIL-4Rα-/lox) BALB/c mice were generated

and characterized to elucidate the importance of IL-4/IL-13 responsive CD4+ T-

cells in a model of P. chabaudi AS infection. The data presented here, indicate

that together with the WT control, LckcreIL-4Rα-/lox mice provided initial Th1

control at day 10 as measured by splenic IFN-γ production and serum IgG2a

antibody responses. Subsequent Th1-Th2 control around day 17 was demonstrated

in the LckcreIL-4Rα-/lox mice as measured by increased splenic IFN-γ and IL-10

production and the induction of serum IgG1 antibodies. Following day 17,

LckcreIL-4Rα-/lox mice experienced a recrudescent parasitaemia similar to the

IL-4Rα-/- mice with reduced RBC count and increased mortality at days 36 and 40

while weight loss was not significant. Of note is that mortality was greater in the

LckcreIL-4Rα-/lox than in the IL-4Rα-/- mice. Th2 responses were down-regulated in

the LckcreIL-4Rα-/lox mice as measured by reduced splenic IL-10 and IL-4

production and increased IFN-γ from ConA stimulated splenocytes accompanied

by increased serum IgG2a antibody responses. Together, our results indicate that

LckcreIL-4Rα-/lox and IL-4Rα-/- BALB/c mice were susceptible to chronic-stage P.

chabaudi AS infection and that the effector functions of IL-4 responsiveness on

CD4+ T-cells are vital to clear and control the infection.
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6.2 Introduction

Of the major T-cell subpopulations, the central involvement of CD4+ T-cells are

recognized as essential for immune protection against asexual erythrocytic-

stages in both murine and human malaria. In Plasmodium chabaudi infection of

mice, the importance of CD4+ T-cells in parasite immunity originates from

experiments with thymectomized mice (Leke et al., 1981; McDonald and Phillips,

1975) and has been demonstrated by selective depletion of different lymphocyte

subsets in vivo (Taylor-Robinson et al., 1993; Podoba and Stevenson, 1991; Süss

et al., 1988) and by adoptive transfer of T-cells or CD4+ T-cell lines and clones to

immunodeficient hosts (Taylor-Robinson and Phillips, 1994; Taylor-Robinson and

Phillips, 1993; Taylor-Robinson et al., 1993; Meding and Langhorne, 1991).

Purified CD4+ T-cells or parasite-specific CD4+ T-cell lines transferred to severe

combined immunodeficiency or lethally irradiated mice, respectively, cleared

the infection only in the presence of B cells (Taylor-Robinson and Phillips, 1993;

Meding and Langhorne, 1991), indicating a requirement for B cells for final

elimination of parasites. CD4+ T-cells can be differentiated into two major

subsets, namely, Th1 and Th2 cells. This differentiation is based upon the

specific cytokine environment that will prime naïve T-cells into specific CD4+ Th1

or Th2 cells, which in turn produce distinct cytokine profiles that indicate their

function (Mosmann and Coffman, 1989, 1987). Th1 cells produce IL-2, IFN-γ, and

TNF-alpha and consequently activate macrophages and mediate delayed-type

hypersensitivity responses and provide B-cell help through IgG2a Ab stimulation.

Th2 cells produce IL-4, IL-5, IL-6, and IL-10 and provide help for B-cell antibody

responses (Brombacher, 2000; Mosmann and Coffman, 1989, 1987). Th1 and Th2

cells therefore mediate distinct immune functions, containing non-overlapping

and often counter regulatory cell-mediated and humoral responses. One of the

characteristics of P. chabaudi blood-stage infection of immunologically

competent mice is that it generates a host protective immune response that is

characterized by both CD4+ Th1 and Th2 responses (Taylor-Robinson et al., 1993;

Langhorne, 1989). The levels of these two subsets of cells change during the

course of infection (Taylor-Robinson and Phillips, 1992; Langhorne et al., 1989)

where Th1 cells predominate during the acute phase and Th2 cells predominate

during the later phases of infection. The factors that regulate the differentiation

of naïve T-cells into cells of either Th1 or Th2 phenotype following activation are
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not clearly understood. These regulatory factors may include secreted cytokines

(Abehsira-Amar et al., 1992; Swain et al., 1991), the nature of the antigen-

presenting cell involved (Terrazas et al., 2010; Quin and Langhorne, 2001;

Dekruff et al., 1992; Gajewski et al., 1991; Schmitz et al., 1993), the processing

of the antigen for presentation to the T-cell (Terrazas et al., 2010; Sponaas et

al., 2006; Quin and Langhorne, 2001; Soloway et al., 1991), and the antigenic

load (Abehsira-Amar et al., 1992).

Studies have shown that IL-4 is necessary for Th2 responses in malaria infection.

IL-4 is an important cytokine as it drives differentiation of naïve CD4+ T-cells

into CD4+ Th2 T-cells that would subsequently eliminate the infection, while in

its absence these cells preferentially become IFN-γ producing cells (Gordon

2003; Brombacher, 2000; Barner et al, 1998; Paul, 1997). P. chabaudi studies

have previously shown that mice deficient in IL-4 production did not alter the

outcome of the infection significantly but they did display significantly elevated

peak parasitaemia compared to the WT control mice and extended

recrudescenses with sustained Th1 responses (Balmer et al., 2000; Phillips et al.,

1997). Although these mice produced a delayed Th2 response, it was not absent

and protection was speculated to occur via IL-13 function. Further investigations

lead to utilization of IL-4Rα-/- mice that effectively could not respond to IL-4 or

IL-13, which proved that IL-13 does play a role in compensating for the absence

of IL-4 to confer protection against Leishmania (Mohrs et al., 1999). In our group

we have also shown that P. chabaudi AS infected IL-4Rα-/- mice succumbed to

infection more so than the WT control mice (Chapter 3). The different signalling

pathways induced by IL-4 still remain controversial and are yet to be clarified in

malaria infection. The intricacy of IL-4 and IL-13 responsiveness can further be

attributed to the wide range of cell types expressing IL-4Rα (Nelms et al., 1999);

hence the need to address signalling of the receptor on specific cell types and

their role in parasite immunity.
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While, the specific functional role of IL-4/IL-13 responding CD4+ T-cells during P.

chabaudi infection remain poorly understood, the availability of CD4+ cell

specific IL-4Rα-/- mice will enable us to clarify this role. In other disease models

for example, it has been shown that deletion of IL-4Rα on CD4+ T-cells renders

BALB/c mice resistant to Leishmania mexicana (Bryson et al., 2011), Leishmania

major (Radwanska et al, 2007) infection and therefore indicate a major role for

IL-4/IL-13 function via CD4+ T-cells in rendering these mice susceptible to

infection. The effect of IL-4Rα signalling via CD4+ T-cells in P. chabaudi

infections is the focus of the present study.

We have thus generated LckcreIL-4Rα-/lox mice to determine what effector

functions IL-4/IL-13 have on CD4+ T-cell function during P. chabaudi AS infection

and whether the IL-4Rα signalling cascade results in long-term protection.  Our

finding, which is novel regarding the use of CD4+ T-cell IL-4Rα-/- mice in malaria,

illustrated that the absence of IL-4 signalling via IL-4Rα on these cell types

rendered mice more susceptible to infection and are therefore important

effectors in the second phase of P. chabaudi AS infection.
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6.3 Results

6.3.1 Comparison of the survival rates and disease phenotypes of wild-type

(WT), global IL-4Rα-deficient (IL-4Rα-/-) and CD4+ T-cell IL-4Rα-deficient

(LckcreIL-4Rα-/lox) female mice following Plasmodium chabaudi AS infection.

WT and LckcreIL-4Rα-/lox mice survived the acute stage infection with no

mortalities observed whereas the IL-4Rα-/- mice displayed an enhanced mortality

rate of 17% at day 12 (Figure 6.1). During the chronic-stage infection, mortality

was observed in the IL-4Rα-/- mice at day 36 with 33% mortality and with the

majority of deaths observed in the LckcreIL-4Rα-/lox mice at day 36, 25% mortality

and day 40, 50% mortality (Figure 6.1).
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Figure 6.1: Comparison of the survival rates of P. chabaudi AS infection in (A) WT
(IL-4Rαlox/-), IL-4Rα-/- and LckcreIL-4Rα-/lox female mice on a BALB/c background. WT n=14,
IL-4Rα-/- n=18 and LckcreIL-4Rα-/lox n=13 and. Data are representative of two independent
studies.
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Parasite burdens were significantly higher in the LckcreIL-4Rα-/lox mice on days 22

and 28 compared to their WT counterparts during chronic-stage infection while

no significant differences occurred around peak parasitaemia between the

groups (Figure 6.2).

At day 3 of the early stage infection, parasite burdens were significantly lower in

the IL-4Rα-/- mice compared to the LckcreIL-4Rα-/lox and WT mice. Furthermore,

the IL-4Rα-/- mice demonstrated recrudescent parasitaemia on days 17, 22 and

28 post infection while no episode of recrudescence occurred in the WT mice

(Figure 6.2).
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Figure 6.2: Comparison of the disease parasitaemias of P. chabaudi AS infection in WT
(IL-4Rαlox/-), IL-4Rα-/- and LckcreIL-4Rα-/lox female mice on a BALB/c background. WT n=14,
IL-4Rα-/- n=14 and LckcreIL-4Rα-/lox, n=12. Results are displayed as a % and as a log % of
parasitaemia levels in these groups. Data are representative of two independent studies. * (WT
vs IL-4Rα-/-), # (IL-4Rα-/- vs LckcreIL-4Rα-/lox) and x (WT vs LckcreIL-4Rα-/lox) denotes p<0.05.
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No significant differences in weight loss occurred around peak parasitaemia

between the groups: maximal weight loss occurred on day 10 (Figure 6.3, A).

Following recovery, a significant increase in weight occurred in the

LckcreIL-4Rα-/lox mice on days 12, 14 and 17 post infection when compared to its

WT counterpart (Figure 6.3, A). This increase in weight was also observed in the

IL-4Rα-/- mice on day 17 when compared to the WT mice (Figure 6.3, A).

Furthermore, no significant differences in weight loss were observed from day 17

in all groups.

At day 5 post infection, RBC counts were significantly higher in the IL-4Rα-/- mice

when compared to the WT and LckcreIL-4Rα-/lox mice (Figure 6.3, B)

corresponding to the decreased parasite burdens observed in the IL-4Rα-/- mice

at this time (Figure 6.2). Severe anaemia was observed in both groups at day 10

post infection (Figure 6.3, B) corresponding to peak infection (Figure 6.2).

Following parasite control, a significant increase in RBC counts occurred in the

LckcreIL-4Rα-/lox mice when compared to their WT counterparts and the IL-4Rα-/-

mice (Figure 6.3, B). In contrast, RBC counts were significantly decreased in the

LckcreIL-4Rα-/lox mice on day 22 when compared to the WT and IL-4Rα-/- mice

(Figure 6.3, B), corresponding to the recrudescent parasitaemia observed in this

group at that time (Figure 6.2).
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Figure 6.3: Comparison of (A) weight loss and (B) malaria induced anaemia during the
course of P. chabaudi AS infection in WT(IL-4Rαlox/-), IL-4Rα-/- and LckcreIL-4Rα-/lox female
mice on a BALB/c background. WT(IL-4Rαlox/-) n=14, IL-4Rα-/- n=14 and LckcreIL-4Rα-/lox

n=12. (A) * (WT vs IL-4Rα-/- and LckcreIL-4Rα-/lox), # (WT vs LckcreIL-4Rα-/lox) and x (WT and
LckcreIL-4Rα-/lox vs IL-4Rα-/-) (B) * (WT vs IL-4Rα-/-) and # (LckcreIL-4Rα-/lox vs IL-4Rα-/- and
WT) denotes p<0.05. Data are representative of two independent studies.
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6.3.2 The influence of chronic disease on splenomegaly in CD4+ IL-4Rα-

deficient (LckcreIL-4Rα-/lox) female mice infected with Plasmodium chabaudi

AS.

During the course of P. chabaudi AS infection, whole spleen weights of non-

infected and infected WT as well as gene-deficient mice were measured to

determine the severity of splenomegaly between the respective groups.

Splenomegaly is a direct cause of P. chabaudi AS infection as was evident in the

gene-deficient mice compared to no enlarged spleens observed in non-infected

mice throughout the duration of the disease (Figure 6.4). Furthermore, no

significant increase in spleen weights of the gene-deficient mice were observed

in comparison to the WT control throughout the course of the infection and up

to the termination of the experiment at day 48 (Figure 6.4).
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Figure 6.4: Comparison of the whole spleen tissue weights of non-infected and P.
chabaudi AS infected WT(IL-4Rαlox/-), IL-4Rα-/- and LckcreIL-4Rα-/lox female mice on a
BALB/c background on (A) day 10 (B) day 17 and (C) day 48. Data are representative of
two independent studies, n= 4-6. * denotes p<0.05.
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6.3.3 Comparison of the splenic cytokine production in wild-type (WT), global

IL-4Rα-deficient (IL-4Rα-/-) and CD4+ T-cell IL-4Rα-deficient (LckcreIL-4Rα-/lox)

female mice following Plasmodium chabaudi AS infection.

Th1-type associated cytokine, IFN-γ, was significantly reduced in WT and

LckcreIL-4Rα-/lox derived splenocytes following ConA stimulation from day 10

infected mice compared to IL-4Rα-/- derived splenocytes (Figure 6.5, A). IL-12

production was comparable between the groups with no striking differences

(Figure 6.5, B). Th2-type associated IL-10 cytokine levels were significantly

greater in WT and IL-4Rα-/- derived splenocytes stimulated with specific P.

chabaudi AS antigen compared to LckcreIL-4Rα-/lox derived splenocytes (Figure

6.6, A). Furthermore, IL-4 production was only significantly increased in the IL-

4Rα-/- derived splenocytes following ConA stimulation (Figure 6.6, B).

On day 17 post-infection, IFN-γ production was significantly greater in the

LckcreIL-4Rα-/lox ConA and antigen-specific stimulated splenocytes compared to

WT and IL-4Rα-/- derived splenocytes (Figure 6.7, A). IL-12 production was only

observed in the WT stimulated splenocytes: IL-12 levels were below the

sensitivity of the ELISA in the LckcreIL-4Rα-/lox and IL-4Rα-/- derived splenocytes

(Figure 6.7, B). A significant increase in IL-10 production, seen in ConA

stimulated splenocytes, occurred in WT mice compared to LckcreIL-4Rα-/lox and

IL-4Rα-/- derived splenocytes (Figure 6.8, A). However, LckcreIL-4Rα-/lox ConA

stimulated splenocytes produced greater IL-10 cytokine levels than IL-4Rα-/-

derived splenocytes at this time (Figure 6.8, A). In addition, significantly greater

IL-4 production occurred in WT and IL-4Rα-/- derived splenocytes stimulated with

ConA compared to LckcreIL-4Rα-/lox derived splenocytes (Figure 6.8, B).
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At day 48, LckcreIL-4Rα-/lox mice displayed significantly increased IFN-γ

production from ConA stimulated splenocytes compared to the WT and IL-4Rα-/-

mice whilst IFN-γ production from antigen-specific stimulated WT and IL-4Rα-/-

derived splenocytes was significantly increased compared to the LckcreIL-4Rα-/lox

derived splenocytes (Figure 6.9, A). IL-12 production was comparable with no

significant differences observed between the groups (Figure 6.9, B).

LckMcreIL-4Rα-/lox mice displayed comparable IL-10 production with IL-4Rα-/-

derived splenocytes following ConA stimulation but IL-10 production in these

groups was significantly lower compared to WT derived splenocytes stimulated

with ConA (Figure 6.10, A). IL-4 production was significantly reduced in the ConA

stimulated splenocytes of LckMcreIL-4Rα-/lox and IL-4Rα-/- mice compared to the

WT control (Figure 6.10, B). On the other hand, IL-4 production by antigen-

specific stimulated LckcreIL-4Rα-/lox and IL-4Rα-/- derived splenocytes was

significantly increased compared to the WT mice (Figure 6.10, B).



129

A.

IFN- (D10)

Neg
at

ive
Co

nA g)

RB
C 

Ag
 (1

00
g)

RB
C 

Ag
 (2

00
g)

AS A
g (

10
0

g)

AS A
g (

20
0

Neg
at

ive
Co

nA g)

RB
C 

Ag
 (1

00
g)

RB
C 

Ag
 (2

00
g)

AS A
g (

10
0

g)

AS A
g (

20
0

Neg
at

ive
Co

nA g)

RB
C 

Ag
 (1

00
g)

RB
C 

Ag
 (2

00
g)

AS A
g (

10
0

g)

AS A
g (

20
0

0.0

0.5

1.0

1.5
40

90

140

190

WT (IL-4Rlox/-)

IL-4R-/-

*

LckcreIL-4R-/lox

NDND

*
*

*n
g/

m
l

B.

     IL-12 (D10)

Neg
at

ive
Co

nA g)

RB
C 

Ag
 (1

00
g)

RB
C 

Ag
 (2

00
g)

AS
 A

g (
10

0
g)

AS
 A

g (
20

0
Neg

at
ive
Co

nA g)

RB
C 

Ag
 (1

00
g)

RB
C 

Ag
 (2

00
g)

AS
 A

g (
10

0
g)

AS
 A

g (
20

0
Neg

at
ive
Co

nA g)

RB
C 

Ag
 (1

00
g)

RB
C 

Ag
 (2

00
g)

AS
 A

g (
10

0
g)

AS
 A

g (
20

0

0.0

0.1

0.2

0.3

WT (IL-4Rlox/-)

IL-4R-/-

LckcreIL-4R-/lox

n
g/

m
l

Figure 6.5: Comparison of day 10 splenic (A) IFN-γ and (B) IL-12 production in P.
chabaudi AS infected WT(IL-4Rαlox/-), IL-4Rα-/- and LckcreIL-4Rα-/lox female mice on a
BALB/c background. Data are representative of two independent studies, n=4-5. ND
indicates not detected within the standard curve range of the ELISA. * denotes p<0.05.
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Figure 6.6: Comparison of day 10 splenic (A) IL-10 and (B) IL-4 production in P. chabaudi
AS infected WT(IL-4Rαlox/-), IL-4Rα-/- and LckcreIL-4Rα-/lox female mice on a BALB/c
background. Data are representative of two independent studies, n=4-5. ND indicates not
detected within the standard curve range of the ELISA. * denotes p<0.05.
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Figure 6.7: Comparison of day 17 splenic (A) IFN-γ and (B) IL-12 production in P.
chabaudi AS infected WT(IL-4Rαlox/-), IL-4Rα-/- and LckcreIL-4Rα-/lox female mice on a
BALB/c background. Data are representative of two independent studies, n=4-5. ND
indicates not detected within the standard curve range of the ELISA. * denotes p<0.05.
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Figure 6.8: Comparison of day 17 splenic (A) IL-10 and (B) IL-4 production in P. chabaudi
AS infected WT(IL-4Rαlox/-), IL-4Rα-/- and LckcreIL-4Rα-/lox female mice on a BALB/c
background. Data are representative of two independent studies, n=4-5. ND indicates not
detected within the standard curve range of the ELISA. * denotes p<0.05.



133

A.

     IFN- (D48)

Neg
ati

ve
ConA g)



RBC A
g (1

00
g)



RBC A
g (2

00
g)



AS A
g (1

00
g)



AS A
g (2

00
Neg

ati
ve
ConA g)



RBC A
g (1

00
g)



RBC A
g (2

00
g)



AS A
g (1

00
g)



AS A
g (2

00
Neg

ati
ve
ConA g)



RBC A
g (1

00
g)



RBC A
g (2

00
g)



AS A
g (1

00
g)



AS A
g (2

00

0
2
4
6
8

10
20
40
60
80

100
120

WT (IL-4Rlox/-)

IL-4R-/-

LckcreIL-4R-/lox

* *

*

n
g/

m
l

B.

     IL-12 (D48)

Neg
at

ive
Co

nA g)

RB
C 

Ag
 (1

00
g)

RB
C 

Ag
 (2

00
g)

AS
 A

g (
10

0
g)

AS
 A

g (
20

0
Neg

at
ive
Co

nA g)

RB
C 

Ag
 (1

00
g)

RB
C 

Ag
 (2

00
g)

AS
 A

g (
10

0
g)

AS
 A

g (
20

0
Neg

at
ive
Co

nA g)

RB
C 

Ag
 (1

00
g)

RB
C 

Ag
 (2

00
g)

AS
 A

g (
10

0
g)

AS
 A

g (
20

0

0.0

0.5

1.0

1.5

WT (IL-4Rlox/-)
IL-4R-/-

LckcreIL-4R-/lox

n
g/

m
l

Figure 6.9: Comparison of day 48 splenic (A) IFN-γ and (B) IL-12 production in P.
chabaudi AS infected WT(IL-4Rαlox/-), IL-4Rα-/- and LckcreIL-4Rα-/lox female mice on a
BALB/c background. Data are representative of two independent studies, n=4-5. ND
indicates not detected within the standard curve range of the ELISA. * denotes p<0.05.



134

A.
     IL-10 (D48)

Neg
at

ive
Co

nA g)

RB
C 

Ag
 (1

00
g)

RB
C 

Ag
 (2

00
g)

AS
 A

g (
10

0
g)

AS
 A

g (
20

0
Neg

at
ive
Co

nA g)

RB
C 

Ag
 (1

00
g)

RB
C 

Ag
 (2

00
g)

AS
 A

g (
10

0
g)

AS
 A

g (
20

0
Neg

at
ive
Co

nA g)

RB
C 

Ag
 (1

00
g)

RB
C 

Ag
 (2

00
g)

AS
 A

g (
10

0
g)

AS
 A

g (
20

0

0

1

2

3

4

5

6

WT (IL-4Rlox/-)

*

ND

IL-4R-/-

LckcreIL-4R-/lox
*

n
g/

m
l

B.
  IL-4 (D48)

Neg
at

ive
Co

nA g)

RB
C 

Ag
 (1

00
g)

RB
C 

Ag
 (2

00
g)

AS
 A

g (
10

0
g)

AS
 A

g (
20

0
Neg

at
ive
Co

nA g)

RB
C 

Ag
 (1

00
g)

RB
C 

Ag
 (2

00
g)

AS
 A

g (
10

0
g)

AS
 A

g (
20

0
Neg

at
ive
Co

nA g)

RB
C 

Ag
 (1

00
g)

RB
C 

Ag
 (2

00
g)

AS
 A

g (
10

0
g)

AS
 A

g (
20

0

0.0

0.1

0.2

0.3

0.4

WT (IL-4Rlox/-)

IL-4R-/-

ND ND ND ND

*

*

LckcreIL-4R-/lox

*

*ND ND

*

n
g/

m
l

Figure 6.10: Comparison of day 48 splenic (A) IL-10 and (B) IL-4 production in P.
chabaudi AS infected WT(IL-4Rαlox/-), IL-4Rα-/- and LckcreIL-4Rα-/lox female mice on a
BALB/c background. Data are representative of two independent studies, n=4-5. ND
indicates not detected within the standard curve range of the ELISA. * denotes p<0.05.
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6.3.4 Comparison of the IgG2a and IgG1 antibody responses of CD4+ IL-4Rα-

deficient (LckcreIL-4Rα-/lox) female mice following Plasmodium chabaudi AS

infection.

Primary parasitaemia and peak infection demonstrated a significant increase in

Th1-type (IgG2a) antibody levels in WT and LckcreIL-4Rα-/lox compared to IL-4Rα-/-

mice (Figure 6.11, A). All groups showed comparable IgG2a antibody responses

at day 17 post infection (Figure 6.11, B). However, at day 48, IgG2a antibody

levels showed a significant decrease in IgG2a levels in WT and LckcreIL-4Rα-/lox

compared to IL-4Rα-/- mice (Figure 6.11, C).

Th2-type antibody (IgG1) levels on days 10 and 17 were significantly increased in

the WT and LckcreIL-4Rα-/lox compared to IL-4Rα-/- mice (Figure 6.12, A and B). In

contrast, IgG1 antibody levels were subsequently significantly reduced in the

gene-deficient mice compared to the WT control on day 48 of the infection

(Figure 6.12, C).
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Figure 6.11: Comparison of the IgG2a antibody responses of P. chabaudi AS infected
WT(IL-4Rαlox/-), IL-4Rα-/- and LckcreIL-4Rα-/flox female mice on a BALB/c background on (A)
day 10 (B) day 17 and (C) day 48. Data are representative of two independent studies,
n=4-6. * denotes p<0.05.
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Figure 6.12: Comparison of the IgG1 antibody responses of P. chabaudi AS infected
WT(IL-4Rαlox/-), IL-4Rα-/- and LckcreIL-4Rα-/flox female mice on a BALB/c background on (A)
day 10 (B) day 17 and (C) day 48. Data are representative of two independent studies,
n=4-6. * and # denotes p<0.05.
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6.4 Discussion

CD4+ T-cells play a central role in protective immunity to Plasmodium infection

(Stephens et al., 2005, Langhorne et al., 2002). Although signal transduction

triggered by IL-4 has been extensively studied on CD4+ T-cells in various disease

models, the exact signalling events induced by IL-4/IL-13 via IL-4Rα specifically

on CD4+ T-cells have not yet been characterized in a model of murine malaria.

To our knowledge, this report constitutes the first comprehensive analysis of the

immunological events that shape a CD4+ T-cell response to IL-4 and IL-13 during

chronic P. chabaudi AS infection. Our findings specifically demonstrate that the

abrogation of IL-4Rα signalling of CD4+ T-cells resulted in the suppression of

protective responses during chronic-stage disease. CD4+ T-cell-specific IL-4Rα-/-

(LckcreIL-4Rα-/lox) mice generated, have a null mutation of IL-4Rα on CD4+ T-cells,

an incomplete deletion on CD8+ T-cells and other T-cell subpopulations, and

normal expression on non-T-cells (Bryson et al., 2011, Michels et al., 2009,

Radwanska et al., 2007, Leeto et al., 2006). Our hypothesis was confirmed when

the LckcreIL-4Rα-/lox mice, in response to P. chabaudi AS infection, were unable

to induce an effective chronic protective Th2-type immune response that was

observed within the WT mice. Protection was therefore mainly dependent on

CD4+ T-cells responsiveness to IL-4.

The disease phenotype of the acute-stage infection in the LckcreIL-4Rα-/lox mice

was comparable to that of the WT control. However, the profile changed

following day 17 when the LckcreIL-4Rα-/lox mice demonstrated greater mortality

on days 36 and 40 and recrudescence was evident on days 17, 22 and 28

corresponding to the reduced RBC count at day 22. Weight loss was not a

significant factor at this point but these mice did however, gain weight faster

than the WT control mice (days 12, 14, 17). The IL-4Rα-/- mice induced an

impaired Th2 immune response reminiscent of studies consistently shown by

ourselves and others (Couper, 2003). The absence of the IL-4Rα subunit was

hallmarked by observations of recrudescent parasitaemia, increased mortality

and impaired Th2-type immunity during the chronic stage. P. chabaudi blood-

stage infection in the LckcreIL-4Rα-/lox in comparison to the IL-4Rα-/- mice were

characterized by significantly elevated parasitaemia at day 3 and greater

number of deaths during the chronic-stage of the disease. Anaemia is one of the

major presentations of hyperreactive malarial splenomegaly while splenomegaly



139

is defined as reticuloendothelial and lymphoid hyperplasia due to chronic

malaria infection (del Portillo et al., 2011, Bryceson et al., 1983). Splenomegaly

between the groups was comparable throughout the course of infection

suggesting that parasitaemia alone does not account for the increase in spleen

size but does demonstrate the crucial importance of the spleen in parasite

clearance (del Portillo et al., 2011). This was similarly shown in human P.

falciparum infections where splenectomised patients invariably showed an

increase in parasitaemia during infection regardless of anti-malarial agents used

(del Portillo et al., 2011, Bachmann et al., 2009). Taken together, the IL-4Rα-/-

and LckcreIL-4Rα-/lox mice seemed to control the initial acute-stage infection

adequately but struggled to maintain protection and were susceptible to long-

term disease, evidenced with increased mortality, compared to the WT mice.

The complete absence of IL-4Rα responsiveness versus cell-specific deletion of

IL-4Rα on CD4+ T-cells suggested that non-CD4+ T-cell IL-4Rα-dependent

responses were insufficient to induce protection to chronic P. chabaudi AS

infection.

At peak infection (day 10 post-infection), IFN-γ production from ConA stimulated

splenocytes, although significantly lower than the WT control, correlated with

IgG2a antibody responses from stimulated B-cells. Accumulating evidence

indicates that activated CD4+ T cells release factors, including IFN-γ, which

induce downstream mechanisms to kill parasites (Stephens et al., 2005,

Langhorne et al., 2002, Li and Langhorne, 2000; Troye-Blomberg et al., 1999;

Mohan and Stevenson, 1998). IFN-γ is produced by natural killer (NK) cells, γδ T-

cells, and CD4+ T-cells (Seixas et al., 2002; Mohan et al., 1997), all of which may

play some role in controlling parasitemia, but it is the CD4+ T-cells together with

B-cells that are crucial for the development of protective immunity (Stephens et

al., 2005, Langhorne et al., 2002, Langhorne et al., 1998; von der Weid et al.,

1996). The results seen in our experiments give further evidence that it is via

IL-4Rα signalling on CD4+ T-cells that is crucial for the development of protective

P. chabaudi AS immunity. Much of the pathogenesis of the acute blood-stage

malaria infection in this model has been attributed to pro-inflammatory

responses induced in part by IFN-γ from Th1 CD4+ T-cells (Li et al., 2001).
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Following the acute infection and declining parasitaemia, at day 17, CD4+ T-cell

responses where characterized by a marked IFN-γ increase following ConA and

antigen-specific stimulated splenocytes in the LckcreIL-4Rα-/lox mice compared to

the WT and IL-4Rα-/- mice. It may be suggested that the presence of non-CD4+ T-

cells responding to IL-4Rα signalling is responsible for the induction of an

elevated IFN-γ response in the LckcreIL-4Rα-/lox mice compared to the WT and

IL-4Rα-/- mice since it has been established that IL-4/IL-13 can not only counter-

regulate Th1 responses but can also actually drive or facilitate the promotion of

Th1 responses (Alexander and McFarlane, 2008). Compared to the WT control,

reduced IL-10 production of ConA stimulated splenocytes was evident in the

gene deficient mice but IL-10 was significantly greater in the LckcreIL-4Rα-/lox

mice compared to the IL-4Rα-/- mice at this stage. The elevated IL-10 levels in

the Lck mice compared to the IL-4Rα-/- mice may have occurred as a result of

the significantly elevated IFN-γ response observed at that time which required a

greater suppressive action of the proinflammatory responses. IL-10 is known as

an anti-inflammatory cytokine that plays an important role in regulating

proinflammatory responses in malaria (Niikura et al., 2011). In contrast to the

WT and IL-4Rα-/- groups, LckcreIL-4Rα-/lox mice demonstrated reduced IL-4

cytokine production upon ConA stimulation but IgG1 antibody levels were still

significantly higher in this group. These findings suggest an alternative route of

IL-4 production from non-CD4+ Th2 cells resulting in B-cell activation of IgG1

humoral responses. Furthermore, another explanation for the presence of a mild

Th2 antibody response is the role of CD8- DCs. These DCs can induce the

proliferation of MSP-1 specific transgenic CD4+ T-cells and thereby induce IL-4

and IL-10 production as investigated previously (Sponaas et al., 2006).

Upon termination of the experiment, at day 48, the immunological response in

the gene-deficient mice yielded a greater Th1-type response. A marked IFN-γ

increase following ConA stimulated splenocytes in the LckcreIL-4Rα-/lox mice was

still evident compared to the WT control and IL-4Rα-/- mice. However, this was

reduced upon antigen-specific stimulation. Th2-type responses in the gene-

deficient mice were significantly impaired characterized by reduced IL-10 and

IL-4 production following ConA stimulated splenocytes corresponding to

significantly reduced IgG1 antibody levels. The importance of IL-10 as a

regulatory cytokine due to its anti-inflammatory capabilites as mentioned before
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(Niikura et al., 2011) again provides additional evidence that the reduced IL-10

levels observed coincided with the increased IFN-γ response. As a result of the

abrogation of IL-4Rα signalling in IL-4Rα-/- and LckcreIL-4Rα-/lox mice, the

immunological response was biased toward a Th1 phenotype but which failed to

adequately provide complete protection in these gene-deficient mice. Together,

these findings indicate that due to a dysregulated Th2 protective immune

response, the IL-4Rα-/- and LckcreIL-4Rα-/lox mice are increasingly susceptible to

the infection. In conclusion, we demonstrate that a major role exists for CD4+ T-

cell responsiveness to IL-4 during chronic murine malaria disease.

Findings in the present study have for the first time, provided evidence for the

importance of IL-4Rα signalling on CD4+ T-cells during chronic murine malaria

disease. We show that initial control of acute infection relies on

proinflammatory Th1-type responses, which have been well documented and

supported by our data. However, during the chronic stage, it is clear from the

data presented here that Th2-type responses are necessary for adequate

protection but mainly dependent on IL-4Rα activated CD4+ T-cells. In various

infectious disease models, the effects of IL-4 responsive CD4+ T-cells do not

always provide resistance to infection but rather increases susceptibility. For

example, in a more recent study by Bryson and colleagues where they infected

LckcreIL-4Rα-/lox mice with L. mexicana, it was demonstrated that these mice

developed small lesions that subsequently healed indicating that progressive

infection was dependent on CD4+ T-cell responsive to IL-4 (Bryson et al., 2011).

Similarly, during L. major infection of LckcreIL-4Rα-/lox mice, mice were

completely resistant to infection indicating no role for protection from CD4+ T-

cells responsive to IL-4 (Dewals et al., 2009, Radwanska et al., 2007).

These novel findings within a murine model of malaria infection have provided

some insight into the mechanisms governing Th2 immunity during chronic-stage

P. chabaudi AS infection. We next (Chapter 7) wanted to extend our

investigation further by looking at the effects of abrogation of IL-4Rα signalling

on all T-cell populations in our model. With the availability of CD4+CD8+ T-cell

IL-4Rα-deficient (iLckcreIL-4Rα-/lox) mice, we were able to determine whether

IL-4Rα–dependent pathways of CD4+CD8+ T-cell activation was required for

protective immunity during the chronic stage of P. chabaudi AS infection.
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Chapter Seven

The role of IL-4Rα signalling on CD4+ and CD8+ T-cells during

Plasmodium chabaudi AS erythrocyte infection in BALB/c female

mice.
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7.1 Abstract

The role of IL-4Rα signalling via CD4+ and CD8+ T-cell populations during P.

chabaudi AS infection was determined using a novel mouse model lacking the IL-

4Rα expression specifically on all T-cells (iLckcreIL-4Rα-/lox). Here, we

demonstrate that iLckcreIL-4Rα-/lox mice infected with P. chabaudi AS were not as

susceptible to infection as IL-4Rα-/- mice as measured by survival and

recrudescent infections during the course of the experiment. In addition,

iLckcreIL-4Rα-/lox mice had comparable parasitaemia levels to the WT control

throughout the infection. Significant weight loss was obtained in the iLckcreIL-

4Rα-/lox mice at day 22 with increased anaemia observed at days 17 and 22

compared to the IL-4Rα-/- mice. Interestingly, splenomegaly was significantly

lower in the iLckcreIL-4Rα-/lox mice at days 10 and 17 but then significantly

increased at day 48 compared to the WT and IL-4Rα-/- mice. The immunology of

infection in iLckcreIL-4Rα-/lox mice was characterized by an early Th1 phenotype

as measured by splenic IFN-γ and increased serum IgG2a antibody titres,

similarly found in the IL-4Rα-/- mice. Subsequently, during the latter part of the

infection, Th2 responses were impaired with significantly reduced splenic IL-4

and IL-10 cytokine production in both gene-deficient mice compared to the WT

control. Although, no mortalities were observed in the iLckcreIL-4Rα-/lox mice,

there was some evidence of a delayed impaired Th2-type immune response in

these mice. In conclusion, the results indicated that iLckcreIL-4Rα-/lox mice were

more resistant to infection compared to the IL-4Rα-/- mice but still displayed a

diminished Th2 protective immune response compared with WT mice later in

infection.
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7.2 Introduction

It is well established that immunity against the pre-erythrocytic stages of

Plasmodium infection depends on CD8+ T-cell responses (Lundie et al., 2008,

Good and Doolan, 1999).  On the contrary, immunity to the erythrocytic stages is

largely dependent on CD4+ T-cell and humoral responses. Although CD8+ T-cells

were shown to not protect against erythrocytic stages of infection, evidence in

murine models have indicated that CD8+ T-cells contribute to the pathology of

experimental cerebal malaria (ECM) (Lundie et al., 2008, Renia et al., 2006).

IL-4 is a crucial mediator of CD4+ Th2 cell differentiation and suppression of

IFN-γ producing CD4+ Th1 cells (de Sa Pinheiro et al., 2007, Nelms et al., 1999).

This cytokine also plays a pivotal role in the differentiation of B-cells controlling

the specificity of IgG class switching and the development of memory B-cells.

Several studies have also indicated that IL-4 helps to sustain the growth and

prolongs survival of CD4+ T and B-cells (Nelms et al., 1999). Furthermore, IL-4

modulates important functions of CD8+ T-cells, which compared with CD4+ T-

cells undergo distinct differentiation pathways and exhibit vastly different

functional properties. Previous in vitro studies have described a number of

effects of IL-4 on CD8+ T-cells including the induction of IL-4 secretion and

enhancement of IL-2 induced proliferation (Kienzle et al., 2002, Miller et al.,

1990, Acres et al., 1988). Further studies have suggested a role for IL-4 in the in

vitro development of cytotoxic T-cells (Trenn et al., 1988, Palacious et al.,

1987) and some studies indicated that IL-4 could decrease cytolytic activity in

vitro (Falchetti et al., 1996). IL-4 was also shown to be necessary for the in vitro

generation of memory CD8+ T-cells (Huang et al., 2000). de Sa Pinheiro and

colleagues have revealed a role for IL-4 in the generation of memory CD8+ T-cells

against the pre-erythrocytic stages of the parasite in a P. yoelii mouse model

using parasite-specific transgenic CD8+ T-cells (de Sa Pinheiro et al., 2007).

Using IL-4R-/- mice, they demonstrated that IL-4 acts directly on activated anti-

parasitic CD8+ T-cells through the IL-4R and promote the survival of memory

CD8+ T-cells (de Sa Pinheiro et al., 2007).
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The generation of macrophage/neutrophil IL-4Rα deficient (LysMcreIL-4Rα-/lox)

mice in chapter 5 has shown that the alternate activation of macrophages was

not a requirement for chronic protective immunity during P. chabaudi AS

infection. Furthermore, the utilization of CD4+ T-cell specific IL-4Rα-/- mice has

demonstrated a significant role for IL-4 signalling via CD4+ T-cells in limiting

recrudescent episodes in chronic infections. However, CD8+ T-cells were still

able to respond to IL-4 in these mice. In order to determine whether IL-4

signalling via CD8+ T-cells also played a role in control, we studied the course of

P. chabaudi AS infection by utilizing iLckcreIL-4Rα-/lox mice (Bryson et al., 2011,

Dewels et al., 2009) that had a pan T-cell deletion of IL-4Rα.
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7.3 Results

7.3.1 Comparison of the survival rates and disease phenotypes of wild-type

(WT), CD4+CD8+ T-cell IL-4Rα-deficient (iLckcreIL-4Rα-/flox) and global IL-4Rα-

deficient (IL-4Rα-/-) female mice following Plasmodium chabaudi AS infection.

WT and iLckcreIL-4Rα-/lox mice survived the acute stage infection with no

mortalities observed whereas the IL-4Rα-/- mice displayed an enhanced mortality

rate of 17% at day 12 post infection, as shown previously in chapter 4, (Figure

4.1). During the chronic-stage infection, 17% mortality was observed in the WT

mice on day 33 and again the majority of deaths were observed in the IL-4Rα-/-

mice at day 36, 33% mortality (Figure 7.1). In contrast, no fatalities were

observed in the iLckcreIL-4Rα-/lox mice during the course of the study (Figure 7.1).
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Figure 7.1: Comparison of the survival rates of P. chabaudi AS infection in WT
(IL-4Rαlox/-), IL-4Rα-/- and iLckMcreIL-4Rα-/flox female mice on a BALB/c background.
WT (IL-4Rαlox/-) n=9, IL-4Rα-/- n=6 and iLckcreIL-4Rα-/lox n=7.
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Parasite burden at day 3 was significantly higher in the WT and iLckcreIL-4Rα-/lox

mice compared to IL-4Rα-/- mice (Figure 7.2) while peak infection (day 7)

showed no significant differences between the groups (Figure 6.2). Furthermore,

no significant differences in parasite load occurred between the WT and

iLckcreIL-4Rα-/lox mice throughout the duration of the disease. Only the IL-4Rα-/-

mice demonstrated significantly greater recrudescent parasitaemias during the

course of the disease (Figure 7.2).
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Figure 7.2: Comparison of the disease parasitaemias of P. chabaudi AS infection in WT (IL-
4Rαlox/-), IL-4Rα-/- and iLckcreIL-4Rα-/lox female mice on a BALB/c background. Results are
displayed as a (A) % and as a (B) log % of parasitaemia levels in these groups. n=6. * denotes
p<0.05.
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Non-infected mice showed a steady weight gain over the 48 day period (Figure

7.3, A). Maximal weight loss in the infected IL-4Rα-/- mice was reached earlier at

day 10 compared to the infected WT and iLckcreIL-4Rα-/lox mice which

demonstrated maximal weight loss at day 12 (Figure 7.3, A). Following recovery,

all mice showed an increase in weight while a significant increase in weight was

only observed in the WT and iLckcreIL-4Rα-/lox mice when compared to the

IL-4Rα-/- mice at day 22 (Figure 7.3, A).

Contrary to non-infected mice, severe anaemia was reached in all groups at day

10 post-infection with a significant drop in RBC counts (Figure 7.3, B). At day 10

of the peak infection, no differences in RBC counts were observed between the

groups. However, at day 12, RBC counts were significantly reduced in the

iLckcreIL-4Rα-/lox mice compared to the WT control and IL-4Rα-/- mice (Figure 7.3,

B). Following parasite control during the latter stage of the infection, a

significant increase in RBC count was observed in the iLckcreIL-4Rα-/lox mice

compared to the IL-4Rα-/- mice on day 14 while no significant differences

occurred between the WT and iLckcreIL-4Rα-/lox mice (Figure 7.3, B).

Furthermore, the RBC count then dropped in the iLckcreIL-4Rα-/lox mice on days

17 and 22 compared to the IL-4Rα-/- mice (Figure 7.3, B) but seemed to level off

in all the groups as time progressed (Figure 7.3, B).
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Figure 7.3: Comparison of (A) weight loss and (B) malaria induced anaemia during the course of
P. chabaudi AS infection in WT (IL-4Rαlox/-), IL-4Rα-/- and iLckcreIL-4Rα-/flox female mice on a
BALB/c background. WT (IL-4Rαlox/-) n=5-9, IL-4Rα-/- n=6 and iLckcreIL-4Rα-/flox n=7. Results are a
representative of two separate experiments. * denotes p<0.05.
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7.3.2 The influence of chronic disease on splenomegaly in CD4+CD8+ T-cell

IL-4Rα-deficient (iLckcreIL-4Rα-/lox) female BALB/c mice infected with

Plasmodium chabaudi AS.

Whole spleen weights of non-infected and infected WT, IL-4Rα-/- and

iLckcreIL-4Rα-/lox mice were measured to determine the severity of splenomegaly

during the course of P. chabaudi AS infection between the respective groups. It

was apparent that P. chabaudi AS parasite directly causes splenomegaly in the

infected WT and IL-4Rα-/- groups compared to non-enlarged spleens observed in

the non-infected mice throughout the duration of the disease (Figure 7.4).

Interestingly, no increase in whole spleen weight was observed in the infected

iLckcreIL-4Rα-/lox mice compared to the non-infected group at day 10 (Figure 7.4,

A) whilst a significant increase was seen in the infected WT and IL-4Rα-/- groups.

As the infection progressed, all infected groups demonstrated splenomegaly

compared to non-infected mice at day 17 post-infection (Figure 7.4, B).

However, iLckcreIL-4Rα-/lox mice again showed a significant decrease in whole

spleen weight when compared to the infected WT and IL-4Rα-/- mice (Figure 7.4,

B). Furthermore, at day 48, no significant difference in the severity of

splenomegaly was observed between the infected WT control and IL-4Rα-/- mice

but a striking increase was observed in the iLckcreIL-4Rα-/lox group at this time

(Figure 7.4, C).
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Figure 7.4: Comparison of the whole spleen tissue weights of non-infected and P. chabaudi AS
infected WT (IL-4Rαlox/-), IL-4Rα-/- and iLckcreIL-4Rα-/lox female mice on a BALB/c background on
(A) day 10 (B) day 17 and (C) day 48. n=5-8. * Infected vs non-infected mice and
# iLckcreIL-4Rα-/flox vs WT (IL-4Rαlox/-) and IL-4Rα-/- mice. *and # denotes p<0.05.
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7.3.3 Comparison of the splenic cytokine production in wild-type (WT), global

IL-4Rα-deficient (IL-4Rα-/-) and CD4+CD8+ T-cell IL-4Rα-deficient

(iLckcreIL-4Rα-/lox) female BALB/c mice following Plasmodium chabaudi AS

infection.

IFN-γ production, was significantly reduced by WT derived splenocytes following

ConA stimulation from day 10 infected mice compared to the gene-deficient

mice (Figure 7.5, A). On the other hand, IFN-γ production from ConA stimulated

splenocytes was significantly lower in the iLckcreIL-4Rα-/lox group compared to

the IL-4Rα-/- mice (Figure 7.5, A). IL-12 production was comparable between the

groups with no striking differences (Figure 7.5, B). Th2 biased IL-10 cytokine

levels were significantly greater in the WT derived splenocytes stimulated with

ConA compared to gene-deficient mice derived splenocytes (Figure 7.6, A) while

IL-4 production demonstrated no significant differences between the groups

(Figure 7.6, B).

IFN-γ production, at day 17 post-infection, was significantly greater in the WT

and iLckcreIL-4Rα-/lox ConA and antigen-specific stimulated splenocytes compared

to the IL-4Rα-/- derived splenocytes (Figure 7.7, A). IL-12 production was only

observed in the WT and iLckcreIL-4Rα-/lox stimulated splenocytes and was below

the sensitivity of the sensitivity of the ELISA in the IL-4Rα-/- derived splenocytes

(Figure 7.7, B). No significant differences in IL-10 production was observed

between the groups (Figure 7.8, A) while IL-4 production from ConA stimulated

splenocytes of IL-4Rα-/- mice were significantly greater than the WT and

 iLckcreIL-4Rα-/lox stimulated splenocytes (Figure 7.8, B).

At day 48, WT and iLckcreIL-4Rα-/lox mice displayed significantly increased IFN-γ

production from ConA stimulated splenocytes compared to the IL-4Rα-/- mice

whilst IFN-γ production from antigen-specific stimulated IL-4Rα-/- derived

splenocytes was significantly increased compared to the WT and iLckcreIL-4Rα-/lox

derived splenocytes (Figure 7.9, A). IL-12 production was not significant although

it seemed greater in the IL-4Rα-/- mice (Figure 7.9, B). WT and gene-deficient

mice displayed comparable IL-10 production following ConA stimulation but IL-10

production were significantly greater in the WT and IL-4Rα-/- derived splenocytes

stimulated with antigen compared to the iLckcreIL-4Rα-/lox derived splenocytes
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(Figure 7.10, A). Furthermore, IL-4 production from ConA stimulated splenocytes

was significantly reduced in the gene-deficient mice compared to the WT control

(Figure 7.10, B). In addition, IL-4 was significantly elevated in the

iLckcreIL-4Rα-/lox derived splenocytes following ConA and antigen-specific

stimulation compared to the IL-4Rα-/- mice (Figure 7.10, B).
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Figure 7.5: Comparison of day 10 splenic (A) IFN-γ and (B) IL-12 production in P. chabaudi AS
infected WT (IL-4Rαlox/-), IL-4Rα-/- and iLckcreIL-4Rα-/flox female mice on a BALB/c background.
n=4-5. ND indicates not detected within the standard curve range of the ELISA. * denotes p<0.05.
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Figure 7.6: Comparison of day 10 splenic (A) IL-10 and (B) IL-4 production in P. chabaudi AS
infected WT (IL-4Rαlox/-), IL-4Rα-/- and iLckcreIL-4Rα-/flox female mice on a BALB/c background.
Results are a representative of two separate experiments, n=5-9. ND indicates not detected
within the standard curve range of the ELISA. * denotes p<0.05.
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Figure 7.7: Comparison of day 17 splenic (A) IFN-γ and (B) IL-12 production in P. chabaudi AS
infected WT (IL-4Rαlox/-), IL-4Rα-/- and iLckcreIL-4Rα-/flox female mice on a BALB/c background.
n=5-9. ND indicates not detected within the standard curve range of the ELISA. * denotes p<0.05.
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Figure 7.8 Comparison of day 17 splenic (A) IL-10 and (B) IL-4 production in P. chabaudi AS
infected WT (IL-4Rαlox/-), IL-4Rα-/- and iLckcreIL-4Rα-/lox female mice on a BALB/c background.
n=5-9. ND indicates not detected within the standard curve range of the ELISA. * denotes p<0.05.
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Figure 7.9 Comparison of day 48 splenic (A) IFN-γ and (B) IL-12 production in P. chabaudi AS
infected WT (IL-4Rαlox/-), IL-4Rα-/- and iLckcreIL-4Rα-/lox female mice on a BALB/c background.
n=5-9. ND indicates not detected within the standard curve range of the ELISA. * denotes p<0.05.
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Figure 7.10: Comparison of day 48 splenic (A) IL-10 and (B) IL-4 production in P. chabaudi AS
infected WT (IL-4Rαlox/-), IL-4Rα-/- and iLckcreIL-4Rα-/lox female mice on a BALB/c background.
n=5-9. ND indicates not detected within the standard curve range of the ELISA. * denotes p<0.05.
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7.3.4 Comparison of the serum IgG2a and IgG1 antibody responses of

CD4+CD8+ T-cell IL-4Rα-deficient (iLckcreIL-4Rα-/lox) female BALB/c mice

following Plasmodium chabaudi AS infection.

Peak infection at day 10 demonstrated no significant differences in Th1-type

(IgG2a) antibody levels in the respective groups (Figure 7.11, A). A day 17 of the

infection, IgG2a antibody levels were significantly increased in the WT and

iLckcreIL-4Rα-/lox mice compared to the IL-4Rα-/- mice (Figure 7.11, B). However,

at day 48, the IgG2a antibody levels were significantly reduced in the WT and

iLckcreIL-4Rα-/lox mice compared to the IL-4Rα-/- mice (Figure 7.11, C).

Th2 associated antibody levels, namely IgG1, at day 10 of the primary infection

was comparable between the groups (Figure 7.12, A).  At day 17 post infection,

IgG1 antibody levels were significantly increased in the WT control compared to

the gene-deficient mice and, IL-4Rα-/- mice demonstrated greater IgG1 levels

compared to the iLckcreIL-4Rα-/lox mice (Figure 7.12, B). Contrary to day 17, at

day 48 of the infection, IgG1 antibody levels were then significantly increased in

the WT and iLckcreIL-4Rα-/lox mice compared to the IL-4Rα-/- mice (Figure 7.12,

C).
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Figure 7.11: Comparison of the IgG2a antibody responses of P. chabaudi AS infected WT
(IL-4Rαlox/-), IL-4Rα-/- and iLckcreIL-4Rα-/lox female mice on a BALB/c background on (A)
day 10 (B) day 17 and (C) day 48. n=5-8. * denotes p<0.05.
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Figure 7.12: Comparison of the IgG1 antibody responses of P. chabaudi AS infected WT
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7.4 Discussion

Our understanding of how cell-specific IL-4Rα signalling co-ordinates Th2 type

immunity in malaria is relatively poor. Transgenic mouse models with the IL-4Rα

expression disrupted in defined cell populations have provided a valuable tool to

addressing our understanding of the signalling pathways and has highlighted key

cellular players in the control of infections where Th2 effector responses are

involved (Dewals et al., 2009). While IL-4 mediates multiple effects on T-cells,

murine T and B cells do not respond to IL-13 (Mohrs et al., 2000). We have

shown in the first instance that cell specific IL-4Rα-/- mice demonstrated that

aaMac were not crucial for protection against the long-term effects of P.

chabaudi AS infected female BALB/c mice. Secondly, we provided evidence that

CD4+ T-cells responsive to IL-4 played a significant protective role during chronic

disease. We subsequently generated a mouse specifically impaired for IL-4Rα

expression on all T-cell populations (iLckcreIL-4Rα-/lox) and these mice were

compared with IL-4Rα-/- mice after P. chabaudi AS infection. The results

demonstrated that the iLckcreIL-4Rα-/lox mice were not as susceptible to the

infection as the IL-4Rα-/- mice and displayed a similar disease phenotype to the

WT controls. However, significant weight loss and reduced RBC counts were

evident in the iLckcreIL-4Rα-/lox mice compared to the IL-4Rα-/- mice following the

patent parasitaemia suggesting a possible delayed response in this group.

The immunological profile at day 10 of the infection showed a typical Th1

response in both gene-deficient mice which was significantly enhanced

compared to the WT control as measured by increased splenic IFN-γ production.

Collectively, these data support previous findings in which Th1 responses are

necessary for destroying patent parasitaemia (Hafalla et al., 2011, Taylor-

Robinson and Phillips, 1994). The significantly elevated splenic IFN-γ response in

the gene-deficient mice could be a result of an elevated innate proinflammatory

response. The significance of IFN-γ as a key role player in early protection

against parasitaemia in humans was also demonstrated in an in vitro model

exposing peripheral blood mononuclear cells (PBMCs) to P. falciparum infected

RBC (Hafalla et al., 2011, Artavanis-Tsakonas and Riley, 2002).
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Progression of the infection maintained protective Th1 responses in the

iLckcreIL-4Rα-/lox mice by day 17 with increased IgG2a Ab titres. Splenic IL-10

production was produced in all groups at this time and could have facilitated the

balance between Th1 pro-inflammatroy and anti-inflammatory responses. By day

48, Th2 cytokine responses were impaired in both gene-deficient groups as

measured by reduced IL-4 splenic cytokine production compared to the WT

control. However, at day 48, IL-4Rα-/- mice demonstrated elevated levels of

antigen-specific splenic IL-10 production compared to the iLckcreIL-4Rα-/lox mice

suggesting that downregulaton of pro-inflammatory responses could result in

recurring parasitaemia, hence recrudescent infection observed in the IL-4Rα-/-

mice. The role of anti-inflammatory cytokines (TGF-β and IL-10) was shown to

down-regulate the protective and potentially detrimental defence mechanisms

once peripheral parasitemia has been brought under control. This delicate

balance between pro-inflammatory and anti-inflammatory responses appears to

be a major determinant of the clinical outcome of a Plasmodium infection.

Studies in murine malaria suggest an important role for TGF-β and IL-10 in

regulating the overproduction of IFN-γ and TNF-α during erythrocytic infections

(Hafalla et al., 2011, Stevenson and Riley, 2004). Furthermore, in P. chabaudi

infection, it has been shown that IL-10 production from Tr1 and Treg are

associated with suppression of proinflammatory cytokine production and

expansion of pathological Th1 responses (Niikura et al., 2011).

At day 48, in the iLckcreIL-4Rα-/lox mice, increased IFN-γ, reduced IL-10 and

increased IL-4 splenic cytokine production was observed compared to the

IL-4Rα-/- mice. However, a Th1 immune response was consistent in the gene-

deficient mice, which resulted in detrimental effects in the IL-4Rα-/- mice such

as increased mortality and recrudescence, not so in the iLckcreIL-4Rα-/lox mice.

Furthermore, the reduced IgG1 Ab titres at day 48 was only evident in the

IL-4Rα-/- mice indicating that the increased IgG1 Ab titres seen in the

iLckcreIL-4Rα-/lox mice, comparable to the WT control, may be due to non-T-cell

IL-4 dependent mechanism of B-cell stimulation. These novel findings indicate

that non-T-cells responsive to IL-4/IL-13 activation could have facilitated chronic

P. chabaudi AS protection in the iLckcreIL-4Rα-/lox mice compared to the IL-4Rα-/-

group independent of T-cell IL-4Rα signalling. In a more recent study by Dewals

and colleagues utilizing pan-T-cell IL-4Rα-deficient mice, the role of non-T-cells
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responsive to IL-4 was described and its differing effects on the outcome of

parasitic infections (Dewals et al., 2009). They showed that L. major infected

LckcreIL-4Rα-/lox and iLckcreIL-4Rα-/lox mice developed a healer phenotype thus

implicating a role for IL-4Rα-responsive non-T-cells in providing protection

(Dewals et al., 2009). On the contrary, S. mansoni infected LckcreIL-4Rα-/lox

mice, survived the infection while iLckcreIL-4Rα-/lox mice succumbed to infection

indicating that IL-4Rα-responsive non-CD4+ T-cells contribute to protection

(Dewals et al., 2009).

An interesting observation occurred when measuring whole spleen organs for

comparison since splenomegaly is a clinical sign of chronic malarial disease. The

spleen consists of micro-anatomical zones and microcirculations adapted to

performing different functions from the induction of adaptive immunity,

recycling of iron and phagocytosis of erythrocytes as well as destruction of

damaged or infected RBCs and pathogens including Plasmodium (del Portillo et

al., 2011). Spleen size has been used for many years as a tool to determine the

intensity of malaria transmission in endemic regions (del Portillo et al., 2011,

Chaves et al., 2011, Snow et al., 1989, Neva et al., 1970). During blood-stages

of malaria infection, the spleen is the main organ involved in the development

of the immune response and in elimination of iRBCs (del Portillo et al., 2011,

Engwerda et al., 2005). Splenomegaly develops when the infection persists or

when there is insufficient time to fully resolve the infection (Wilson et al., 2009,

Greenwood, 1987). The WT control and IL-4Rα-/- mice displayed comparable

enlarged spleens while iLckcreIL-4Rα-/lox mice initially displayed significantly

smaller spleens than the WT and IL-4Rα-/- mice. However, upon termination of

the experiment, iLckcreIL-4Rα-/lox mice displayed significantly larger spleens than

the WT and IL-4Rα-/- mice suggesting that splenomegaly was more pronounced in

the iLckcreIL-4Rα-/lox mice during long-term infection. It seems that in the

absence of IL-4Rα signalling via T-cells, splenomegaly is delayed. However, this

was not the case in the IL-4Rα-/- mice, which would suggest that non-T-cell

populations responding to IL-4/IL-13 are involved in delaying this phenomenon.

The role of the spleen in normal and pathological conditions caused by malaria

infection is still to be elucidated but recent advances in bioengineering and

microfluidics are paving the way to construct 3D organs-on-a chip, including the

spleen (Baker, 2011, Deplaine et al, 2011, del Portillo et al., 2011).
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In conclusion, the results using pan T-cell gene-deficient mice were intriguing

and require further investigation. Unfortunately, in the duplicate experiment

there was an accident resulting in the loss of the tissue specific group. Due to

time constraints and availability of the tissue-specific mice, this experiment

could not be repeated. However, some of the observations were of great

significance. For example, the role of non-T-cells responsive to IL-4/IL-13 in

chronic P. chabaudi AS protection and the concept of delayed splenomegaly in

the absence of IL-4Rα signalling on all T-cells require further investigation.
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Chapter Eight

General Discussion
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8. General Discussion

Early studies presented in this thesis demonstrated that P. chabaudi AJ infected

female IL-4Rα-/- mice were more susceptible to infection than their WT

counterparts as determined by greater recrudescent parasitaemia and severity

of chronic infection. These results were similar to those previously obtained in

our group in which male gene-deficient BALB/c P. chabaudi AS infected mice

were used (Couper, 2003). Our findings indicated that the immunological

response during chronic infection was not parasite strain dependent. In addition,

similar results were observed in female mice to those previously using male mice

suggesting that the enhanced recrudescence observed in the IL-4Rα-/- mice was

also independent of host gender. With the availability of the P. chabaudi AS

strain we were then able to investigate the role of IL-4Rα-signalling in the

original model described by Couper (2003). That is, male BALB/c mice infected

with P. chabaudi AS parasite. Consequently, our experiments indicated that IL-

4Rα-/- male mice were extremely susceptible to the infection characterized by

high mortality and such severe pathology that the experiment studies on these

mice had to be terminated at day 14. Consequently, all further studies utilized

the more resistant female BALB/c gene-deficient mice infected with P. chabaudi

AS. The results obtained using the female P. chabaudi AS infection model were

in agreement with previous findings (Couper, 2003) and with that obtained in

using the AJ strain of P. chabaudi. Overall a significant role for IL-4Rα signalling

in providing protective immunity against P. chabaudi AS chronic infection was

confirmed, and required further investigation.

We have demonstrated that IL-4Rα plays a major protective role during chronic

P. chabaudi AS infection in male and female BALB/c mice and that IL-4Rα-/-

mice, unlike their WT counterparts, were unable to effectively clear and control

chronic infection characterized by increased mortality, enhanced recrudescent

parasitaemia and an impaired Th2 immune response. However, male mice

succumbed to infection at a greater extent than the female mice, infected with

the same P. chabaudi AS parasite, possibly due to immunomodulatory effects of

sex hormones. The influence of testosterone on disease susceptibility has been

described before for malaria (Klein, 2008, 2004) and other parasitic infections

(Bryson et al., 2011). Collectively, the present data provided evidence that

abrogation of IL-4Rα signalling on all cell types resulted in an impairment of the
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protective Th2 phenotype in the IL-4Rα-/- mice. Furthermore, a similar overall

effect in the disease profile and immunological response was observed in the

male and female IL-4Rα-/- mice infected with either P. chabaudi AS or AJ

parasites respectively and therefore chronic disease was not strain-specific or

host gender dependent.

Having established  a suitable model, the effect of IL-4Rα signalling on certain

cell types during chronic malaria disease was studied. Our understanding of how

cell-specific IL-4Rα signalling coordinates Th2 immunity in murine malaria is

relatively poor and with the use of transgenic mouse models with IL-4Rα

expression disrupted in defined cell populations we have been able to identify

key cellular players involved in controlling parasite infections involving Th2-type

responses. These novel investigations described here for P. chabaudi AS infection

will prove useful in our understanding of protective immune mediated

mechanisms during chronic disease.

In the first instance, we wanted to investigate the possible role of IL-4Rα

signalling on macrophages/neutrophils using macrophage/neutrophil-specific

IL-4Rα-/- (LysMcreIL-4Rα-/lox) mice. We found that long-term protection of

LysMcreIL-4Rα-/flox mice infected with P. chabaudi AS did not require the presence

of IL-4/IL-13 activated macrophages as a similar disease profile in these mice

was shown compared with the WT control. Consequently, we suggested that the

increased susceptibility of IL-4Rα-/- mice compared with WT mice must depend

on IL-4Rα signalling on cell populations other than macrophages/neutrophils.

However, these results were contrary to that shown by Couper (Couper, 2003).

He showed that LysMcreIL-4Rα-/flox male mice displayed a similar disease course to

IL-4Rα-/- mice, namely an impaired Type 2 protective immune response,

compared to WT mice. Couper hypothesized that IL-4/IL-13 protection might be

via regulation of macrophage/neutrophil function. The major difference

between the two studies was that Couper utilized male mice and the present

study female mice. Previous studies have shown that susceptibility to infection

and immunological differences between sexes can be influenced by gender

differences (hormonal) when infected with the same parasite (Klein et al., 2008,

Klein, 2004). Immunomodulatory effects of testosterone was shown to increase

susceptibility and mortality following P. chabaudi or P. berghei infection (Klein,
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2004; Wunderlich et al., 1991; Kamis and Ibrahim, 1989) and recovery is delayed

in male mice compared to female mice (Klein, 2004). A recent study using cell-

specific IL-4Rα-/- female mice infected with L. mexicana showed that these mice

developed small lesions, which subsequently healed and was associated with a

strong Th1 phenotype while the male mice developed small lesions that persisted

and associated with a strong Th1 response but significantly elevated IL-4

production as well (Bryson et al., 2011). IL-4 production independently of IL-4Rα

signalling has been observed in a number of immunological studies previously

(Alexander et al., 2002, Brewer et al., 1999, Mohrs et al., 1999). The work by

Bryson and colleagues represent for the first time a sex-associated influence on

this ability (Bryson et al., 2011). Our current data have consequently supported

their findings regarding this sex associated influence and IL-4Rα signalling but in

a model of P. chabaudi AS infection. Taken together, our LysMcreIL-4Rα-/lox

infection model demonstrated no significant role for IL-4Rα signalling via

macrophages/neutrophils in providing significant protection during chronic P.

chabaudi AS infection.

We then investigated the role of CD4+ T-cells responsive to IL-4Rα signalling in P.

chabaudi AS infection since CD4+ T-cells have been shown to play a major role

during innate and adaptive immunity to malaria infection (Stephens et al., 2005,

Langhorne et al., 2002). We generated a mouse deficient in IL-4Rα function via

CD4+ Tcells (LckcreIL-4Rα-/flox) only. Our studies demonstrated that initial control

in the LckcreIL-4Rα-/lox mice was associated with a Th1 phenotype characterized

by splenic IFN-γ production and serum IgG2a antibody responses. Subsequent

Th1-Th2 control in the LckcreIL-4Rα-/lox mice around day 17 was demonstrated as

measured by increased splenic IFN-γ and IL-10 production and the induction of

serum IgG1 antibodies. During chronic infection, recrudescence was evident in

the LckcreIL-4Rα-/lox mice similar to the IL-4Rα-/- mice accompanied by reduced

RBC count and increased mortality at days 36 and 40. Th2 responses were down-

regulated in the LckcreIL-4Rα-/lox and IL-4Rα-/- mice characterized by reduced

splenic IL-10 and IL-4 production, increased IFN-γ from ConA stimulated

splenocytes and increased serum IgG2a antibody responses. The importance of

IL-10 as a regulatory cytokine with anti-inflammatory functions (Niikura et al.,

2011) provides additional evidence that the reduced IL-10 levels observed in the
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gene-deficient mice coincided with the increased IFN-γ response observed.

Consequently, due to abrogation of IL-4Rα signalling in IL-4Rα-/- and

LckcreIL-4Rα-/lox mice, protective immunity was biased toward a Th1 phenotype

but which failed to adequately provide complete protection during the chronic

phase. Strikingly, mortality was significantly greater in the LckcreIL-4Rα-/lox than

in the IL-4Rα-/- mice. IL-4 responsive CD4+ T-cells do not always provide

protection but rather increases susceptibility to infection such as in L. mexicana

infection in which non-healing progressively growing lesions are associated with

a biased Th2 response in BALB/c mice (Bryson et al., 2011). Bryson and

colleagues infected LckcreIL-4Rα-/lox mice with L. mexicana and demonstrated

that these mice developed small lesions that subsequently healed indicating that

progressive infection was dependent on CD4+ T-cell responsive to IL-4 (Bryson et

al., 2011). Similarly, during L. major infection of LckcreIL-4Rα-/lox mice,

resistance to infection was achieved implicating no role for protective immunity

from CD4+ T-cells responsive to IL-4 (Dewals et al., 2009, Radwanska et al.,

2007). In summary, our findings present for the first time evidence that

LckcreIL-4Rα-/lox together with IL-4Rα-/- BALB/c mice were susceptible to chronic-

stage P. chabaudi AS infection and that the effector functions of IL-4

responsiveness on CD4+ T-cells were critical for the clearance and control of the

infection.

While a significant role for CD4+ T-cells responsive to IL-4/IL-13 stimulation in

chronic P. chabaudi AS infection was demonstrated, we wanted to determine

whether this biological effect was reflected in CD4+CD8+ T-cell IL-4Rα-/- mice

(iLckcreIL-4Rα-/lox). The role of IL-4 in induction of a wide-spectrum of

intracellular signalling cascades in CD8+ T-cells has been described before but

only in a model of P. yoelii liver-stage infection (de Sa Pinheiro et al., 2007,

Carvalho et al., 2002). Carvalho and colleagues have previously revealed a

crucial role for IL-4 in the generation of memory CD8+ T-cell responses against

liver-stages of the parasite (Carvalho et al., 2002). de Sa Pinheiro have

subsequently extended their investigations and identified signalling pathways

activated by IL-4 on CD8+ T-cells and showed that IL-4 has a strong in vivo and in

vitro anti-apoptotic effect on activated and resting CD8+ T-cells (de Sa Pinheiro

et al., 2007). In the present study, contrary to the LckcreIL-4Rα-/lox mice, the

iLckcreIL-4Rα-/lox mice did not succumb to infection and displayed a similar
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disease profile to the WT controls compared to the IL-4Rα-/- mice. However, Th1

responses remained dominant during acute infection and declining parasitaemia

but Th2 responses were diminished during the latter part of infection.

Interestingly, splenomegaly was delayed in the iLckcreIL-4Rα-/lox mice compared

to the WT and IL-4Rα-/- mice suggesting that non-T-cell populations responding

to IL-4/IL-13 are involved in this delayed response. Overall, these findings

suggest that non-T-cells responsive to IL-4/IL-13 activation could have facilitated

protection in chronic P. chabaudi AS infection in the iLckcreIL-4Rα-/lox mice

compared to the IL-4Rα-/- group independent of T-cell IL-4Rα signalling. The role

of non-T-cells in providing protection was suggested in parasitic studies. It is

known that both IL-4 and IL-13 promote CD40L-induced IL-12 production by

macrophages and DCs (Bullens et al., 2001). This could indicate that DCs may be

the IL-4/IL-13 responsive cells facilitating protection against, for example,

L.major in the absence of IL-4Rα responsive CD4+ T-cells in BALB/c mice

(Radwanska et al., 2007).

To conclude, utilizing cell-type specific IL-4Rα-/- mice we demonstrate that upon

infection with P. chabaudi AS, initial control is dependent on innate type-1

responses followed by adaptive immunity. Progressive infection and control of

recrudescent parasitaemia is dependent on Th2 responses. Hence CD4+ T-cells

responsive to IL-4Rα signalling seem to be vital and the dominant role-player in

providing protection during chronic disease. Furthermore, we present no role for

aaMø in providing protection in our female model utilizing LysMcreIL-4Rα-/lox

mice. Intriguingly alternative macrophage activation may provide protection in

male mice suggesting the effect is host gender determined suggesting a

significant effect of sex hormones on macrophages/neutrophil function. The role

for CD8+ T-cells during blood-stage malaria infection is not well established as

has been documented for pre-erythrocytic stage malaria infections (de Sa

Pinheiro et al., 2007, Carvalho et al., 2002). Consequently, we could speculate

that in the absence of IL-4Rα signalling on CD4+ T-cells, IL-4 responsive CD8+ T-

cells may play a role in exacerbation of the disease. Interesting results from the

CD4+ and CD8+ T-cell IL-4Rα-/- mice demonstrate a role for non-T-cells dependent

on IL-4Rα responsiveness in providing protection in the infected mice and

require further investigation.
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Future studies focusing on the major role-players involved in chronic protection,

namely CD4+ T-cells would provide in depth understanding of the control of

malarial infection. This can be achieved by focusing on IL-4Rα expression on

CD4+ T-cells, whether it is upregulated during infection using specialized

techniques (FACs analysis) and whether upregulation is concomitant with the

Th1-Th2 switch. Secondly, if this evidence is true for CD4+ T-cells then we are

able to manipulate the cytokine environment by upregulation of IL-4/IL-13

production from CD4+ T-cells to facilitate protection and clearance of chronic

blood-stage infection. Thirdly, establishing which non-T-cells responsive to IL-

4/IL-13 are involved in providing protection during the chronic stage of malaria

infection. Perhaps with the availability of non-T-cell IL-4Rα-/- mice (DC and B-

cell IL-4Rα-/- mice) a better understanding of immune mechanisms mediating

protective immunity in malaria infections will be accomplished.
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ADDENDUM ONE

A.

B.

C.

Addendum 1 Figure: (A) Comparison of the course of P. chabaudi AS erythrocyte infection in
WT, IL-4-/- and IL-4Rα-/- male mice. Comparison of (B) weight loss and (C) malaria induced
anaemia in WT, IL-4-/- and IL-4Rα-/- male mice during infection. Results are representative of (A)
3 and (B +C) 2 similar experiments.
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ADDENDUM TWO

Couper et al., 2008. The Journal of Immunology. 180: 5771-5777.
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