CHAPTER 1

INTRODUCTION



1. Introduction

1.1 History of Toxoplasma gondii

Toxoplasma gondivas first discovered in a North African rode@t¢nodactylugond

in 1908 by the French Pastorian, Charles Nicolle and his colleague Louis Manceau
whilst working in North Africa, and was later isolated in a rabbit by Splendore whilst
working in Brazil (Dubey, Miller et al. 1970)The species designation originated from

the North African rodentCtenodactylus gongdifrom which the parasite wafirst
isolated. The genus name refers to the crescent shape of the organism and is derived

from the Greek terntoxon which means boyBlack andBoothroyd 2000Q)

Taxonomy

T. gondii is an obligate intracellular coccidian protozoan parasite belonging to the
phylum Apicomplexa. This phylum consists of parasites that hastearacteristically
polarized cell structure and araplex arrangement of the cytoskeleton and organelles at
their apical end. Other member pathogens inclRi@smodium which causes malaria,

andCryptosporidium

1.2Life cycle

T. gondiiis a ubiquitous parasite that is able to replicate within almostanleated
mammalian or avian ceindhence can infect humansrds and many different species
of mammalgDubey, Miller et al. 1970)The parasite exists in three forms: tachyzoites,

bradyzoites (tissue cysts) and oocy3tachyzoites are the freerms of the parasite



which are actively andapidly dividing in the cellsof acutely infected tissues.
Tachyzoites differentiate intthe much slower dividingradyzoites7-10 days post

infection and form tissa cysts whichreside within the brain and racle tissue of
chronically infected host©ocysts refer to the form of the parasiéhich are excreted

in the faeces of cats infected wikhgondii

Infections are usually transmitted by the ingestioroofysts in the faeces of cats or
eating undercdaed meat, food or water that is contantea with infective oocysts
Other possible modes of infection include transplantation of infected organs and
accidental inoculation. The parasite is globally distributed; it is estimated that 5x10
people worldwideare infected withl'. gondij with high prevalence observed in Western
Europe and in tropical countries, possibly due to high consumption of raw or

undercooked medEvering and Wiss 2006; Subauste 2006)

The life cycle ofT. gondiiis divided between feline and néeline infections, which are
correlated with sexual and asexual replication respégtiddthough the parasite infects

a wide variety of mammalian species, its sexual stages are highly specific and occur
exclusively in the feline speci€the definitive hosts) The sexual cycle is initiated when

a member of the feline species ingests tifective form of the parasite, oocysts or
bradyzoites cysté-ig.1). The sexual stages of the parasite occur within the gut epithelial
cells of the cawhere the ingested parasites undergo differentiation into male and female
gametes. fie products of theagnete fusion, the oocysts, awsequentlghed in the cat

faeces(Dubey, Miller et al. 1970; Denkers and Gazzinelli 1998)e oocysts undergo



maturation once they are excreted from the cat intestines and are activated to become
highly infectioussporozoites. These oocysts containing infective sporozmtesurvive

for extended peras (months and even years) in the environméné asexual cycle of

T. gondiioccurs when any mammalian h@¢te intermediate hostihgests these highly

infectious oocystisporozoites deposited in the cat faeces

Following infection ofthe intermediatehost, he matureoocystsdifferentiate backnto
tachyzoites which proliferaterapidly within intracellular parasitophorous vacues
Following the rapid proliferation and accumulation of tachyzoites (usually 64 to 128
parasites per cell), the host cedigentually rupture and release the paragii&s the
extracellular milieu. The infection is subsequently spread throughout the host tissues
whenthe free tachyzoites go on to infect neighbouring cells and almost any nucleated
cell they encounter. This gfarepresentghe rapidly replicatingorm of the parasite
found during the acute phase of toxoplasmosigliowing the acute phase of the
infection, theimmune response is activated @adhyzoites differentiate intihe slowly
multiplying, essentially danant form of the parasitéradyzoiteswhich persist within
tissue cystsThe tissue cysts are enclosed within the cyst wall, which is composed
mainly of host tissuelerived productand therefore enables the bradyzoites to evade the
host 6s i mselBradyzoites areirdective to the definitive host (feline species)
and the intermediate host (mammalian host) and are largely responsible for the
transmission of the parasite to different species of mammalian and avian THusts.
tissue cysts are foungredominantly in e central nervous systeamd in the muscle

tissue where theare thought to persir the life of the host.



This defines the chronic phase of the asexual cycle of the par@ekers and
Gazzinelli 1998)Upon ingestion of tissue cysts by consuming contaminated tissue from
chronically nfected subjects, the bradyzoites will be released from the tissue cysts as
they pass through the digestive tract and infect the intestinal epithelial cells of the
subsequent host where they will transform back to the rapidly multiplying tachyzoite
form to complete the asexual stage of the life cytElewever, if the ingesting animal is

a cat, the bradyzoites can differentiate into thaigkstages andan go on to complete

the full life cycle.
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Fig. 1 Toxoplasmayondii infects all warm blooded vertebrates includimgmans andlomestic
animals. The feline spedare the definitive hosts drthey become infected by ingestingat
contaning the cyststage of the parasitd.he sexual divisiorof the cystsoccurs within tle
enteroepithelial cells in the gut of the gasulting in formation of oocysts which are then
deposited into the environment by defaecatibime deposited oocysts take32lays to mature
into sporozoites which are infective to secondary hosts (eg. huoatis,mice). The parasite is
commonly transmitted to humans by ingestion of wudeked meat thas contaminated with
oocysts. Once ingested, the oocystpidly differentiate into tachyzoites.n| pregnant
individuals, the infection can be transmittéo foetuses via the placenta, causing congenital

toxoplasmosis.



1.3Pathogenesis

Toxoplasmosis in immunroompetent hosts is classified asquired(from ingestion of
contaminated meat, food or watecpngenital, or oculaiMost cases ofoxoplasmosis

are generally self limiting inmmunocompetent hostsThe acute phase of infection is
benign and it evolves to the asymptomatic chronic phase within a few weeks of infection
(Denkers and Gazzinelli 1998he most severe symptoms of the disease are generally
observed in the congenitally acquired form of thdection, andin immunc
compromised patient®enkers and Gazzinelli 1998; Sciammarella and Gaeta 2002)
However aquired toxoplasmosis can range from subclinical lymphadenopathy to fatal
disease in immunocompromised hostsThe most commonly observed clinical

manifestations of the disease hmveverlymphadenopathy and fever.

Congenital transmission ofToxoplasmaoccurs when a pregnarfemale who is
undergoing the acute phasepoimaryinfection transmits the parasites to the foetus via
the placentaFig.1). If the pregnant mother had acquired the infection prior to the
pregnancy, very mimal risks of foetal transmission exiSthe severity of the disease in

the infant depends on the trimester during which the infection was contracted,
infection during the first trimester being the most seveathdtogical consequences can
vary from spontaneous abortion of the pregnarstyibirth or poor foetal development
resulting in hydrocephalus and neurological disorders such as blindness and mental

disabilities(Black and Boothroyd 2000; Subauste 2006)

Ocular toxoplasmosis another disease manifestation which occurs from activation of



cysts deposited inside or near the retina ofetyi Most cases of ocular toxoplasmosis
are attributable to congenitaifecton; however it also occurs in normally acquired
infection. In this form of toxoplasmosis, disease symptoms manifest late during chronic
infection. The characteristic clinical psentation of ocular toxoplasmosis is the
formation of focal necrotizing lesions in the retina, which have been reported to be
caused by tissue damage due to parasite prolifer@denkers and Gazzinelli 1998;

Sciammarella and Gaeta 2002)

The most severe form of the toxoplasmosis occurs in impcongromised host3 his
includes patientvith Acquired Immuno [Bficiency Syndrome (AIDS)and patients
receiving chemotherapyn fact, it has been reported that forty percent (40%) of AIDS
patients have clinical toxoplasmogciammarella and Gaeta 2002he most common
clinical manifestation of the disease in immwnpromised hosts is toxoplasmic
encephalitis, which is usually caused by multiplkeacerebrafocal brain lesions which
develop over the course of days to weeks-pdsttion. Thedisease symptoms range
from nonspecific feverto more focal neurological disorders sucrhaadachespeech
and motor impairment, psychiatric abnormalities and ses@ciammarella and Gaeta
2002; Subauste 2006Pulmonary toxoplasmosis is the second most comdisease
manifestation.Patients exhibit severe respiratogymptoms, which are difficult to
distinguish fromtuberculosis or pneumonia caused by infection wWRtheumocytis
jiroveci or P. carinii (Black and Boothroyd 2000; Sciammarella and Gaeta 2002)
immunocompromised individuals, toxoplasmic encephalitis is consistently fatal if left

untreated; hence it is a seriaxancern in patients who suffer from AIDS



1.4Treatment and prevention strategies

The effective treatment for toxoplasmosis involves the combination of a sulphonamide
antibiotic, usually sulphadiazine or sulphamerazine with pyrimethamine, which is also
an antimalarial drug. Thesdrugs act synergistically dylocking the metabolic platvay
involving p-aminobenzoic acid and the fofiolinic acid cycle of the tachyzoite stage
parasite. This treatment regimen therefore inhibits tachyzoite replication during the acute
phase of infection, but is not effective against the bradyzoites viatisue cyst¢ Dal g é -

2008)

Treatment of pregnant women involves administration of the antibiotic Spiramycin,
which reduces the chance of congenital infection by 60%. Although this drug is
routinely used in France, it is still considered an expental drug in the United States

ard is not yet approved by the FO)&hang and Pechere 1988; Russo and Galanti 1990)

Patierts living with HIV/AIDS are alsotreated with a combination of sulphadiazine and
pyrimethamine together with folic acid. An alternative treatment regimen is
pyrimethanin with clindamycin. Usually these medications rteele taken for life in
immunocompromigd patientsandthereforemay have severe side effecthere is no

killed vaccine available yet to reduce or prevent infection in both humans and animals.
However, a live vaccine using a npersistantT. gondiistrain is available in Europe

and New Zealnd to reduce abortion in sheep.

Preventive measures to avoid acquiringgondiiinfection include wearing gloves when



handling soil, washing hands ttoaughly after handling soil that may contain cat faeces.
Pregnant women are especially advised to géares when handling the cat litter box,
or avoid such work altogether. It is also advised to avoidgew and uncooked meat,
or drinking unpasteurizednilk. Meat and dairy products should be properly cooked and

vegetdles and fruits washedakfore cosumption.

1C



1.5Immunology

1.5.1Immunity to T. gondiiinfection

Infection withT. gondiielicits a strong and long lasting protective immurijexander

and Hunter 1998; Denkers and Gazzinelli 199®)llowing infection of the intestinal
epithelial cells(enterocytesdf the intermediatéost,the infective bradyzoitesansform

into tachyzoites which rapidly proliferate within intracellular parasitophorous vacuoles
(PV). Host cell invasion by the tachyzoites is an actparasitedriven event which
allows inclusion of the host cell plasma membrane but selectively desclbost cell
membrane proteins. This results in the PV resisting phages@msome fusion, and
subseqantly not being acidified, whiclkeadsto theparasite surviving within the PV and
escaping the hos(Ltabhg Grossmet@anz2007\Whers theohoss eells
become full of tachyzoites they rupture and release the free tachyzoites which
subsequently infect neighbouring cells, hence disseminating the infelctionmunc
competent hosts, thenmune response will be triggered to effectively limit and control
the infectionwithout causing pathologyhence the asymptomatic natufethe disease
The enterocytes will release a milieu of nlammatory cytokines and chemokines
that attract polymighonuclear leukocytes (PMNsinacrophagesnd dendritic cells
among other immune cells (Fig.ZThe tachyzoite stage is usually cleared from host
tissues by the immune response, but the gjoowing bradyzoites persist to cause
chronic infection as theyra enclosed within a cyst wall which is able to evade the host
immune response because it is mainly composed of-tissse derived products

(Denkers and Gazzinelli 1998)
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Infection with T. gondii elicits botha humoral and cell mediated immune response
Experiments using #ell deficient mice have showedathB-cells play an important role
through the production of specific antibodies and prevent TE in (8iceuki 2002)The
protectivehumoral response includes productionTofgondiispecificantibodies such as
IgA, 1gM, IgG and IgE(Darcy, Deslee et al. 1988; Gross, Roos et al. 199
antibodies bind to the parasite surface actlvate the complement pathway, which
results in lysis of the parasite or alternatively the parasites are engulfed by macrophages
via Fc receptors and subsequently killed by matage effector mechanisniSuhrman
and Joiner 1989 he host 6s h, haweverdoes notlaym signgicandle

in eliminating the pasite asT. gondiiresides within intracallar vacuoles; hence the
antibodies have limited access to the parasitegondiip a r a sniracedusadlifestyle
therefore protects therfinom attack by antibodies and complemérng, Gross et al.

2007)

The strong, persistentdell mediated responsgpears significantly more important for
the development of protective immunitiuring infection The e@ll-mediated immune
responseontrols parase multiplication and actively inducesahsfomation of the more
virulent tachyzoites to the dormant less harmful bradyzoite ,f@amnad maintains the

parasite in this fornjGazzinelli, Amichay et al. 1996)

1.5.2Cell mediatedresponse

Resistane to T. gondii mediated by 7Tcell independent mechanisms involvése

activation of antimicrobial activities of multiple cell typgg$iunter, Abrams et al. 1993)
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T. gondii tachyzoites initiate activation and -2 production by cells of the innate
immune system such as madnages neutrophils and dendritic cellMeutrophils(Bliss,
Zhang et al. 1999and nacrophages are the first line of defense against the parasite
during the initial phases of infectio(Sher, Oswald et al. 1993)L-12, whch is
produced by macrophagesutrophilsand dendritic cells, is important for inducing the
differentiation of naive ThO cells to IFNproducing Thl cells (Fig. 3). Macrophages
become activatecby CD8 T-cell-produced IFNy to Kill intracellular tachyzoites
following infection. Parase proliferation is inhibited by various IFN mediated
pathways including mechanisms involvifgO production, tryptophan catabolism
(Shrestha, Tomita et al. 2006ig. 3) and limiting available iron for theparasite
(Dimier and Bout 1998) Macrophages and other professional phagocytes are
synergistically activated by IFY and TNFo, which leads to induction of the INOS
gene expression and subsequent production of-pardisitic reactive nitrogen
intermediates (RNI) and nitric oxide (NO) whicin turn inhibit parasite growth
(Langermans, Van der Hulst et al. 1992 owever, experiments using murine models
have shown that TNE and iINOS only play a partial role in parasite control during
acute phase of infectio(Suzuki 2002) NO produdbn in response to synergistic
macrophage activation by TNk and IFNy is also partially inhibited by the parasite
(Schluter, DeckerBchluer et al. 1999) Therefore additional pathways need to be in

place to control the infection.

Dendritic cells have been denstrated to be thprimarysource of thenitial IL-12 that
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activates NK cells to produdée first burst of IFNy as they are able to produce large
amounts of 1L12 in the absence of IFNfollowing T. gondiiexposurg(Reis e Sasa,
Hieny et al. 1997)Dendritic cells play a vergssential role as the interface between the
innate responsand the development of adaptive immunity and resistance against
gondii infection (Makala, Reyes et al. 2008Fig. 2). They are primarily involved as
antigen presenting cells (APC) for developmentpafasite specificT-cell responses
such as CD4T cell activation(Kasper, Courret et al. 20949nd most importantly, are
the major source of H12 (Fischer, Bonifas et al. 2000; Liu, Fan et al. 20@&}ivated
dendritic cells express elevated levels ofstmulatory molecules such as CD40, CD80
and CD86(Grewal and Flavell 1998)CD40ligates with CD40L on cell surfaces and
this interaction promotes 12 production by dendritic cells and is optimal for clonal
expansion and Thl diffentiation of Fcells (Macatonia, Hosken et al. 1995; Heufler,
Koch et al. 1996)CD80 and CD86 (which make up the B7 complex) &iigate with
CD28 for efficient proliferation of icells and production of IFN by T-cells. Dendritic
cells therefore play an important role in the initiation of adaptive responses by
facilitating the interaction with TJcells via CD40/C40L ligation and CDZB7
interactions, thereby promoting IFNproduction by Fcells which in turn activates

parasitekilling mechanisms

In addition, reutrophils are also essential for development of immunity agairgondii

duringthe initial phase oinfection Studies using neutrophil deficient mice have shown

that in absence of neutrophils, mice infected Witlgondiihad reduced 12, TNFa,
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and IFNy responses, and displayed lethal systemic pathology washassociated with
increased parasite proliferatiofBliss, Gavrilescu et al. 2001Neutrophils are an
important source ofiL-12 and have beershown to be important in shaping the
protective typel response during infections with various paragismani, Mencacci

et al. 1997; Romni, Mencacci et al. 1997; Tateda, Moore et al. 2001)

The macrophage populations in thrain, microglial cells andastrocyes are some of the
cel populations that mediate protective responsehencentral nervous system during
T. gondiiinfection. Following infection, microglia are activated and produce -&INFk
humans microglial cell activation involves TMFand IL-6 (Chao, Hu et al. 1993)
Murine studies reveal IFN mediated activation, and NO mediates the inhibitory effect
of activated microglia on intracellular replication of tachyzo{@kao, Hu et al. 1993)
CD8' T-cells are impaant for the regulation of cytokine production by microglial cells
during T. gondii infection. Granulocytenacrophage colony stimulating factor (GM
CSF) and transforming growth factor (TGIB) are other cytokines that are involved in
the effector functionsf microglial cells(Suzuki 2002) These cells are important during
both acute and chronic murine toxoplasmogstrocytes also appear to inhibit
tachyzoite proliferation in the brains of infected anim@&sterson, Gekker et al. 1995)
Following infection, astrocytes are activated to producd land Il-6 which induce
cellular infiltration into the brair(Fischer, Nitzgen et al. 1997nhibition of parasite
growth in human brains involves TNE and IFNy and is mediated by NO.

Nevertheless the inhibitory effects of murine astrocytes iadependent of NO



(Peterson, Gekker et al. 1995; Halonen, Chiu et al. 1998)

The basis of racrophages, neutrophils and dendritic cells repraggtite first line of
defense in the acute phaseTofgondiiinfectionis primarily because these cell types
express pattern recognition receptorsiolthare involved in immune recognition of
diverse parasitic antigens and rapid activation of the host defgwssaki and
Medzhitov 2004)T. gondiiinfection triggers pathways leading to-12 productiorand
involves signaling through Toll i ke r e c e péxpressd on mMmacrBphaygs
dendritic cells and neutrophilSignaling through these receptors is centrally mediated
through the common adaptor molecule Myeloid Differentiation factor 88 (MyD88).
MyD88 deficient mice have been shown to be highly susceptible grndii infection

and this was associated with diminishedl® responsegScanga, Aliberti et al. 2002)
MyD88-dependent signaling pathways T gondii are hitiated primarily through
TLR11. TLR11 plays a major role in 112 dependent control df. gondiiinfection as
studies using TLR11 deficient mice showed that mice lacking TLR11 had dratyat
decreased levels of {12 and also developed more brain cysts during the chronic phase
of infection compared with their WT counterpaii®enkers, Butcher et al. 2004;
Yarovinsky, Zhang et al. 2005)LR2 and TLR4 have also been shown to be involved
in the recognition process @f gondiiantigens(Tomavo, Schwarz et al. 1989ut are

not involved in initiating inflammatory responsesTdfR?2 deficient and TLR4leficient
mice showed normdL-12 productionn vitro andin vivo (Scanga, Aliberti et al. 2002)

In other studies howevewhen a higher inoculum sizeas used to challenge the mice,

TLR2 wasshown to plg a protective role wheré€LR2 deficient mice were shown to be
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susceptible to infectioand this was associated withpaired production of {12 and
NO (Mun, Aosai et al. 2003)An additionalpathwaythat has been implicated Ih-12
production involves the parasite antigens binding to the hostleethokine receptor,
CCRS5. CCRS5 deficient mice have been shown to be susceptiblegmndiiinfection
(Aliberti, Reis e Sousa et al. 2000 summary,T. gondiiinfection activates pathwa
leading to 1-12 release by neutrophils, macrophages and dendriticveith in turn
induce a strong polarized typel responseand activates antoxoplasmic effector

mechanisms (Fig. 3)

In addition to thestrong norspecific T-cell-independent immmne response tmfection,

T. gondiiinfection elicits a potenparasitespecific T-cell-mediatedtype-l immunity
(Denkers and Gazzinelli 1998\ ctivatedT-cells are crucial fothe control of acute and
chronic toxoplasmosigSuzuki and Remington 1988; Gazzinelli, Hakim et al. 1991,
Gazzinelli, Xu et al. 1992)athymic nude mice which lack functionalctlls were
shown to be extremely susceptible to both virulemd @avirulentT. gondii strains
(Lindberg and Frenkel 1977; Gazzinelli, Xu et H92) T-cells are a critical source of
IFN-y during chronic infectior(Denkers 2003)The specific Tcell response is crucial
for the development of parasispecific T-cells, whilst the notspecific response limits

co-infection by norrelated pathogen$ig. 2) (Hibbs, Lambert et al. 1971)

Natural killer (NK) cellsare involved in limiting parasite growth during the early stages

of T. gondiiinfection. They have been shown to play a centdd in producing the
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initial IFN-y which activates the key effector mechanisms and initiates protected T
responsethat restrict intracellularT. gondii growth during acute infection prior to
generation of adaptive immuni{fpenkers 2003)NK cells do not, however, play an
important role in prevention of toxoplasmic encephalitis during chronic infectidgin as
was shown that NK cell deficient mice developed resistance towards TE despite the
absence of NK celléKang and Suzuki 2001While NK cells provide the initial IFN
required for optimum IL12 production by dendritic cells during the early stages of
infection, these NK cellsequire IL-12 to initiate the IFNy production. 1-12 plays the

crucial role of inducing IFN production by NK cell§Suzuki 2002)

CD4" T-cells are crucial for regulating the immuresponse Y helgng CD8" T-cells to
producell -2, whilst CD8" T-cells play a major role as effector lymphocytesit result
in microbicidal effectsagainstT. gondii The cytotoxic CD8 T-cells are capable of
lysing T. gondiiinfected cells, thereby limiting parasite proliferatigtakim, Gazzinelli
et al. 1991; Subauste, Dawson et al. 1992 protective activity of both CD4and
CDS8' T cells is predominantly regulated by IFNas activated Tells have been shown
to be a major source of IFNduring the acute stage of infecti(@uzuki, Orellana et al.
1988) CD4" and CD8 T-cells act synergisticallthrough their production of IFN to
preventtoxoplasmic encephalitis (TE) and the CDBcells regulate the number ®f
gondii cysts in the brains of mig&uzuki 2002) The early burst of IFN from NK cells

is critical in shaping the adaptive immune response followingpndiiinfection.
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Fig. 2 Toxoplasmdnvades the gut epithelium of the intermediate lawgt subsequently infects

the gastrantestinal epithelial cells, enterocytes (a),directly invadeghe epithelium through

the tigh junctions that bind the enterocyge (b). The tachyzoites can alternatively be
phagocytosed by dendritic cells upon infection of the gut epithelial cellsinfection of
enterocytes with the parasites results in morphological and physiological changes within the
cells which lead to secieh of cytotoxic molecules such as nitric oxide which subsequently
destroy the parasites (dnterocytes also secrete chemotactic cywkiand chemokines that
recruit polymorphonuclear leukocytes (PMNs) (e), macrophages (M@jgfdriticcells (DCs)

(9). These cells from the innate immune system are then activated to release cygokmes

IL-12 whichtrigger the adaptive CD4 immune response futivated T-cells, NK and NKT

cells (i) secrete IFM whi ch activates MB, DCO6s dBh@) ent erc

are cytotoxic for infected enterocytes and produce-bGFw h i ¢ hIFN-aptodudtiont s
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A persistent and unregulatgadoduction ofpro-inflammatorycytokines [FN-y, IL-12,
TNF-o) triggered by the parasitean lead todestruction of the host tissue. Immuno
pathology duringlroxoplasmanfection iscommonlycharacterized by destruction of the
liver and the small intestindut depends on the mode ofdction There are different
homeostatiecnechanismshat areemployed ly the hosto regulatethe immune response.
CD4" and CD8 T-cells are both involved in maintaining homeostasis within the pyima
site of infection, the gut epitheliunfkasper, Courret et al. 20Q4)interstinal
intraepithelial cells (IELs) are distinct population of immune cells thatso mediate
arti-inflammatory mechanisms to limit severe immypathology (Fig.2) (Kasper,
Courret et al. 2004)It is evident thatalthough IFNy is central for resistance ft0.
gondii, excessive levels of this cytokine are lethal and ariafidmmatory response is

necessary to counter the effects of the vigorous-typell mediated response.
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Fig. 3 Infection with T. gondii tachyzoites triggers a strong tyfieresponse by host innate
immune cells. Dendritic cells are the major antigen presenting cells and the main souft2 of IL
following exposure td. gondiiantigens. Macrophagesd netrophils also engulthe parasites

and are activated to release-1R. IL-12 produced by these innate immune cells induces the
early production of IFNy from NK cells during the early phase of infection, and later
CD4" and CD8 T-cells following the indudbn of adaptive responses. IFNactivates
several macrophage effector mechanisms, which limit parasite proliferation: release of NO and
RNI species; induction of IDO which leads to tryptophan depletion and subsequent parasite
starvation; and the more rauly discovered p47 GTPase proteins whose mechanisms are still
unclear. Unregulated typd responsescan be detrimental to the host and cause

immunopathology. Hence the host macrophages can also produez dypmkines such as 4
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which suppress for exgite NO production thus limiting immunopathology.
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1.5.3The role of cytokinesduring T. gondiiinfection

The differentiation and development of naive CD4cells into effector cell populations
which produce either-helpertype 1 Thl) [IFN-y] or Th2 [IL-4, IL-5,IL-9, IL-10, IL-
13 and TGH3] is largely influenced by the cytokine environment in which theell
priming occurs (Murphy and Reiner 2002)As mentionedpreviously the T-cell
mediated response in toxoplasmosis is charactearmddiependent ahe production of
type-1 cytokines such as iR, IL-12 and IFNy. Mice deficient in IFNy and 1L-12 fall
to develop a protective immunity and suptb early during acute infectioriScharton
Kersten, Wynn et al. 1996; Yap, Pesin et al. 200Dk presence of these cytokines
drives the differentiation of na CD4 and CDS8 T-cells into typel effector cells
which are characterized by high IENproduction and activation of artiicrobial

mechanisms

Type-2 cytokines including It4, IL-10 also confer protection by down regulating the
potentially detrimental inflammatory respor{(§eizuki, Yang et al. 1996; Suzuki, Sher et
al. 2000) IL-4 is also involved inalternative macrophage activatiowhich will be

discussed later

1.5.3.1Type-1 cytokines
During early acute infection, macrophages, NK cells and dendritic cells praduidieu
of pro-inflammatory typel cytokines.Studies using IFN knock out mice have shown

that IFN-y is the main cytokineinvolved in parasite contrand slaping the adaptive
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responsaluring theacute and chronic phase of murine toxoplasm@iguki, Orellana

et al 1988) It activates both haematopoietic and +#i@emapoietic effector cells to
restrict intracellular proliferatioffYap and Sher 1999)FN-y triggers the synthesis of
chemokines that are essential fetyinphocyteand other IFNy-producing lymphocyte
recruitment(Gazzinelli, Amchay et al. 1996)In addition, IFNy synergizes with [E12

in dniving the differentiation of ThO cells toward the ITphenotype, which is essentially

a preinflammatory stateAnother important faction of IFNy is the induction of TNF

o which is produced bynany cell populations. It has been widedported that the anti
toxoplasmic activityof cells of macrophage lineage, including macrophages and
microglial cells depends on TNftangermans, Van der Hulst et al. 1992; Chao, Hu et
al. 1993) TNFa and IFNy synergise and act on macrophages to indugeession of

the inducible NO synthase (@5) gene which results iNO production NO is critical

in conferring resistance during the chronic phase of infection by preventing parasite

replication in the brairfSuzuki 2002)

1.5.3.2Type-2 cytokines

Although necessary to control parasite multiplication, the robust-lypesponse
induced by tachyates needs to be regulatdd order to prevent toxoplasmic
encphalitisand damage t o.TdpheeentdBdevwntegulatbrycygakines,

including IL-4, and IL-13, are released during infeati and their presenggomotes the
differentiation of naive ThO cell®wardsa type2 phenotype Th2 cells predominantly

secrete k4, IL-5, IL-6, IL-10 and IL:13. These cells are key mediators of humoral
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immunity and they are involved in the aettion of mast celland eosinophilgMunder,
Eichmann et al. 1998)L-10 is an important immuniegulatory cytokinelt is produced
by a range of cells including-regulatorylymphocytes Th2 lymphocytes, macrophages
B-cells andmast cell§Gazzinelli, Wysocka et al. 1996} -10 deficient micenfected
with T. gondii have been shown tbe more susceptible to the infection than their
wildtype counterparts, with severe immunopathologgused by excessive pro
inflammatory cytokine productioeing the causef early mortalityas opposed to
uncontroled parasite proliferatio(Gazzinelli, Wysocka et al. 1996; Suzuki, Sher et al.
2000) IL-10 has beershown to antagonize many of the effects of H-KHoward,
O'Garra et al. 1992pnd has also beemplicated in the inhibition of IFN production
by NK cells mainly through inhibiting I1E12 synthesis by macrophagé3enkers and
Gazzinelli 1998) Furthermore]L-10 downregulates the production of-ll} and TNF
by macrophageéFiorentino, Zlotnik et al. 1991)L-10 thereforeplays a vital rolen
disease contrddy limiting inflammation induced bthe robuspro-inflammatory typel

response

TGFb producti on i 3. geandlisnfection (Bermuglez,r Govhro letyal.
1993) It is important in dowsregulating macrophage effector functions and also
inhibits production of IFNb by N KHuntee Bdrnsudez et al. 1995)GFb i s
produced by activate IELs and infected macrophages &amdinvolved inthe down
regulation oftype-l responses through altering expression efell co-stimulatory

molecules. m particular CD40/CD154 interaction that is critical fegulation é IL-12



productionby macrophageglakeuchi, Alard et al. 1998HenceTGFb antagonizedl -
12-induced IFNo pr oduct i o nOnhhg oteKhandle&GFb s al se down
regulates the expression of TNF receptor on macrophages thereby facilitating

intracellular survival of the parasi(Bermudez, Covaro et al. 1993)

IL-5 is another cytokine th&t predominantlyproduced by typ& lymphocytesand mast

cells. It has been shown to play a role in mucosal immunity and it induces recruitment of
eoshophils. IL-5 primarily induces a typ@ response through the ability of eosinophils

to produce Ik4 during the early st@g of infection (Sabin, Kopf et al. 1996)
Furthermore, IL5 synergizeswith IL-2, TGFDb and IL-4 to induce antibody production

by B-cells (Mack and McLeod 1992)n T. gondiiinfection, IL-5 has been reported to
have a protective role during chronic disease but not during the acute(phasg and
Denkers 1999)Additional reports show that b has a counter protective radle the

acute stage infectiofollowing oral T. gondii infection and this is associated with
increasedintestinal patology and reducedlL-12 and IFNy in the peripheral blood

(Nickdel, Roberts et al. 2001)

IL-4 plays a majr role in the development of tyferesponsedt is produced by T

cells, mast cells, basophikspsinophils andlveolarmacrophage@ouliot, Turmel et al.

2005) IL-13 has some overlapping biological activities withdllas these two cytokines

signal through a common receptor chdlnd R U . Signaling through

involves STATF6 and GATAS, and is key for the development of a tpehenotype
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(Fig. 4). IL-4 and IL-13 are therefore central mediators of tgpedominant responses
and exhibit a multitude of functional agties in various disease modé€fShiaramonte,
Mentink-Kane et al. 2003)n toxoplasmosis, K13 has been shown to haveagunistic
effects toward IFNb-induced effector functions. It has been shown to inhibit tryptophan
degradation, which idFN-2 medi at ed mechani sm that
intracellularT. gondiiproliferation in human fibroblas{€haves, Ceravolo et al. 2001)
Studies have shown that-# is a major factor required forthe differentiation of naive
CD4" T-cells intomaturell -4-secreting Th2ype cells (Seder and Paul 1994)though
under certain conditions 4 can be generated independently of4RU signaling
(NobenTrauth, Shultz et al. 1997; Brewer, Conacher et al. 1983he absence of iL
4, naive CD4T-cells preferentially produce IFN(Paul 1997)IL-4 downregulates the
type-l response by inhibhg the priming of macrophages for enhadcsuperoxide
production induced by IFN throughinhibition of IFN-0  a nl®R éxpressiofSwain,
Weinberg et al. 1990; Szabo, Dighe et al. 1997; Dimier and Bout 1BB8pntrast,
some reports have shown that4lknockout mice hae increased expression of IFN

although the mechanism was not cl@enkers and Gazzinelli 1998)

In addition,IL-4 has been shown tahibit certain macrophage effector functions and it
also potentiates the effect of-ll0 on macrophage@swald, Gazzinelli et al. 1992;
She, Gazzinelli et al. 1992)Thesedownregulatory effects confer ¥4 a protective
function during toxoplasmosis as they prevent developmetuxoplasmicencephalitis

(Suzuki, Yang et al. 1996)n addition to limiting immunepathology, Il-4 has been
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shown to prevent TE by preventing the formation of cysts and proliferation of
tachyzoitesin the brain(Roberts, Ferguson et al. 1996&jowever, ¢her reports from
experimeng using in vivo models suggest that H4 also plays arexacerbatoryrole
during diseasas IL-4 deficientmice were found to benore resistant to infection as
compared tdaheir wild-type counterpartgVillard, Candolfi et al. 1995; Nickdel, Lyons

et al. 2004)It is impottant to note that there are ettfactors that influence the outcome
of IL-4 mediated responses in experiments using animals, such as the genetic
backgroun of the experimdal animals theirsex the route of infectioand the parasite
strain (Alexander, Jebbari et al. 1998)ong-standingeffects of Il-4 can also be
detrimental to the host because-4Linhibits the antparasitic preinflammatory
responses. Therefore -4 may have a protectiveole in maintaining a healthy type
1/type2 balance during chronic stages of the disease bubtlsarexacerbate disease
during acute phase af. gondiiinfection where the typé response is necessdor

protection
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IL - 4Ra IL - 4Ra IL-13Ral

Fig. 4 A schematic representati@f the IL-4/IL-13 signding complex. I-4 and IL-13 signal
through the same HRo chain. IL-4/IL-13 bind to the IE4Ra chain and signal through the
JAK3/STAT6 pathwaythereby inducing dowastream effector responses which include the

production of type? cytokinessuch as IE14 and I1-13.
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1.5.3.3Novel IFN-y related pathways ofT. gondii growth inhibition

As mentioned above, IFN is reportedly the major effector cytokine mediating
resistance duringT. gondii infection. The mechanisms of IFN mediated ant
toxoplasma activity & not yet clearSeveral IFNy-regulated genes iNOS, IDO, and
more recentlyp47 GTPases, have been implicated to play a significant role in mediating

these potective respores.

IFN-y synergizes with TNfet to activatemacrophagesnd induce the expression of

i nduci ble nitric oxide synthase (i NOS)
INOS is an enzyme which catalyzes the formation of nitric oxide {D) L-Arginine.

It has been reported that NO can directly kill the paragBzzinelli, Eltoum et al.
1993; Jun, Kim et al. 1993)Some studies have also showhat NO promotes
tachyzoitesconversionto the much slower dividing bradyzoite form of the parasite
through inhibition of mitochondrialand nuclear enzymes essential forrasie
respiration (Bohne, Heesemann et al. 1993)lthough INOS seems to be the
predominant pathway used by classically activatedropdi@ges to control. gondii
proliferation in tissue culture, the role of NO duriimg vivo infection is less clear.
Studies using iINO@leficient mice have shown that mice lagkilNOS are able to
survive andcontrol tachyzoite growth during the acutegstaof infection and only
succunb during chronic toxoplasmosjSchartorKersten, Yap et al. 1997peath was
associated with uncontrolled proliferation of tachyzoites in the brain, suggesirtpeh

protective anttoxoplasmic effect in the brain is ING&pendet (Khan, Schwartzman
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et al. 1997; ScharteKersten, Yap et al. 1997\everthelessthe observation that INOS
deficient mice are able to survive acute infection in an-fFiNediated manner suggest
that there are alternative pathways other than NO priotiuctediating anttoxoplasma

resistanceén vivo (Khan, Matsuura et al. 1998)

A well known mechanisminduction of the IFNy inducible geneindoleamine 2,3
dioxygenase (IDO), has also Ineienplicated in mediatingome of the IFN dependent
antrtoxoplasma activity(Pfefferkorn 1984) IDO is an enzyme that catalyzes the
degradation of the essential amino acitryptophan through the kynurenine pathway,
thereby compromisingnetabolic processeas the parasit€Fujigaki, Saito et al. 2002)
Tryptophan is an essential amino acid that is required for preyeithesishence the
depletion of tryptophan results in inhibition pédrasite growth(Ball, Sanche®erez et
al. 2007) IDO is foundin almost all tissueand various cell type@ayashi, Beck et al.
2004) Pfefferkorn 1984 first showed that treating human fibrotsdasth IFN-y induced
IDO, which subsequently inhibitethe growth of intracellulaf. gondii by degrading
tryptophan, which resulted in the parasite starviRgefferkorn and Guyre 1984)
Murray et al., 1989 also showed tiatgondiiwas killed in IFNy activated, tryptophan
degradig human macrophagésiurray, SzureSudol et al. 1989)n addition, arin vivo
study usingFN-y deficient mice demonstratehat IDO hadan important rolen IFN-y
induced anttoxoplasma activityn various tissuesThis study showed that IDORNA
levels were significantly increased in tumgs and brains of infecte@57BL/6J mice as

compared to their IFN deficient counterpart@-ujigaki, Saito et al. 2002 ryptophan
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concentrations were also dramatically decreased in the WT C57BL/6J imice
comparison with the IFN deficient mice. In the same studiywasshown thatalthough
INOS washighly upregulated in the lungs of IFNdeficient mice, there was increased
proliferation of tachyoite-specific "NRNA in the lungs compared to the Wdunterpag
which expressed IDO in high amosrdt the same tim@oint (Fujigaki, Saito et al.

2002)

Few studieshave reporte@n how IL-4 regulateghe IFN-y induced expression of IDO.
IL-4 has been shown to strongly inhibEN-y induced IDO mRNA expressionin
cultured human monocyte@viusso, Gusella et al. 1994nd in human fibroblasts
(Chaves, Ceravolo el. 2001) In contrast, a more recent studgshshown that H4
increaseslIFN-y induced IDO expression in mouse microg(dadav, Burudi et al.
2007) To dde there have been limitedports on the effect of 4 on the regulation of

IDO expression during. gondiiinfectionin vivo.

More recetly p47 GTPases have emergedpagent effectors of microbial killing in
different cells such asnacrophagedfor various intracellular pathogens including
Mycobacterium aviunfFeng, CollazeCustodio et al. 2004)eishmania majqrListeria
monocytogeneéTaylor, Feng et al. 2009nd T. gondii (Taylor, Collazo et al. 2000;
Collazo, Yap et al. 2001Murine astrocytes were shown to have the ability to Kkill

intracellularT. gondii after activation with IFNy independeny of INOS and IDO. This

IFN-y mediated anttoxoplasma activity howeverequired the presence of IFN
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inducible p47 GTPase, IgtgHalonen, Chiu et al. 1998; Halonen, Taylor et al. 2001,

Melzer, Duffy et al. 2008)

The p47 GTPase family is a group of-43 kDa proteins which angotently inducedn
response to IFN$resentlythe family consists of Gnouseproteinsigtp, LRGA47, Irg47,
Totp/Mg21, ligpand Gtpiwhich are all intracellulamembranebound proteins thatave
inherent GTPase activity, that is, they can bind and hydrolyse (Gayor, Feng et al.
2004) Thus far, hree of these proteins have been shown to be crucial in resistance to

gondiiinfection.

Igtp deficient(Taylor, Collazo et al. 2009nd LRGA7 deficient micgCollazo, Yap et
al. 2001)both displayed increased susceptibilitylTtogondiiinfection compared to their
WT counterpartsThese mice succumb to infection with similar kineticthasobserved
in IFN-y deficient and $AT 1-deficient mice. They reportedly die withinl® days
postinfection, despite a robust {12 and IFNy production. The high mortalities were
associated with unrestrain@arasitenia. Both Igtp and RGA47 are therefie evidently
critical for resistance agast T. gondiiinfection during acute infection. rOthe other
hand, IRG47 deficient mice survived during theitacphase of infection, although they
displayed partial loss of resistance during the chronic phasefadtion (Martens,

Parvanova et al. 2005; Hunn, KoeAd&taisman et al. 2008)

Although the mechanisms through whip47 GTPases confer resistanceltogondii
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infection have not been determined, a model has been prodaoskt tuberculosis
LRGA7 has been found to localize exclusivébythe Golgi body inM. tuberculosis
infected macrophagé&8utcher, Greene et al. 2000RG47 has been shown promote

the acidificatim and maturation of the bacterial phagosome in macrophages, thereby
promoting bacterial clearano@acMicking, Taylor et al. 2003)Igtp categorically
localizes in the endoplasmiaeticulum (Taylor, Stauber et al. 1997frurthemore, p47
GTPases have als@én shown to accumulate on thargsitophoous vacuole shortly
after infection and the Pyhembrane exhibited signs of damage shortly thereafter. It is
therefore proposed that p47 GTPases may be critical in medlaakggeof the T.
gondii PV membrane, thereby exposing the parasites to the host cgtmkslibsequent
destructionMartens, Parvanova et al. 2005; Zhao, Khaminets et al. 28@8pugh this
model is supported by studies usiMgtuberculosisneitherlgtp nor LRG47 were found

to localize to vacuoles containing livé. gondii parasites inlIFN-y activated
macrophagegButcher, Greene et al. 2009)herefore, more studies need to bealto
determine the mode of action through which p47 GTPases mediate protectionimluring

vivo T. gondiiinfection.

Overall, there are evidently several raglundant mechanisms involved in controlling
parasitegrowth and mediating protectiauring T. gandii infection. NO has been shown
to play a pivotal role during chronic infection by limiting the proliferation of cysts in the
CNS. In addition, parasite growth can be inhibited by -@xgressing IDO, a tryptophan

degrading enzyme, thus starving the p#ea of the essential amino acid and
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compromising its growth. Lastly, although the mechanism of the recently discovered
p47 GTPases is yet to be elucidated, they have been demonstrated to play a crucial role
in resistance td@. gondiiinfection in an NO anh IDO independent manner during both

the acute and chronic phase of infection.



1.6 Macrophage activation

1.6.1Classical macrophage activation

Macrophages play a crucial role in the innate and adaptive immune responses to
pathogensThey are involved in a range of essential processes and, depending on the
cytokine environment and activating stimuli, can differentiate into distinct subsets that
perform specific immunological rolgdloel, Raes et al. 2004There are two stages of
macrophage activan; first they are primed by NK cell or @D T-cell- produced IFNy

to enhance »@ression of MHC class Il molecules on the surface and antigen
presentation. The primed macrophages then respond to secondary stimuli such as LPS to
become fully activated. Macrophage effector functions influence the degree and duration

of most inflammatoy responses.

Macrophage populations induced by typeytokines (IFNy, TNFU) and mi cr obi
parasitic antigens (such as LPS) exhibit-pritammatory properties and are considered
Aclassicall yo a c(M1) (gt &)d Differentiatioa poh eagsically

activated macrophages requires priming by-isKhroughthe IFN-y-receptor(Dalton,

PittsMeek et al. 1993; Huang, Hendriks et al. 1993pssically activated macrophages

can be characterized by a pndlammatory cytokine production phenotype, their ability

to produce nitric oxide (NO), and increased expression of MHC Class Il and CD86
expressior{Noel, Raes et al. 2004)hey have generally been shown tovbey efficient

in Killing intracelldar pathogensare antiproliferative (in cancerous tumorgnd have
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cytotoxic propertiegRaes, De Baetselier et al. 2002nmunopathology and tissue
destruction is concomitant with a persistent t{pessponse; however the ability of
classically activated macrophages to produce matrix degrading proteases may also play a

role.

1.6.2Altern ative macrophage activation

Differentiation of macrophages in the presenceedlrIL-1 3 r esul t s i n dal
activated macrophagd#/2) (Stein, Keshav et al. 1992; Gordon 20@B)g. 5) This
activation programmes dependent on H4Ra signaling(Raes, Brys et al. 2009)nlike
classically activated macrophages, the differentiation of alternatively activated
macrophages does not require any primitarding, Ramachandra et al. 2003)
Alternatively activated macphages display molecular and biological characteristics
that differ from those of classically activated macrophdBesker and Daniel 199@e
Velde, Rousset et al. 1990They mainly release Thassociatedcytokines which
antagonize the effects of Thl cytokines like H-NMacrophages thatrise in the
presence offactors such as H10, glucocorticoids and transforming growth factor
(TGF)p develop a phenotype which partially overlaps with alternatively activated
macrophages (M2), they antagonize classically activated magephéM1l) and
contribute to the heterogeneity of tyPeassociated cells (MZJhese macrophages have
been ter med Ar e g u(M3 taodr they anex characgerizedgby shigh
expression of regulatory cytokines such as IEGHL-10 (Fig. 5) whilst the érm

Afal ternative act i v te effects@f IE4 and I-A3r(Mosskryand! i mi t
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Edwards 2008)Alternatively activated macrophag¢sl2) have also been shown to
promote cell growth, a@lagen depositiorand have been implicateth the control of
fibrogenesig(Misson, van den Brule et al. 2004urthermore, they release molecules
whichpromote tissuereparnd are often ter med @Massaaund he
and Edwards 2008 hesecells have also been reported to exhibit high eptitic and
phagocytotic capacitfGoerdt, Politz et al. 1999)They have an elevated level of
macrophag mannose receptor activity and reduced -ipflamméaory cytokine

expressior{Stein, Keshav et al. 1992)

Alternatively activated maophages are defective in antigen préagon to Fcells,
produce minimal typd cytokines and are generally less efficient at killing intracellular
parasitesin addition, the production of N@nd L-citrulline from arginine by inducible

NO synthase (iINOS) is suppressed in alternativelywatetd macrophages compared
with classically activated macrophages. Instead arginase is upregulated in alternatively
activated macrophages and it is involved in proline and polyamine biosynthesis
(Munder, Eichmann et al. 1998; Yeramian, Martin et al. 2088pline promotes

extracellular maix (ECM) whilst polyamine is involved in cell proliferation.

Murine alternatively activated macrophages are characterized by increased expression of
fifound in inflammatory zonedl(FIZZ1, also known afesistinlike molecule RELM)-
o), andthe secretoryectin chitinasedike proteinYM1 which are both associated with

tissue remodelingHolcomb, Kabakoff et al. 2000; Ling and Recklig302). Although
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the function of these genes has not yet been fully elucidated, FIZZ1Mach#ve been
shown to be strongly induced in alternatively adtdamacrophages comparedth
classically activated macrophageBhe in vivo induction of both these genes in
macrophages is dependent ondilL-13 and the effects of H4 on FIZZ1 and W11
expression in macrophages has been shown to be antagoniz&iN-dy(Raes, De
Baetselier et al. 2002)FIZZ1, YM1 and arginase are therefore novel markers f

alternative macrophage activatiRaes, Noel et al. 2002; Nair, Cochrane et al. 2003)

The activation state of macrophages can establish whetlection is resolved
successfully or progresses to chronic s(Reiner and Locksley 1995).4RUmediated
alternatively activated macrophages have been shown to play a role in various parasitic
infections including leishmanias{®odriguez, Chang et al. 2004; Holscher, Arendse et

al. 2006) schistosomiasigHerbert, Holscher et al. 20Q4frypanosonasis (Raes, De
Baetselier et al. 2002and Brugia Malayi infections (Lawrence, Allen et al. 1995)
Alternatively activated macrophages were shown to be essential and played a protective
role during schistosomiasis whilghe contrary was observed during cutaneous
leishmaniasis where alternatively activated macrophages were shown to exacerbate

disease.
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Fig.5 Cytokines that are released by immune cells can generate rnagespwithdistinct

phenotypeslin an environment whetdere is high levels dFN-y being produced by Fh cells,
macrophages undergo classical activation tri
macrophages (M1) which are characterized by produofitiigh levels of NO and RNIs and are

thus antiparasitic as they limitparasite growth.Type2 cytokines IL:4/IL-13 induce

6al ternatively act.lvastimdates amgmase acpvityaagce release M2 )
polyamines in these macrophages, whsadpports parasite proliferation. M2 are generally less
phagocyic and they have been shown to characteristically produce large amounts of chitinase
like molecules such as YM1 aRtzZ1 which has been iplicated in issue repair. A third type

of activatel macrophages is termed regulatory macrophages (M3) and they arise when

macrophages are exposed to1l. These macrophages produce high levels efOLand
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suppress prinflammatory immune responses.
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1.7 Aims and Objectives

Prelimnary studiesas yet unpublished in our laboratargingBALB/c mice deficient in
IL-4 and IL4Ra have shown thatL-4 signaling through IL4Ra plays a disease
protective role duringl. gondiiinfection. In the absence of-4 or signaling via Il-
4Ra, femde BALB/c mice infected by the peritoneal routeere shown to be more
susceptiblethan wild-type mice to T. gondiiinfection as measured hyortality. The
mortalities wereassociated with increased pathology in the lursge (appendjxand
increased fyel cytokine production by stimulated splenocytés similar but less
severe phenotype was displayed by male4fLand IL-4Ro” mice BALB/c mice
infected by this route compared with wilgpbe controls and this was consistent with the
well documentedusceptibility biasof females tol. gondii(Roberts, Cruickshank et al.

1995; Roberts, Ferguson et al. 1996)

The purpose of the studipsesented in this thesis was to further characterize the role of
IL-4/IL-13 in the murine response agaifisgondiiusingrecently availableell specific
IL-4Ro deficientBALB/c mice The outcome of. gondiiinfection in 3 tissuespecific
IL-4Ro”” BALB/c mice was investigated: macrophage/neutrop(hilsrbert, Holscher et

al. 2004) CD4" T-cells (Radwanska,Cutler et al. 2007)and CD4/CD8" T-cells
(Dewals, Hoving et al. 200@nd compared withLF4Ra intact mice and globdl -4Ro

-

mice In particular pathology, parasite burden and immunological responses were

measured and in addition where appropriate the effegender on disease outcome was
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also measured. Our ultimate aim was to identiydellular target(s) of the It4 or IL-
4/1L-13 mediated activityesulting in the protection afforded signaling viadRo as
well as identifying the immunological mechanisms associated with protection or

pathology
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CHAPTER 2

GENERAL

MATERIALS AND METHODS
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2. Methods

2.1 Mice

Macrophage/neutrophilpecific IL-4Ra.  deficient (LysM™IL-4R"*), CD4'T-cell-
specific IL-4Ra deficient (LcK™L-4Ro™™) and CDACD8" T-cell specific IL-4Ra
deficient (NLcK™IL-4Ro"*) mice were generated, as previously descrii¢erbert,
Holscher et al. 2004; Radwanska, Cutler et al. 2007; Dewals, Hovalg2809) Male

and £male miceof all strains usedvere bred and maintained under specific pathogen
free (SPF) condibns at the University of Strathclyde animal housing facitge (812
weeks old) and sex matched traiggne negative littermatéd_-4Ra intact) were used

as wildtype controlswvhere stated

2.1.1 Genotyping

DNA extraction

DNA was prepared from bloodsamples from experimental micecollected in
DNAse/RNAse free microcentrifugédgsor use in PCR reactions.
solution (1:9 0.17M Tris: 0.16M ammonium chloride) was added to each blood sample
to lyse erythrocytes followed bg brief vorex and5 minutes incubation at room
temperatureThe bloodsamples weréhen centrifuged for 3ninutes at 13 000 rpm. The
supernatant was then decanted, and the pellet resuspendedpinell@®n buffer
(Qiagen). The pellstwere then placed a70°C untl frozen, then taken out to thaw at
room temperature. The samples were then mixed by a quick vortex and were kept at 4°C

until used in PCR reactions.



Cre and lox-p siteand IL -4Ra deletion determination by PCR

To verify the genotype of the cell specific-4Ra knock out mice PCR reactions were
performed as previously describ@derbert, Holscher et al. 2004; Radwanska, Cutler et
al. 2007; De&vals, Hoving et al. 2009)The sequences for thpexific PCR primer pairs
thatwere usedo detect Il-4Ra deletion Lck promoter forlL-4Ra. deletion onCD4" T-

cell populations LysM promoter for macrophage/neutropbpecific IL-4Ro. deletion
and NLck promoter for CD¥CD8'-specific IL.-4Ro., LoXP site insertionare listed on
Table 1 The PCR reactions were carried outtwo steps; first the reaction to test for
crerecombinase expression and the second reaction to test fprdibe insertion and
IL4ARa deleton. The PCR reactionflable 1.1)were performedn a total volume of
13ul: 6ul Reddymix Mastermix (ABgene, EpsordK), 0.5ul of the relevant primer
pairs (Table 1)(Invitrogen, Paisley, UK), and molecular grade water (Sigma Aldrich,
Poole, UK to make up the volumeullof DNA sample was used fe@ach reaction. The
PCR productswere subsequently electrophoresed ord.@% agarose ge(Bioline,
London, UK) made up in 0.5xTBE buffer (10.8g Tris, 5.5g Boric acid, 7.54g EDTA,
make up to 1ml with dkD) andstained with 0.03% ethidium bromide (Sigma Aldrich,

Poole, UK).
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Table 1 A list of primer pairs and sequencesed for genotypic analysis of the cell

specific IL-4Ra knock out mice

Primer Primer sequence

Lck-cre Forward 5 AACCTGGGAAGTTGTG3 0

Lck-cre Reverse 5 @€ACAGTTCCATCTGGTAT-3 0

LysMcre Forward 5&TT GGG CTG CCAGAATTT CTE3 6

LysMcre Reverse 5 &CC AGA AAT GCCAGATTACG3 6

NLckcre Forward 5 &AG GGT GGA ATG AAACTCTCG GB 6

NLckcre Reverse 5 &€AG GTA TGC TCA GAA AAC GCC TGG
30

Flox IL-4R Intron 62 5 &CCTTCCTGGCCCTGAATTT3 6

Flox IL-4R Intron 6 Reverse 5 @TTTCCTCCTACCGCTGATT3 6

IL-4RKO P2 5 &CT TTG AGA ACT GCG GGC 13 6

GAPDH Forward 5&ACGATTG TTG CCATCA AAC GAC3 6

GAPDH Reverse 5-&ATG ACAAGC TTC CATTTC TTG3 6
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Table 1.1 PCRprogrammeor genotyping

Cycle number Duration of cycle Temperature
1 1 minute 94°C
40 30 seconds 94°C
30 seconds Annealing temperatur
60°C
1minute 72°C
1 5 minutes 72°C
Hold 4°C
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Maintenance of parasites

T. gondiicysts were maintained in CD1 albino mice. Brains were harvested froen mic
that had been infected P weeks previously and homogenized in 1xPBS (pH7.4) by
several passages using a 21G re€BD Biosciences).Tissue cysts were enumerated

and the stock mice were infected with 10 cysts intraperitoneally.

2.1.2 In vivo Toxoplasma gondiiinfections

Brains were harvested frona CD1 mouseinfected with the moderately virulent.
gondii Beverly strain17-21 weeks previouslgnd subsequentijiomogenized il xPBS

(pH 7.4) by several passages through @g&dge eedle. Therafter, 1L of the brain
suspension was spread on a glass microscope(Blzi¢) and mounted with a cover slip
(MenzelGlaser, Braunshweig, Germanyhe entire preparation was scanned and cyst
numbers were countathder a microscope at 4@0wagnification.Approgriate dilutions
were made and theocdum was prepared in PBS (pH4). Mice werehen infected
intraperitonedy with 20Qul brain suspension diluted containing 10 cysits. gondii
Mice were monitored and weighed daily over a period of 9, 12 or 35 dpgsdiag on

the experiment.

2.2Preparation of Toxoplasma lysate antigen (TLA)
T. gondii RH strain tachyzoites were harvested from the peritoneum of previously
infected mice using sterile PBS (pH 7.4)he peritoneal fluid containing tachyzoites

was centfuged at 1200 rpm for 5 minutes éiC4and the supernatant decantddhe

49



pellet was washed once with PBS and subsequently resuspended in the appropriate
volume of PBS. The suspension was passaged 10 timmggh a 25gauge needle and

was disrupted by freeng in liquid nitrogenand thawingat 37°C5 times.The resulting

lysate was filtered through a 028 pore size filter, and the protein concentration was

determined by Bradford assayhe TLA was then stored é20°C until used.

2.3 Splenocyteproliferation assay

For exvivo cytokine analyses, spleen cell suspensions were preparedTfrgondii
infected mice. Spleens from infected mice were removed aseptically and placed in 5ml
of complete RPMiL640 medium (Lonza, Belgium) supplemented with 10% -heat
inactivated fetal calf serum (Sigma Aldrich, Poole, UK), 2mMylutamine, 1% 100
IU/ml Penicillin and 1% 100ug/ml Streptomycin (PAA Laboratories, GmbH, Austria)

Cell suspensions were prepared by gently teasing the spleens apart with sterile forceps
andnitex (monofilament filter nylon cloth 200mm, Cadisch Precision Meshes, London,
UK), andsubsequently centrifuged at 10f@im at 4°C for Sminutes. The supernatants
were decanted, and to lyse erythrosytbe pellets wee resuspended in 3ml of filter
steriisl Boy |l eds 19®MLA4M ilrs:n0.16M ammonium chloride)The cell
suspension was subsequently centrifuged for 5 minutes aPéf€ts were then washed
twice in 5ml complete medium by centrifuging at @ffm for 5 minutes. Following the
washes, pé&tswere resuspended in betweenlomplete mediunor moredepending

on the size of the pellet. Viable cells were counted by trypan blue exclusion using a

haemocytometefAssistant, Germany). The cell numbevere adjusted to 5x2@&ells
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per ml, and 100 aliquots containing 5xPCcells were added to the wells of 9¢ell
flat-bottomed tissue culture plat@svaki, Japan)hich contained either 1g0complete
medium done, TLA at concentrations of0land 2.g/ml, or ConA (1@Qg/ml). Thus the
final concentrions used to stimulate cell cultures wenegIml and fug/ml and ug/ml
ConA, unless otherwise stategdell cutures were incubated at 37°C wito CQ for 72
hours. Following incubation, plateseve stored a20°C until the conditioned media was

collectal to measureytokine levels using sandwich ELISA.

2.4 Serum preparation for cytokine analysis

Mice were sacrificed by terminal anaestiasand blood was collecteitito microtubes

by cardiac pncture Blood samples were left at 4°C overnight teaguhkte and were
afterwardscentrifuged at 13 @Drpm for 10 minutes. The pellets were discarded and the
serumtransferred into clean microtubesd stored at20°C until usedto measure

cytokine levels by sandwich ELISA

2.4.1Measurement of NOby Griess mehod

Nitrite, as a measure ditric oxide (NO) was measured in spleen cell sugants

using the Griess methoas previously describe(lGreen, Wagner et all982) The

Griess reagents were prepared by making up two solutions: 2% sulphanilamide (Sigma)
dissolved in 5% phosphoric acid (Sigma) and 0.2% naphtbgiamine (Sigma)
dissolved in sterileH,O. To preparethe reagent for the assay, 1 part of 2%

sulphanilamide was added to 1 part of 0.2% naphthylenediamine and mixédf 8te
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splenocyte supernatants was added to the wells of a 96 well microplate, anldod 30
doubling (1:2) Potassium nitrite (Sigma) reflards ranging from 2@M to OuM were
added to the wells in duplicate. |830of the Griess reagent was subsequently added to

each well and the plate left to develop for 15 minutes at room temperdtuze.

absorbance was then read at 540nm to quantitatertbant of NO in the samples.

2.4.2Cytokine analysis byELISA

IFN-y, IL-12p40/70, 14 and IL-:10 levels were quantifiedh serum samples and
splenocyte supernatanising sandwich ELISA96 well microtitre plategGreiner Bic
One, Germany)were coatedwith 5Qul/well of appropriate rat anthouse capture
antibodyovernight at 4°QIFN-y at 2ug/ml; IL-12p4070 at 2ug/ml; IL-4 at 500ng/ml in
PBS (pH9.0)andIL-10 at 500ng/ml in PBS (pH 6.0)The plates were then washied
PBS (pH 7.4) containing 0.05% Tweéaigma, Pod, UK) before blockingor 1 hour

at 37°C with200ul/well of blocking buffer made up d?BS (pH 7.4 containing 10%
fetal calf serun{Sigma Aldrich, Poole, UK). The blocking buffer was then washed off 3
times and 30l of either serum or cell pernatant samples were added to each well.
1:2 dilution series of recombinant mouse HNIL-12p40/70, 14 or IL-10 ranging
from 20ng/ml to O (IFNy and 1L-12p40/70) and 10ng/ml tdng/ml (IL.-4 and IL-10 )
was set up on each plabe duplicateas a stadard. The plates were subsequently
incubated at 37°C for 2 hours to allow the samples to bind to thehaatel capture
antibody Following incubation, the plates weweashed 4 times and to each well B®f

biotinylated rat antmouse IFNy (1:500) IL-12p40/70(1:1000) IL-4 (1:1000)or IL-10
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(1:500) monoclonal antibody diluted in blocking fier added. The plates were
subsequentlyncubated at 37°C for 1 hour followed by 5 washesl/8@ll of conjugate
streptavidin alkaline phosphotase (PharMingenppiad by Insight Biotechnolgy,
Wembley, UK)diluted 1/2000 (IFNy, IL-12p40/70and IL-10) or conjugate streptavidin
horseradistperoxidasediluted 1/4000 (IL4) in blocking buffer. This was followeby

45 minute incubatioat 37°Cand 6 washes thereaft&inally respective substrates were
added to the wells10Qul/well of 1mg/ml pnitrophenylphosphate (Sigr#ddrich,
Poole, UK) in glycine buffer (pH10.4) for IFM IL-12p40/70 and IL-10 or
tetramethylbenzidine (6mg/ml in dimethyl sulfoxide) 0.1M sodiumacetate buffer
(pH5.5) containing.0003% hydrogen peroxide for-A.(BDH, Poole, UK). The plates
were then incubated in the dark at room temperature to allow appropriate colour
developmentFor IFN-y, IL-12p40/70and IL-10, the plates wereead at an aworbance

of 405nm and 450nm for {4 using the SoftMax Pro software (Molecular devices,
California, USA) on the spectrophotometer (SPECTRAmax 190 microtitre

spectrophotometer)

2.4.3 Measurement ofinti-T. gondiispecific IgG1 and IgG2a antibodies p ELISA

Blood samples were obtained by cardiac puncture on day 35 and serum samples
prepared as previously described and stored28PC until used. ELISA was adapted
from (Voller, Bartlett et al. 1976and performed as previously described(BRpberts

and Alexander 199296 wellmicrotitre plates(Greiner BieOne, Germanwvere coated

with 100ul/well of 5pg/ml TLA in PBS (pH9) overnight at 4°C. Plates were then washed
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3 times in PBS pH 7.4 containing 0.05% Tween before blocking for 1 hour at 37°C with
20Qul/well of wash buffer containg 5% dried milk (Marvel). The blocking buffer was
then washed off 3 timed.00ul/well of seum samples (diluted 1:100 in wash buffer)
addedto the plate and serially diluteld3 down the plate and subsequently incubated for

1 hour at 37°C. All samples were tested in duplicate and a negative control of unifected
serum included on each plate. Fellog incubation, plates were washed 4 times and
then 10@l/well of conjugate diluted in PBS containing 25% sheep serum aatitkthe

plates were incubated for 1 hour at 37°C. Antiuse IgG1l and IgG2a horseradish
peroxidase conjugates were used at 1:20 &@®d 1:10 000 respectively. Plates were
washed 5 times thereafter, and f@ell of TMB substrate [tetramethylbenzidine
(6mg/ml in dimethyl sulfoxide) in 0.1M sodium acetate buffer (pH5.5) containing
0.0003% hydrogen peroxide] (BDH, Poole, UK) was adftdidwed by 15 minutes
incubation in the dark at room temperatufbe reaction was then stopped by adding
50ul/well of 10% sulphuric acid. Absorbances were read at 450 nm using the SoftMax
Pro software (Molecular devices, California, USA) on the specttopheter
(SPECTRAmax 190 microtitre spectrophotometer). The readings obtained are expressed

as means xstandard errors (SE) reciprocaipsut titers.

2.5 Histopatological analysis
For experiments that were terminated at days 9 and l1znfestion, ung and liver
tissues were kept for histopathological assessment. For experiments that were terminated

at day 35 posinfection, lung, liver and brain tissues were kept for histopathological
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analysis. Tissue samples were fixed in neutral buffered forn{@lG25M sodium
phosphate monobasic monohydrate, 0.034M sodium phosphate dibasic anhydrous, 10%
Formaldehydeat the time of sacrifice and later placed in histocassettes (Thermo
Electron Corporation Waltham, USA). The tissues were processed and embedded in
wax. Sections were cut from wambedded sections and stained withematoxylin

and Eosin.

The extent ofnflammationobserved in lung, liveand brain sections was scored using
the following scaleO, absent; 1, minimal; 2, mild; 3, moderate and 4, reetamage to
the organ.The pathology was determined by examininterditial inflammationand
peribronchial pneumonitig the lungs portal tiactand acini inflammation ihe liver
whilst brain tissuesvere examined fopneumonitismeningitis, perivasdar cuffing
MG nodules and parasite cyst numheihe number of necrotic lesions was also
assessedl'he raw histologicalscores are presented in a tafdemat and the average
scores are presented graphicdtlpt-plots, each dot represents 1 mouseineant SE

using the Prism GraphPad software.

2.6 RNA extractions

Total MRNA was extracted frortung tissues using th@rizol® reagent Ipvitrogen
UK) using a protocol adapted frof€homczynski and Sacchi 1987)issueswere
homogenized in 1ml Triz@ reagent using ra electricalhomogenizerHomogenizd
samples wergassage through a 21 gauge needle 10 times ammibatedat room

temperature for 5 minutes before adding | d0df chloroform. The homogenateas tha



shaken vigorously for 15econddo mix before centrifiging for 15 minutes at 10,000g

at 4°C. Following centrifugation, lte clearagueoudayer wascarefully removed and
transferred into new tubes0@.L of ice-cold isopropanol was subsequgrdtdded to the
aqueous layeand the mixture shaken vigorously for a few seconds to precipitate the
RNA. The samples were then incubated at room temperature for 10 minutes, followed
by centrifugationfor 15 minutes at 10,000g and°C. The supernatants were gently
removed andliscardedand the RNA pellet retainedhe pellets were then washed with
ice-cold 75% ethanqlair-dried briefly at room temperatuind finally resuspeded in

150ul RNaséDNAsefree water at 55°C for 10 minute®RNA was tested for
contaminating genomic DNA prior to cDONsynthesis. Briefly, #CR reaction was run

on the RM using TATA-box binding protein Tbp) primers (housd&eeping geng)and

the presence of a PCR product indicated genomic DNA contaminatmmar@inated
RNA was reextracted and/or treated with DNAse | (Invitrogen, UK) utité genomic

DNA was removedRNA quality was checked by running the samples on an ethidium
bromidestained1.6 % agarose gelnd finally quantifiedby optical densitypreparing
1:100 dilutions in RNase/DNAskeee water andeading absorbances at 260 an@ aé&

using a spectrophotometéGeneQuant pro)The RNA samples weré¢hen stored at

20°C untilusad to make cDNAfor use in PCR

2.6.1Complementary DNA (cDNA) synthesis

Complementary DNA (cDNA)was synthesizedusing Affinity Script Multiple

Temperature Reverse Transcriptase (STRATAGE UK) according to the
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manuf act ur énradotl reactiono Yolmmeal#h.2uL uh of RNA was added with
RNasefree wate, 500ng Oligo dinucleotides (Promega, Madison, YSAd 300ng
random primerglnvitrogen) The reactiomrmixturewas incubated &5°C for 5 minutes

then cooled down to room temperature to allow primers to ant@aRNA. The

following were then dded in this specific order, 2pf 10x AffinityScripE  RT buf f er

(STRATAGENE, UK) 2pl of 200mM DTT (Invitrogen) 0.8uL of 100nM dNTP mix

(Promega, Madison, USAand lastly 1plof AffinityScriptE Mul't

Reverse Transcriptag8 TRATAGENE) The final reaction volume of 20pL was mixed
gently and incubated at 25°C for 10 minutes, followed by incubation at 55°C for 1 hour
and thennactivated at 70°C for 15 minutesll incubations were carried out indlPCR
machine (Progene, Techne Thermocycl@ihe resultantcDNA was tested by PCR
using Tbp primers. PCR products weoa on a 1.6% agarose gel. cDNA samples were

subsequentlgtored at-20°C untilusel as a terplate in Reatime PCR

2.6.2Quantitative Real Time Polymerase chain reactiongRT-PCR)

RT PCRusing SYBR® GreenJumpStart” (Sigma UK) was usedto quarify the
expression of FIZZ1, YM1, Arginasel,12p40, NOS2IFN-y, IDO, LRG47 and Igtp
GTPase mRNA transcripts using cDNA made from Itisguesfrom infectedand non
infectedmice. To allow gene copy number to be quantified in the experimental samples,
standardcurveswere prepared usingjlution series of plasmipDRIVE) containinghe
cloned gene of interest 30M,000 copies, 3WO00 copies, @000 copies, 3AMcopies

300 copiesand 30 copies Data was anal ysed using
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(Applied Biosystems)using Tatabinding protein (Tbp)as a housekeepingene.To
prevent cross contamination with genomic DNA, all equipment and plastic ware used for
RT-PCR wagre-treated under UV light for 20 minutes before uBee primer pairshat

wereusedand the programme usace as listed on Tab®and Table 2.1 respectively.
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Table 2 Primer sequences for primer pairs useduatitativeRT-PCR experiments.

Primer name Primer sequence( 53060 )
TBP Forward AAC AGC AGC AGC AAC AAC AGC AGG
TBP Reverse TGA TAG GGG GTC ATA GGA GTC ATT

GG

IFN-y Forward

GGA ACT GGC AAA AGG ATG GTG AC

IFN-y Reverse

GCT GGACCT GTG GGT TGT TGA C

NOS2 Forward

GGT CTT TGA CGC TCG GAA CTG TAG

NOS2 Reverse

CAC AAC TGG GTG AAC TCC AAG GTC

IL-12p40 Brward

CCTGGTTTG CCATCGTTT TG

IL-12p40 Feverse

TCAGAG TCT CGCCTCCTTTGT G

Flzz1 Forward

ACCTTT CCT GAGATTCTG CCCC

FIZZ1 Reverse

CAG TGG TCC AGT CAA CGA GTA AGC

YM1 Forward

GGC TAC ACT GGA GAA AAT AGT CCCC

YM1 Reverse

CCAACCCACTCATTACCCTGATAG

Arginasel Brward

TGA CAT CAA CAC TCC CCT GAC AAC

Arginasel Rverse

GCCTTTTCTTCCTTC CCAGCAG

IDO Forward GGC ACT CAG TAA AAT ATC TCC TAC
IDO Reverse CTCTCAGTC CGT CCGTGCTC

lgtp Forward TCTTTG GTG TGG ATG ATG GGT C
Igtp Reverse TGT GCC TCT GGT GTC TGA AGT AGC
LRGA47 Forward GGA ACT GGT CTA CGG AAT CAA GG
LRG47 Reverse ACATAG TCC TCT ACG GTT TGG GC
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SAG1 Forward

CTG TCAAGT TGT CTG CGG AAG GAC

SAG1 Revesse

CGT TAG CGT GGC ACCATT ATCACTC

TgCyst Forward

CGT TTG GAG AAATGG TGT CCC AG

TgCyst Reverse

CCGCCTGAGTATCCGCTTTTAC
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The reactions were prepared by addihg following reagents in order: i0SYBR®
GreenJumpStart” Taq Readilix™, 0.5ul forward primer, 0.5l reverse primer, |8
molecular grade DNAse/RNAdece water andlul template cDNAto give a total
reaction volume of 2@d. Each reaction was set up in duplicate, and a negative control
was included wh tubes containindgluyl of water instead of cDNAto screen for
contamination of reagents or false amplificatidime reactions were kept on ice and
protected from lighasSYBR Green is lightensitive. The reactions were gently mixed
and centrifugedriefly before being placed in the Multiplex quantitative PCR system
instrument (Mx300 p E, S TRAT A Gdahiard amplifichtien protocalsedfor

the RTPCR pogramme is shown in Table 2.2nd the appropriate annealing
tempeatures for the primepairs were as followsTBP, 64°C; YM1, 64°C; FIZZ1,
64°C; Arginasel, 61°CNOS2, 64°C; IFN-y, 64°C;IL-12p40, 62°C; LRG47, 60°C,

Igtp, 60°C; TgCyst antigen, 58°C and finally SAG1, 64°C.

61



Table 21 Quantitative RT-PCRprogramme

Cycles Duration of cycle Temperature

1 10 minutes 95°C

40 30 seconds 95°C
1 minute Annealing temperature
1minute 72°C

1 1 minute 95°C

1 30 seconds 55°C

1 30seconds 95°C
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2.6.3Parasite quantification using RT-PCR

Parasite numbers were quantified by comparing the ckangexpression of parasite
specific genes in the vdtype strainrelative to the othemousestrainsbeing studied
The expression of the target genes was normalized to Thp exprédstoprimer pairs
used in Real time PCR detect bradyzoitewere TgCyst matrix antigen and tetect

the tahyzoite stage of the parasite SAG1 primers were ukedprimer segences are
shown on Table 2Gene copy numbers were calculated using t#f&2method(Livak

and Schmittgen 2001)n this method mRNA transcriptlevels for eachsample were
normalized to TBP MRNA transcriptlevels and then expressed as a relative copy
number compared with levels in WT controls. Tokowing calculationsvere used

AACT = (Cr,1arget T Ct op)sample! (C Target = C,bp)control

WT samples weresed as aontrol; therefore the calibrator is the average of (CT Target
i CT Tbp) of WT samples

Then finally to get the relative gene copy nw@ankhe values the values were entered in
the equation 2°“;. Each sample was treated separately andrétative gene copy
numbers were averagedter the 2“C; calculation. Results were graphed as means +

SEM.

2.7 Statistical analyses
Statistical analges were performed using the GraphPad Pdssoftware.All data is
presented as mean * standard eafomean(SEM). P values were calculated with the

unpaired ondailedMann WhitneyU test
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CHAPTER 3
The role of IL-4Ra signaling through

macrophagesnheutrophils during T. gondii

Infection
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Abstract

The protective immune response agaifiskoplasma gondiis widely recognised as
being typel mediated. Nevertheless, the overproduction of-flypgtokines can induce
severe pathology. The extent to which Th2 cytokines can modulate the disease
protective versus disease exacerbating effects of-lypgtokines remains to be
resolved. We have therefore, compared the disease indudedgbydiiinfectionin IL-

4", IL-4Ro”, and wildtype BALB/c mice, a mouse strain normally resistant to this
disease. Increased mortality and increased lung pathology were observed in the absence
of IL-4 and signalling via 4Ra and splenocyte type 1 cytokin@aoductionwas
increased during early infection (day 1@ee appendix)IL-4 can modulate typ#
inflammatory responses by countegulating the effects of IFM on CD4™ T cells
and/or macrophage®Ve, therefore, compared the outcomeTofgondii infection in
macrophage/neutrophil specific-4Ro” BALB/c (LysM°IL-4Ra”*) mice and their
wild type (IL-4Ra”®) littermates as well as global #Ra” mice. The disease
phenotype followingT. gondiias measurethy mortality and pathologyisplayed by
macrophage/neutrophil specific-4Ro” mice was similar to that of global 4R
animals and pranflammatory cytokine production was enhancedng pathologyin
infected macrophage/neutrophil specific -4Ro” BALB/c (LysM°®IL-4Ro"™) and
global IL-4Ra”” micewas similar and more severe than in wijge mice. Tachyzoite to
bradyzoite conversion was significantly greater in the lungs of infected
macrophag/neutrophil specific 14Ro" BALB/c (LysM®8L-4Ro™) than wildtype

mice These results clearly indicate a role for H4Ra signding via



macrophages/neutrophils in limiting mortality and pathology dufingondiiinfection.
Nevertheless a clear correlation between pathology and classical and alternative
macrophage activation markers indofed lungs as measured by real time PCR was not

obvious.
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3. 1INTRODUCTION

It is widely acknowledged that a protective immune response against infection with the
protozoan parasit€oxoplasma gondis dependent on the rapidcagsition of a potent
type-1 responseThis initially involves the rapid generation of amate response and

the sequential production of 412 from neutrophils, dendritic cells and macrophages
that in turn stimulate NK cell IFN production(Gazzinelli, Hieny et la 1993) The
innate response in turn drives a strong acquired-tymsponse in which CDA cells,

but primarily IFN-y producing CD8 T cells play the major protective roléSuzuki
Orellana et al. 1988; Suzuki and Remington 1988; Parker, Roberts et al. 1991; Subauste,
Koniaris et al. 1991)A number of mechanisms including the generation of toxic oxygen
or nitrogen metabolites or by tryptophan starvation via the induction of anmioé
oxygenase have been identified by which #-May mediate protection both by itself or
augmented by other cytokines such as Id&FL-1p, IL-12, IFN-ow or IFN-p or
altematively CD40/CD40 ligationLangermans, ®n der Hulst et al. 1992; Heufler,
Koch et al. 1996) Accordingly early experiments using neutralising antibodies
suggested a counter protective role for tZpeand antinflammatory regulatory
cytokines such aH_-4 and IL-10 respectivelyVillard, Candolfi et al. 1995; Deckert
Schluter, Buck et al. 1997)However, it is now widely acknowledged that
overproduction of pranflammatory cytokines such as IFN IL-12, TNFa as well as

nitric oxide production can be detrimental to the host as clearly demonstrated by
increased pathology and death in ingetmice deficient in I£10 (Gazzinelli, Wysocka

et al. 1996; NeyerGrunig et al. 1997)Experiments using mice deficient in-#, a
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cytokine that classically counteegulates a typé& response are less clear, with both
disease protective and exacerbating roles being iden{idlerd, Candolfi et al. 1995;
Roberts, Ferguson et al. 1996; Suzuki, Yang et al. 1996ite a number of recent
studies may help rationalise these apparent contradictory observd&mnsxample,
although beinghe archetypal Th2 promoting cytokine quite a number of studies have
now demonstrated that 4L can also play a crucial role in the induction of Thl
responses. It may do this in part by priming DCs feflA_production(Lutz, Schnare et

al. 2002)or alternatively by inhibiting IELO production either through the inhibition of
Treg expansion(Mantel, Kuipers et al. 2007pr regulating macroplge [L-10

production directl{Oswald, Gazzinelli et al. 1992)

Most studies to date on the role of4LduringT. gondiiinfection have utilised highly
susceptible C57BL/6 or B6/129 mice, and although protection againgondii is

largely IFN-y dependent, paradwmally the most susceptible strain@McLeod,
Eisenhauer et al. 198%re those producing the highest levelf this cytokine. This
would suggest that regulation of prdlammatory mediators is somehow defective in
these strains and a number of publications have highlighted this pos$uityki, Sher

et al. 2000; Kagser, Courret et al. 2004 Consequently a more appropriate model to
study the role of Th2 cytokines in regulating a type 1 response and excess pathology
during T. gondiiinfections would beone that is relatively resistant to infection such as
the BALB/c mouse. We have therefore followed the course of avirulengondii

infection in 1L-4", IL-4Ra™ and wild type BALB/c mice. This demonstrated a
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significant role for I1L:4 in reducing prenflammatory cytokine production and limiting
pathology and moality. In order to identify the cellular target(s) for-4 mediated
activity the outcome oT. gondiiinfectionin macrophage/neutrophil specific-4Ro™
BALB/c (LysM®L-4Ro™) mice and their wild typelL-4Ra intact (IL-4Ro")
littermates as welas global I:4Ra” mice was compared. The results provide
compelling evidence that {4Ro signding via macrophages/neutrophils plays a

significant protective role in early infection with gondii.
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3. 2 Results

3.2.1 Survival and bodyweights ofLysM“®IL -4Ra."**mice following T. gondiiinfection

In preliminary studies, dmaleLysM®eL-4Ra”%, WT littermatesand IL-4Ro” mice
were infected with 10 cysts @t gondiiBeverlystran intra-peritoneally, and monitored

for diseas and mortality over a period of 35 dayghilst WT littermateswvere relatively
resistant toinfection (80% survival),LysM“®IL-4Ra"* and IL-4Ra” female mice
became severely ill during the acute phase of infection, and were highly susceptible w
a~60% mortalityrate (Fig. 31). Hence subsequent experiments could not be continued
to day 35 due to the severe phenotgmplayedand restrictions identifying a humane
endpoint as agreed under the Home officense We therefore examined day 12 post

/

infection in all further analysest which point the severe disease in ihelRo" mice

was becoming evident
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Fig.3.1 Percentage survivaf female WT(solid squarg LysM™ L -4Ra"* (solid diamondl and
IL-4Ra” (open circle) mice infected with I0 gondiicysts intraperitoneallgnd monitored for
survival over a period of 35 daydhis data is representative of tiwmdependenexperiments

with similar results.
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3.2.2 Histopathological analysis during acutd’. gondiiinfection

To further investigate the increased susceptibilitb ggMeIL-4Ro™ and IL-4Ro™
mice we examined the hegpathology in the lungs 12 days pasfection as compared
with wild-type littermates There was digher degree of interstitial pneumonitis in the
lungs of LysM®@IL-4Ra”"°* and IL-4Ra” mice in compason with WT littermates
(Fig.3.2A), this was significant (p<0.0®nly in LysMIL -4Ro"®* mice compared with
WT controls Macrophagespecific IL-4Ra deficient female mice displayea similar
degree ofinterstitial damagdo the lung as global HRa deficient mice.There was
significantly increased peribronchial inflammation in thengs of IL-4Ro™ mice
compared with WT mic€n<0.05).Peribronchial inflammation was slightly increased in
the lungs fromLysM® L -4Ra."'™ mice compared with WT micethoughthe difference
was na significant (Fig3.2B). The livers from all 3 strains of micdisplayed snilar
degrees otlamage wth minimal inflammation in the portal tracts (Fig3.2C) and ndd
moderate degrees offlammation in the acinar area (RB2D). Overall, macrophage
specific IL-4Ro  deficient female mice displayed elevated degraeterstitial
inflammationin the lungswhich weresimilar to tte levelsobserved inL-4Ra” mice
and moderately higher than WT mice art-4Ra” mice displayedsignificantly
increased degrees of inflammation compared with lungs fforgondii infected WT

littermates.
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Fig. 3.2 Histopathological analysis of the lungs taken from female mice infectedTwibndii

12 days posinfection, lung interstitial (A), peribronchial (B) and liver portal tract (C) and

acinar (D) inflammation Data is representative of 3 independerkperiments,*p<0.05

compared with WT control
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Fig. 32 B. Lungtissuesectiongepictingperibronchial inflammatioarrows B= bronchiol¢in
female mice infected witi. gondii12 days posinfection IL-4Ra” mice displayedexcessive

-/lox

degrees ofperibronchial inflammation compared with WT and LysMIL-4Ra™ mice.

LysM“L-4Ra"™ mice and I-4Ra” mice displayedincreased interstitial inflammation
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compared to mild degrees observed in lungs from WT mice.



3.2.3 Serum cytokine levels inT. gondiiinfected female mice
The levels of cytokines circulating systemically were measured by capture ELISA. IL

12p40/70 levels were significantly l@win the serum ofind IL-4Ro”

" mice compared
with LysM®™@IL-4Ra""** andWT mice (p<0.05) (Fig®.3B). Circulating IFNy and IL-10
levels were relatively low and there was no significant difference wbddretween the

3 mouse straingFig.3.3A, Fig.3.3C).
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infected withT. gondii12 days posinfection*p<0.05
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3.2.4 Analysis of T. gonditspecific splenocyte cytokine production

Splenocytes ated from infected mice were stimulated with gondiilysate antigen
(TLA) and cytokine production measured by capture ELISplenocytes derived from
LysM®L-4Ro. ™ and IL-4Ra” mice produced significantly increased levels of N
in a dosedepement mannecompaed with the WT littermatesvhen stimulated with
TLA (Fig.3.4B). The typel response was therefore highly-tggulated in the knoekut

strains compared to WT controls.

On the other hand, typ® cytokines were produced at very low levdbllowing
stimulation with TLA. Splenocytes stimulated witmultiple dosesof TLA failed to
producemeasurable levels dE-4 (results not shown There verelow levels of IL-10
detected followng stimulation with TLAand it increased in a desependent manner
(Fig.3.5). Nevertheless, there was snificantdifference observed between-4Land

IL-10 production by splenocytes from WIysM° L -4Ra " andIL -4Ra”” mice
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3.2.5 Analyses of cytokine mRNA transcript expression and parasitburden in the

lungs of T. gondiiinfected mice using RFPCR.

Lung tissues from female mice infected with gondii were examined for cytokine
MRNA transcript expression, markers for alternative macrophage activation and parasite
burden 12 days postfection. IFN-y transcripts were highly upregulated in the lungs of
WT, LysM®@L-4Ra* and IL-4Ro” mice (Fig3.6A). IL-12p40 and NOSZnRNA
transcripts were atsexpressed in the lungs (RBdg B & C respectively), although both

at a lower magnitude coraped with IFNy. Overall, here was naignificantdifference
observed in thenRNA transcript levis of IFN-y, IL-12 and INOS between the 3 mouse

strains at day 12 postfection withT. gondii

To investigate whether alternative macrophage activatioyegla role in the increased
mortality and pathology displayed in the lungs bfsM“eL-4Ra" mice the
expression of markers of alternative macrophage activation were quantified in the lungs
12 days posinfection withT. gondii Interestingly, FIZZ1 \w&s markedly reduced in the

" mice (p<0.05) as compared tysM°L -4Ro ™ and

lungs of the susceptiblé -4Ro
WT mice (Fig3.7 A). Both YM1 and Arginasel transcripts watsoup-regulated in the

lungs; however there was no difface between the 3rains(Fig.3.7B, Fig3.7C).
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Furthermore, to further investigate the pathology in the luagd other possible
signaling pathways and effectors involved in mediating the immunopathdtogevel

of IFN-y-inducible genes IDO, and the p47 GTPases LRG47 and Igtp were quantified in
the lungs of infected mice. IDO transcripts were significantly reduced (p<0.05) in the
lungs ofIL-4Ro mice in comparison withysM L -4Ro "™ andWT mice (Fig3.8A).

Both LRG47 andlgtp GTPase transcripts were expressed in substantial amounts;

however there was no differee between the frains(Fig.3.8B, Fig.3.8C).

Parasite burden was analyzed in the lungs by measuring SAG1 transcripts (tachyzoite
specific gene) and TgCyst &en transcripts (bradyzoite specific gene) using
quantitative RT-PCR. LysM“®IL-4Ra"** mice had significantly lower levels of
tachyzoite transcripts compared to WT littermates (p<0.05), whil€tRamice had
significantly increased bradyzoite tranpts in the lungs comparedvith both
LysM®®L-4Ro. ™ and WT mice (p<0.05) (Fi@. 9). Overall, there was an equivalent
burden of tachyzoite anoradyzoite transcripts in tHangs of WT mice, whereas both
LysM L -4Ro ™ and IL-4Ra” mice displayedan increased conversion of tachyzoite
form of the parasite to the bradyzoite form. In other words, there were more bradyzoite
than tachyzoite transcripts detied in macrophagspecific IL-4Ra deficient and in

global IL.-4Ra deficient female mic&2 days pstT. gondiiinfection(Fig.3.9).
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3.3 Discussion

Macrophages play erucialrole in the innateéesponseso manypathogensncluding T.
gondii (Gazzinelli, Hieny et al. 1993)rior to the establishment of the adaptivemune
responsesand it is well documented that cytokines @#ftuencemacrophage functional
responseg¢Stout and Suttles, 1995, Stout et al., 200%)e role of Il-4 and IL-13 7T
dependent typ€ mediated immune respa@ssin susceptibility tolr. gondii has been
reportedin a few studiegRoberts, Ferguson et al. 1996; Suzuki, Yang et al. 1996)
howeverthe mechanismbave not yet been elucidatestudies using It4 and [L-4Ra
deficient mice infected withT. gondii Beverly also demonstrated that #4/IL-13
signalng is essential for survival of BAB/c mice during acutd. gondii infection
(Nickdel et al.,unpublished data)lo evaluate thgopulations involved in H4/IL-13
mediaked resistance td. gondii infection, we infected femalmacrophage/neutrophil
specific IL-4Ra  deficient mice (LysM®eL-4Ra") with T. gondii Beverly
intraperitoneally. WT littermates and global-4Ro deficient mice were used as
controls.We showin this studythatLysMeIL-4Ra" mice are highly susceptibte T.
gondii infection and they succumb to infection during the early stages of infection, with

similar kinetics as Ik4Ro” mice.

The increased mortality was associated with severe pathmldbg lungs. During early
T. gondii infection, the parasites induce a potentlR response that leads to HN
mediated control of parasite prolifticn (Gazzinelli, Wysocka et al. 1994)n this

study, we observed a marked dction of IL-12 in the serum ofL-4Ro™ mice
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compared with WT and Ly L -4Ra"°* mice. More significantly, TLA-induced IFN

vy production was highly elevated in splenocytes from infectedVIt§i -4Ro** and
IL-4Ro” mice compared with WT controlsAlthough IFNy is critical to control
parasite replication and dissemination duringtaghasé. gondiiinfection, this early
cytokine response must be regulated to prevent tissue damage. It is therefore possible
that the lethalimmunopathology observed in 4R mice is associated with an

unregulated IFN dependenpro-inflammatory esponse.

It is well known that 1l-4 and IL-13 signding are critical for the development of a Th2
phenotype which largely antagonizes the effects offfkBsponsegKuhn, Rajewsky et

al. 1991; Kopf, Le Gros et all993) IL-4/IL-13 mediated signals amdso important
inducers of alternatively activated macropha@srdon 2003) It is well established
that IFNy-primed macrophages, wihicare classically activated, are involved in
inhibiting parasite replication through various mechanig¢Rfefferkorn 1984; Adams,
Hibbs et al. 1990; Chon, Hassanain et al. 1996; Butcher, Greene et al. 20@&)yer,
although 11:4/1L-13 have been reported to be susceptibility factors in some protozoan
infections(Noel, Hassanzadeh et al. 2002ry few studies have investigatie role of
IL-4/IL-13 dependent alternatively activated macrophagssisceptibility to protozoan
infections (Holscher, Arendse et al. 2006s we observed excessive damage to the
lungs ofthe susceptible H4Ra"™ mice following T. gondiiinfectionin our study, we
investigated the involvement of alternatively activated macrophages dOriggndii

/

infection in the lung tissue. Interestingly, we found thatlRa™" mice infected withr.
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gondii expressed significantly reduced levels of FIZZ1 mRNA transcripts in the lungs,
compared with the WT counterparts. Although the exact function of FIZZ1 protein has
not yet been elucidated,is known thatFIZZ1 expression is strongly induced by-4L
and it has been associated with promoting deposition of -eethalar matrix (Raes,

Noel et al. 2002)thus may be involved in tissue repair.

The activation state or functional phenotype plays an importanatsfgecific stages of

the infection. In the initial stages, the classically activated macrophages are essential for
the antiparasitic propertiefReis e Sousa, Hieny et al. 1997; Bliss, Butcher et al. 2000)

as the disease progresses the NO and RNI production by these macrophages may be
detrimentaland cause pathologZandolfi, Hunter et al. 19943nd IL-4/IL-13 and even

IL-10 (Wilson, Wille-Reece et al. 2005pay be involved in the antnflammatory and
reparative stages of infection. Our data shows there is excessive pathology ireth

lungs in absence of #4Ra signaling, and at the same time thersiggificantlyredued

FIZZ1 expression compared with WT mjaghich suggesta possible protective role of
IL-4/IL-13 mediated signaling in wound healing durihggondii infection. Although
LysM®IL-4Ro. ™ mice were susceptible and succumbed tgondiiinfection as Il

4Ro” mice, there was no reduction of FIZZ1 or other markers of alternative
macrophage activation markers measufidte mortaty in these micanaythereforebe
mediated by other mechanisms. Other studies have shown that alternatively activated
macrophages are essential for survival and preventing lethal pathaogyg

Schistosoma mansorinfection (Herbert, Holscher et al. 2004Recently published
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studies havesuggested thaa mechanis through which these alternatively activated
macrophagesfunction during Schistosomainfection involves macrophagepecific
arginase land FIZZ1inhibiting type-2 CD4" T-cell effectorfunctions thus limiting

lethal immunopathology(Nair, Du et al. 2009; Pesce, Ramalingam et al. 2009; Pesce,

Ramalingam et al. 2009)

In addition to the reduction of FIZZ1 mRNA transcript expression in the lungs-of IL
4Ro" mice, we obserd a marked reduction of the IFNinducible gendéndoleamine
2-3 dioxygenase IDO) in IL-4Ro™ mice but not in LyM9L-4Ra” mice.
Interestingly, this reduction in IDO RNA was concomitanivith increased cyst RNA
burden in the lungs, which was nattserved in the WT and LWE™IL-4Ro”"%* strains.
IDO enzyme is expressed upon stimulation by-4FiN various antigen presenting cells,
and it controlsT. gondiigrowth by degradation of tryptophan thus limiting the amount
of available tryptophan availabfer the parasite to survive intellularly (Taylor and
Feng 1991, Silva, Rodrigues et al. 2Q0dR)fact, in human noprofesional phajocytic
cells, induction of IDO appears to be the main mechanism by whichy IE®htrols
tachyzoite proliferation(Daubener, Pilz et al. 1993; Thomas, Garrity et al. 1993)
Chavest al has showrn in vitro studies thatL -4 and IL-13 irhibit the transcription of
IDO mRNA in 2C4 cells activated with IFN, and consequentlyignificantly inhibits
IFN-y mediated control of tachyzoite replicati¢g@haves, Ceravolo et al. 2001)n
contrast, our data shows that in absence efRx”" signaling, IDO nRNA is markedly

reduced in the lungs dF. gondiiinfected micecompared with WT counterparts. The
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tachyzoitemRNA burden is haever similar to that detected in WT mice. On the other
hand, the cysmRNA burden in the susceptible -4Ro" mice is significantly higher

than in WT and Ly®1°®IL-4Ra" mice. In addition, the rate of tachyzoite to bradyzoite

" mice but not in WT mice.

conversion was increagén LysM®IL-4Ra”"* and IL-4Ro
This observation raises the possibility of the involvement of IDO in conversion of the
tachyzoite fornto theencysted form of the parasite. Although a clear correlation cannot
be establishedt this point it is evident that a reduction of IDO mRNA expression
promotes cyst proliferation in absence of-4Ra signaling. Althougha similar
tachyzoite to bradyzoiteonversionrate is observed in LJeIL-4Ro”%, the cyst
burden is signifiantly less tha in IL-4Ro” lungs, and in addition, the tachyzait
burden in Ly8“eL-4Ra” mice is significantly lower than in WT mice. Therefore,
there may be other 14/IL-13-mediated mechanisms involved inhibiting parasite
replication, which are being potentiated on other cells in the lung other than
macrophages/neutrophilslO and RNimediated events are reportedly also involved in
parasite control during the acute phd&dan, Schwartzman et al. 199@nd also
inhibition of cyst proliferation in the brainduring chronic infection(Suzuki 2002)
Furthermore, we looked at the expression of -iFkducible genes, p47 GTPases
LRG47 and Igtp, which are involved in parasite growth restriction during acgendii
infection (Taylor, Feng et al. 2004; Butcher, Greene et al. 2005; Martens, Parvanova et
al. 2005)in the lungs, but there were no obvious differences in the expression of these

genes betweenghBstrains of mice.
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In summary, our data shows that-4Ro signaling via macrophages/neutrophils is
critical for survival of acutel. gondiiinfection in BALB/c mice, and the severity of
disease in these mice was similar to that e#Ro.”” mice, wheeas WT mice survived.

The increased mortality was associated with excessive pathology in theMaiegscan

be dtributed tothe exaggerated tygke response. Furthermore, the susceptdsldL -

4Ro” mice disphyed reduced levels of FIZZ IDO nmRNA, and a significantly
increased burden of cyst mRNA (also increased conversion of tachyzoites to
bradyzoies) in the lung, whichmay implicate the involvement of 44/IL-13 dependent
alternatively macrophage activation and tryptophan catabatighe resistance of acute

T. gondiiinfection.
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CHAPTER 4
The role of IL-4Ra signaling through CD4" T-

cells during T.gondii infection



Abstract

The typel protective response againbbxoplasma gondiis widely repoted to be
dependent on both CD4nd CD8 T-cells that produce high levels of IFNwhich

activates parasite killing effector mechanisms. However, the overproduction ef type
cytokines can lead to sevemamunopathologyWe have previously demonstratde t

extent to which IE4/IL-13 signalingcan limitmortality and immunpathologyusing IL-

4and I-4RU def i ci e nhbygemekroekout midewereemore susceptible t
infection compared withiheir wild-type BALB/c counterpartsHerein, weinvestigate

whether CD4 T-cells are involved in mediating the protective response by @

T-cell specificlL-4 RU  d e f i (Lck&lh-4 R'BY). The disease phenotype during

the acute phas€. gondiiinfection of the CD4 T-cell specific Ilk4 RU def i ci ent
was similar tolL-4RU i n(wildtypd) mice as measured by mortalityystemic and

local (lung) gtokine profile andimmunopathology.There was also no difference in
expres®n of markers for classicanacrophageactivation between either & R U
deficient,CD4" T-cell specific k4 RU def i ci ent milowever during WT c o
the chronic phase afifection, there was no lung pathology obseriwerhice lacking Il-

4 RU o i T-c@lB,avhich was significantly less than both WT and globad IR'0

mice. Overall the data suggesst IL-4 signaling through CD4T-cells plays a disease

exacerbatory fle during the late stages ®f gondiiinfection.
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4.1Introduction

Interleukin4 (IL-4) has been shown to have both disease prote®ioeerts, Ferguson

et al. 1996; Suzuki, Yang et al. 1996)d disease exarcebatory ro{Bsckdel, Lyons et

al. 2004)during Toxoplasma gondinfection, depending on the genetic background of

the mouse and route of infection used. We have demonstrated in the previous chapter
and in previous studies (appenditt)at IL-4 and IL-4RU deficient mice are more
susceptible t@. gondiiinfection compared witltheir wildtype BALB/c littermates. The
mortality is associated with aenhancedype-1l response characterized by high H#N
production, andncreased lung immunopathologgy both IL-4” and IL-4Ro” than in

WT mice

Infection with T. gondi elicits a strong and persiste cellmediated immunity,
characterized by high levels of-I12 and IFNy which resultin parasite elimination and
host protectior{Denkers and Gazzinelli 1998)cquired immunityinduced byT. gondii

is characterizethy strong CD4 and CD8 T-cell activity. Athymic nude mice (lackig
functional T-cells) wereshown to be extremely susceptible to both virulent and avirulent
strains ofT. gondii(Gazzinelli, Hakim et al. 1991; Liesenfeld, Kosek et al. 198w
studies have examinghle role of CD4 T-cells in the development of effector responses
against T. gondii and generally CD8T-cells have been shown to play a more
predominant effector roleStudies using CD4 deficient ice have shown different
outcomesdepending on the genetic background of the mgmd Depletion of CD4 T-

cells in the susceptible CBL/6 mice by antibody treatmemiacerbated the infection



during the chronic phaggdohnson and Sayles 2008) additionCD4" mice died more
rapidly than theilWT C57BL/6 counterparts and they had higher cyst burdethén
brain and exhibited deficiency in IFNy production In contrast,Liesenfield et al
reported that BALB/c mice depleted of CD#-cel's failed to develomecrosisin the
ilea like the C57BL/6 miceindicating that CD4 T-cells induce necrosis ithe ilea of
genetically susceptiblmice and mediate mortalitfollowing oral infection(Liesenfeld,

Kosek et al. 1996)

CD4" T-cells play an important synergistic role by helping maintain a robust Cb8
cell response in most tyge mediatd infectiors (Denkers and Gazzinelli 1998)
However, another study usif@67BL/6 mice has shown that initiation of CD8-cell
mediatedimmunity in CD4" mice is comparable to that of WT mice; these mice are
able to resolve acute infection as efficiently as their WT counteyartsthey do not
exhibit increased mortalitfCombe, Curiel et al. 2005¢D4" and CD8 T-cells control
parasites mainly by their production of IRN(Schiuer, Meyer et al. 2002)CD4" T-
cells reportedly produced increased amounts offhan CD8 T-cells (Miller, Wen et

al. 2006) Nonethelesswvhen exposd toToxoplasmantigen, CD4 T-cells also produce

IL-2,IL-4 and IL-:10, wheeas CD8 T-cells produce predominantlgN-y and IL-2.

IL-4 polarizes naive CD4T-cells into a Fhelper type2 phenotype, as opposed to a

type-l cytokine secreting profile acmed in the presence of IFN. The type2

differentiation is achieved by signaling through the4RU STAT-6 and GATA3
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(Cunningham, Serre et al. 200Zhe role of 11-4 is generally recognized to promote the
expansion of Th2 cell numbers, and to suppress the emergence ofladypeotype
Although a highly polarized typ& response confers protection against death and
resistance tol. gordii infection by activating macrophage effector mechanisihs,
unregulated it can lead ttevelopment ogevere immunopathologyfhus, mechanisms
that act to limit the intensity and duration of the tpeesponse need to be activabsd

the host cells

We have shown thanhithe absence of {4/IL-4Ra signaling mice infected withT.
gondii developmoresevere lung pathology amdcreased mortality compared with their
WT or BALB/c littermates. Furthermore, we have shown that mice lacking4Ro
signaling @ macrophage/neutrophil populations are highly susceptible to infection with
T. gondii with the mortality kinetics similar to global #Ro deficientmice. Based on
theseresuls, we further investigated cell specific 4 responses usingD4" T-cell
specific I-4 RU e micedd investigate@hetherany protective responsassociated

with IL-4 duringT. gondiiinfectionis mediated by CD4T-cells.
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4.2. Results
4.2.1 Survival of Lck®™®IL -4Ra”* mice during acute and chronicT. gondii infection

compared with global IL-4Ra” and WT controls.

71o% and IL-4Ra”" groups were

Both male and female mice from WTgck™ IL-4Ra
infected with 10 cysts of. gondii (RRA) Beverly strain intrgperitoneally and were
monitored fordiseaseby daily weighing and mortality throughout the duration of the
experimentsAll the infected male micéom all mouse strainsurvived for the duration
of the experiment (35 day§figd.1A). However thdemale knockout strains werenore

o and 58% survival

susceptible to infetion, with 886 survival ratein Lck““IL-4Ra
rate in IL-4Ra”” compared with 100% survival rates in female WT littermafégz(1B).
Mortalities were recorded during early acute phase, starting 9 daysfeusion and
were more frquent between day 9 and day 14 gogtction. Although the émale CD2
T-cell specific I-4Ra deficientmice appeared to b&mewhatmore ill than the WT

littermatesas they displayed more signs of lethargy and had increased bodyweight loss

the differenein survival rates was not significantly different.
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Fig.4.1 Male and femalemice of the following strains, WT littermates, €K -4Ro"* and
global IL-4Ro™ were infected withl0 cysts ofT. gondii Beverly strainintraperitoneayf and
monitored for disease over a period of 35 days. Althoughmtle mice became vergick, no
mortalities were observed for the duration of the experimental pekiod\s with other studies,
mortality was higher in female #Ra” mice than their WTcounterparts (B)Female mice
lacking IL-4Ra signaling on CD4 T-cells were slightly more susceptible to infection compared

to WT miceas measured by mortalitput over 2 experiments this was regnificant
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4.2.2 Bodyweights of Lck®™®IL -4Ra™** during acute and chronic T. gondii infection
compared with global IL-4Ra”” and WT controls.

Male mice from all three groups started displaying signs of illness during the acute
phase of infection on day 8. This included unkempt-erected fur, huched backs,
reduced movement, and seaised eyelids. Although the mice became very ill with
progressive and considerable weight loss during the acute phase of infection, there were
no mortalities in any of the straingig.4.1A). The global I:4Ro” mice had
significantly lower bodyweights than the WT and CD#cell specific IL-4Ro” mice
between days 9 and ¥th 12% bodyweight losgFig. 42A). IL-4Ra” mice had lower
weights than CD% T-cell specific IL-4Ra.” mice which had lower weights than WT

mice between day 9 and 18, after which all groupsnimie continued to regain their
bodyweights with the CD4T-cell specificIL-4Rx”" mice having a very similar weight
profile to WT micebetween day 18 and day 25, thereafter CD4ell specific IL-4Ra

" mice maintained slightly lower weights than WT mi¢taving lost the 12% of their
bodyweight during the critical acute phase of infection4RU"™ mice also regained
approximately 13% of the lost weight although their average weights still remained

significantly lower than those of the WT (p=05) and CD4 T-cell specificIL-4Ro""

up until termination of the experiment on day(8%.4.2A).
FemaleWT, CD4" T-cell specificlL-4Ro” and global 14 R'Umice maintained very

similar weight profiles throughout the infection (F§§2 B), although between dayl13

and 16, the mean bodyweight of globat4LRUmice was significantly lower thaimat
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of WT and LcK™IL-4 R'0* mice (p<0.01). There was no difference observed between

the bodyweights of WT and LERL-4 R mice.

Overall, male mice from all &rainswere resistant to infecticeis measured by mortality
with a 100% survivatate.Converselywith female mice, WT controls were resistant, but
Lek®@L-4 R and IL-4 R'Umice were more susceptible itefection with 86% and

59% survival rates recorded respectively. On the other Haholing infection male

mice geneally lost more bodyweights compared wiémale mice with exception dhe

WT mice which had very similar bodyweight profilesroughout infection Male
Lck®™@L-4 R0 and IL-4 R'Umice lost slightly more bodyweights than female mice of
the same stram Although both male and female mice eventually recovered the weight,
female mie had a more rapid recovery and there madifferencebetween the 3 strains

at late stages of infectiamtil termination of the experiment. Male-#. R"Umice on the
other hand, had a delayed weigtgcovery relative to WT antck®®L-4 R'0* mice
(p<0.01) and the weight difference between the groups was maintained in the late time

points until the experiment was ended.
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Fig.4.2 Bodyweights of maleand femalemice infected withT. gondii Beverly strain intra-
peritoneallywith 10 cysts During chronic phase infection male micethere was no significant
difference between WT andck®eL-4 R® mice (A). However, IL-4RU™ bodyweights were
significantly lower tharlWT male mice, p=0.0®9 (A). During acute infectionn femalemice
(B), IL-4RU" mice lost significantly more weight compared to WT anak®L-4 R™T, with
the lowest weight recordeat day 15, after which micstarted to recover their bodyweight to

match those of their WT counterparts.
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4.2.3 Histopathological analysis during acuteT. gondiiinfection

To further study the disease phenotype,ltimg and liver tissuesf T. gondiiinfected
mice from all three strains were examined liagtopathology.For male mice,wo time
pointswere examined, day 9, which represents a time point Wieamice start to show
severe signs oillnessand day 35, a chroniphase timepoint where all mice &d
recoveredhe significantbodyweight and appeared healthy although the weight of IL
4RU" mice remained significantly less than the other two str&iosfemale mice, two
early phase time points were examined, day 9 which represents the stagenwlee
started showing severe signsilifiess and day 12 which was the stage when female
mice were gravelyll and deatls occured We were unable to examine female mice at
the chronic phase of infection as generally numbers were too few at this stagdu@=2)

to early deaths.

The lung, liver and brain tissue @f gondiiinfected WT,Lck®™®IL-4RU"* and global
IL-4RU" male mice wereemoved from mice andssue sections weranalyzedand
scored for histopathologyAt day 9 posinfection, all three groups displayewhild to
moderatedegrees oinflammation in the lungs. IBbal IL-4Ra deficientmice exhibited
significantly increasegeribronchal inflammation(p=0.0325 compared tdhe absent to
minimal inflammationobservedn CD4" T-cell specific IL-4RU deficientmice and WT
littermateg(Table 41) (Fig. 41A). There were higlidegrees ofritergtitial pneumonitisn
all 3 strains, althougthere was no significant difference in theesdty in WT, CD4" T-

cell specificlL-4Ra deficient and global H4Ra deficient mice at day 9 pestfection
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(Fig.4.1B). The pathologial changes in the liver weraoreenhancedhan the lungs at
this time with moderate and severaflammation of portal tracts and acimoted
respectively There washowever no significant differencen the severity of hepatic

-/lox

inflammation between WT, LcRAL-4Ro™ and global IL-4Ra” at this time point

(Fig.4.1C, D)(Table 41).
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Table 4.1 Histopathology in the lungand liversof male mice followingT. gondii

infection at day 9 poshfection

Histopathological scores for:

Lungs Liver
Mouse strai Peribronchial Intersttial Portal tracts Acini
inflammation  pneumonitis
Wildtype 1 3 3 3
0 2 2 3
1 3 2 4
0 2 2 4
1 3 2 4
1 3 1 4
Lck™ L -4Ra ™™ 1 2 2 3
1 3 2 3
1 3 2 3
0 3 2 3
0 3 2 3
1 3 2 4
IL-4Ro™ 1 2 1 3
2 3 2 4
1 3 2 3
2 3 2 4
1 2 2 4
2 3 2 4

Table 4.1 Male mice were killed 9 dys posinfection andexamined for intetitial and
peribronchial inflammatiomn the lungs and portal tract and acini inflammation in the liker.
4Ro” mice had signifiantly increased peribnchial inflammation(p=0.021)compared tahe
WT and Lck®®IL-4Ro ™ mice. There was no significant difference in hepapiathology

between all threestrains at this time pointBoth the lung and liver tissues had comparable

severityof inflammationbetween the 3 strains
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Fig.4.1 Histopathology of lungs and liver sections framale mice9 days posinfection

(graphical representation dfble4.1). LungperibronchialA), andinterstitial (B) inflammation

and liver inflammation in the portal tracts (C) and acinar (D) at day Simpfestion with T.

gondii. Results are representative of timdependenexperimerg with similar results.* p<0.05

compared with WT and LEKIL -4Ra”.



Fig.4.1A Lung tissue sections taken from male WT (top),“[ttk-4Ra"** (middle) and Il:4Ro
" (bottom) mice infecteavith T. gondii9 days posinfection. WT and LcK™IL-4Ra”* mice

-

displayed minimal inflammation, whilstings fromIL-4Ra™" micedisplayedsignificantly higher

degres of peribronchial inflammain following infection (arows, B= bronchiolg

10¢



Female micanfected withT. gondii displayedcomparabldevels oflung and hepatic
inflammationto the male mice& days posinfection Lungs frominfectedfemaleWT,
Lck®™fL-4Ro™* and IL-4Ro”” mice had absent to minimatlegres of peribronchial
inflammation; there was no significanlifference between the 3 straiiBig.4.2A).
Similarly, there wasraequivalenimild to moderate degree aiterstitial pneumonitis in
the lungs of mice fronall three strainat day 9 posinfection(Fig.4.2B) (Table 42). In
addition, there wamoderatedegrees hepatic inflammation as measurggortal tract
and acini inflammatioiiFig.4.2C, D). There werano significant differencgin pathology
of the lungs and livers fronVT, Lck®@L-4Ra" and IL-4Ra”" femalemice infected

with T. gondii9 dayspostinfection(Table 42).

Overall, at day 9 posinfection WT and LcK™L-4Ra™* male mice displayed minimal
peribronchial inflammation whilst H4Ra” male mice had significantly increased
peribronchial inflammation. With female mice, there was the same degree of
peribronchial inflammationbetween the 3 strains, all lung tissudisplayed minimal
degrees of peribronchial inflammation at 9 days quufsictions.In addition, there was

no difference observed between male and female mice in terms of interstitial lung

inflammation, hepiéc portal and aciar inflammation.

At day 12 post infection]. gondiiinfectedfemale micedisplayed similar degrees of
inflammation in the lungs and in the liver to that observed at day 9 post infection (Table

4.3). There was minimal inflammation tdé¢ peribronchum (Fig.4.3A) and moderate



degrees of interstitial pneumonitis in the luragfsWT, Lck®™L-4Ro™ and IL-4Ra™

mice (Fig.4.3B). Furthermore lie portal tracts in the liver displayed mild degrees of
inflammation (Fig.4.3C) whilst there vas moderate acinar inflammation (BigD).
Overall, there was no difference in the degrees of inflammation to the lungs and liver
betweenT. gondiiinfected female WTLck“®IL-4Ra"° and IL-4Ro” mice at day 12 post
infection andin additionthe degee of inflammatiorobservedn WT and Lck®®IL -4Ro. "

female miceat this time pointvas comparalgto that observed at 9 days post infection.
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Table 4.2 Histopathology in the lungand liversof female mice followingT. gondii

infectionat day 9 postinfection

Histopathological scores for:

Lungs Liver
Mouse strain Peribronchial Intersttial Portal tracts Acini
inflammation  pneumonitis
Wildtype 0 2 1 2
0 1 2 3
1 3 2 4
0 1 2 3
0 2 2 2
1 3 2 4
1 2 2 3
LekeL -4Ro 0 1 2 3
0 1 2 4
0 1 2 3
0 1 2 3
1 3 2 4
1 3 2 4
1 3 2 3
IL-4Ro”
1 3 2 3
1 3 2 3
1 3 2 4
0 2 2 3
0 1 2 2

Table 4.2 Sections oflungs and liver from female mice were analyzed for pulmonary and
hepatic pathology9 days posinfection with T. gondii There was mild peribronchial
inflammation and moderate interstial pneumonitis in all 3 groups of mice. In the liver, the portal

tracts displayed moderate to severe levels of inflammation, whilst there was severe inflammation
of the acini.However there was no significant difference between WKL -4Ra."* and

IL-4Ro” lung and liver immunopathology.
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Table 4.3 Histopathology in the lungand liversof female mice followingT. gondii

infection at day 12 poshfection

Histopathological scores for:

Lungs Liver
Mouse stain Peribronchial Interstitial Portal tracts Acini
inflammation  pneumonitis
Wildtype 1 3 1 3
1 3 1 3
1 3 1 3
1 3 1 3
1 3 1 3
1 3 1 3
LckeeL -4Ro o 0 2 1 3
1 3 1 3
1 3 1 3
0 2 1 3
IL-4Ro” 1 3 1 3
1 3 1 2
1 3 1 3
0 2 1 3
1 3 1 4

Table 4.3 Sections oflungs and lives from female mice were analyzed for pulmonary and

hepatic pathology2 days posinfection withT. gondii
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4.2 4 Systemiccytokine levels inT. gondiiinfected maleand femalemice

Blood was collectety cardiac puncture to measwygstemidevelsof type-1 and type2
cytokinesin the sera bysing sandwich ELISACytokine productio was examinect
day 9postinfection for male mice, anétday 9 and 12 posnfection for female mice.
At day 9 postinfection, IFN-y production was highly upegulatedin the seraof all
infedced WT, LcK™IL-4Ro™ and IL-4Ro” male (Fig4.4A) and female(Fig.4.4B)
mice, comparedwith the uninfected control$ut there was no differee between the 3
strains ineithermalesor female at day 9 poshfection withT. gondii. Female micérad
significantly higher levels o$ystemic IFNy (approximately30-fold highel) compared
with IFN-y levels of male mice at 9 days pastection. At day 12 posinfection,
systemic IFNy levelsin female micewere reducedover 3Gfold compared with the
levels observeth infected female micat day 9 posinfection (Fig4.4C). IL-4Ro” had
significantly elevated levels of IFN compared with WT mice (p=0.026) but not with
Lck®™ L -4Ro " mice (p=0.45). There was also no significaiffetience in the level of
systemic IFNy between LcKREL-4Ra"¢ and WT mice at this time point (p=0.057).
Overall, emales have a stronger systeniEN-y response at day 9 peastfection
compared with male micat this time point there was no significa difference in
systemic IFNy between WT, LcK4L-4Ra” and IL-4Ra™ in either male or female
mice at day 9 poshfection. At day 12 the systemic IFN response in female mice is
downregulated, andlL-4Ra” mice have significantly increased lesebf IFN-y

compared with WT micérig.4.4).
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There was no significant difference lin-12p40/D levelsbetween WT, LcKAL-4Ra
ox and IL-4Ro™ male mice at day 9 poshfection (Fig.4.5A). On the other hand,
female Lck®@L-4Ra™™ mice had signifiantly increasedsystemic IL-12 levels
compared with WT mice (p<0.05) but not with-4Ra” mice at day 9 posnfection
(Fig.4.5B) Furthermore systent IL-12p40/70 levels wereeducedat day 12 post

infection (Fig.45C) comparedvith atday 9 posinfection in female micebut there was

no difference between the 3 strammetheless

IL-4 was not detected in the seraWfT, Lck™ L-4Ra”"* and IL-4Ro” male mice at
day 9 posinfection (Fig.4.6A), and also notin female WT and LcKiIL-4Ro ™
micehowever there was a low but measurable amount f tetected in [t4Ro™
female mice 9 days pestfection (Fig4.6B). At day 12 postnfection there was no 4
detected in the sera of female mice of all 3 strains4/E@g). Similarly,IL-10 wasnot
detected in the sera bbth male andemale mice of all strainafter 9 andL2 days post

infectionwith T. gondii(Fig.4.6D, E and F)

Overall, in female mice, circulating tygdecytokine levels were considerably higher at
day 9 posinfection compare to that detected at day 12 pesifection as well as
compared to the levels detected in male mice at day 9rfestion Althoughthere was

no significant difference in IFN concentrations betvea all 3 strains of mice alay 9

postinfection in both male and female micdFN-y levels were significantly higher in

-/lox

female IL-4Ro”™ mice in comparison with WT antck®8L-4Ro™™ mice atday 22
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postinfection In addition,at day 12 postnfection, production oftypel cytokingin T.

gondiiinfected female mice asmarkedly reduced compared with day 9 pa$tction
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4.2.5Analysis of T. gondirinduced splenocytecytokine production

To measurerl. gondii specific cytokine production by splenic-CElls, spleens from
infected mice were removed from uninfected and infected WTlck4Ro. ™" and IL-

4R at day 9 for male mice and days 9 and 12 4fsttion for female mice.
Splenocytes were cultureth vitro and stimulated withToxoplasmalysate antigen
(TLA). The culture supernatants were subsequently assayed for nitric oxide (NO) by

Griess reaction and IFN IL-12p40/p70, 110 and Il-4 production by ELISA.

At 9 days postnfection, splenocytes from infected male mice produced NO as
measurd by nitrite levels whether they were unstimulated, stimulated with TLA or
ConA (Fig4.7A). NO production was reduced in the-4Ra knockout strains
compared withtheir WT counterparts. Splenocytes from male Tk-4Ro ™ and IL-
4Ro" mice producedsignificantly lower NO compared with WT mice (p=0.0022 and
p=0.001 respectively). In addition, splenocytes from globa#iRu™ mice produced

significantly lower NO than LAIL-4Ro mice (p=0.0014).

NO production by splenocytes from female mices\ganerally lower compared to
comparative male cultures. However, similar to male mice, splenocytes from female
LckeIL -4Ra" and IL-4Ro” mice produced significantly lower levels of NO
compared to WT mice (Fi4.7 B). At day 12 posinfection, splencytes fromT. gondii
infected mice had a more pronounced NO response. Similarly 1 plastinfection in

female mice, NO production was markedly reduced (p=0.002)-4Rit" splenocytes
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compared to their WT counterparts after 12 days-ipdsttion infemale mice
(Fig.4.7C). NOproduction in female LAEIL -4Ra"* mice was equivalent to the levels

measured in WT splenocyte at dayddstinfection (Fig4.7)
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Fig.4.7 Splenocyte NO production 9 days potection in (A) males, (B) femakand in female mice 12 days pdstection (C)
Splenocyte NO production was significantly reduced in mice lackimtRé on CD4 T-cells (p=0.002pnd inglobal IL-4Ra deficient
mice compared with WT (p=0.001) for male miée& day 9 posinfection TLA-stimulatedsplenocytes from femaleck™ L -4Ro"* and
IL-4Ra mice had significantly lower NO levels compared with WT nfi8g however at day 12 postfection (C) splenocytes from
female LcK™IL -4Ra™ mice produced similar levels of NO as WT misgereadl -4Ro” mice had significantly reduced NO levels

compared with both WT anctk®eIL -4Ro"® mice at this time poirtp<0.05**p<0.01 compared witltorrespondingVT
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There wadFN-y productionin unstimulated, TLA stimulated ando@A stimulated
spleen cells from infeted male mice from all 3 straifsdays postnfection(Fig. 4.8A).

Non-stimulated splenic Eells from IL-4Ro.”

“male mice produced significanthygher
amounts of IFNy compared withtheir WT and LcR®L-4Ra”* counerparts (p=M15).
There was no difference IRN-y production in TLA stimulated splenocgi®etween the
3 strains however splenocytes from 4Ro” male miceproduced significantly
increased IFNy compared withVT and LcK™IL-4Ra”* splenocytes in response

ConA stimulation (p=0.002In addition there waa dosedependent specific increase in
antigeninduced IFNy compared with media alon8plenocytes from female mice did
notproduce any IFN at day 9when unstimulated and in response to Tltifnslation

at lug/ml (Fig. 48 B). There was=N-y production by splenocytes from all 3 strains
when stimulated with sg/ml of TLA (about 3fold lower compared with male
splenocytes stimulated with the same TLA concentration). ConA stimulated cultures
from female mice produced high IFNlevels, comparable with that of male mice;
however there was no difference in Hylroduction between the 3 straim females as
observedn male micelFN-y production was more enhanced in WT, {8k -4Ro "
and IL-4Ra”" in response to TLA stimulation at day 12 pigection compared with
day 9 posinfection (Fig. 48 C). There was however no significant difference in 4N
production at day 12 pestfection béween the 3trains Overall at 9 days post

infection male splenocytes produce significantly more Hthan their female

counterparts irrespective of-HRa deficiency.Femalemicehave a minimal response
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TLA atday 9and produce higher amounts of ¥Nquivalent to male midey day 12

postinfection (Fig. 4.8).
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Fig.4.8 SplenocytdFN-y productionin male mice9 days(A) female mice 9 days (B) and female mice 12 daygS}finfectionwith T.
gondii. Splenocytefrom WT, Lck“elL-4Ro™ and IL-4Ra” male (A) and female (B)mice were either unstimulated or treated with
1lug/ml or Sug/ml TLA, or ConA at Jug/ml for 72 hours, and IFM production measured thereaft8plenocytes from male amd female

mice display a dosdependent increase in TLidduced IFNy production*p<0.05, **p<0.01 compared with corresponding WT
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IL-12p40/p70 production was highly upregulated in-sbmulated, TLA and ConA

" splenocyteccomparedwith WT and LcK™L-4Ra”** splenocytes

stimulated [=4Ro’
from male micg(p=0.0029 9 days postnfection (Fig.4.9 A). WT and LcK™IL-4Ro"
splenocytes produced lower and similar levels efilLat this time pointln contrast,
nonstimulated and TLA stimulatedplenocytes derived from female-fiIRx”™ mice
produced significantly reduced levels of-12p40/D (p<0.01)compared with WT and
LckeL-4Ra” mice at this time poinfFig.4.9B). At day 12 posinfection, atigen
induced 11-:12p40/70 production was significantly higher in WT splenocyte compared to
the low levels of LcKAL-4Ra™ (p=0.0079) andL-4Ra”" (p=0.031) splenocytes in
response ttigh dose antigenTCA 5ug/ml) stimdation (Fig.4.9C). At this time point,
nonstimulated, and TLA (1g/ml) and ConA (kg/ml) stimulated splenocytes produced
very low (approximately @old less) Il-12p40/70comparedwith the slightly elevated
levels at day 9 posnfection. Generally, 11-:12p40/70 levels were markedly reduced at
both atday 9 andday 12 postinfection in splenocytes from femal#.-4Ra” mice

/

compared withthe level measureith malelL-4Ro™ splenocyts at day 9 posinfection

(Fig.4.9)

Overall, at day 9 poshfection there was a more pronounced, antigjeecific typel
response iff. gondiiinfectedmale mice than in female mies measured by IFX
production.Femalesplenocytesespomled very weaklyo TLA at day 9ostinfection
andonly showanantigenspecific typel responséy day 12 Spleens from infected

male micegenerallyproduced more NO and 412p40/70 in response to TLA compared
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with the levels detected in splenocytes friamale mice.
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Fig.4.9 IL-12p40/70 productioty splenocyte derived from spleensmdile (A) and in female mice (B) 9 days péstection with T.

gondiiand in female mice 12 days péstection (C) *p<0.05, **p<0.01 compared with correspding WT
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Splenocytes from infectechale IL-4Ro”™ mice producel significantly higler levels of
IL-4 produced compared witW'T and LcK™L-4Ro"* male micein nonstimulated
(p=0.0043), TLA stimulated and ConA stimulated splenocytes (p=0.0&19)days
postinfection (Fig.4.10A). In contrast, plenocytes fromnfectedfemale micedid not
respondto stimulation withvarious doses of LA, but responded t@€onA stimulation
with regard to |4 production (Figl.10B). IL-4 production was incread in ConA
stimulatedsplenocytes from WT and global -4Ro"" female mice, but was markedly
reduced in splenocytes derived from CD#-cell specific Il-4Ra deficient mice
(p=0.032 at day 9 posinfection (Fig4.10B) At day 12 posinfection, splenocyes
from female mice did not produce-Bwhen stimulated witlrarious dosesf TLA but
with only with ConA similarly to the observation at day 9 po$ection (Fig.4.10C)
However,IL-4 levels were significantly higher in #Ro deficient mice (p=0.0087)

compared to WT and LEKIL-4Ro™ splenocytesat this time poin{Fig.4.10C).

Finally, in infected male mice,IL-10 production was comparable in all three mouse
strains in TLA stimulated splenocytedowever,for splenocytes stimulated withoGA,

WT produced significantly higher levels of-110 compared with.ck®9IL-4Ro"* and
IL-4Ro” splenocyte cultures 9 days pastection (p=0.0043)Fig.4.11A). There is also

a dosedependenincreasein TLA-induced IL-:10 production by splenocytes derived
from male mice but not femaleSplenocytes derived froinfectedfemale miced days
postinfection produced lower levels of IL-10 compared with male mice when

stimulated with TLA ad ConA (Figd.11B), and here was no diffemce between all 3
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strans for nonstimulated or stimulated splenocytes framfectedfemale mice At day

12 postinfection, IL-10 production by splenocytes from all 3 mouse strains remained
low, and there was no significant difference between WK IL-4Ra"°* and IL-4Ro

" mice at this time poin¢Fig.4.11C) In summary splenocytes from male mice have a
slightly more pronouncedntigenspecific type-2 cytokine responseompared with
female miceOverall males express a higher typer regulatory response than females

including an antigesspecific I1L-10 induction.
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Fig.4.10 Splenocytell-4 productionafter 9 days posnfection in WT, Lck™L-4Ra”™ and IL-4Ro” male (A) and female (B)

splenocytesnd in female mice 12 days péstection (C). *p<0.05 compared with corresponding WT
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4.2.6 Measurement of cytokine and parasite expression in tissues using Real Time

PCR

As our previous studies had implicated the lungs as the major tissue site involved in
increased pathology in MRo” mice, we examined these tissues in further detail
although increased pathology was only observed.igondiiinfected male mice in this
study In particular, we measured markers of alternative activation which reportedly
require signaling via 4Ra aswell as markers and inducers of classical activadiibn

of which have been implicated in modulatifig gondii infection. Accordingly, lungs

from infected mice were harvested and used to extract mRNA, which wseqsigintly

used to make cDNAand classicabnd alternative activatiomere measured using
specific markers for the different activation states by meargpiahtitativeReal time

PCR.

The following cytokines and moleculegre quantifiedn the lungsof T. gondiiinfected
mice, IFN-y, IL-12p40, NC52, YM1, FIZZ1, Arginasel, at day@stinfectionfor male
mice, and days 9 and Jstinfectionfor female miceAt day 9 postinfection, IL-4Ra’
" male micehad significantly reduced levels of IFNin the lungs relative to WT mice
(p=0.02) whereas tKIL-4Ra"* mice had similar levelsf IFN-y mRNA transcripts

as WT mice(Fig.4.12A). At the same time point, the levels of expression of-}JFN

MRNA transcripts weranuch lower (~3-fold magnitude)in the lungs ofT. gondii

infectedfemale mice(Fig.4.12B) compared with male mic@ days postnfection, and
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there was also no difference between the 3 strainA(ERB).IFN-y mRNA transcripts
were increased-fld in the lungs ofT. gondiiinfected female mice at day 12 post
infection compared with feale mice at day 9 posifection (Fig4.12C). However,

there was no difference in the level of transcript expression between W LLekRo

/lox

and IL-4Ro" mice at this time point as well.

IL-12p40mRNA expression ashighly upregulated in théungsof infected male mice

9 days posinfection however there was no thfence between the Bousestrains
(Fig.4.12D) In female mice IE12p40 mRNA transcriptexpression at day@ post
infection appeaed to be less tharthe levels in malemice at the same time point,
althoughtherewas no significant difference in expression in the lungs of female WT,
Lck®eL-4Ra and IL-4Ra” mice (Fig.4.12E). IL-12p40 mRNA transcripts were
upregulatedover 10-fold in the lings of female miceat day 12 posinfection in
comparison with day 9 pestfection, but there was no difference between the 3 strains

at this time poin{Fig.4.12F).

Arginase and NOS compete for the same substrate, arginine, and are both induced in
maciophagesiepending on the typi'type?2 cytokine balanceThus, we compared the
levels ofNOS2and Arginase InRNA transcriptsand the other markers of alternative
macrophage activation YM1 and FIZZ1 expression in the lungs of male and female mice
at day 9and day 12 posgnfection with T. gondii NOS2 mRNA expression @as up-

regulated in the lungsf male and femal®VT, Lck™L-4Ro™ and IL-4Ro mice at
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day 9 posinfection (Fig4.13A, B) however there was no difference between the 3
strains At day 12 postinfection, NOS2 mRNA transcripts wereupregulated
approximately10-fold in the lungs of female mican comparison with day 9 post

infection, but there was no differenceetveen the 3 strains(Fig.4.13C).
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Lung arginasel mRNA levelswere generally higher if. gondii infected male and
female mice irrespective of {#Ra deficiencycompared with the NOS2 mRNWkvels
in the lung Neverthelesssimilarly to NOS2mRNA transcript expressionhere was no
significant difference in the expression levels Afginasel mMRNA transcripts in the
lungs of T. gondiiinfectedmale mice at day 9 paesifection (Fig4.13D) orin female

miceafter 9 days (Fig..13E) or even 12 dayFig.4.13F) postinfection

YM1 mRNA transcripexpression was more abundant in male mice than in female mice
at day 9 posinfection. Furthermore,YM1 mRNA transcripts were significantly
increasedp=0.026)in the lungs of infected LEKIL-4Ra"* male micecompared with

WT controlsat day 9 posinfection (Fig.4.14A), whereasin contrast, YM1 mRNA
transcripts were significantly reduced in the lungs of femalelick4Ra"** mice
compared witfemale WT (p=0.025) and HRa" mice (p=0.005) (Fig.44B) at day 9
postinfection By day 12 postnfection lung YM1 mRNA transcript levels in female
mice were increased100-fold) compared with day 9 pestfection,howeverthere was

no difference oberved between therBousestrainsat this time poin{Fig.4.14C).

In addition male expression of lung FIZZmRNA transcriptswas generallymore
abundant than femalaiceat day 9 posinfection. Nevertheless there wa® difference
observedn the level oflung FIZZ1 mRNA transcriptdetweenWT, Lck®@L-4Ro "
and IL-4Ro” in eithermale mice(Fig.4.14D) or female mice(Fig.4.14E)at day 9 post

infection. By day 12 postnfection FIZZ1 mRNA transcrip levels were increased
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(~100-fold) in the lungsof infected fenale micecomparé with day 9 postnfection,
howeverthere was no difference observed between thmo8sestrains (Fig.4.14F).
Overall, the expression ahRNA transcripts ofmarkers associated with alternative
acivation of macrophage#vrginasd, YM1 and FIZZ1 appear to be expressed in higher
levels n the lung of male mice than in female mice 9 days following infection With
gondii. There was no difference in the expression of FIZZ1 and ArginageiA
betweenthe 3 mouse strains in both male and female ratcgay 9 and day 12 pest

infection. However,male LcK™IL -4Ro "%

mice expressd significantly increased lung
YM1 mRNA whereas female mice have significantly reduced levels of lung YM1
MRNA compared withtheir respective WT controlst day 9 posinfection. Finally the
MRNA transcripexpression of all 3 markers, Arginasel, YM1 and Fld#k markedly

increased irthe lungs offemale mice at day 1Rostinfection relative to day 9 post

infection.
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To further investigate the increased pathology observed in the lungs of infected male IL
4Ro” mice in this study, the expression of IFNinduced gene transcripts and the
parasite burdemwere quantified in the lungs @f. gondiiinfected mice using RPCR.
Lung LRG47 GTPase mRA transcripts wereanore upregulated inmale micethan in
female mice atlay 9 posinfection. There was however no difference in LRG47 mRNA
levels betweetWT, Lck™L-4Ro™™ and IL-4Ra”™ male mice at day 9 postfection
(Fig4.15A) of all 3 strains (Figt.15A). On the other hand, LRG47 GTPase mRNA
transcript levels weresignificantly upregulated in the lungs @f. gondii infected
Lck®™@L-4Ro"* female mice compared with WT controls (p=0.035) @it5B).
Although LRG47 GTPase transcripts were upregulated in the lungs of ferméRult
mice at this time point, thefterence was not significantly different compared with WT
controls (p=0.057)LRG47 mRNA transcript levels wemmarkedlyincreased in the
lungs of infected female mice at day 12 pio$éction relative to théevels measured at
day 9, howevetherewereno significant differencéetween WT, LcKiL-4Ro ™ and

IL-4Ro” femalemiceat this time point (Figh.150).

Similar to LRG47transcript expressignigtp GTPase mRNA transcript levels were
higher in male lungs than in females at day 9jrdstctionwith T. gondii Igtp GTPase

" male mice

MRNA transcript leved were significantly increased in the lungs of4Ro
compared with the WT and LERL-4Ra™* mice at day 9 poshfection (p=0.046)
(Fig-4.15D). In female mice, there was no differencddtp transcript levels between the

3 mouse strains at day 9 pastection (Fig4.15E).Similarly, there was no significant
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difference observed in the exgssion of lung Igtp GTPadetween the 3 strains of mice
at day 12 posinfection infemale nice, athough the magnitude of transcript expression
was markedly increased (~1@dld) in female mice at this time point compared with day

9 postinfection (Fig4.15h.

IDO mRNA transcripts lesis werehigher in the lungs of. gondiiinfected ma¢ mice
thanin female mice at day 9 pestfection however there was no difference in the level
of expression in either male or female WT, ¥k -4Ro" and IL-4Ra”" mice at this
time point (Figd.16,A & B respectively).At day 12 posinfection, tkere was a
significantly increased level of expression of IDO transcriptthe lungs ofT. gondii
infected female mice relative to day 9 podection in all 3 mouse strains. Nevertheless,
lung IDO mRNA transcript levels were significantly reducéu Lck®@IL-4Ra
(p=0.0079) and It4Ra” (0.004) female rice at day 12 poshfection compared with

WT controls (Figd.16Q.

Lastly, weassessed parasite burden in the lungs gbndiiinfected male and female
miceat day 9 and day 12 pesifectionby quantifying SAG1 (a tachyzoite specific

gene transcript) and TgCysiatrix antigen (a bradyzoite specific gene transcript)
MRNA levels using RIPCR. There were no significant differences between the levels
of both tachyzoite and bradyzoite specific mRNanscripts between WT, LERL -

4Ro™™ and IL-4Ro”” male mice at day 9 postfection (Fig4.17A). In addition the

level of tachyzoite mMRNA transcripts was comparable to that of bradyzoite mRNA
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levels in all 3 mouse strains in male mice at this timetp@Vith female mice, lthough
there was no significant difference observed in the levedgivértachyzoiteor
bradyzoitespecificmRNA transcript levels between the 3 stegifig.4.17B).The ratio

-/lox

of bradyzoite to tachyzoitieanscriptin Lck““IL-4Ro”"* mice at day $ostinfection

was suggestive oficreased tachyzoite to bradyzoite conversion {F1gB).
FurthermorefemalelL-4Ro”” miceappear to have lower cyst burdens in the lungs
compared with WT and LERIL -4Ra"* mice at day 9 poshfection, although the
difference is not significant (Fig.17B). At day 12 posnfection, aichyzoite and

bradyzoite specific mMRNA transcripts were present in an equivalent ratio in the lungs of
femaleWT mice; there was slightly more tachyzoite mRNancripts than bradyzoites

in Lck®™L-4Ro ™™ mice, and slightly more bradyzoites than tachyzoite mRNA

" mice, however these differencmsre not significant

transcripts detected in {4Ro”
(Fig.4.17Q. Overall, there were no significant difference®ath tachyzoite and cyst

burden in the lungs of both male and female mice at day 9 and day 4igfposon.
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4.2.7 Histopathological analysis during chronicT. gondiiinfection

During chronic infection differences observed in the lung pathology between WT,
Lck®@L-4Ra"% and IL-4Ro” male mice were more pronouncddg.4.18). There was

a significantly higher degrees of peribronchial and ititigais inflammation in tle lungs

of IL-4Ra”™ mice compared to WT and LERL-4Ra”' mice 35 days poshfection
(Fig.418 A, B). There was mild intetisial inflammation in the lungs of WT and
Lck®™eIL -4Ra" mice at this timeooint while inflammation was significantly highand

rated moderate in H4Ra deficient mice. Interestingly, CD4T-cell specific 1l-4Ra
deficient mice displayed absgmribronchal inflammation in all infected micén=>5) at

day 35 posinfection, whid was significantly lower thatine mild and modeta degrees

of peribronchial inflammation observed in WT (p<0.05) and globatfu” (p<0.001)
mice respectivelyat this timepoint (Fig.4.18A). Furthermore, the livepathological
scoresof male micewere lower in the chronic phasé infection at day 3ompared

with the acute phase, day(Big. 4.1). Nonethelesshere was no significant difference in
portal tract and acini inframation in male mice between the 3 mouse strains at day 35

post infection Fig.4.18C, D).

Analysis of brain tissue frori. gondii infectedmale mice showed mild to modde
degrees of meningitiqFig.4.19 A), mild perivascular cuffing (Fi¢.19 B) and
comparable mmbers of small MG nodules (FHG1l9C) at day 35 post infection,

irrespective of the mouse strain.-#Rx”" mice had highercyst burdenin the brain
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(Fig.4.19D) and calcified necrotic lesions were noted in smhéhesemice, however

/

the overall severity of pathology the brains of IL4Ra™ mice was not sigificantly

different compared witthat of WT and LcReIL-4Ra”* miceat this time point
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Fig.4.18A, B. Lung sections showing peribronchigbanel A) and interstitial (panelB)
inflammation inWT (top), LcK™IL -4Ro"** (middle) and Il-4Ra™ (bottom)male mice 35 days
postinfection with T. gondii WT mice displayed minimal inflammation, LEkL-4Ro"* had
minimal interstitial and lacked peribronchiole inflammation, whilst4Ra”" lungs had high
degrees ointerstal inflammatory cells and foamy macrophages éviJl elevated peribronchial

inflammation.

151



A Meningitis B PV cuffing
31 EEEm (X ) 00000 34
- " WT
o © ® |ckTeIL-4Ro
§ 2- m XX o § 2 am oo 0000 O |L-4Ra’
8 8
g 2
'% 1 2 14 EEEE XXX o
T T
0 ! crey | -/lox LS 0 ! T N pg
WT Lck™"IL-4Ro, IL-4Ro WT Lck®IL-4Re, ™ IL-4Rq”
C MG nodules (total) D Cysts in brains
10- 8+ o
| [ ] 7
o 81 hd 6 o
o oo
o . -
2 e . 0o g ® -
Q 1 1 > 47 o
D >
% 44 m ° oo O 3 u o
'(Iﬁ 2 ° 24 [ X )
. 14 am —weoe— o
0 T T T 0 ol . N o
wWT LckC™®IL-4Rg ™ IL-4Ro wT Lck®®IL-4R "% IL-4Rq

Fig.4.19 Histopathological scorefor inflammation and parasite burden in the brains of male

mice 35 days posnhfection. Tre meninges (Aand perivascular ared8) had an equwialent

inflammatory response in the 3 groups of mitkere were also no differences in MG nodules

numbers between the three groups {@jere were more cysts counted in the brains effa™

mice (D), however the numbers were not significantly different to WT bokC™IL -4Ro. %

mice.
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4.3 Discussion

Interleukin 4 (IL-4) has been previously described by our group and otbebg a
susceptibility factor duringl. gondii infection in resistantBALB/c mice (Roberts,
Ferguson et al. 1996; Suzuki, Yang et al. 1996)4 deficient and IL4Ro deficient
mice were shown to be more susceptible to infection compatbditoNT counterparts,
and mortality was associated with severe t§paediated immunopathology the lungs
(Nickdel, unpublished data, appendii thischapter, wausedCD4" T-cell-specific IL-
4Ro. deficient mice on the resistantA B/c backgraind to further investigate the cell
populations thaare involved inthe observed H4/IL-13-mediatedprotective responses

to T. gondiiinfection.

CD4" T-cells play a central role in regulating the askdiated immune sponse to
various infections. In acutnd chronicT. gondiiinfection, large numbers of both CD4
and CD8 T-cells are recruited to the site of infection and their ability to produceyIFN
is critical forparasitedestructiorandhost protection againgte infection.Studies using
antibody depletion of CD4T-cells in mice chronically infected with the MMD strain

of T. gondii resultedin exarcebation of diseasgazzinelli, Xu et al. 1992gand
reactivation ofCNS toxoplasmosi¢eading toseveredisease(Vollmer, Waldor et al.
1987) The protective response againist gondii infection is dependent on an early
vigorousinnate response involving production of-12 by neutrophils, dendritic cells

and macrophages that in turn stimulateells and NK cells to produce IFN Naive

CD4" T-cells differentiate into typel cytokine (IFNy) producing effector cells in this
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environment Conversely, |4 is a key cytokine in driving the differentiation of naive

CD4" T-cdl in type-2 cytokine producingells.

In this study, we have looked at the role of4Ru signaling via CD24 T-cells in
limiting immunopathology and mortality during intpeeritonealT. gondiiinfection. We
showthat male mice lacking H4Ro on CD4 T-cellsas well as globall-4Ro”" mice
areresistant tol. gondiiinfection and they survived for the duration of the expent

in the same way as the WT contrelsth a 100% survival rateOn the other hand,
female LcK™IL-4Ro ™™ mice were partially susceptible to infection comparedth the
male mice of the san&rain;howeverthe mortality ratevas not significantly dferent
compared with their WT counterparia general there were no significant differences
between WT and CD4T-cells specific Il-4Ra deficient mice in terms of mortality

/

rates.Over a number of experiments approximately 50% of ferthaléRo™ mice dial

over the course of infection.

In addition to their role in host immune responses and defense, cytokines interact with
factors implicated in bodyweight regulation and energy metabalising some disease
conditions(Hotamisligil, Shargill et al. 1993We investigatedhe role of IL-4/IL-13
signalingin development of disead®y looking at thebodyweightprofiles in male and
female miceover the course oF. gondiiinfection.We showed thaall infectedmaleand

femaleWT, Lck®™8IL-4Ro™ and IL-4Ro mice lost a significant amount dodyweight

during the first 15 days of infection. However, although the susceptible femaRauLl
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mice lost significantly more weight between da$ and 16, they regained the lost
weight quite rapidly, and all 3 strains continued toaregheir lost bodyweightby the
end of the experimentyith no significant difference observed betwetre strains
throughout the chronic phase of infectidm.contrast, the resistant male-#Ra”" mice
started to regain their lost bodyweight from day 15 as the other 2 stringver,
whereas WTand LcK™IL-4Ra”' mice regained their starting bodyweights,-4Ro™”

mice did not recover their lost weight areimained at their reduced bodyweight for the
duration of the experimenin addition, nale LcK™IL-4Ro"* mice had similar weights

as WT mie between day 18 and day 25, however thereafter maintained a reduced

weight gain rate in the chronic phasanpaed to WT micelt is surprising that the male

IL-4Ro™ mice, which have a 100% survival rafail to recover the lost bodyweights

whereas the susceptible female4Ro.”

" mice reover their bodyweight fully following
chronicT. gondiiinfection. The weghtloss observed in mice during the acute phase of
T. gondiiinfectionhas been associated wiphysical wasting and loss of muscle mass
caused by diseas@\rsenijevic, Girardier et al. 1997)n line with our observation,
studies by Arsenijevic et al. have described a model in which feBwks Webster
mice infected withl. gondiilose 2030% of their bodyweight during the first 14 days of
infection and of those survivinggome regain weighfgainers)whereas other infected
mice remain at their reduced bodyweight indefinit€lyon-gainers) (Arsenijevic,
Girardier et al. 1997)In this study it issuggestd that the divergence in weight gain

response tol. gondii infection is linked to different cytokine expression profiles

between the gainers and the rgainers once stabilization of weight has ocedr This
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study shows that the mice that do not regain weight-gaomers) have significantly
higher levels of serum IFN than the mice that regain the bodyweight after 30 days
postinfection. Moreover, the negainers were also shown to have a distiypie-2
response shown by increased4LIL-5, IL-6 and 1210 mRNA in the brain and spleen
in chronic infection(Arsenijevic, Girardier et al. 1997; Arsenijevic, Girardier et al.
1998) In our study we show that thdifference in weight gain is between male and
female Il-4Ro” mice, and we observed higher systemic IFN responsan female
mice compared with male mice at day 9 po$tction. Nonetheless,ni later studies
(chapter 5) we measured serum H-ldt day35 postinfection and found no difference.
During acuteT. gondiiinfection (day9), male global I4Ra deficient micesurvive
despite the increasgmithologyin the lung, whereafemalelL-4Ro”” mice dieand there
was no difference in the lung pathologympared with female WT andtk®eIL -4Ro "%

/

mice. The death ahfectedfemale IL-4Ra™ mice can becorrelated with higher serum

levels of IFNy than in male miceThe lethal typel response is supported by previous
studies in our group that 44 mice succumb to infection due to unregulated-iFahd
IL-12 productionduring acute nfection (Roberts, Ferguson et al. 1996)evertheless,
thereis not enough evidence at this stagenake acorrelation between resistanceTto
gondii infection and bodyweight regulatipalthoughthere is a clear difference ih-
4/1L-13 mediated regulation of bodyweight and energy metabolism durirgpndii

/

infectionin male and female micnd between WT and -4Ra™ male mice

Furthermoremale micehavea more robusparasitespeficicsplenocyte typd response
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(IFN-y and IL-12) comparedvith female mice at day 9 pestfection irrespective of IL
4Ro. deficiency.The inability of female mice to spond to antigen may play a role in
the increased sugatbility of female IL-4Ro™ mice compared to their more resistant
male counterpartsFemale mice onlygained the ability to respond to antigen by
producing IFNy at day 12 postnfection. Splenocytes from ale IL-4Ra” mice also
show sigiificantly increased spontaneous and FspecificlL-12 production compared
with spleens from WT antlckdL-4Ro™™ mice whereas TLA and ConA stimulated
splenocytes from female 1#Ro”" mice produce significantly lower levels of -12
compared with th&vT and LcK™L-4Ro ™ spleens. This observation represents a very
significant difference as H12 is critical for the initiation of thelFN-y responsen the
early stages of infectiorwhich is required to control parasite proliferation and
dissemingion (Gazanelli, Hieny et al. 1993)IL-4/IL-13 mediated effects are usually
associated with anthflammatory and dowanegulation of the typé responses. Thus in
theabsence of 114 signding one would expect to have an exaggeraypéd-1 response,
as observed in splenocyte cultures from male ririche presenstudy. Some studies
have however demonstrated that4Lcan play a crucial role in induction of Thl
responses byriming dendritic cells for IE12 production(Lutz, Schnare et al. 2002)
which may offer an explanation for our observation of reduced2llproduction in
absence of [t4/IL-13 signaling. More importantly, our data demonstrates that this effect
is sexdependent as male mice deficient in-4Ro have augmented 12 production
whereas in female mice this response is abrogated during early stagegahdii

infection. Earlier studies by Walkest al have also demonstrated that male mice have a



morerapid and higher systemic 412 response compared with female mice following
infection with T. gondii(Walker, Roberts et al. 1997verall, male mice appear to be
resistant toT. gondii infection due totheir ahlity to mountan early and effective
parasite specific typ& response, whereésmale mice have a robust nepecific IFNy
response,but aeduced andielayedparasitespecific type-1 responsewvhich may be
contributingto female mice being momisceptiblend succumbing to acute infection

absence of 14 signaling unlikeghe resistant maleounterparts

Furthermore, dspitethe absence of H4Ra signaling splenocytes derived from both
male and femald.ck®IL-4Ro" and IL-4Ro” mice produced significantly reduced
levels of nitrite at day 9 postfection Th2 cytokines including 4 can inhibit INOS
inductionin macrophagedy IFN-y (Liew, Li et al. 1991) It is therebre interestingo
observe a significameduction ofNO production irthe absence of It4/IL-13 signaling.

This observation also contradicts previous observations in our group where splenocytes
from IL-4" and IL4Ro” produced significantly increasedONcompared with WT

mice. Although NO is an important effector molecule for defense during intracellular
pathogengLiew 1995; Khan, Matsuura et al. 1996; Akaike and Maeda 200@3s also

been implicated in mediating immunopathology in some condi{iBagdan 200Q)It is
therefore important to have a balanced NO response, in fact a study by Niedbala has
shown that NO iseeded in low concentrations to induce protective Thl responses,
whereashigh NO concentrations were generally cytotoftitedbala, Wei et al. 1999;

Niedbala, Wei et al. 2002 herefore because we studied the NO response in the acute
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phase where the immumesponse is very dynamic, various factors (such as the severity

of disease, age of the mice and also the form of the parasite as this is the stage where
tachyzoite wouldoe converting to bradyzoites in response to shress exerted by the
host 6s Bspomsa) may playe role in influencing the level of NO production in
order to maintain this delicate balané&oduction of reactive nitrogen intermediates
(RNI) and NO by classically activated macrophages is an important effector mechanism
that restrictgeplication of intracellular parasites suchTagyondii(Adams, Hibbs et al.

1990; Yap and Sher 199% owever, in some infection st uoc
to be involvedin immunosuppression of -@ell proliferation in mice infected with
Trypanosoma bruce{(Sternberg and McGuigan 1992)nd Listeria monocytogenes
(Gregory, Wing et al. 1993furthermore, Candolfet alhas s hown t hat RI
respondble for decreased proliferatianf ConA and TLAstimulated spleen-€ells from

T. gondii infected BALB/c mice (Candolfi, Hunter et al. 1994)In addition
neutralization of IFNy in vitro and in vivo reversed the suppression ofcéll
proliferative responses to mitogen during aclitggondiiinfection Therefore tere is a
possibility that there is aegative feeéback mechanism whereby NO s$lectively
inhibiting its own production bynhibiting Th1 cellsin absence of t4/IL-13 signaling.
Interestingly, NO inhibition has also been associated with enhanced viesghtand
decreased survival in mice undergoing gradftsts host disease after bomearrow
transplantation(Drobyski, Keever et al. 1994)There may be a complex interplay
between innate, adaptive and metabolic pathways which involve NO ahdifinaling

which remains to be resolved.



NO production is closely associated with classically actd/ab@crophages, as well as

the interconversion between tachyzoites and bradyzoit@&s géndii parasitegBohne,
Heesemann et al. 1993; Bohne, Heesemann et al. 1994; Lyons, McLeod et aM\&902)
investigated the expression of macrophage activation markers and parasite burden in the
lungs of male and female mice followirlg gondiiinfection. During the acute stage,
there wasa significant reduction of IFf mMRNA transcripts in the lungs of malk-

4Ro” mice compared to WT controls. There was howener difference in the
expression of alternative macrophage activation markers in these mice. Interestingly,
male LcK™IL-4Ra" mice expressed significantly increased lung YM1 at day 9 post
infecion compared with WT mice, whereas on the other hand female mice expressed
significantly reduced levels of lung YM1 compared with WT anetRo” mice at the

same time pointYM1 is a chitinasdike lectin whichcan bind to extracellular matrix
andhas ben implicated in wound healing/archesi, Minucci et al. 2006Pespite the

fact that there was no difference observed in the degree ofpatigplogy between
female WT, LcK®L-4Ra"% and IL-4Ro”” mice at this time point (day 9), it is possible
that the lack of Ik4 signaling on CD4 T-cells in female LcKiL-4Ro™™ mice is
delaying the induction of YM1 expression. Nevertheless, a deaelation between
expression of alternative macrophage markers and pathology in the lung is not .obvious
Furthermore, although there was no significant difference in lung parasite burden
betweenfemaleWT, Lck®@L-4Ra”* and IL-4Ra”™ mice at this ime point (day 9), the

rate of tachyzoite to bradgite conversion of th@arasite wasignificantly higher in

Lck®@IL -4Ra" mice compared with WT and ##Ro” mice This effect wasiot seen
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in male mice at the same time point. In addition female™fitk4Ro"™* mice express
significantly increased levels of lung LRG47 GTPase mRigfpared with the other 2
strains at day 9 po#tfection. The IFNy inducible p#4 GTPa&ehasbeen reported to be
important for controlling parasite replication, althougk tmechanism through which it
functions has noyet been desdoed (Feng, CollazeCustodio et al. 2004; Taylor, Feng

et al. 2004; Martens, Parvanova et al. 200RG47 mayplay a role in the regulation of
parasite formnterconversionhowever we do not have sufficient evidence at this stage
to make a direct correlation between tachyzoite to bradyzoite conversion and the
expression of p47GTPasemother ofthe IFN-y inducble genesIDO, which haeen
implicated ininhibition of T. gondii growth, was significantly reduced in the lungs
female Lck®@L-4Ra” and IL-4Ro” mice at day 12 poshfection. Again, this does

not correlatewith the paraise burden as there was a similar tachyzoite and bradyzoite
burden observed in the lungs of the 3 strains of mice at this time phiatstage
specific expression of surface antigens By gondii is a known mechanism that
facilitates parasite persisten@@m and Boothroyd 2005)Tachyzoites stimulate a more
robust typel cytokine production responsy macrophagethan bradyzoitedoth in

vitro andin vivo (Schade and Fischer 200Therefore, the parasite stage/form will not
only affect the macrophage effectfanctions and Icell responsest will also influence

the IFN-y and IL-4-dependent n@ophage activation programmes that these cells

undergo depending on the tyf&ype2 cytokine balance.

In chronically infectedday 35)male mice, mice lacking H4Ra on CD4 T-cells had
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no inflammation in the lungs compared to the mild and moderateedegf
inflammation observed in the lungs of WT and global4Ro deficient mice
respectively. This implicates an immupathogenic role for 4R signaling via CD4
T-cells during chronid. gondiiinfection. Of significance, in the repeat study of icfied

-/lox

male mice, male L&IL-4Ra™ mice showed no lung pathology compared with WT

and IL-4Ra” mice as early as day 9 pasfection which suggests that this effect may
be mediated as early as day 9 gogtction. Indeed, there have been reports {OB4"
T-cells may play a significant role in promoting tissue inflammatory responses following
T. gondiiinfection, though the meelnisms have never been identifidgraelskiet al
reported that C3H/Hen mice depleted of CD4cells by antibody depletiorand
chronically infected withT. gondii (ME49 strain) had reduced levels of CNS
inflammation, which only appeared when the #@ii4 antibody treatment was
terminated(Israelski, Araujo et al. 1989An immunopathogenic role for CD4 -cells

is further described in a study of oculakaplasmosis using CD4 and CHigficient
mice, whereby inflammation in the eye was shown to be primarily mediated byTGD4
cells, while CD8 T-cells were more important in limiting parasite replicatigmi,
Huang et al. 2004 )Furthermore, Liensenfelet al also showed that C57BL/6 mice died
following oral infection with ME46 strain of. gondii and the mortality wamediated

by increased necrosis in the small intestines, which was dependent on the presence of
CD4" T-cells (Liesenfeld, Kosek et al. 1996More recently, Stumhofeet al also
showed that depletion of CD4T-cells rescues H27R deficientmice and reduces

inflammation in the braiiStumhofer, Laurence et al. 2008hese studies clearly show
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the significance of CD4T-cells in T. gondii induced immunopatholgy. Our study
therebre further explains a possible mechanism through which®Qbeells may be

mediating these immunpathogenic responses, through4Ra signaling.

Histopathological analysis of the brain during chronic infection (day 35) showed no
differencein brain patlology between WT and mice lacking#Ra signaling Although
studies in our group and othgiRoberts, Ferguson et al. 1996; Suzuki, Yang et al. 1996)
using mouse strains otherath BALB/c previously reported that 4 is important for
formation of cysts and controls tachyzoite proliferation in the brain, we did not observe
any significant difference in theumber ofparasite cysts in therdinsof WT, Lck“™ L -
4Ro™™ and IL-4Ro” male mice This observation is not surprisings CD8 and not
CD4" T-cells reportedlyplay a more prominent role in parasite replication in the CNS
during T. gondiiinfection (Gazzinelli, Hakim et al. 1991; ParkeRoberts et al. 1991,

Suzuki 2002)

It is evident from our observation that-#Ro. signaling through CD4T-cells is not
essentialfor pratection during acute and chronic infectiaa mice lacking [E4Ro on
CD4" T-cell tend tosurvive with similar disease progression\e§ mice in terms of
survival andbodyweightregulation.CD8" T-cells have been reported he importantin
regulatingT. gondiicysts in the brainéSuzuki 2002)and typically requir€D4" T-cells
help through production of IF\W and IL-2. However, our observation suggests that

CD4" T-cell helpmay notbe essential irparasite regulatignandthatthe cytotoxic F
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cell may be geing a signal from cytokines praded by other cell typgsonT-cells)in
the central nervous systein addition, it hasoeen shown thaED8" T-cell cytotoxicity
Is impaired in the absence oL-#Ro signaling (Marsland, Schmitz et al. 2005)
Consequentlyfuture experiments using mice lacking-4Ro signaling on both CD4
and CD8 T-cells will clearly indicate whether H4Ro signaling via CD8 T-cells is a

susceptibility factor during chronitE. gondiiinfection
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CHAPTER 5
T. gondiiinfection in CD4"CD8" T-cell specific

IL -4Ra”" mice
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Abstract

In previous chapters, we have shown thatrophages/neutrophils, but not CD#cell
specific IL-4Ra-mediated signaling mediate host protection and surwiaing T.
gondii infection. In fact, CD24 T-cells responding to 14 were shown to mediate
immunopathology in the chronic stage of infectiém.this study, CD¥CD8" T-cell
specific IL-4Ra deficient mice (NLcRAL-4Ro™) were used tdurther dissectthe role
of IL-4 responsivenessn T-cell populationan male and female BALB/c mice during
Toxoplasma gondiinfection. Although the absence of #tRo. on CD4 and CD8 T-
cells resulted in impaired. gondii specific nitric oxide and IFN production by

-/lox

infected spleen cells from malLck“L-4Ra™* mice, it was na essential for survival
of male mice whereas femal®&lLck®IL-4Ro"™ mice werepartially susceptible rad
succumbed to infection durinigte stages of infectionVe show that mrtality was
associated withan impaired antigenspecific typel responsecombined with a
pronouncedystemic production of IFN and IL-12 duringthe early stages of infection

in female mice At day 9 postnfection, female NLcRAIL-4Ra"

mice display a
significartly increased parasite burden in the lungs compared lwidRa intact (WT)
and IL-4Ra”" mice However by day 12 the parasite burden was reduced and this was

concomitant with a significant increase in NOS2 and thekiNlucible genes LRG47

GTPase mRNAranscripts in the lungs.
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5. Introduction

The protective immune response agaihsgjondiihas been reported to be dependent on
both CD4 and CD8 T-cells (Gazzinelli, Xu et al. 1992)CD8" T i cells arehowever
widely recognizedas the major cell population involved in the early tfpeesponse and
resistance to acufe. gondiiin mice (Parker, Roberts et al. 1991; Subauste, Koniaris et
al. 1991; Shirahata, Yamashita et al. 1994)e role of 1-4Ra signaling via CD2 T-
cells was studied ithe previous chaptewhere CD2 T-cell specific 1l-4Ra. deficient
mice were relatively resistant t@. gondii infection and exhibited normatype-1
responses. Although NO production by spleytes from infected mice lacking #Ro.

on CD4 T-cells was impaired in comparison with splenocytes derived from WT
counterpar, parasite burdens remained controltethe lungs and brains of these mice
during acuteor chronic stages of infection. In fache presenceof IL-4 sgnaling via
CD4" T-cells seemedo be pathogenic during chronfand possibly as early as day 9

" infected mice

postinfection) T. gondiiinfection asmaleCD4" T-cells-specificlL-4Ro.
exhibited limited inflammation in the lungscompared withthe higher degrees of

inflammation observed in the lungsWT and global 1l4Ro deficient mice.

Several infectiousliseasesequire a coordinated interaction between CBdd CDS T-
cell populations in order to resolve the infectidrhe protective immune response
against thentracellular bacterid,isteria monocytogenesequires both CD4and CD8
T-cellsto be efficiently inducedqUnanue 1997)Also, infectiors with the influenza virus

(Riberdy, Christensen et al. 2008)dlymphocytic chorioneningitis virus(Matloubian,



Concepcion et al. 1994&quireCD4" T-cells to sustain effective cytotoxic CD$-cell

responseand clear the viruseduring infection.

While CD4 T-cells play a critical synergistic role by helping maintain a robust’CR8
cell response in some infectiorisy some they are not required for tthevelopnent of
efficient cytotoxic CD8 T-cell responsesFor instance,Encephalititozoon cuniculi
infections (Moretto, Casciotti et al. 2000dre able to mount normal CD8T-cell
immunity in absence of CD4T-cells whereasin Plasmodium yoeliiinfections
(Carvalho, Sano et al. 2002D4" T-cell help is critical. There are contrasting reports
with regard toT. gondiiinfection. Gazinelliet d first reported that depletion of CDZ-
cells preceding vaccination did not protect mice against lethagondii infection
(Gazzinelli, Hakim et al. 1991)Conversely, a study using CD4mice found that
normal CD8 T-cell immunity could be induced ithe absence of CD4T-cells during
T. gondiiinfection (Casciotti, Ely et al. 2002)n addition, Combet alalso showed that
normal CD8 T-cell immunity can be induced in absence of CO4cells duringT.

gondiiinfection using CD4 mice (Combe, Curiel et al. 2005)

CDS8" T-cells ae the primaryT-cell population involved inthe resolution off. gondii
infection Mice depleted of CD8T-cells were shown to be unable to control both acute
and chrorc toxoplasmosigSuzuk and Remington 1988)n vivo studies have shown
that IL-4 is critical for the development of protective CDB-cell memory responses
against tumors and infection modelsyt@oxic T-cell mediated immune sponses

against mammary and colon carcinoffiaded to beinduced in the absence of -4
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(Schuler, Qin et al. 1999%tudies usind’lasmodium yoellalso demonstrated that-W
secreting CD% T-cells are esseial for induction & CD8" T-cell responses during
malaria liver stagegCarvalho, Sano et al. 200Furthermore, Staget al also showed
that protective CDB8 T-cell mediated immunity was dependent on-4iLduring
Leishmania donovarinfection (Stager, Alexander et al. 2003)he role of I-4 in T.
gondii CD8" T-cell mediated responses is nott yelly elucidated. More recently, a
study using mice deficient in STAG on CD8 T-cells displayed compromised IFN
production and subsequent increased cyst proliferation in the braingondiiinfected
STAT6” mice as compared to the WT controfdin, Takamoto et al. 2009)
Nevertheless, the mechanisms ofdlsignalling in 8" T-cell mediated activation are
still unclear. In this study, we used CDand CDS§ specific IL-4Ro deficient mice
(NLck®™®IL-4Ra"®) to investigate the role of #Ru signaling through both CD4and
CDS8' T-cells intheregulation of the immune respsg immunopathology and induction

of alternatively activated macrophages in various organs folloWiggndiiinfection.



5.1 Results

5.1.1 Survival of NLck®IL -4Ra™ male and female mice followingT. gondii
infection

Both male and femalenice from WT, NLcK™IL-4Ra"* and IL-4Ro” strains were
infected ip with 10 cysts ofT. gondii(RRA) Beverley strain and monitored for disease
and mortality on a daily basis over a period of 35 diale WT and NLcR®IL-4Ro ™
mice survived for the complete duration of the experinvatit a 100% survival rate
whilst their IL-4Ra”" counterparts suceubed to infection withmortalities recorded

" strain

primarily during the latestages of infection. The first death from thedRo’
occurred at dag0, followed by more deaths on days 20, 22 and2fan overall 74%
survival rate(Fig. 5.1A). Conversely, in our studies in the previous chapter (chapter 4)
there were no deaths recorded lin-4Ro™ mice over several (n=3) indivicl
experimentsn male mice Female mice exhibited more signs of illness and were more
susceptible to infection in comparison with their male counterparts, mibist
mortalities occurring during ehearly stages of infection betweday 9 and 11 post
infection for IL-4Ra” (Fig5.1 B). NLck®™@L-4Ra"" mice only started seembing to
infection from day 23Thesurvival rats recorded over a chronic experiment, which was
only performed onceover a period of 35 daysvere 94%, 80% and 88% for WT,
NLck®8L-4Ro™ and IL-4Ra” micerespectively(Fig. 51B). Overall, NLck® L -4Ro

Mox and LcK™IL -4Ro ™ female mice were generally more resistanif tgondiiinfection

/

relative to the globallL-4Ro” counterparts, with NLAEIL-4Ro. ™ mice only showig

partial susceptibility in the late stages of infection.
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Fig.5.1 Survival wrves for nale (A) and female (BWT, NLck™ L -4Ra"* and IL-4Ra” mice

infected with 10 cysts of. gondiiBeverly intraperitoneally.
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5.1.2 Bodyweghts of NLck“®IL -4Ro""** mice following T. gondiiinfection

Male and female me infected withT. gondiiintraperitoneallywere weighed daily for a
period of 35 daysMale IL-4Ro” mice started losing weight from day 9 pasfection,
which was also éme point when they started showing signs of graveds (Fig.2A).
These miceprogressively lost 13.7% of their starting bodyweight by day 17-post
infection, and thereafter started to recover the weight gradually but failed to fully regain
the staring bodyweights, finishing witlenly 93.2% of their starting bodyweights by day

35 postinfection On the other hand, male WT and NE8k -4Ra" mice started
losinglaterat dayl11l and the weight loss was minimal compared wi#R&" mice. The
lowestweights recorded were on days 13 (5.48% lassl) 18 (4.5% loss) for NLEKIL -
ARo™ and WT mice respéively. Both strains of mice continued to regain their
bodyweight progressivelyhereafterat t ai ni ng t heir @%byt i ng b
day 26 andday 28 posinfection respectively (Fi§.2A). The bodyweight profiles of
male mice in this chapter are very simitar what we observed iprevious studies
(chapter ¥ where infected male W4Ra” mice lost more bodyweight compared with
WT and LcK™IL-4Ro™ mice, andalso failed to resver the lost bodyweight at the

same rate as WT and LKL -4Ra”"* mice (Fig4.2A).

Female miceshowed slightly more rapid weight loss compared with male mice, starting
at day 9 posinfection (Fig5.2B). By day 13 all 3 groups of mice had lost significant
amouns of weight, 17%, 14% and 16% bodyweight loss for WT, N{%tk-4Ra"* and

IL-4Ro"mice respectively. WT mice continued to regain their starting bodyweight
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faster than NLcKAL-4Ro™ and IL-4Ra"mice, and had recovered by day 29, while
the latter only recovered 100% of their bodyweight by day 32-iptsttion. Between
day 13 and 24both NLcK™L-4Ro™™ and IL-4Ra” mice exhibited significantly lower
bodyweights compared with WT miclonethelss,all 3 groups of mice had recovered

their full bodyweight by the end of the 35 day period with no significant difference

observedetween the 3 strains
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5.1.3 Histopathological analysis of tissues taken from. gondiiinfected mice

In this gudywe carried outhistopathabgical analysi®n lung and liver tissue sections at
day 9 posinfection for male mice and days 9 and 12 po8tction for female mice
from mice deficient in Ik4Ro on both CD4 and CD8 T-cells compared with WT and
global IL-4Ro” mice There was miniml degreeof peribronchial inflammation
observed in the lungs of male WT and-4Ra” mice at day 9 poshfection but
interestingly, there was no peribronchial inflammatitrserved iimmale NLcK™L-4Ro
MoX mice (n=7) at this earl§ime point (Fig5.3A) which was significantly lower thathe
leve of damage observed in #Ro” mice (p<0.05) This observation suggests that
coordinatedL -4Ra signding via CD4" andCD8" T-cells mediatesmmunopathology in
the lungsduring acuteT. gondii infectionwhereasdepletion of Il-4Ra. on CD4 T-cells
alone did not reduce peribronchial inflammatifelative to WT micg in the lungs
during acute phase infection (Tabl&é4ig4.1) Nevertheless, the sanmeinimal degree
of interstitial inflammation was observed Hetlungs of all 3 strains of mice at thisé
point (Fig5.3B). There wasalso a mild degre®f inflammaton in the portal tracts
(Fig.5.3C) andmoderatenflammation in the acini (Fig.8D) at this time pointalthough

there was no difference obsendsetveen the 3 strains

Tissues from female mice were also examined and overall there was minimal to absent
levels of peribronchial inflammation in the lungs of WT, Nf8ik -4Ra"* and IL-4Ro.

" mice (Fig5.4A) and no significant difference between thestrainsat day 9 post
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infection In addition, the lungs from all 3 strains of mice similarly displayed minimal to
moderate degrees daiterstitial inflammation (Fi¢.4B). Furthermore, the pathology in
the livess of female WT, NLcK®L-4Ra”"* and IL-4Ro” mice was comparable as
shown by minimal inflammatioim the portal tracts (Fi§.4C) and moderate lelseof
acinar inflammation (Fig.8D) observed in the 3 strainBhis observation is consistent
with the pathology observed in femaMT, Lck“eIL-4Ra and IL-4Ro” mice studie

in the previous chapter (Figl. At day 12 posinfection, female WT, NLcKAL-4Ro

X and IL-4Ro”" mice displayminimal peribronchial inflammation and mild interstitial
pneumonitis in the lungs (Fig.5.5 A and B pestively), and there was no difference
observed in lung pathology between the 3 strains at this time point. The liver portal
tracts of WT, NLcK®IL-4Ra"* and IL-4Ra” mice displayed minimal inflammation
with no difference observed between the 3 B&&iFig.5.5C)and there wasmild to

X mice.

moderatedegrees of inflammation in the acini of WT and Nf@k-4Ra
Female 11:4Ra”" mice displayed significantly increased levels of inflammation in the

acini compared with WT mice at day 12 post infectjox0.05) (Fig.5.5D).

Overall, female LcReL-4Ra” and female NLcKAL-4Ro™ display very similar
levels of lung and liver immunopathology relative to their respective WT addRiL”
controlsat day 9 posinfection However, whereas male mitaeking IL-4Ro. on CD4'
T-cells displayminimal degres of lung peribronchial damageuring acute infection,
mice deficient in [4Ra. on both CD4 and CD8 T-cell populations are devoid of any

damage to the peribrohial area of the lunduring acutel. gordii infection.
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Fig.5.5D Liver tissue sections depicting acinar inflammation in WT (top), NEfitk4Ra
(middle) and I1-4Ra™ (bottom) female mice 12 days pestfection with T. gondii IL-4Ra”
mice displayed numerous foci ofecrosis (arrows) whilst WT and NLEKL-4Ro™™ liver

tissues had fewand smallefoci of inflammation.
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5.1.4 Systemic cytokine levels in male and female mice duriny gondiiinfection

Sera taken fronT. gondiiinfected male and female mice was gsel for he level of
circulatingcytokines at day 9 for male mice, and days 9 and 12ipfesttion for female
mice. IFNy levels were high in the sera of mamice from all 3 groups (Fig6A).
Similarly for female mice, the levels of sera HyNvere ircreased in all 3 strains of mice
at day 9 with no significant difference observed between WT, fflickdRo. " and IL-
4ARo” mice (Fig5.6B). While in this study systemitFN-y levels were comparable
between males and females at day 9 -pdstction, inanotherrepeatstudy they were
significantly greater in femaleddowever, by day 12 postfection, IFNy levels
detected in the sera in female mice were reduced compared with day 9, which was
consistent with the observation in the previous chapter wkéle levels were lower at
day 12 postnfection. As in the previous chaptefemale ILl-4Ro” mice displayed
significantly different IFN-y levels compared with WT and NLEKIL-4Ro™ mice at
this time point (Figh.6C). However in this study the levels were significantly reduced

(p<0.05)

In male mice, sra 1L-12p40/70 levels were similar fo{Lck® L -4Ro "

and WT mice,
but significantly higher(p<0.01)in IL-4Ro.mice compared with WTnice atday 9
postinfection (Fig.5.6D). Similarly, in female mce seum IL-12p40/70 was
significantly increased in H4Ro” (p<0.01) compared with WT, NLEKIL-4Ro ™
mice atday 9 posinfection (Fig.5.6E). At day 12 posinfection the level of IL-

12p40/70 in sera from female NLEHL -4Ro™ and IL-4Ra” mice was significantly
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increased in comparison with WT mice (p<0.@b)g.5.6F), whereas in the previous
chapter there was no difference in serurlfLlevels between WTNLck®L-4Ro "
and IL-4Ra”” mice both at day 9 and at day 12 pasfection with T. gondii(Fig.4.6C,

D).

Overall, at day 9 posinfection, bothmale and femalemice displayed an increased
systemic typel response with significantly higher -2p40/70 being detected in-IL
4Ro"mice compared with WT and NLERL-4Ra”"* mice. Femke NLck™™8L-4Ra"
and IL-4Ro”” mice maintained the robust systemic12p40/40 production at deb2;
althoughlFN-y levels were markedly reduced in the more suscepfitale|L-4Ro™

miceat day 12 posinfection
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5.15 Analysis of T. gondirinduced splenocyte cytokine production

To furtheranalyzethe role of I-4Ra signaling in the generation of antigepecific
type-1 and type2 recall responsespleen cellfrom T. gondiiinfected WT,NLck“L-
4ARo™ and IL-4Ro™ mice werecultured with media only (nestimulated control) o
TLA (at concentrationdug/ml and mug/ml); or ConA (5ug/ml). Culture supernatants

weresubsequentlpnalyzedor cytokineproductionby ELISA.

Similar to our observations in the previous chapter where splenocytes Trogondii
infectedmaleLck®™ L -4Ra"* mice displayedreduced NO responseE, gondiiantigen
specific NO productioms measured by nitrite concentratmas significantly reduced in
male NLck®™®IL-4Ro™ and IL-4Ro”™ mice (p<0.01) compared with WT mieg day 9
postinfection (Fig5.7A). Splenocyte derived from WT, NLERL -4Ra”"°* and IL-4Ro
" female mice failed to respond to antigen stimulation witrite was only detec¢ed in
ConA stimulated cultureat this time point (Fig.7B). By day 12 postnfection, the
capacity of splenocytes derived from female mice to resporid gmndiiantigen was
evident.There was aimcreasedevel of antigenspecific NO production by splengtes
from female mice at day 12 pesfection, which wassignificantly reduced in #4Ro”

mice compared with WT and NLERL -4Ra”"* mice (p<0.05)

In addition, splenocytes from male mice produceBN-y in respnse to TLA

stimulation, whereasplenocytes fronmfemale micefailed to produce IFN when

stimulated with various doses of TLAFIg.5.8A, B), which is consistent with our
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observations in the pvious chapte(4). Moreover TLA stimulated splenocytes from
male NLcK™L-4Ro™™ mice produce significantly lower levels d IFN-y compared
with WT and IL-4Ra” mice (p<0.05)at day 9 posinfection (Fig. 58A), whereasn
chapter 4mice deficient of Il-4Ro. on CD4 T-cells only (LcK™IL-4Ro™) were able to
maintainantigenspecific splenocyte recall IFN responsesimilar tothat of their WT
counterparts (Fig.4.8ABplenocytes from female mice recovered theilitgltio respond
to antigen angbroduce IFNy by day 12 posinfection and IFNy levels were lower in

NLck®L-4Ro ™ mice compared with WT and 4Ro” mice (Fig5.8C).

FurthermoreIL-12p40/70 production wagreaterin TLA stimulated splenocytes from
male mice compared with female mi@ day 9 posinfection with T. gondii
neverthelesghere was no significant difference observed in the levelpanésite
induced IL-12p40/70 between WT, NLERL-4Ro™ and IL-4Ro™ in splenocyte
cultures from both male and female miceat day 9 posinfection (Fig.5.9A,B).
Furthermore, 1E12p40/70 production remained low in female mice at day 12- post

infection. In fact femaleWT and NLcK™L-4Ro”" mice displayed a significantljower

IL-12 production(p<0.05)in comparison withL-4Ro”

" mice at day 12 posinfection
(Fig.5.9C). As in the previous chapter, 412 production by male mice was significantly

greater than in female mice.

Although female mice generally displayed an impaired antggpeartific typel response

compared with male mice at day 9 posection, antigerspecific type2 recall
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responses wer@milarin male and femalmice irrespective of H4Ra deficiencyat this
time point. IL.-4 (Fig5.10A, B) and IL-10 (Fig5.11A, B) productionwaslow in in TLA
stimulated splenocytes from. gondii infected male and femaleand there was no
differences observed betwe®T, NLck™ L-4Ro™ and IL-4Ro mice atday 9 post

infection In ConA stimulated cultures, male -4Ra” mice praluced significantly

-/lox

increased levels of K4 compared with WT and NLEKIL-4Ra™ splenocytes, whereas

in splenocytes from female mice there was no difference between the 3 strains in ConA
stimulated cultures. At day 12 peasftection, IL-4 production vas dimnished in TLA
stimulated splenocytes from all 3 strains of mice and was only detected in ConA
stimulated splenocytes, whetk-4Ro™” splenocyte cultures had significantly higher
levels of IL-4 compared with WT and NLERIL-4Ro™ cultures (Figs.10C).IL-10
production remained low in TLAtimulated splenocytes from female mice of all 3

strains 12 days postfection, and there was no difference between the strains

(Fig5.11C).

Overall female mice appeared to have delayed TLA specifcell type-l responses,
whereas male mice had a strong tjlpeesponsdrom an early time pointOf note, the
antigen induced “Eell specific response dfiLck®@L-4Ra”* mice was significantly

less than that of either WT or 4Ra” mice and this was noted rfdooth male and

-/lox

female mice. This effect was not evident in fdk-4Ra™ mice as opposed to

NLck®eIL -4Ra ",
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5.1.6 Analyses of cytokine mRNA levels and parasite burden in the lungs daf.

gondii infected mice

Lung tissus from infected WT, NLck™IL-4Ro™ and IL-4Ro™ male (day 9) and
female(days 9 and 12jnice wereexamined for cytokine mRNA transcript expression
using RFPCR to further analyze thienmune responsen the lungs At day 9 post
infection IFN-y transcripts were significantlyparegulated in the lungsf male WT,
NLck®eIL-4Ro"* and IL-4Ro™ mice but there was no difference ohset between the

3 strains(Fig.5.12A). In female micelFN-y transcript levels in the lungsere slightly
reducedat day 9 posinfection in comparison with the levels observed in male mice;
nonetheles there was no difference in thevél of expression between the 3 strahs

day 9(Fig.5.12 B) and day 12 (Fi%.12C) posinfection

Male mice had high levels dif -12p40 transcript expressiamthe lungs at day 9 post
infection, andungs from Il-4Ramice hadsignificantly reducedevelscompared with
their WT and NLcK™IL-4Ra”°* counterpart¢p<0.05)mice at this time point
(Fig.5.12D). On the other handefmale mice displayedery low levels(~100fold less)
of IL-12p40transcript levels in the lungs at day 9 pwdection in comparison with the
levels observed in male miet the same time point (Fi§12E) nonetheless there was
no difference between the 3 strains. At day 12-pdsttion, lung I-:12p40 transcript
expressionwas upregulated approxinedy 10-fold over in female micéFig.512F) and

IL-4Ro” mice had significantly increased-2p40 transcripts in the lungs compared
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with lungs from infected female WT mice at this time point
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NOS2 and Arginase 1 compete for the same substrAtgibine to produce either nitric
oxide oralternatively l-ornithine and proline respectively. We compared expression of
NOS2 and Arginase MRNA transcriptdn the lungs of infected male and female enic
following T. gondii infection. NOS2 nRNA transcript levelswere expressed in
abundance in the lungs dF. gondii infected male mice at day 9 fenfection
(Fig5.13A) compared with lower levels observed in female mice KHi8B)
nonetheless there was no difference between WT, {flicikdRa”* and IL-4Ra” in

both male and femaleice at this time pointAt day 12 posinfection, lung NOS2
transcripts were significantly w@gulated in the lungs of infected female mice with
NLck™8L-4Ro™ and IL-4Ra” mice having significantly higher levels (p<0.05)
compared with WT mice (Fi§.13C). Similarly, male micexpressed higher levels
(~1000fold) of lung Arginasel mRNA transcripts than female mice 9 days- post
infection (Fig5.13D, E), nevertheless there was no difference between the 3 strains in
both male and female mice at day 9 po$tction. By day 12 posnhfection, female
mice had inceased lung Arginase expressioeatst 16fold than at day 9, and 4Ra”"

mice had significantly increased levels of Arginasel mRNA transcripts compared with
WT mice at this time point (Fi§. 13F) In addition, the level of Arginase MRNA
transcripts gopeared to be higher than NOSRNA transcripts in both male and female
mice at both time poistinvestigated, suggesting that duriaguteT. gandii infection

Arginase 1 expression is highly upregulated relative to NOS2 mRNA transcription.

Furthermoe, markers of alternative macrophage activation were also measured in the
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lungs.Lung YM1 (Fig.5.14A)andF1ZZ1 (Fig.5.14D)transcript expression imalemice
was highly upregulated at da§ postinfection compared with female mice at the same
time point. In addition,although there was no difference observed in female YM1
transcripts between the 3 strains at day 9 $FlgB), at day 12 posmhfection female Ik
4Ro" mice had significaty increased levels of lung YM1 compared with WT mice
(p<0.05) (Fig5.14C). Furthermore, ifiemale mice asignificant reduction of FIZZ1
transcript expression was observed in the lurigs-@Ra” mice atday 9 posinfection
(p<0.05) as compared with WT and NLZRL-4Ro™ mice (Fig5.14E). There was
however no difference observed in FIZEIRNA transcripp expression in female mice

between the 3trains at day 12s observed at day 9 pastection (Fig5.14F).

Furthermoe, we investigatedhe level of mRNA transcripexpressionof IFN-y
inducible genes IDO, LRG47 and Igtp G&Rs, which have been reported to be
involved in T. gondii eradication IDO mRNA transcriptswere highly upregulated in
malemice at day 9 posinfection (Fig.5.15A) andin comparisormuch lower infemale
mice at day 9 poshfection (Fig.5.15B). However at day 12 postfection IDO mRNA
transcripts were increased in female lungs &ihC). Neverthelessheére were no
differences observed betwe®T, NLck“eIL-4Ra"°* and IL-4Ramice for both male

and female

The p47 GTPases tiacripts on the other hand were highjyregulated in the lungsfo

both male and female mice at day 9 pa$tction, irrespective of H4Ra deficiency.



There was no significant difference in LRG47 (Bid6A, D) and Igtp GTPase
(Fig.5.16B, E) in male and female mice at 9 days joadstction. Howevever, at day 12
postinfection femaleNLck®™L-4Ra" and IL-4Ra” mice hadsignificantly increased
lung LRG47 transcript§p<0.05) compared with Winice (Fig5.160Q, andin addition

lgtp transcripts wersignificantly increased ifemalelL-4Ra” mice (p<0.05) compared

with WT and NLcK™IL-4Ra"** miceat this time point (Fid.168.

Finally, to measure parasite burden in the lunfi§. gondiiinfected mice SAG1 (a
tachyzoite specific gene) and TgCyst antigen (a bradyzoite specific gene) transcripts
were quantifid by RT-PCR. There was no difference itachyzoiteand bradyzoite
mRNA transcriptsin the lungs of malaVT, NLck®fL-4Ro"® and IL-4Ro” mice at

day 9 posinfection (Fig.5.17A). In female mice on the other handyLck®IL-4Ro ™"

mice had significathy higher cystburden in the lungs compared with Wicenat day 9
postinfection (Fg.5.17B) andthere was alsan increased conversion of tachyzoites to
bradyzoite form of the parasite these miceAt day 9 posinfection, female IE4Ra”

mice also ppeared to have increased tachyzoite to bradyzoite conversion relative to WT
mice, however it was to a lesser extent than the rate of conversion observed in the lungs
of NLck®™®IL-4Ra"°* mice At day 12 posinfection, the bradyzoitburden in the lungs

-/lox

of IL-4Ra” mice was significantly higher compared WT and N{'tk-4Ro"™ mice

(p<005) at this timepoint (Fig5.17C).
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5.1.7 Histopathology analysisduring chronic T. gondiiinfection

Lung, liver and brain tissue sections frdmgondiiinfected male mice werexamined
for pathology 35 days postfection. There wasmild to moderate peribronchial
inflammation in WT and NLCKAIL-4Ro™ lungs, whilst Il-4Ro™ mice displayd
significantly reduced levels of peribronchial inflammation (p<0.68inpared to the
latter strains at day 35 postfection(Fig. 5.18A). Minimal interstitial inflammation was
observed in the lungs of WTNLck™L-4Ro™ and IL-4Ra”" mice but there was 1©

significantdifference between theskains(Fig.5.18B).

The portal tracts of the liver sections fraih 3 drainsof mice displayed ngathology
35 days posinfection with T. gondii (Fig.5.18C). Furthermore, there was minimal
acinar inflanmation in the liver of mice from all 3 strains (FHdl8D).Overall, at day
35 postinfection there was mild to moderate damage in the lungs of WT andNLek

4Ro™ male mice, whilst the lungs from HRa”

“mice displayed significantly lower
levels of inflammation. There was minimal damage to the liver and no difference

between the 8trains

In the brains, the level dhflammation of the meninge@-ig.5.19A), and perivascular
cuffing (Fig5.19B) was minimal and comparable between the 3 gr@fpsays post
infection. In addition there was equieal parenchymal activity (Fig.19C) and similar
numbers of cysts counted (F3dl9D) in the brains of the 3tminsat this timepoint.

Essentially, there was minimal inflammation in the brains amd parasite cysts
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observed in the brains of male mice from WT, N{@k-4Ra " andIL-4Ro” mice 35

days posinfection withT. gondii

20t



A Peribronchial inflammation B Interstitial inflammation

31 mmm AAA 39 u AA o

mWT
® A NLck™®IL-4Ra ™"

O —
o .
3 24 T AA o g 2 am o O IL-4Ra
@ S o
8 38
g g
£1{ wmmm AAAAA o £1{ wmmmnm AAAAA 000
T T

0 g crey | -/lox A A-‘/’-\ 0 e Ak i

WT  NLck™IL-4Rq, ™™ IL-4Rq. WT  NLCk™®IL-4Rg "™ IL-4R¢™
C D o
Portal tracts Acini

31 3-
@ o
T T
L Q
g g
% 14 L] % 1{ smmmmmm AAAAAAA 000
I T

0- 1l / 0 y crey -llox -

WT NLCck“™IL-4Rg ™™ IL-4R¢,™ WT NLCK™®IL-4Rg, ™™ IL-4R¢,
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Fig.5.18A Lung tissue sections showing peribronchiaflammation in male WT (top),
NLck®™ L -4Ra™ (middle) and 11-4Ra™ (bottom)mice 35 days poshfection with T. gondii

WT and NLcK™L-4Ra"** mice displayed mild degrees of inflammation compared with the

minimal inflammation observed in #Ra” lungs.
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Furthermore, weexamined lung and brain histopathology in tissues filangondii
infectedfemale mice at day 35 pestfection. For theprevious experiment, we were

" mice suiccumbed to

unable toexamine this time point for female mice the IL-4Ro
infection quite early and hence numbers were too few (n=2) due to early .deaths
However,in this chapterwe had more mice availlbto begin with and therefore were
able to have enough mice per experimental group surviving to day&5bservedild
peribronchial inflammation (Fig.5.20A) anmdild to moderate interstitial inflammation
(Fig.5.20B) in the lungs ofemaleWT, NLck“®L-4Ra" and IL-4Ro” mice, and there

was no difference in the degreepaithologyobservedn the lungsbetween the 3 strasn

35 days posinfection. There was minimal inflammation in the portal tracts of WT and
IL-4Ro” livers which was absent in tidLck®eIL-4Ra ™ livers, infact IL-4Ro”" liver

portal tracts had significantly higher degree of inflammation (p<0.05) compared with
NLck®8L-4Ro™™ mice (Fig5.20C). In addition the liver acini of WT and NLEkL-
4Ro"* mice displayed minimahiflammation, whereas HRa"™ mice had mild damage

to the acinar which was significantly higher than WT aidck®dL-4Ro® mice

(Fig.5.20D).
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5. 20C, D Liver sections of female WT (top), NLERL -4Ro" (middle) and Il-4Ra” mice 35
days posinfection with T. gondii. WT livers displayed minimaldegrees ofnflammation with
few collectionsof inflammatory cells (arrows)NLck“eIL-4Ro” mice had normalliver
morphologywith no inflammation whst IL-4Ro” livers had mildinflammation with a few foic

of necrosis (arrows).
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Female nte displayedmild inflammationof the meninges in the brains (F@1A),

which was slightly higher than the minimal degree observed in male mice at the same
time point, as well as minimal perivascular cuffing (5ig1B), which was similar in

male mice (Figh.20B) and similarly to male mice, there was no difference between WT,

NLck®eL-4Ro™ and IL-4Ra”™ mice. However, there was significantly reduced

parenchymal activity in the brains of female N8k -4Ro"%

mice compared with WT
and IL-4Ra” female mice (p<0.05)Fig.5.21C) which was not observed in male
counterpartsln addition, there was a higher cyst burden in the brains of femal&dL

" mice compared with WT anNLck®L-4Ra" mice, which again wanot seen in

male mice.

Overall, therewas minimal brain pathology, very low to absent liver damage and
minimal lung pathology in mal mice at day 35 postfection. In fact male IL-4Ra”"
displayedsignificantly lower degrees of lung inflamation compared with WT and
NLck®8L-4Ro™ mice. Whereas in female micedtewasmild brain pathology, and

-/lox

unlike in male mice, female NLERL-4Ra mice had significantly reduced

parenchymal activity compared with WT and-4Ro.”

" mice and here was genally
increased degrees of liver pathology and a higher cyst burden in the brain inrfecsale
both of which were significantly highen IL-4Ra™ mice compared with WT and

NLck®8IL -4Ro " mice.
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Fig. 5.21Brain sections showing areas of inflammatory activitjeimaleWT (top), NLcK™L -
4Ro™™ (middle) and Il-4Ro™ (bottom)mice infected withT. gondii35 days posinfection, in
lower power (left panel) andligh power resolution (right panel) WT (top) and NLcK®IL-4Ro

Nlox

(middle) brains have some inflammatory foci (arrows) and meningitis with HP picture
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showing a small collection of microglia (M) and mild PV cuffitig-4Ro” (botton) brainshave
a fewareas ofinflammatory activity and meningitis on the surface. HP picture shows areas of

necrosis (N) with surroundirigflammationand PV cuffing by inflammatory cells (arrows).
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5.1.8 Systemic cytokine and antibody response in miahronically infected with T.
gondii

The systemic levels of IFN, 1L-12p40/70 and parasite specific IgG1 and IgG2a
antibodies were measured in the serum of male and female mice infect@d gathdii

35 days posinfection. IFNy was not detected in botmale (Fig.5.22C) and female
(Fig.5.22D)sera at this time pot. However, there eresimilar levels of 1-:12 deteatd

in sera from both male (Fig.®28&) and female (Fig.22B) WT, NLck™L-4Ro™ and

IL-4Ro” miceat day 35 posinfection.

Furthemore, we examined. gondiispecific antibody responses by measuiingondii
lysate antigenspecificlgG1l and IgG2a levels in the serum at day 35-pdsttion in
male and female micd.. gonditspecific IgGlwas significantlyhigher(p<005)in sera
of male IL-4Ra”™ mice compared with WTand NLck®eIL-4Ra"° mice, and there was
no significant difference between WT andLck®eL-4Ra” mice (Fig.5.23A).
Conversly sera of female IL-4Ra” mice had significantlylower levels of 1gG1
compared with WTand NLck®®IL -4Ra"°* mice (p<0.06) and there was no significant
difference betweeNLck® L-4Ra"* miceand WT littermategFig.5.23A). In addition,
T. gandii-specific IgG2a levels were significantly reduced sera ofmale NLck“"IL -
4R mice compared with WT littermates (p<0.08hd IL-4Ro”~ mice (p<0.01)

" malemice

(Fig.5.23B) and there was no difference observed between WTLad&Ro
On the other hand, female WTNLck®eIL-4Ra"* and IL-4Ro™ mice displayed

significantly lower levels of T. gonditspecificlgG2ain their seracompared withtheir
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male counterpartsat day 35 posinfection Nonetheless there was no significant
differencein IgG2a levelsbetween the 3 siins in female mice at this time point
(Fig.5.23B). In general, the antigen specific tyfe(lgG1l) antibody response was
markedlyhigherin absence of #4Ra signaling inmalemice but not ifemalemice T.
gondii specific typel antibody reponse (IgG2a) wassignificantly lower in male
NLck®L-4Ro ™ mice compared with WT and H4Ro" mice whereas in female mice
there waso differencebetween the 3 starins and the lewetse lower compared with

male mice.
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5.1.9Discussion

In this chapter we used NLZRL -4Ro."* mice, which aredeficient inlL-4Ro on CD4

and CD8 T-cells, to further investigatethe lymphocyte populations in H4/IL-13
mediated protective responses durihgjondiiinfection. We show that male NLCKIL -
4ARo™™ mice are more resistant to infection compared with their WT counterparts, as
well as femaleNLck“®IL-4Ra"* mice which apeared to be partially susceptible and
succumbed to infection during the chronic phase of infectitale NLck®L-4Ro ™

mice were generally more resistant to infection than female mice with a 100% survival
rate for the 35 day duration of the study,endas female mice died with a 20% mortality
rate. Although male IL-4Ro.” mice were susceptible and died in this experiment, we
have consistently shown over several experiments that mad&Rdl” are generally
more resistant to infection than their fematmunterparts. The deatlo$ male micein

this study may be related to the age of the micesdverity of the disease apdssibly

the increased systemic tyfie(IL-12) cytokine response which was not seen in the
previous experiments where the mice suwd Similarly, the mortality of female
NLck®8L-4Ro™ and IL-4Ro.” micemaybe associated with elevated levels ofll2 in

the serum coupledith failure to initiate parasitepecific typel responses in the early
stages of infection (day @nlike their male counterparts.-ll2 plays a critical role in
initiating the IFNy response from NK cells and otherc&ll populationswhich is
required for resistance to intracellular infectig@szzinelli, Hieny et al. 1993however

an unregulated typg response can be detrimental for the host and cause lethal

pathology. Indeed previous studies in our group have shown that overproduction of type
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1 cytokinesin IL-4Ro.”

“mice causes death which is asated with excessive pathology

in the lungs during the acute phaseTofgondiiinfection (Nickdel et al., append)xIn
addition we have also previously shown that male mice are able to sirviy@ndii
infection better than feate mice as they have an early-lII2 and IFNy response which

was delayedn female mice(Walker, Roberts et al. 1997)n agreementour current
study further demonstrates that the-gependent difference in resistanceTtogondii
infection is associated with the ability of male mtoe mount arapid and effective
parasitespecific typel response in the early stages of infection whereas female mice

have astrong nomspecific response but a subdued as wellielayedparasitespecific

responsgeand this is independent of HlRa deficiency

In order to further dissectthe male/femaledichotomy in disease developnteand
outcome, we compared the bodyweight regulation over a period of 35 days following
intra-peritoneal infection with 10 cysts df. gondii Similar to our observatioin the
previouschapter (4)female I-4Ra” mice were able to regain their lost bodyweight
following the wasting acute phasehereasmale mice did not fully recover the lost
bodyweight and maintained tlsggnificantly reducedbodyweight for the course of the
experiment As discussed in the previous chapter, the bodyweight divergence is possibly
related to the difference in cytokine expression problese stabilization of disease has
occurred as described in a few studiesAlbgenijevic et alalthough they usetemale

mice of a different mouse strain their study. A far as we are aware, a male/female

difference and direct H4/IL-13 involvement in weight regulation in responseTto
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gondii infection has not been reported y8ex hormones affect cells of the innated
adaptive immune response directly and indirectly as macrophage$,anB4CD8 T-

cells have been shown to hawath intracellular and plasma membrane testosterone and
estrogen receptor@Benten, Lieberherr et al. 1999; Benten, Lieberherr et al. 1999;
Roberts, Walker et al. 20Q1)hus there is a possibility that the dexrmone mediated
responses could be influencing the immune response and metabolic pathways-# an IL
dependent manneduring T. gondii infection. Nevertheless, this H4/IL-13 response
does not appear to be mediated via EB4CD8" T-cells as both LAIL-4Ro™ and
NLck®L-4Ro™™ male mice were able to recover their lost bodyweights fully and at a

similar rate to that of their WT counterparts.

Furthermore, we studied the immune response of both female and male mice by
examiningthe pathological changem the lung, liver and brains, as well axvivo
cytokine production antling cytokine expressioto understand the mechanism through
which IL-4 mediates protective responses durihggondii infection. Male IL-4Ro™

mice had significant pathology inéHungs compared with WT and NLK -4Ro. "

mice at day 9 post infection, which is consistent with our observat the previous
chapter (4)and generally in previous studiés the previous chaptenaleLck“IL-4Ro

X mice displayed minimadegees of lung peribronchial inflammatiat day 9 post
infection, whereasNLck®™ L -4Ro. " mice displayno pathologyin this area of the lung
at this timepoint. Nonetheless in a furthetudy LcK™L-4Ra” mice alsoshowed no

/

pathology in the lungs ocopared with WT and H4Ra™ mice as early as day 9 pest
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infection suggesng that IL-4Ro. signaling viaCD4"™ T-cells and CD8" T-cells may
contributeto the developmenof pathology in the lungs during the early phasel
chronic phase (CD4T-cells only) of T. gondii infection The significantly reduced

-/lox

degrees of lungathology in male NLCKIL-4Ro" mice can be correlated witheth

marked reduced parasitepecific splenocyte IFN-y production following infection

-/lox

which, interestingly, was not seen lick“IL-4Ro™” mice In the acute phase it is
critical that there is a robust tyfderesponseo control tachyzoite replicatioinowever
this early cytokine response must be regulated to prevent tissue damage and lethal

immunopathology as seen in-”” mice (Nickdel et al., appendjx

While IL-4Ra. signalingis not necessaryor the generation of typ2 CD4 T-cells
(Brewer, Conacher et al. 1999 the absencef IL-4 signding on T-cell populationsa
more typel polarised phenotype with overproduction of cytokines such asy [ISN
produced Conversely, our data shows that there is not only a reduction of splenocyte
nitrite productionfrom NLck®™L-4Ra"® mice, which was also seen in sptaytes
deficient of I-4Ro on CD4 T-cells onlyin the previous chapter (4put a reduced
splenocyte IFNy responseas well, which was not seen in CD#-cell specific and
global IL-4Ra” splenocytes This clearly demontrates that CD4and CD8 T-cell
responses are affected differently by the absence-dfduringT. gondiiinfection. The
defective IFNy responsein NLck®@L-4Ra"* mice is evidentin TLA stimulated
cultures and ngpreset in ConA stimulated cultures, which suggests that it is a parasite

specific eventThis observation also raises the possibility tha#é lplays an important
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role in the development of efficient CDg-cell responses during parasite infections.
Indeed defective IFN responses have been observed in other infections, wheré CD8
T-cells isolated from spleen cells @chistosoma mansoninfected IL-4” mice
produced less IFN compared with WT CD8T-cells (Pedrasvasconcelos, Brunet et
al. 2001) while several other studies have shown that4llis essential forthe
development of protective CD& -cell responses against tumoi8chuler, Qin et al.
1999)and infections with other protozoan parasites sudreahmanieandPlasmodium
(Stager, Alexander et al. 2003; Morrot, Hafalla et al. 20B&)ier studies also showed
that in CD4" mice, systemid. gondiispecific CD8 T-cells produce less IFXand are
not effectively maintaineCasciotti, Ely et al. 20029nd also that H4Ra signaling is
essential for CD8 T-cell effector mechanisms in absence of CDBcell help
(Marsland, Schmitz et al. 2005More recenly, studies have shown that IFNvy
production by splenocyte CDg-cells but not CD4 T-cells was significantly reduced
in T. gondiiinfected STAT6” mice than in WT mice, and that tiegtotoxic activity of
these CD8 T-cells wasmuch lower in STAT6" mice which resultedin increased
proliferation of cysts in the brains of these mice whereas WT mice could control parasite
numbers(Jin, Takamto et al. 2009) However, this study was done using a different
mouse strain (CHL/6) and theeobservations were made at day 28 poftction, but
not at day 14 posnhfection where they did not observe atifferences between WT and
STAT-6"" mice In our study,the reduced t4 mediated IFNy production by spleen
cellswasevident ata muchearly timepoint, day 9 posinfection in addition weshow

that it is not sexdependent, as female NIk -4Ra"* mice also display defective
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" mice.

splenocytdFN-y production compared with the WT and-4lRa
Interestingly, although the tyge response (Ik4 and IL-10) was generallywery low in

both male and female mice, Tk#imulated splenocytes from imfied female
NLck®L-4Ro™ mice, but not male mice, produced significantly lower levels ef IL
compared with WT mice. Some studies have demonstrated thRolLsignaling can
also pay an importantole in the induction of Thl responses, specifichjypromoting
dendritic cell maturatior{Lutz, Schnare et al. 2002 alternatively inhibitig 1L-10
effects (Yao, Li et al. 2005)thus promotinglL-12 production. Nevertheless, a clear
correlaion cannot be made between the reduced tesponse itheabsence of It4Ra

on CD4 and CD8 T-cells and typel cytokine response in female mice at this particular
time point (day 9) as the IFNlevels were too low to be detected. Furthermore there
wasno significant difference in splenocyte-112 production, as well as tyflemRNA
transcripts in the lungs of. gondiiWT, NLck™8L-4Ro™ and IL-4Ro” mice at this

time-point.

More recently, the role of alternatively activated macrophages in tlhemuslity to
infections is being investigated with much interest as they have been shown to be
essential for survival during some infectiofiderbert, Holscher et al. 2004Ve have
shown in chapter 3 that the highly susceptible4Ro mice display excessive lung
pathology and suggested that the significantly reduced expression oftkerilZZ1

in the lungs of these mice may be a susceptibility factor ddringpndiiinfection. h
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this chapter, we demonstrateatinfection with T. gondiiinduces a strong induction of
alternative macrophage activation markers in the lungs, whictaepfebe independent

of IL-4Ra signaling inboth male and femalmice, although the female response is
generally lower than that observed in male mice. In agreement with our observation in
chapter 3, FIZZ1 transcript expression was significantly reduteidei lungs of female
mice deficient of 14Ra signalingcompared with their WT controldNonetheless, at

day 12 posinfection femalelL-4Ra” mice express significantly increased levels of
YM1 and Arginasel transcripts in the lursgwhich are all marke for alternatively
activated macrophages. Alternativectivaed macrophageare thought to be involved

in tissue remodeling, wound healing and generation of Th2 resp{vissser 2003)
though the mechanisms through which they function are not clear. Arginase
associated with collagen depositigMunder, Eichmann et al. 1999Alternative
activation of macrophageare defined as being IL-4/IL-13 mediated; it is therefore
surprising to observe upregulationrofrkersof alternative macrophagactivationin the
absence of 14/IL-13 signalim. It is therefore possible that the parasite itself is
inducing alernative macrophage activation. -4llL-13-independent alternative
macrophage activation has been shown to be induced during some nematode infections
(Loke, MacDonald et al. 2000; Herbert, Holscher et al. 2004; Nair, Gallagher et al.
2005) Receny a few studies havecome out demonstrating 4/IL-13-independent
induction of alternative macrophagetivation markers.Macrophage inhibitory factor
(MIF) homologies from the filarialnematodeBrugia malayiwere shown to inducthe

expression of alternative activation markers Arginasel, FIZZ1 and iviMitro andin
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vivo (PrietoLafuente, Gregory et al. 200%hich may explain the expression of these
markers in absence of #lRa signaling in ou results, asl. gondiialso secreteMIF
(Sommerville et al.submitted. Mycobacterium tuberculosigis well asT. gondiiwere
also shown to induce expression of Arginasel in a BS&Andependentnanner(El
Kasmi, Qualls et al. 2008Furthermore this study demonstates that TLR signaling
inducesArginasd. in macrophagesherefore arginase is probablytrem ideal marker
for alternatively activated macrophag&d Kasmi, Qualls et al. 2008t is thought that
upon host cell entryT. gondiiinjects rhoptry kinases, specifically ROP16, which is
involved in phosphorylation of STA® (Saeij, Boyle et al. 2006; Saeij, Coller et al.
2007)thus activating downstream -4 responses. Thigrovidesa viable explanation for
our observation of induction of alternatimeacrophage activation ithe absence of IL
4/IL-13 signaling inlL-4Ro”™ mice. It also represents aophisticatedway for the
parasite to evade the hasxmune responses. Nevertheless, ROP16 associated-6TAT
phosphorylation was only demonstratedinlg infection with type | and type lIl, but not
in type Il strains off. gondii(Saeij, Boyle et al. 2006; Saeij, Coller et al. 20@8H)ch is

the straintypethat we used in our study. Additional work is needed to further define the
dynamics of 11-:4/IL-13 independent alternative macrophage activation ddrirggndii

infection.

Among the several factors mentioned to be important duringondii infection, p47
GTPases are reportéa playa significantrole in controlling parasite replication during

T. gondiiinfection (Butcher, Greene et al. 200%)e observed a significant increase of



lung LRG47 inNLck“™®IL-4Ro* mice and both LRG47 and Igtp GTPasesLiftRo”

mice. However, there was also significantly increased bradyzoite burden in the lungs of
IL-4Ro” mice compared with WT mice at the same time, which suggests that the
expression of thegearticular GTPases is not limiting parasite replication in these mice.
Interestingly, we observed an increased tachyzoite to bradyzoite conversion of the
parasitein femaleNLck®®L-4Ro™ and IL-4Ro” compared with WT miceAround

10-14 days posinfection tachyzoites are reported to differentiate into the slower
dividing bradyzoitegLyons, McLeod et al. 2002and there is some evidence that this
conversion is idirectly facilitated bynitric oxidestresgBohne, Heesemann et al. 1994)

On the other hand, we showed a diminished splenocyte NO response in female
NLck“™8L-4Ro™ and IL-4Ra” mice at this time point. Nevertheless, itlilely that

there are several other factors assted with this parasite conversidout itis clear that

lack of IL-4Ra signaling on CD4T-cells and on CD8T-cells favours the tachyzoite to
bradyzoite conversion as this effect was also pronounced in the previous chapter in

Lck® 8L -4Ra ™ mice.
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CHAPTER 6
In vivo studies to determine the role off . gondiiin

Induction of alternatively activated macrophages
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Abstract

A type-l cytokine dependent response inducing classically activated macropbages i
crucial for parasite control during. gondiiinfection in BALB/c mice, but can also
contribute to development of lethal immunopathology as demonstrated in our previous
studies. Typ€ cytokines such as {4 and IL-:13 antagonizeclassical macrophage
activation inducing alternatively activated macrophadasthe previous chapters we
observed differentiadxpression of markers of alternatively activated macrophages in the
lung tissue followingT. gondii infection. In this study wefurther investigated the
expression of alternative macrophage markers in broncheoalveolar |[§Badg
macrophages frorf. gondiiinfected BALB/c wildtype mice and It4Ro” mice. Our
results show thaFlZZ1 mRNA levels remairunchangedwhereas YM1 expression is
significantly ircreased in both WT and 4tRo.”” BAL macrophages following. gondii
infection. More significantly, weshow that Arginasel mRNA is significantly increased

in IL-4Ra” BAL macrophages following infection but not in Wmacropages
Moreover, the increasedrginaselmRNA coincided with higher tachyzoiteaRNA
burden. Our observatiorshowthat T. gondiidirectly induce YM1 and arginasé. but

not FIZZ1expressn inmacrophage populatiomsdependently of IE4/IL-13 signaling

andthesemoleculegpossiblysupporttachyzoiteproliferationin the lung
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6. 1 Introduction

Toxoplasma gondis an obligate intracellular parasite that infects almost all nucleated

cells. Cell invasion by the parasite tachyzoitesnsimportan event that determines

parasite survival, replication and manipulatiortte# host cellular respongBubremetz

1998; Denkers 2003)T. gondii presentssome organelles involved in host cell
attachment, penetration and in the formation of the parasitophous vacuolar{@V)

these includemicronemes, rhoptries and dense granuwidsch attachto the parasite
membrane, discharging their (protein) contentsseéguentigl rapid series ofvents
(Dubremetz 1998) Recent studies have implicated some of these proteins in the
parasitef6s success in its abilityhinthe subyv

host cellsdespite the vigorous immune respofisaiberte and Carruthers 2008)

The outcome of protozoan infections is dependent on the tightly regulated Th1/Th2
balance; the order, timing andagVe strength of the typk vs type2 immune response

are criticalfor host defenselnfection with T. gondii elicits both a typel and type2
immune responsé¢Denkers, Kim et al. 2003)in the acute stages of infectiothe
induction of a strong T responseés critical for parasite control and host survival and
IFN-y is well recognized as the major mediator of protective -ypaediated host
responseg¢Suzuki, Orellana et al. 1988; Gazzinelli, Hakim et al. 1991; Gazzinelli, Xu et
al. 1992) A type-1 cytokine preinflammatory response induces classically activated
macrophages which is essential for parasite conalssically activated macrophages

display enhanced MHC class Il expression and enhanced ability enpeegigens and
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eliminate intracellular parasite§.he antitoxoplasma actiorof classically activated
macrophagess widely attributed to poduction of nitric oxide (NO) and reactive
nitrogen intermediates (RNWhich represerg an essentialFN-y-mediatedmacrophage
effector mechanisnfAdams, Hibbs et al. 1990; Yap and Sher 1988)reover,studies
using iINOS deficient micéave showrthatiNOS’™ mice are highly susceptible tdT.
gondii infection and the increased mortality is related to uncontrolled pargiwth
(SchartorKersten, Yap et al. 1997)Although a highly polarized typg cytokine
response is essential to control parasite proliferation, it can alsetbmentalto the
host if it isunregulatecand persists too long. 44 is a central mdiator in the induction
of type2 mediated responses, and inhibits the production of-ylR) various
mononuclear cell§Peleman, Wu et atl989; Wagner, Fischer et al. 198®revious
studies by our group and others have demonstrated that mice deficient (Rdiberts,
Ferguson et al. 1996; Suzuki, Yang et al. 198&] IL-4Ra (Nickdel et al., appendix)
are highly susceptible tol. gondii infection and the mortalities ar@ssociated with
damage to the lung tissue which is mediatedmynregulated typg pro inflammatory

response

In a type2 environment, macrophagesgsentially change theifunctional phenotype
and undergo distinctly different (to classically activated macrophagesd moe antk

inflammatory activation programm@lternative activation of macrophagéss been
limited to activation in thgresence of It4 and ILl-13 through a commoneceptor chain

(IL-4Ra), whereas other antnflammatory activation progmas involving IL-10,
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glucacorticoids and TGHB are termedegulatorymacrophagegMosser and Edwards
2008) IL-4-dependent macrophages recruitedivo actively suppress the proliferation
of lymphocytes(Loke, MacDonald et al. 200@nd macrophages expoddo IL-4 are
alsounable to produce NO arate less efficient &kill ing intracellular pathogensL -4
downregulates the production of NO bNOS and alternativelystimulatesarginase
activity in macrophageg@Corraliza, Soler et al. 1995; Modolell, Corraliza et al. 1995)
INOS and Arginasel congte for the common substrateakginine. INOS metabolises
L-arginine to generate NO which is a critical effector mechanism for restrigting
gondii replication(Adams, Hibbs et al. 1990Dn the other hand, Arginasel hydrolyses
L-arginine to urea and -arthinine, which are required farollagen depositionand
production of extracellular matrix. Thus arginase production may be involved in the
resolution of tissue damage and cell growth during infectibusthermore,several
studies have shown thai-4-inducedalternatively activated macrophagegresdarge
amounts of chitinaséike molecuks such as YM1 and YM@Raes, De Baetselier et al.
2002) novel resistilike molecule oo secreted protein (RELM, or found in
inflammatory zonel FIZZ1) which are also involved in the synthesis of extrat¢ailu
matrix (Gratchev, Guillot et al. 2001)The function of these moleculesandbr
alternatively activated ntaophages in host defense hhswever not yet been
elucidated Severalstudies havehown thasome helmintl{RodriguezSosa, Satoskar et
al. 2002; Herbert, Holscher et al. 2004; Noel, Raes et al. 2004; Anthony, Urban et al.
2006) and protozoan(lniesta, Carcelen et al. 200%)fections widely induce the

expression of these markers of alternative macrophag#ihat these macrophagesay
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be involvedin the resolution of inflammatioror alternatively exarcebat disease
progressionrespectively Thus generation of alternatively activated macrophages can
therefore play @rotectiverole or be dérimental for the hostiepending on the infectious

agent

As well as in murine models, lung involvement has been reported to occur during
disseminated toxoplasmosis in immunosuppressed pafiéigizke, Gelderman et al.
1968; Gleason and Hamlin 1974ung macrophages are an essentiahponent of the

first line of defense for most pulmonary infectioi$ie plasticity of macrophages and
high complexity of then vivo environment results in the induction of various types of
macrophages during protozoan infections and differentially enftes the course of
disease Moreover, many protozoan parasites have evolved and acquired strategies to
evade the host immune respor@er aim in this chapter was to investigate the rol€.of
gondii in induction of alternatively activated macrophagesaapossible strategy to

survive within lung macrophages and evade host elimination.
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6.2 Materials and Methods

6.2.1 Experimental animals and Infection

Female B\LB/c and IL-4Ra”" (BALB/c background) mice were used for il vivo
studies All experimental mice were age matched, and used betwd@nvBeks of age

( n OBhe low virulent Berveley strain of. gondiiwas used to infect the mice as
previously described (Materials and Methods, chapter2). Briefly, Cysts were harvested
from the brains oinfectedmice, enumerated and subsequently experimental mice were
infected with 10 cysts intraperitoneally. The mice were maintained under specific

pathogen free conditions, and used in accordance with UK Home Office guidelines.

6.2.2Bronchoalveolarlavage

Alveolar macrophages were isolatatl day 9 posinfection with T. gondii using a
bronchoalveolar lavage (BAL) techniqgue adapted fr@tokes et. al with minor
modifications(Stokes, Thorson et al. 1998)days posinfection with T. gondii The

lungs were flushed with 1ml of warm PBS containing 0.6mM EDTA using a 21G canula
attached to a 1ml symye. The lavage procedure was repeated 3 times and the recovered
fluid pooled. The pooled lavage was centrifuged for 5minutes at 1400rpm at 4°C. The
supernatant was removed and the pellet containing alveolar macrophages was retained
and resuspended in 1mf oold supplemented RPMI (RPMI 1640 medium, 10% v/v
FCS, 10mM Lglutamine, 10 mM Sodium pyruvate) and subsequently plated-imel4
tissue culture plates. The cells were allowed to adhere overnight by incubating at 37°C

with 5% CQ supplementation. Folleing incubation, the nceadherent cells were
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removed and discarded and the adherent macrophages scraped off the wells using 1ml
supplemented RPMI media and a cell scraper. The recovered alveolar macrophages were

then used immediately to extract RNA.

6.2.3 RNA extraction, cDNA synthesis and quantitative RTPCR

RNA was extracted fronthe cells as previously desmed and cDNA syntheszedand
guantitave Real Time PCR were performed as described in cl2apiée genes that
were exarmmed were [:12p40, NOS2, Arginasel, FIZZYM1 and the parasite specific

genes SAG1 and. gondiicyst antigen (TgCyst).
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6.3 Results

IL-12p40and NOS2 mRNA transcripgxpressionwere significantlyincreasedin T.
gondiiinfectedWT and L-4Ra” -derived BAL macrophagesompared with uninfected
controls(Fig. 6.1A, B). But there was no difference between infected WT ardR&™

for both genesNOS2 transcripts werslightly lowerin IL-4Ro”

" infected macrophages
compared withinfected WT control; however the difference was not significgfig.

6.1B)

Markers of alternative macrophage activation were differentially expressed in BAL
macrophages followind. gondiiinfection. FIZZ1 mRNA transcript expressiamBAL
macrophages remained almanged followingT. gondiiinfection (Fig. 6.2A), whereas
YM1 expression was significantly increased in WT ane4Ro”” BAL macrophages
following infection with T. gondii (p<0.05) compared with uninfected contro(fig.
6.2B). Nonethelesshére was no significant difference betwerrfected WT and IL-
4Ro”. On the other handArginasel mRNAtranscript expression was significantly
increased inl. gondiiinfectedIL-4Ra” BAL macrophages compared with uninfected
controls (p<0.05put not in ifected WT macrophagé€Big. 6.2C). Arginasegxpression

in T. gondiiinfected Il-4Ro” BAL macrophages was also significantly higher than in

infected WT macrophages (p<0.05).

Furthermore, wexaminedparasite burden in BAL macrophage samgdganeasuring

the expression of tachyzoite specific gene SAG1 and bradyzoite specific gene-TgCyst



antigen.BAL macrophages from WRa" mice displayedncreased level of tachyzoite
transcripts compared ith their WT counterparts, whereas thevel of bragzoite
transcripts was similar to that observed in WT derived macrophages (B)g. I

/

general, there was highparasiteburdenin infectedIL-4Ra™" macrophagesompared

with WT controls.

Overall, infection with T. gondii elicited increased typd cyiokine and mRNA
expressionin BAL macrophagedrrespective of |L4Ro deficiency At this stage,
infection withT. gondiidid not affect FIZZ1 transcript expression in BAL macrophages
HoweverYM1 transcriptswere considerably increased in both WT and4Ra”™ mice
following T. gondii infection and Arginaseltranscripts were highly upregulated in
macrophages from H4Ro” mice but not in WTderived macrophagefllowing

infection withT. gondii The increased Arginasel transcriptiwas concomitant with a

highertachyzoitemRNA burdenin absence of l4Ra in macrophages
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6.4 Discussion

Our previous results have showmat signaling via IE4Ra is essential for survival of
BALB/c mice duringT. gondiiinfection, and that mortalities in #Ra” mice were
associated withexcessive lunginflammation which wasassociated wit upregulated
type-1 cytokine response¥Ve also observed an enhanced upregulation of markers of
alternative macrophage activation in the lung tissue followingondiiinfection in both

WT and IL-4Ra-/-mice at differen time points.To further dissect the role of {4Ra
signaling in pulmonary mediated immune responses, alveolar macrophages from IL
4Ro” and WT (BALB/c) mice were assessed for their ability to express-type
cytokines and markers for alternatively actech macrophages during acufe gondii
infection Herein we show that during vivo T. gondiiinfection markers of alternative
macrophage activation YM1 and Arginasel aignificantly upregulated in BAL
macrophagedrom BALB/c mice in the absence of 14/IL-13 mediated signaling.
Moreover, ArginaseInRNA transcripts remained at basal levelsWT macrophages

whereas in Ik4Ro”

" macrophage#\rginasel mRNA inductionncreased 3 fold at 9
days posinfection with T. gondii FIZZ1 expression remained unchadgn BAL
macrophage populatiorisllowing T. gondiiinfection. Studies done to characterize eell
specific expression of mouse FIZZ1 have shown that in normal lungs FIZZ1 mRNA is
expressed at low levels in the large airways in epithelial cells and irrechisolated
cells in the peribronchiolar stroma. Whereas in G¥duced allergic inflammation,

FIZZ1 mRNA was markedly increased with widespread expression in bronchial

epithelial cells and cells associated with the alveolar wallsignal wasobserved in
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alveolar macrophageg#iolcomb, Kabakoff et al. 2000)herefore, fture studies will
involve examinng the celtspecific expression of alternative macrophage activation
markers including FIZZ1, by immunohistocytochemistryn the lungs ofT. gondii

infected mice

Our results show thasome of themarkerscommonly ass@iated with IL-4-induced
alternatively activated macrophages are highly expressed in absence4BL-I3
signaling, and more significantirginasel is preferentially induced in absence of IL
4/I1L-13 signaling duringn vivo T. gondiiinfection. In sugport of our observationsn
vitro studies by our groupave also demonstrated thkt gondiican induce arginase
transcription and activityn bone marrow derivethacrophagegMenzies, Henriquez et
al.). Previously it was reportethat IL-4/IL-13 signaling through the common-#Ra
receptor was required foArginasel induction(Rutschman, Lang et al. 2001)
Nevertheless accumulating evidencdénas now shown that Arginasel expressing
macrophges areinduced directly by some intracellularpathogensand they play
different roles in those infectiondlacrophagespecific Arginasel contributeto the
resolution of Schistosomaisisby inhibiting CD4 T-cell effector functions thereby
limiting tissue damage induced by excesdiyee-2 inflammation(Pesce, Ramalingam
et al. 2009)On the other handArginasel inductioim Leishmanianfection was shown
to be detrimental and was associated with development of disease and favoured the
growth of Leishmaniaparasites inside the macrophadiesta, Carcelen et al. 2005)

FurthermoreArginasel expression was shown to be induicedurine macrophagdsy
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infection withMycobaterum tuberculosi@ndT. gondiiin a TLR-dependent mann€El
Kasmi, Qualls et al. 2008The TLRmediatedArginasel expression was independent of
the STAT-6 pathway In addition, T. gondiiwas also demonstrated threctly trigger
STAT-6 activation thus obstructing the innate tjpenmunityelicited by the infection
(Ahn, Kim et al. 2009)and a polymorphic parasite encoded kinase ROP16, from the
typel and typelll T. gondii strains was shown to be responsible for the indirect
phosphorylation of STA® (Saeij, Coller et al. 2007Macrophageamigrationinhibitory
factor (MIF) homologues from filarial nematodes haeeently been shown to synergize
with IL-4 to induce Arginasel, YM1 and FIZZ&xpressing macrophagd®rieto
Lafuente, Gregory et al. 2009 s T. gondiialso expresses MIESommerville et al.,
submitted, this may provide an explanation for the induction of alternatively activated
macr@hages in thebsenceof IL-4/I1L-13 signalingduring T. gondli infection These
observations alssuggestthat Arginasel may not be an ideal marker for alternative
macrophage activatioas it is induced in the absence of4LThe increased expressio

of Arginasel maybe beneficial for the parasite amepreserg a mechanism for the
parasite to evade NO and RMilediated killing by depleting Jarginine which is a
common substrate for INOS thus limiting NO prodaitiIn additionbecausdl. gondii

is an auxotropffior arginine and polyamines,-tBrecting L-arginine to the generation of
polyamineswhich are involved incell growth could be a strategyy the parasit¢o
supportits growth and survivalAdditiondy, studies bythe Bzik laboratoryhave shown
that arginine depletion results in tachyzoite boadyoite switch(Fox, Gigley et al.

2004)
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YML1 is a chitinasdike secretory lectin that forms crystals in the lungs of mice
exhibiting hyperactivity of alveolar macrophagéRaes, Noel et al. 2002)Unlike
Arginasel, YM1 mRNA expression was inducediilr and IL-4Ro”” macrophages
following infection with T. gondii suggesting that its expression is not entirelyL
mediated YML1 is also thought to be involved in cell remodeling, however it &side

that T. gondiiis inducing YM1 expression to promote its own survival and persistence
within the macrophage. Nevertheless, more work needs to be undertaken to establish the
role of the induction of alternatively activated macrophadée results in thishapter

are significant as the induction of various types of macrophages durirggpndii
infection affect the course of disease. Thus it is important to understand the modulation
of macrophage activation by the parasite as the results provide a bamisdinie drug

targetsand therapeutistrategiedor controlling this infection.
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CHAPTER 7

GENERAL DISCUSSION
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7.1 General discussion

IL-4 and IL-13 are relatedcytokines which signal through thecommon I-4Ra to
induce antrinflammatory type-2 response Although a typel cytokine response,
mediated byFN-y, plays a critical role in the preventioniatracellular replication oT.
gondii and toxoplasmicencephalitis (TE)during acute andchronic toxoplasmosis
murine modelgSuzuki, Orellanateal. 1988)a number of cytokines includinli--4 are
also important in mediating interactions between immune response cells and regulating
activation of effector functions that prevent parasite proliferai®@azzinelli, Wysocka
et al. 1994; Kasper, Matsuura et al. 1995; Khan, Matsuura et al..1PEEE
significantly, IL-4 hasbeen shown to be essential for survigating murine T. gondii
infection (Roberts, Ferguson et al. 1996; Suzuki, Yang et al. 98&ibly by inhibiting
the strong typd cytokine mediated responsesiring acte infection but also by
facilitating typel responses during chronic diseasbere have been limited studies
showing the immune cell populations involved in mediating the protetti#IL-13
signaling pathway effectsluring T. gondii infection. The purpose of the studies
undertaken herein was therefore to examine the functional target4fdpecifically
investigating the role of H4/IL-13 signaling through macrophages, CD4+ and CD8+ T
cells duringT. gondii infection in male and femaleiice. Consistent with previous
studies from our latratory, we demonstratedhat BALB/c mice deficient in IL4/IL-13
mice were more susceptible To gondiiinfection compared with their WT counterparts
(Nickdel et al.,appendiy. Moreoverfemale mice were more susceptible to infection

compared withmale mice which was consistentvith previous studies(Roberts,



Cruickshank et al. 1995; Roberts, Ferguson et al. 1996)

Macrophages are essential mediators of inflammation and wound h&spending on
the cytokine environmergnd subsequenactivation statethey play a rolein restrictng
parasite repdiation in various infections and modulate inflammatory responses to
prevent immunopathologyVe have showrthat mice deficient in 1t4/IL-13 signaling

on macrophages/neutrophil populatiqhysM®L-4Ro."*) were highly susceptible to
T. gondiiinfectionand succumbed to infection during the acute plofsefectionwith
similar kinetics to global t4Ra” mice. The increased mortality was attributed to
excessive lung pathology which was caused by an upregulated typaune response
Indeed followingT. gondiiinfection, macrophages and neutrophils produeédlwhich
interacts with other cytokines to stimulate HyNproduction by NK cellgGazzinelli,
Amichay et al. 1996)In the absence of It4/IL-13 signalingvia macrophages thelis
evidently an overproduction oflFN-y, which is detrimental and lethal when not
regulated.On the other handnice deficient in 14 signaling on CD4 T-cdls were
resistant toT. gondiiinfection, whilst mice lacking #4Ra. signaling on both CD4and
CD8" were partially susceptible fb. gondiiinfection and started dying in the late stages
of infection suggesting that H4 signaling on CD4T-cells is notcritical for survival
during early stages df. gondiiinfection whereas 4 signals on CD8T-cells may play

some protective role in the late stages of infection

In contrast tomacrophagepecific IL-4Ro” mice, there was no lung pathology
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observedn CD4 T-cell specificlL-4Ra”" mice in the late stages (day 35) and in some
experiments in early stage (d&) postinfection with T. gondii compared with the
degrees of pathologgbservedn the lungs of infected H4Ra intact (WT)and global
IL-4Ro” mice. Likewise CDZand CD8'T-cell specific Il-4Ra” mice displayed no
lung pathology in the early phase (day 9)lofgondiiinfection which was significantly
lower than the degrees observed in lung tissues from WT and glod&dl mice.
This suggestshat IL-4Ra signaling via CD4 and CD8 T-cells mediates pathology in
the lungs followingT. gondii infection. T-cells areessential for resistance agairist
gondii infection as athymic nude mice are highly susceptibld .t@ondii infection
(Gazzinelli, Xu et al. 1992Nonetheless, our observations show tha# Isignaling via
macrophages/neutrophils and not C[D8" T-cells is essentiato prevent ling
immunopathology and fosurvival during acute stag&. gondii infection. IL-4Ra
signaling throughCD4" and CD8 T-cells conferred partial susceptibilitin the late
stages of infectionbut more importantly appeared tontribute tolung pathology
during acute and chronit. gondiiinfection. Macrophages are typically thHiest cells to
receive the danger signaland early immunity tol. gondii has been shown to be
dependenbn macrophages and neutrophils among other innate immunéreeitsved
Alexander and Hunter 1998Hence it is befitting that IL-4 signaling through
macrophageplays a more prominent role in determining the outcome of infection in the
initial phase compared witsignals orthe cells of the adaptive response which become

more important in the chronhase of infection.



It is widely known that there is alear dichotomy in the manifestation of disease
phenotype between male and female mice followlnggondii infection (Kittas and
Henry 1980) Previous studies in our laboratory haalsodemonstrate that male mice
aremore resistant td. gondiiinfection compared with their female counterparts as they
producel IL-12 and IFNy earlier and irgreater quantitiehantheir femde counterparts
(Roberts, Cruickshank et al. 1995; Walker, Roberts et al. 1987agreement, our
results show that splenocytes from gondii infected female mice were unable to
produce IFNy in the early stages of infection (day 9), and cstipwed the capacity to
respond @ antigen and produd&N-y and NOat day 12 posinfection whereas male
mice mounted earlier and momebusttype-1 cytokine responseMoreover, male mice
alsomounteda higher type2 responsd¢han female mice, includg an antigen specific
IL-10 induction, which regulasahe effects of IFNy and maintains a healthy Th1/Th2
balance.Sex-associated hormones can influence the function of cells of the innate
immune response such as macags, thus ultimately affecting the adaptive immune
response involving -Eells Mature CD8" T-cdls, which are critical mediators of
protectivelFN-y responsedhavealsobeen shown to express estrogen receg@osen,
Danel et al. 1983)Estrogen has been shown to modulate NK cell activity and increase
macrophage phagocytic capacity vitro and ha the capacityto upregulate the
expression of IFN (Grasso and Muscettola 199@hile testosterone can inhibEN-y
production (Araneo, Dowell et al. 1991)Thus female IL-4Ra” mice may be more
susceptike to infection due toincreased nospecificsystemiclFN-y production which

can prove lethal itheabsence of countegegulatory IL-4 action on macrophages and T
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cells

" mice were

In addition, ve al® demonstratethatwhilst the surviving female H4Ro
able to regain their lost bodyweigatter the wastind.2 days of acuteliseasethe more
resistant male H4Ra”" counterpartsfailed to fully recoer their lost bodyweights.
Generallythe regulation of bodyweight and studies on metabolism duFingondii
infection are veryimited. Arsenijevicet al have linked the divergence in weight gain
following T. gondii infection to cytokine expression profiles in mice that regain the
bodyweights and those that remain at the reduced bodyweight indefinitely. They showed
that thegainers had higher serum IENvhilst nonrgainers had a more prominent type
cytokine expressionnce stabilization of weight had ocoed Nonetheless, we did not
observe any difference in systemic HyNoetween male (negainers) and female
(gainers) nice during the chronic phasé T. gondiiinfection (Arsenijevic, Girardier et

al. 1997; Arsenijevic, Girardier et al. 1998ome studies have associated the inhibition

of NO productionwith increased weightoss and mortalityfollowing bone marrow
transplantationprocedures in micgDrobyski, Keever et al. 1994)Thereforethe
impairedNO responsesybspleniccells observed in our studies malgo be implicated

in the lack of ability of IL-4Ro™ male mice to recover thelodyweights following
acuteT. gondiiinfection. From our observati®) we can postulate thdlt -4 plays an
important role in mediatingn effect/son cells including CD4 and CD8 T-cells which
facilitates bodyweight recovery after cachexia female micebut not in male mice

following infection withT. gondii
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The protective activity of CD8T-cells is largely mediated by IFN and CD8 T-cells
are major sourcesf IFN-y during the acute stage of. gondii infection (Suzuki,
Orellana et al. 1988; Gazzinelli, Hakim et al. 199evious studies have demonstrated
that both CD4+ and CD8+-@ells obtained from spleens ®f gondiiinfected mice are
able to produce this cytokine following stimulation with gandii tachyzoite antigen
(Gazzinelli, Hakim et al. 1991Yhe interaction between CD4nd CDS8 T-cells in the
protective responses agaifistgondiiinfection are lessvell defined.In our studiesve
demonstrated that splenocytes from infecteedRo intact (WT) mice are able to
produce IFNy. We also show that IFNy production is significantly increased in
splenocytesderived from macrophage specific #4Ra”" and in global 14Ra” mice
compared with WTmice, whereasplenocytes from CDE€D8'T-cells specific [1:4Ro

= (NLck®™®IL-4Ra™) but not CD4 T-cell specific IL-4Ra” (Lck®AL-4Ro™™™) mice

produced significantly less IR} compared with WT and WRa”

" mice Importantly,

this reduction was antigespecific asConA-stimulated CDACD8" T-cell specificlL -

4Ro" derived splenocytesdid not display this reduced IFN response. IL-4 is
generally recognized to polarize naive CO4cells into type2 cytokine secreting cells

and this is achieved through the-4Ro in a STAT-6-dependent mannéCunningham,
Serre et al. 2004)Nonetheless, ansistent with our observationspme studies using
Leishmana and Plasmodiumyoelii infection models have demonstdtthatlL-4Ro
deficient CD8 T-cells developed severely impaired memory responses and reduced

IFN-y responses, thus showing that4Lsignaling is essential for the development of

efficient protective CD8 T-cell responsegStager, Alexander et al. 2003; Morrot,
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Hafalla et al. 2005)In addtion studies usingr. gondii havealso shown that [E4Ra
signaling is essential f@D8" T-cell effector mechanisms theabsence of CD4T-cell
help (Marsland, Schmitz et al. 2008hd more recentlyCD8" T-cells but not CD4 T-
cells isolated froni. gondiiinfected STAF6” mice were shown tdave significantly
redued IFN-y production compared with CDg-cells from WT mice although this was
done using a different mouse strain (B&75) (Jin, Takamoto et al. 2009ur findings,
taken together with the recently published studibswthatIL-4Ra signaling via CD8
T-cells butnot CD4 T-cells is essential to increase efficient Hresponseby splenic

T-cells followingT. gondiiinfection.

Furthermore wealsoshowedthatsplenocytes derived frof. gondiiinfectedglobalIL -
4Ro-deficient, CD4" T-cell specific Il-4Ro” as well asCD4" T-cell and 8" T-cell
specific IL-4Ra-deficient mice displayed significantly reduced NO production
compared with splenocytes fronnfected IL-4Ro intact (WT) mice following
stimulation with soluble Toxoplasmaantigen Moreover, splenocyteom CD4 and
CD8" T-cell specific I-:4Ra” (NLck®™L-4Ro™) mice produced significantly lower
NO compared with splenocytes from CDZ-cell specific Il-4Ro” mice. These
observationsraise a possibility that IE4Ro signaling on CD4 and CD8 T-cells
augmentsNO responses durind. gondii infection. NO production is an important
effector mechanism by clsisally activated macrophages whictntrok intracellularT.
gondii proliferationandiNOS’ C57BL/6 mice were shen to be highly susceptible to

T. gondiiinfection (Khan, Schwartzman et al. 1997; Schaskarsten, Yap et al. 1997)
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On the other hand, high NO levels have been shown toleterprotective anctan be
detrimental to the hogNiedbala, Wei et al. 1999pur observations seem to contradict
the established notion that-K is a countemflammatory mediator that could inhibit
inflammatory responses mediated bydlls thuswe suggest that in the absence of IL
4R signalingvia CD4" and CDS8 T-cells NO production is reduced duririg gondii
infection tolimit type-1 cytokinemediated immunopathologiylore studies would need
to be undertaken to uncover the mechanisms through which NO responsegpubated

and the role ofiL-4Ra signalingduring T. gondiiinfection

In addtion to NO productionnovel IFN-y dependenimacrophage effector functions
including tryptophan égradatiorby IDO and pregulation of p47 GTPasésve been
implicatedin restricting intracellular parasite growtRfefferkorn 1984; Butcher, Greene

et al. 2005)We could not draw any conclusive evidence of the involvement of IDO and
p47 GTPases inl. gondii infection aswe observeddifferent patternsof mRNA
transcriptsexpresen depending on the time point we investigated in the lung following
T. gondiiinfection. The differential expression may be due to constantly changing type
1l/type2 cytokine environment, as we investigated the acuasebf infection where the
immune responsés very dynamic.Additionally, the stagepecific surface antigen
expression byT. gondi (SAG1l, TgCyst) influence the immune response and
subsequently the IFNIL-4-dependent macrophage effector mechanismasce the
different pattern of expression of these markeMeverthelessIDO expression was

generallyreduced in k4R mice and in some cases in CD®cell IL-4Ra” mice.
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IL-4 and IL-13 trigger a characteristi@lternativé state of activation in macrophages
which is distinct from the IFN 6 c| assi cal 6 activation or
associated with H10 and TGH} (Mosser 2003) Our studies demonstrated that
gondii infection induced a marked increase of markers of alternative macrophage
activation in the lungs of both male and female mice, irrespective-éRéLdeficiency.

This suggested that. gondiiinfection was inducing alternative macrophage activation
independenthyof IL-4/IL-13 mediated signal$n general, female mice expressed lower
levels of FIZZ1, YM1 and arginasel mRNA transcripts in the lwagspared with male
mice at day 9 posnhfection withT. gondii FIZZ1 expression was significantly reduced

in the lungs of female H4Ro™ mice in most cases in oustudies. Alternatively
activatel macrophages are widely reported to be generated inantdbzite to helminth

and nematode infections control, which Emelytype-2 dependenfAnthony, Urban et

al. 2006; Zhao, Urban et al. @8). Neverthelesghe exactrole of alternatively activated
macrophage# host defence and adaptive resporneeprotozoan parasitagmainsa
largely urknown area There isevidence that macrophages are recruited to various sites
of inflammation where they might partake in the demggulation of inflammaty
responses and subsequent tissue repdymn 2004) It is also thought that they are
involved in providing negative regulatory signals to protée host from excessive
inflammatory response¢Goerdt, Politz et al. 1999)We therefore postulate that
alternatively activated macrophagesnay be inwelved in limiting lethal

/

immunopathologyas weobservedexcessive damage the lungs of 1L4Ro™ mice and
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in macrophage/neutrophil specific-ARa. deficientmice following infection compared
with WT mice, and these mice also displayed a significanicesdl expression déing

FIZZ1 mRNA.

Although there was a significafgvel of alternatively activated macrophageluction
following T. gondiiinfection in lung tissuestudies on BAL macrophages from infatte
mice revealed thatYM1l and arginasel but not FIZZINRNA transcripts were
significantly increased in BAL macrophages thre absence of It4/IL-13 signaling.
Various types of cells are recruitgtto the inflammatory site, in our modtie lung,
following infection ard these observationsdemonstratethat T. gondii differentially
induces the markers ofalternative macrophage activatiofM1 and Arginase 1 in
macrophagesndependently of [E4/IL-13 signalingwhilst FIZZ1 remains at beal
expression levelsin fact, studies done to determine the -spkcific expression of
mouse FlZZ1during inflammatory responsasthe lunghave shown that FIZZGhRNA

is predominantly expressedlnonchialepithelial cells and not in alveolar macropbes
(Holcomb, Kabakoff et al. 2000)Therefore, this mayalso explain the unaltered
expression of FIZZInRNA in BAL macrophagedn line with our findings previousin
vitro studies in our laboratory demonstratiat T. gondii(Beverly and RH strainjvere
able to inducéArginase 1 expressiaand activityin bonemarrow deived macrophages
in the absence of W stimulation (Menzies, Henriquez et al.Jn addition recent
evidencehas shownhatArginasel, YM1 and FIZZ1 expression in macrophages can be

directly induced by parasites such@smanson{Pesce, Ramalingam et al. 2009; Pesce,
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Ramalingam et al. 2009bacterial infectioa such a$/. tuberculosigEl Kasmi, Qualls

et al. 2008)and protein homologes such as MF from the helminthBrugia malayi
(PrietoLafuente, Gregory et al. 2009%tudies using macrophagpecific STAT-6"
mice have alsodemonstrated tha¥l. tuberculosisand T. gondii are able to induce
arginase expression in a Ttdependent and STAB-independent manndEl Kasmi,
Qualls et al. 2008)More recently,Nair et al (2009)and Pesce et al (200%ave
proposed that alternatively activated macrophage derived Fi@ad Arginase 1
respectivelylimited lethal immunopathologiy the lungs and liver respectivetiuring

S. mansoninfection in part through dowmegulating CD4 T-cell type2 cytokine
responsesin the T. gondii infection model, it is very likely that the induction of
Arginasel is a mechanismtilized by the parasite to subvert the classically activated
antiparasitic activity byutilizing the common substrate Arginine) required foiNO
production. Arginase expressing macrophages promote the production of polyamines
and L-proline which are involved in cell proliferation and collagen synth@Serdt
and Orfanos 1999)and hencethey could also be supporting parasite replicateord
competitively inhibitingNO-mediated Kling. Induction of Arginase 1 is partitarly
significantas itis emerging as pertinentstrategy for parasisdo suppress protective T
cell functions(Modolell, Choi et al. 2009; Nair, Du et al. 2009; Pesce, Ramalingam et al.
2009)and also to syport parasitegrowth inside macrophagémiesta, Carcelen et al.
2005) Indeed, in most of our studies wbserved a higher parasite burden in the lungs
of IL-4Ra” mice compared with WT micéoreover, there was significantincrease

in conversion from theactive tachyzoitestageto the latent bradyzoite form of the



parasite inthe lungs inthe absencef IL-4Ra signaling.The mechanisms that regulate
parasite conversion areot well defined, butit is thought that NO stress induces
tachyzoite to bradyzoite conversi¢Bohne et al., 1993,yons et al., 2002)Studies by
Fox et al. have also shown thagiaine depletion resudtin tachyzoite to bradyzoite
stage swith (Fox, Gigley et al. 2004)Ve generally observedefectiveNO response by
splenocytesdeficient in IL-4 signaling, and a significant increase of Arginase 1
expressiorin IL-4Ro” lung macrophagesompetitivelyinhibiting NO productionand
potential NO stressTheefore it is possible thatarginine depletion by Arginase 1,
together withother macrophage effector mechanismsluding IDO expressiommay be
compromising parasite metabolic procesdss tryptophan starvation and turn
contributing to the conversioof the parasite stageom the tachyzoitdo the more
dormant(less energy consumingyadyzoite formNevertheless, more studies need to be

undertaken to furthaestthis hypothesis.

In conclusion we have demonstratdd tissue specificlL-4Ra” mice that IL-4Ro
signaling via macrophages/neutrophiggomotes survival and limits lethal typel
mediated immunopathology female BALB/c mice duringacuteT. gondiiinfection.
On the other handl-4Ra signaling viaCD4" T-cdls is not critical for survival whilst
signaling through both CD4and CD8 T-cells offers partial protection during the
chronic stage of infection. In fact, #Ro signaling on CD#4 and CD8 T-cells
mediated pathology in early and chronic infection resipely. Wehavealso show the

genderdependent differences in adaptive immunityTtogondii whereby female mice
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were more susceptible to infection due to their delayed andvigesous type-1
response whereas males mounted early and eificéntigen specific responses.
Moreover,we have shown thdt.-4 signaling on CD8T-cells but not CD% T-cells
plays an important role in the development of efficiéM-y responses, and that-URo.
signaling on Fcells is required for robust NO produanti by splenocytes in response to
infection. More significantly, our findings revealed thiat gondii infection promoted
alternativemacrophageactivaion in an IL-4/IL-13 independent mannén vivo. We
suggest thatl. gondiiis directly indicing Arginase 1 and YM1 expression as a strategy
to evade N@mediated antparasitic mechanisms and instead hygitel L-arginine to
produce components which supports its own proliferation within macrophages.
Furthermore, in absence of -W/IL-13 signalig there is increased tachyzoite to
bradyzoite parasite form conversion which may contribute to parasite persistence as
bradyzoite are less antigenikhese results together with supporting evidence from other
protozoan infection models provide a basis dongs targeting arginine metabolism.
Finally, our understanding of how H4 modulatesthe innate and adaptive responses
including macrophage activatiand howT. gondiimanipulates the immune responses
should provide therapeutic strategaé®l airgetsfor drugs tocombatT. gondiiand other

infections.



Table 5 Summary of 1L4 knockout maise models and. gondiiinfection

Gene KO Mouse | T. Sex | Mortality | Pathology aaM@ Parasite Other
strain gondii rate markers burden
strain/
route of
infection
IL-4-/- B6/129 | RRA M | 17% Less TE N/A Few brain | T IFN-y, {
(Roberts et al., 1996) Beverley mortality, | compared cysts IL-10
20 cysts acute with WT
Oral
F | 76.9% Less TE N/A Few brain | T IFN-y, ¥
mortality, | compared cysts IL-10
acute with WT
IL-4Ro-/- BALB/c | RRA F 50% Severe lung | -Markedly | Increased | T IFN-y,
Beverley 60% inflammation | increased | tachyzoite | | IDO
cysts mortality, but{FIZZ | to
10 cysts Acute in whole bradyzoite
IP phase lung conversion
-YM1 and | in lung
Arginase 1
increased
in BAL
M@s
Macrophage/neutrophi BALB/c | RRA F 50-60% | Severe lung | Slightly Increased
IL-4Ro-/- Beverley mortality, | inflammation | reduced in | tachyzoite
cysts Acute whole lung | to
10 cysts phase tissue bradyzoite
IP compared | conversion
to WT in lung
CD4+ T-cell BALB/c | RRA M 100% Lack of lung | Increased Robust
IL-4Ro-/- Beverley survival | inflammation | lung YM1 type-1
cysts in chronic response,
10 cysts phase but less
IP than WT
F 14% Increased, | Increased | Delayed
mortality but tachyzoite | parasite
reduced to specific
lung YM1 | bradyzoite | type-1
conversion| responsé
in lung IDO,
CD4+CD8+ TFcell BALB/c | RRA M 100% Lack of lung | Increased Reduced
IL-4Ro-/- Bewerley survival | inflammation splenic
cysts in acute IFN-y
10 cysts phase production
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