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ABSTRACT

The kinetics of production and role ofrumor n~"crosis factor-alpha (TNF-a) and r.itric oxide

(NO) during the carly phase ofblood-stage infection with Plasmodium chabaudi AS were

investigated using IWO inbred strains of mice which differ in the level of rcsistance to this

parasite. Analysis of the in vivo expression ofTNF-cx and inducible nitric oxide synthase

(iNOS) revcaled that, carly during infection, resistant C57BU6 mice. which c1car the

infection by 4 weeks, have higher levels ofTNF-cx and iNOS mRNA in the spleen and

TNF-cx mRNA in the Iiver than susceptible NJ mice which succumb to the disease 10 days

after initiation ofinfection. Moreover, resistant mice expressed high levels of IFN-y (a Th1

Marker) and low levels oflL-4 (a Th2 Marker) mRNA in the spleen, whereas susceptible

NJ mice had low levels oflFN-y but high levels oflL-4 mRNA in the spleen carly during

infection. lncreased levels ofN03- were deteeted in serum ofresistant C57BU6 mice only

at the time of peak parasitemia. Furthermore, treatment of resistant C57BU6 mice with

anti-IFN-y and anti-TNF-cx monoclonal antibody demonstrated that TNF-ex, either alone or

in synergy with IFN-y, plays a major raie in the up-regulation of NO production during P.

chabaudi AS malaria. Moreover, treatment with lIte iNOS inhibitor aminoguanidine,

eliminated resistance of these mice to infection with P. chabaudi AS without affecting

parasitemia, suggesting that NO May not he involved in parasite killing in vivo. Taken

together, these results demonstrate that a Thl-associated increase in TNF-a carly during

infection, as occurs in resistant mice, leads to the up-regulation ofNO production which is

crucial for suIVival of the hosto On the other band, our results also suggest that a Th2

response, as occurs in susceptible mice, does not result in proteetive levels ofTNF-a and

NO. However, susceptible AIJ mice were found to express high levels of TNF-a and

iNOS mRNA in the liver and had excessive serum levels ofTNF-a pratein later during

infection just before death occurred. Thus, the raIe ofTNF-a and NO during malaria

appears to depend not only on the amount of these molecules produced, but alse on the

timing and the site oftheir production.
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RÉSUMÉ

La cinétique de production ct le role du tumor necrosis factor-alpha (TNF-cx) et de l'azote

nitrique (NO) au cours de la phase précose de la phase sanguine de l'infection avec

Plasmodium chabaudi AS ont été étudiés chez 2 lignées cosanguines de souris qui se

distinguent par leur niveau de résistance à ce parasite. Les souris C57BU6 sont

considérées comme résistantes car elles contrôlent l'infection par P. chabaudi AS en 4

semaines, alors que les souris AIJ sont plus sensibles à rinf~ction puisqu'elles succombent

10 jours après l'inoculation du parasite. Nos résultats ont indiqué que, tôt après

rinfection, les souris résistantes C57BV6 avaient des niveaux plus élevés cfARNm codant

pour le TNF-cx dans la rate et le foie et pour le iNOS dans la rate comparativement aux

souris sensibles AIJ. De plus, les cellules spléniques prélevées de souris résistantes

exprimaient des niveaux élevés cfARNm codant pour l'IFN-y (un marqueur Thi) et des

quantités faibles d'ARNm codant pour l'IL-4 (un marqueur Th2), alors que les cellules

spléniques de souris sensibles exprimaient des niveaux faibles d'ARNm codant pour

l'IFN-y et des niveaux élevés d'ARNm codant pour l'IL-4 au cours de l'infection. Des

concentrations accrues de N03- ont été détectées dans le sérum seulement des souris

résistantes au moment du pic de parasitémie. Le traitement des souris résistantes avec des

anticorps monoclonaux dirigés contre l'IFN-y ou le TNF-cx a démontré que le TNF-cx, seul

ou en synergie avec l'IFN-y, stimulait la production du NO au cours de l'infection causée

par P. chabaudi AS. Nous avons également observé qu'un traitement avec

l'aminoguanidine, un inhibiteur, du iNOS, annlnlait la résistance des souris C57BU6 à

l'infection causée par P. chabaudiAS sans toutefois affecter le niveau de parasitémie ce qui

suggère que le NO n'est peut être pas directement toxique pour le parasite in vivo. Dans

l'ensemble, ces résultats démontrent que l'augmentation de TNF-cx, associée à une réponse

de type Th1 chez les souris résistantes durant la phase précoce de l'infection stimule la

production de NO qui est essentielle à la survie de l'hôte. Par ailleurs, nos résultats

suggèrent également que la réponse Th2 détectée chez les souris sensibles n'induit pas la
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production de quantités suffisantes de TNF-a et de NO pour conférer une protection chez

l'hôte. Par contre, des niveaux excessifs de TNF-a dans le sérum et une forte expression

d'ARNm codant pour le TNF-a et le iNOS dans les cellules hépatiques ont été détectés

chez les souris sensibles durant la phase tardive de rinfection un peu avant la mort. Le rôle

du TNF-a et du NO au cours de la malaria semble donc être associé non seulement à la

quantité de ces molécules produites, mais également à la cinétique et au site de production.
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PREFACE
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submitted for publication have been incorporated into this thesis. The following is quoted

from "Guidelines for Thesis Preparation":

"Candidates have the option of inc1uding, as part of the thesis, the text of a

paper(s) submitted or to be submitted for publication, or the c1early-duplicated text of a

published paper(s). These texts must he bound as an integral part of the thesis."

"Ifthis option is chosen, conneeting texts that provide logical bridges hetween

the different papers are mandatory. The thesis must he written in such a way that it is more

than a mere collection ofmanuscripts; in other words, results ofa series ofpapers must he

integrated."

"The thesis must still confOnD to ail other requirements of the "Guidelines for

Thesis Preparation". The thesis must inc1ude: A Table of Contents, an abstract in English

and French, an introduction of the study, a comprehensive review of the Iiterature, a final

conclusion and summary, and a thorough bibliography or reference Iist."

"Additional material must he provided where appropriate (e.g. in appendices)

and in sufficient detail to alIow a clear and precise judgement to he made of the importance

and originality ofthe research reported in the thesis."

"In the case of manuscripts co-authored by the candidate and others, the

candidate is required to make an explicit statement in the thesis as to who contributed to

such work and to what extent. Supervisors must attest to the accuracy ofsuch statements

at the doctoral oral defense. Since the task ofthe examiners is made more difficult in these

cases, it is in the candidate's interest to make perfeetly c1ear the responsibilities ofail the

authors of the co-authored papers. Under no circumstances can a co-author of any

component ofsuch a thesis serve as an examiner for that thesis."
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INFECTION WITH PLASMODTA

Introduction to- and Iifc cycle of Plasmodia.

Plasmodia are protozoan parasites which live in vertebrate tissues and are

transmitted by an inseet vector. A total ofabout 155 species ofPlasmodium parasitize a

wide variety of vertebrates such as reptiles, birds, rodents, bats, monkeys and humans.

Only 4 spccies, however, infect humans: P. falciparum, P. vivax, P. malariaeand P. ovale

(1). The inseet veetors of the 4 Plasmodia infecting humans are mosquitocs of the genus

Anophc1cs (2}. In the vertebrate host, Plasmodia may cause malaria. Roman malaria is

one of the most devastating diseases of mankind. It is estimated that malaria threatens

about 40% of the world's population and kills about 1.5 million people cach ycar (3).

Resistance of the mosquito veetor to insecticides and ofPiasmodia to anti-malarial drugs

are exacerbating the current situation (4). Malaria is nowadays a problem ofpeople living

in subtropical and tropical Africa, Asia and America. Eradication bas c1iminated malaria

from the United States, Cuba, Europe, Israel, Australia and Japan (5).

The life cycle ofPlasmodia is complex and involves an asexual ~roduction phase

which occurs in the vertebrate host and a sexual phase which takes place in the mosquito

vector. Infection in the vertebrate hast is initiated by the injection ofsporozoites into the

bloodstream during feeding by infected mosquitocs. The sporozoites then quickly migrate

to the liver, where they invade hepatocytes. Inside the hepatocytes, they mature and divide

asexually by schizogony to form merozoites. Rupture of the hcpatocytes relcases large

numbcrs offree merozoites into the bloods!:eam. The merozoites then invade etythroi:ytes,

mature and divide by schizogony to form a variable number, dcpending upon the species of

Plasmodium, of new merozoites. Rupture of the infeeted red ceUs releases the new

merozoites which, in tum, invade other erythrocytcs. This ~rythrocyticcycle tends to

become synchronous in untreated, homan malaria infections and is associated with the

typical pattern of fever seen during this disease. Thus, rupture of infected red ceUs and

subsequent relcase ofnew merozoites tends to occur every 48 or 72 hours, dcpendingupon
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the species of Plasmodium, and coincides with fever spikes. The merozoites proliferate in

the blood until death of the host cr until they are controIIed or terminated by the host's

immune response or, in the case ofhumans, by anti-maiariai drugs. However, during the

erythrocytic cycle, a smail proportion ofmerozoites aIse dilTerentiate iuto male and female

gametocytes which, after fuII maruration, await ingestion by a mosquito. When male and

female gametocytes are ingested by a mosquito during a blood meal, they become

extraceIIular foIIowing erythrocyte lysis. Inside the gut of the mosquito, sperm-like male

gametes are formed and fertilization ofthe female gametes occurs. Zygotes transform into

ookinetes which encyst on the outer surface of the mosquito midgut waIl and release, after

maruration, many thousands of sporozoites which invade the saIivary glands of the

mosquito. Infectious sporozoites are injected into the vertebrate host during the next

bloodmeaI (l, S, 6).

Blood-stage malaria in man: pathology

The erythrocytic cycle, or blood-stage phase of the parasite's Iife cycle, is

responsible for the symptoms and pathology of malaria. Uncomplicated malaria is

characterised by high fever associated with headache, vomiting, nausea, muscular pain,

weakness and malaise. These non-specifie, flu-like symptoms cau he C8nsed by all four

species of Plasmodium infecting humans. However, infection with one species, P.

falciparum. cau result in severe and/or lethal disease in about 2% of patients (7). The

disease is then CÏl3raeterised by one or a combination of the foIIowing Iife-threatening

features: a diffuse encephalopathy associated with loss of co~dousness (known as

cerebral malaria). severe anemia, hypoglycemia, renal failure and pulmonary oedema (5. 8­

9). The reason why 2% of patients develop severe and lethal disease. in contrast to the

98% ofpatients who experience flu-Iike maIaria, depends on both the parasite and the host.

Thus, parasite factors such as the size of the initial inocu1um ofsporozoites and virulence

ofdilTerent P. falciparum strains. and host factors such as genetic background. immune

3
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status, nutritional status and sociological situation of the host all play an important role in

detennining survivai or death during infection with P. falciparum (7). The analysis of the

role of the host's immune response, associated with its genetic background, in determining

resistance te malaria fonns the basis ofthis thesis.

Blood-stage malaria in man: protective immunity

It is genera1ly assumed that the acquisition ofprotective immunity to blood-stage

malaria is slow and only develops after Many years of exposure (S, 6, 8, 10, Il). Indeed,

the incidence ofparasitemia is MOst common in young children and declines steadily with

age in areas where malaria is highly endemic (6, 10). Mortaiity from ma1aria is a1so most

common in young children « 5 years old) living in malaria-endemic areas (6, 10).

Children oIder!han 5 years from these areas Iilay still have high blood parasitemia levels

but the disease becomes largely asymptomatic (6, 10). Thus, an anti-disease or c1inical

immunity, distinct from an anti-parasite immunity, appears to develop in these children

(1l). With progressing age, an anti-parasite immunity leading to very low parasitemia

levels accompanied by rare or very mild c1inical symptoms MaY then develop (12, 13).

Complete sterile immur.ity is uncommon and protection to ma1aria is rapidly lost when an

individual is no longer exposed to reinfection (5). In regions where there is very low or

seasonal exposure to malaria parasites, clinical and/or anti-parasite immunity usua1ly is

never acquired and the disease affects all age groups (8). Furthermore, protective

immunity to blood-stage malaria is species-specific. For example, immunity to P.

falciparum malaria does not protect against infection with P. »vax(5). Immunity against

P. falciparum malaria is a1so believed te be straïn-specific (6, 14). However, a recent

study indicated that antibody-mediated protection against P. falciparum ma1aria was not

strain-specific (15).

Both antibody-dependent and antibody-independent immune effector mechanisms

appear to be involved in protective immunity to blood-stage human malaria. The potential

4



ofantibodies to confer protection against malaria is apparent from the faet that infants bom

• to immune mothelS are proteeted by maternally derived antibodies during the filSt 6 months

oflife (16). Passive transferof whole immune serum or purified immunoglobulins bas

also been shown to proteet children against malaria (17, 18). Furthermore, in vitro studies

have demonstrated that antibodies can 1) block the invasion of merozoites into red blood

ceUs (19); 2) opsonize parasites for phagocytosis (20) or antibody-dependent ceUular

inhibition of parasite growth (10); 3) agglutinate, and thus immobilize, merozoites (21);

and 4) block the binding ofparasitized red blood ceUs to capillary endothelium which may

facilitate clearance ofthese parasitized ceUs from the circu1ation (22). In vivostudies have

shown that antibody-mediated protection against P. falcipanun malaria is achieved by the

interaction of antibodies with effector ceUs rather than by the inhibition of merozoite

invasion ormobility (10, 23). Moreover, protection against blood-stage P. falcipanun in

African children bas been shown to correlate with the production of malaria-specifie,

cytophilic antibodies (24). Indeed, proteeted individuals had predominately serum IgG1

and 19G3, two cytophilic isotypes, whereas non-cytophilic IgG2 and/or IgM predominated

in serum ofnon-proteeted individuals (24).

CD8+ T ceUs are not believed to play a role as cytolytic effeetolS during blood-stage

malaria, since mature red blood ceUs do not express MHC class 1 molecules (25).

However, CD8+ ceUs may have a suppressor role during P. fàlcipanun ma1aria as bas been

previously suggested (23). On the other band, CD4 + T ceUs are thought tG fulfiU !WO

major funetions during an immune response to blood-stage malaria parasites. filSt.

providing help for antibody production, and second. producing cytokines which aetivate

non-Iymphoid effector ceUs such as monocyteslmacrophages and neutrophils to

phagocytose parasitized erythrocytes and/or kill malaria parasites (23, 26). Evidence for

the T dependency ofanti-malarial antibodies was obtained in co-culture experiments in

which autologous T and B ceUs coUected from P. falciparum immune donors were

• stimulated in vitrowith parasite antigens. This T-B interaction resu1ted in a striet1y T cell
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dependent secretion of P. falciparum-specific antibodies (27). Moreover, there is a good

• correlation belWeen interleukin-4 (IL-4, a Th2 cytokine) production by in vitroactivated T

cells and the serum levels of antibodies specific for the P. falciparum antigens used for T

cell activation (28). Evidence for the proteetive role ofT cell-derived cytokines in relation

to monocyte/macrophage activation has been obtained by the observations that P.

falciparum-protected individuals have higher serum interferon-gamma (IFN-y. a Thl

cytokine) levels !han nonproteeted individuals (29) and that incrcased levels ofneopterin, a

low molecular weight compound derived from guanosinetriphosphate and produced in high

quantities by IFN-y-stimulated macrophages (30), are present in serum and urine of

patients with uncomplicated P. fa/ciparum malaria (31, 32). Furthermore, the level ofIFN­

y proèuction by in vitroaetivated T cells colJeeted from individuals prcviously infeeted with

P. falciparum bas been shown not to correlate with the levels ofanti-malarial an1l1xxlïes in

the donors' plasma (28). This observation suggests that IFN-y may he involved in cell­

mediated protection rather!han antibody-mediated protection. The concept that CD4+ Thl

cells, which upon activation secrete IL-2 and IFN-y. up-regulate cell-mediated immune

rcsponscs and down-regulate Th2-type responses whercas CD4+ Th2 cells, which upon

activation secrete IL-4, IL-S, IL-6 and IL-IO, provide help for anllDody production and

down-regulate Thl-type responses is weil established during infection in mice (33), and,

thos, may aise be true during human malaria (23). Furthermore, ÏJl vitro studies have

shown that IFN-y incrcases phagocytosis of P. falciparum by human macrophages (34)

and induces these cells to secrete rcaetive oxygen intermediates (ROI) which leads to the

death of non-phagocytised P. falciparum parasites inside erytltrocytes (35). Neutrophils

arc also able te phagocytose human malaria parasites and generate toxic ROI upon cytokine

stimulation ÏJl vitro (36). In addition to macrophages and neutrophils, naturaJ kilIer (NK)

<:cIls and yro T cells have also been suggested to aet as effector ceUs against blood-stage

malaria (37, 38). The mechanism of parasite kiIJing by thesc effector ceUs iD vivo is

• uncertain. In the case ofmacrophages and neutrophils, these cells may first phagocytose
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and then kiII the parnsites by ROI or Iysosomal enzymes, and/or, they may secrete elTector

molecules which kill parnsites inside erythrocytes in the bloodstream. Indeed, an as yel

unidentified, non-immunoglobulin factor present in human serum from malarious areas in

Sudan bas been shown to induce intraerythrocytic death of Plasmodium faldparum in vitro

(39). A role for cell-I!lediated immune responses in the generation ofthis serum factor, and

thus in killing ofPlasmodia, bas been hypothesized (40). The monokine, tumor necrosis

factor-alpha (TNF-cx), secreted mainly by aetivated macrophages, and nitric oxide (NO), a

short-Iived gas produced in high quantities by many celltypes upon activation, are thought,

besides ROI, to act as elTector, killer agents against human malaria parnsites. Because the

topic of the present thesis concerns the protective role of bath TNF-cx and NO during

malaria in vivo, 1 will present a more detailed Iiterature review regarding these molecules in

relation to malaria 131er in this introductory chapter. The rationale for focusing in this thesis

on TNF-cxand NO, and not ROI, will also be discussed later in this chapter.

Splenomegaly is a common symptom of malaria infection (5). Moreover, it is

generaUy accepted that the spleen plays a crucial role in host defence against malaria.

Spleneetomy in humans can lead to a significant recrudescence ofa previously subpatent

parasitemia (41). A recent case report study in Thailand indicated that splenectomy in

humans delays the clearance ofinfeetion with P. faldparum (42). Furthermore, a study by

Ho et al (43) demonstrated that the spleen in vivo clears P. fs.Jdparum parasites from the

blood stream of patients. In the latter study, aetivated macrophages in the spleen were

suggested to be the elTector ceUs (43). Enhanced clearance bas aIso been shown to

correlate with the degree of splenomegaly (44). T ceUs, in addition to macrophages, have

been suggested to migrate to the spleen during malaria (reviewed by 6) and the spleen bas

aIse been shown to be the major site of antimalaria1 antibody production (45). Thus,

during malaria, the spleen appears to be the site ofceUular activation and interactions, and

clearance ofparasitized œUs•
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Little is known about the role of the Iiver in blood stage malaria. Autopsy offata!

cases of P. falciparum malaria has demonstrated that Kupffer ceUs and free sinusoidal

macrophages phagocytose parasitized erythrocytes, an observation whieb suggests that the

Iiver, in addition to the spleen, may be involved in the clearance ofmalaria parasites from

the blood stream (46). The Iiver may a1so be involved in the synthesis of acute phase

proteins and complement factors. However, the importance ofeither complement or acute

phase proteins in protection against malaria is not weU known (37, 46). Thus, the

production of TNF-a. and NO in the spleen as weU as the liver during P. chabaudi AS

malaria is the focus ofchapters 2 and 3.

With the exception of genes affecting invasion or surviva1 of Plasmodia in red

blood ceUs (reviewed in 26 and 47), little is known about genes whieb may be involved in

the regulation of immune responses during human blood-stage malaria. No consistent

MHC c1ass II restriction of any particular ar.ti-malaria immune responses bas been

demonstrated in human populations (23). For example, an investigation ofapproximately

500 African donors typed for MHC c1ass il showed no correlation between the MHC types

and in vitro proliferation or IFN-y secretion oftheir malaria-antigen activated T ceUs (48).

On the other band, a study with monozygotic twins living under similar environmental

conditions in a malaria-endemic region ofAfrica suggested that non-MHC gene(s) regulate

both antibody and T ceU responses to defmed P. falcipan111J antigens (49). It is presently

not known whether these putative genes controUing the immune response to malaria are

expressed at the level ofB or T ceUs or antigen presenting ceUs, sueb as macrophages. 1

wiU discuss the contribution of the genetic background of the host 10 the regulation ofthe

immune response against blood-stage ma1aria in chapter 5•
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Blood-stage P. cbabaudi AS: a murine malaria model.

It is often not possible to conduct particular experiments in humans in order to

investigate the interaction of the malaria parasite and its host. Therefore, various simian,

avian and rodent models have been developed (50). Simian models, either with their

natura! parasites or adapted human parasites, and rodent models with parasites isolated

from African wild rodents are most commonly studied (50). Rodents, in particular mice,

olTer the advantages tha, they are relativelyeasy to maintain and are immunologicallyand

genetically well characterized. More important, however, is that the genera! means by

which parasites are recognized and eliminated by the immune system are probably similar

in mouse and man. On the other band, severa! aspects of the interaction betweenh=

and Plasmodi1lare unique (10), thus caution is always required in order to extrapolate from

experimental models to humans in the study ofmalarial immunity.

Four species of Plasmodium are commonly used in mouse malaria models: P.

bergbci, P. yoelii, P. vinckei and P. cbabaudi. P. bergbciand P. vinckei invariably cause

lethal infections in mice. In contrast, infections with P. yoeliiand P. cbabaudi are

genera!ly self-resolving, although death can occur in certain mouse strains when infected

with certain parasite strains (5 I). For example, the P. cbabaudi strain used in the

expcrimental studies conducted in this thesis, that is, P. cbabaudiAS, bas been shown 10

cause a sclf-resolving infection in resistant C57BU6 (B6) strain mice, whereas a lethal

infection is seen in susceptible M (A) strain micc (52). This model, thus, allows one to

study the role of the host's immune system and/or genetic background in relation to

resïstancc against malaria. Furthermore, P. cbabaudiAS, which infects mature red blood

cclls in contrast to P. yoe1iiwhich tends to invade only reticulocytes, is considered a good

rcprescntative ofbnman P. falcipan1111, which infects all, mature and immature, red cclls

(50, 51, 53, 54).

Experimental infections with blood stage P. cbabaudi AS are initiated by direct

inoculation ofparasitized Cl}'throcytes, taken from a previously infected mouse ora frozen
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stock of infectcd red cells, into mice, thereby bypassing the liver stage of the parasite's life

cycle. The course of infection is monitored by quantitating the percentage of parasitized

erythrocytes in appropriate1y stained blood smears taken at different times after infection.

Few parasites are found in the prepatent period following infection. Thereafter, a rapid rise

in parasitemia is observed. Fatal infections, as seen in A mice, are characterized by high

peak parasitemias with subsequent death of the hosto Self-resolving infections, as seen in

B6 mice, tend to have more moderate levels of peak parasitemia which is subsequently

controlled in these mice. Recrudescences of parasitemia, although at much lower peak

levels, may then occurseveral weeks after infection and the mice are immune to challenge

infections.

The immune response during infection with P. chabaudi AS in mice bas several

similarities with the above described immune response against P. falciparum in humans.

Indeed, although the kinetics and relative importance of different anti-malarial immune

mechanisms may still be very different between human and mice, bath antlôody-dependent

and antibody-independent immune effector mechanisms appearto be involved in proteetive

immunity to bath blood-stage P. chabaudi AS and P. falciparum malaria. Experiments

using transfer ofpurificd T cells or in vivo depletion ofT cells by antibody treatment have

indicated that a~ TCR+, CD4+ T cells are essential for control ofblood stage P. chabaudi

AS infection (55, 56). Moreover, CD4+ T cells, in contrast to CD8+ and Va TCR+ T cells

which appear to have a limited role in the control ofP. cbabaudiAS infections (reviewed in

57), are thought to play a major role in the regulation of bath antibody-independent and

antibody-dependent immune effector mechanisms during P. cbabaluliAS malaria. Indeed,

previous studies by Langhome et al (58) and our laboratory (59) have demonstrated that,

during infection with P. chabaudi AS, parasite-specifie, inflammatory-type CD4+ Th 1

eells predominate during the carly or acute phase ofinfection, foUowed by the appear.mce,

during the late phase of infection, ofTh 2 cells which are capable ofproviding help for

antibody production. Moreover, a study by Taylor-Robinson et al (53) bas demonstrated
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that, during infection with P. chabaudi AS, a pataSite-specific CD4+ Th 1 clone, derived

• from mice during acute infection and capable ofproducing IFN-y and IL-2, protects NIH

mice bya NO-dependent, and thus presumably cellular mechanism, whereas a pataSite­

specific CD4+ Th 2 clone, derived from mice during a secondary infection and capable of

producing IL-4, protects these mice by enhancing the production of specific IgG 1

antibody. Thus, an antibody-independent response during the carly phase followed byan

antibody-dependent response during the late phase ofa primary infection with P. chabaudi

AS appcars to confer protection against the disease. In conllast, a strong Th2 response

carly during infection, as has been observed in susceptible A mice (59), may lcad to a

severe and lethal course of infection with P. chabaudi AS. Thus, host protective

mechanisms appcar to he divergent in resistant and susceptible mice during the early, acute

phase of infection. This finding may shed some Iight on why P. falciparum is severe in

some patients and not in others. In chapters 2, 3 and 4 of this thesis, the in vivoproduction

and role of TNF-a and NO, which are used as markers for a cell-mediated immune

response and may act as effector, anti-patasitic agents, are investigated during the carly,

acute phase ofinfection with P. chabaudi AS in both resistant B6 and susceptible A mice.

The reason that the role of ROI as potential effector molecules was not investigated is

because a study by Cavacini et al (60) demonstrated that PIJ strain mice, which have

defects in their capacity to produce high levels of ROI during infection, resolved an

infection with P. chabaudi adami as effectively as BALBIc control mice. These results,

thus, suggest !bat other moIecules, besides ROI, cao be involved in protection against

infection with P. chabaudiAS.

Also simi1ar to human P. falciparum malaria, is the faet that the spleen appears to be

important for the resolution of infection with P. chabaudiAS. Indeed, previous studies in

our Iaboratory have shown that spIenectomized B6 mice are unable to control and clcar the

malaria patasites (61, 62). Moreover, the spleen has been shown to be required for the

• expression ofboth T cell-dependent, cell-mediated (63) and antibody-dependent (62)
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immune responses against murine malaria. Furthermore, macrophages have been shown to

• play a crucial role in resistance to P. chabaudi AS. Indeed, treatment, carly during

infection, of otherwisc susceptible A mice with the liposome-encapsulated, macrophage­

activating agent muramyl dipeptide glycerol dipalmitate resulted in decreased parasitemia

and increased survival, whereas treatment ofotherwise resistant B6 mice with macrophage­

depleting silica resulted in death of the host (64). Taken together, these results suggest that

macrophages in the spleen may play an important role in resistance to P. cbabaudi AS

malaria. AIso, in the absence of the spleen, the liver has heen shown to he a site of

immune activation during murine malaria (65, 66), and it bas been suggested that the liver

may have an important role in recovery from blood-stage malaria (62, 65, 66). Kupffer

ceUs or macrophages infiltrating the liver during infection with P. chabaudiAS may mus,

similar to macrophages in the spleen, be involved in immune pbagocytosis of free

merozoites and/brparasitized red ceUs and in the production ofparasiticidal molecules sucb

as TNF-a, NO and ROI.

•

As in human malaria, little is known about the genes whicb may he involved in the

regulation of immune responses during P. cbabaudi AS blood-stage malaria. Previous

studies in our laboratory have indicated tbat resistance to P. cbabaudi AS, as seen in B6

mice and cbaracterized by prolonged survival, low peak parasitemia and marked

splenomegaly, is controlled by a major, single, dominant, non H-2 linked gene (52, 67).

AIthougb the genetic mecbanism is not known, the phenotype ofsusceptlôle mice, sucb as

A mice, is expressed as higb peak parasitemia levels, reduced increase in spleen weigbt,

and death due to infection (52, 67). Furtbermore, it was also demonstrated tbat expression

of resistance is influenced by the sex of the host, tbat is, female mice are more resistant

tban male mice. Minorgenes mayalso contnôute ta the level ofresistance ta P. cbahautfj

AS (52). Moreover, the phenotypic expression of the resistance gene appeaIS ta occur

carly during the course of infection with P. cbabaudiAS. In tbis regard, it bas been

suggested tbat the expression of the resistance gene relates to controlling parasite

12



multiplication (67). However, similar 10 me situalion in human malaria, il is currenlly nol

• known ifme resistance gene is expressed al me level of me anligen presenting cell, T or B

ceU.

2. TUMOR NECROSTS FACTOR-alpha

Role, structure, production, regulation and action on ceUs

TNF-cx was initially dcscribed as a prolein Ü1al could be induced by treating mice

wim bacille Calmette-Guérin (BCG) followed by Iipopolysaccharide (LPS) and causes

necrosis of some mouse tumors (68). It was subsequently shown Ü1al me same molecule

was responsible for an elevation in plasma triglycerides accompanied by anorc:ëa and

cachexia in Trypanosoma brucei-infected rabbits and was an essential mediator in septic

shock induced by LPS injection in mice (69). Currcntly, it is known Ü1al TNF-cx is a

multipotent molecule involved in eimer protective inflammalory processes and immune

rcsponses or in me pamogenesis ofinflammation and infection which may lead 10 Of8llll

dysfunction and deam (reviewed in 70, 71). Indeed, TNF-cx has been demonstrated 10

have a protective role during bacterial (72, 73) and parasitic (74, 75) infections. In

contras!, TNF-cx has been implicated in pathogenesis during sepsis (69), infections

diseases such as malaria (76), and a wide variety of autoimmune disorders, including

rheumatoid arthritis, systemic lupus erytltematosus and multiple sclerosis (rcviewed in 77).

The paradoxical role ofTNF-cx, Ü1al is, protection versus pamology, is mought to depend

maiDly on the amount ofTNF-cx produced (70, 71, 76). Low and moderate amounts of

TNF-cx arc believed to induce the local production ofa well-orchestrated cascade of

•

regulatory molecules resulting in a protective immune response, whereas excessive

amounts of TNF-cx arc ~ought to induce systemic and massive rclease of regulatory

molecules resulting in immunopathological events. Morcover, it is often assumed that, in

addition te the amount ofTNF-cx produced, the lime pcriod overwhich its production is

sustained, the tissues wherc it is produced, and the presence ofcytokines regulating ilS
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production arc involved in detennining the role ofTNF-a (76, 78, 79). The importance of

thcsc factors in detennining the role ofTNF-a during infection with P. chabaudiAS is the

focus ofchapter 2 of this thesis.

Soluble TNF-a is biologically active as a trimer with a total molecu1ar mass of52

kDa (80). However, TNF-a can aIso exist as an unprocessed, membrane-bound fonn

with a molecular mass of26 kDa (81). The membrane-bound fonn ofTNF-a appears not

only to serve as the precursor of the monomeric secretory component but bas aIso been

shown to he able to mediate macrophage activation and cytotoxicity against TNF-a­

sensitive targets (81-83).

Macrophages and monocytes are the major, but not the only eclls, able to synthesize

TNF-a. T and B lymphocytes, mast ecUs, polymorphonuclear ecUs, keratinocytes,

astrocytes, microgliaI ecUs, Kupffer ecUs, smooth muscle ceUs and some tumor eclls can

aIso produce TNF-a (reviewed in 70). TNF-a is synthesized foUowing ecU activation.

LPS is the most powerful TNF-a-inducer, however, viral, fungal, mycobacteriaI and

parasite antigens, C5a anaphylatoxin, IL-l, IL-2, GM-CSF, CSF-I and, in an autocrine

manner, TNF-a itselfmay also trigger TNF-a synthesis (reviewed in 70, 71). Moreover,

iD vitro l>1Udies have indicated that TNF-asynthesis can he regnlated. For example,

IFN-y, whicb can induec an increase in TNF-a mRNA by itself, bas been shown te he a

potent amplifier of LPS-induced TNF-a protein release (84, 85). In contrast,

glucocorticoids, IL-4, IL-6 and IL-lO have been shown to be able to suppress the

production ofTNF-a by LPS and IFN-y al both the level ofTNF-a gene transcription and

TNF-a mRNA translation (84, 86-88). Furthermore, a recent study bas demonstrated that

TGF-tll is also able to inbibit TNF-a synthesis by a post-transcriptional mecbanism (89).

Thus, during infection iD vivo, TNF-a may he produced by various ce11 types and its

production appears to he tightly regulated by othercytokines.

TNF·a exerts its aetivities through clustering ofTNF receptors whicb are present

on nearlyall ecU types except erythrocytes and lInstimulatedT lymphocytes (80). There are
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two types of receptors, TNF-Rl or p55 and TNF-R2 or p75, which can he differentiated

• by their size, affinity for TNF-a. and recognition by monoclonal antibodies (80, 90).

Morover, the two receptors are thought to trigger different intracellular pathways and have

distinct roles. Studies using mice with a disrupted TNF-Rl gene have shown that TNF-Rl

mediates both protective immunity against Listeria monocytogenes and the lethal effect of

LPS (91, 92). A stl!dywith TNF-R2-deficient mice indicated that TNF-R2 is involved in

transducing the lethal effect by LPS (93). However, the specific signaling pathways

responsible for the barmful and/or heneficial effects foUowing the elustering of TNF

receptors by TNF-a. are currently not weU known.

Since nearly all cell types bear TNF receptors, it is not surprising that TNF-a. exerts

pleiotropic activities (70, 80, 84). Moreover, many of the bioactivities of TNF-a. are

shared by other cytokines, in particular, IL-I (94). The specific effects of TNF-a. on

monocytes'macrophages, lymphocytes, polymorphonuclear leukocy!es, endothelial ceUs,

fibroblasts, nervous tissue ceUs, adipocytes, muscle ceUs, keratinocytes and !Umor ceU

lines Ï1l vitro bave heen recently reviewed by Vassalli (70). 1 will discuss some ofthesc

effects in relation to malaria in the following section.

Tumor necrosis factor-alpha and blood stage malaria

Soluble malaria-paIasite antigens which are released into the circulation during the

rupture ofinfected red blood cells are able to induce the production ofTNF-a Ï1l vivo (95).

Moreover, thesc antigens, derived from both human and mouse malaria-parasites, are

shown to act directly on macrophages for the release of TNF-a. in vitro (95, 96).

Furthermore, thesc TNF-a-inducing molecules possess LPS-like properties, as shown by

their reactivity with LimuJusamoebocyte lysate; and the major component for the induction

of TNF-a bas been shown to he a phospholipid (97, 98). In mice, thesc antigens also

elicit the production ofT-independent antibodies that block their ability to induce TNF-a

• (99). Becanse, as 1 will discuss further, TNF-a is helicved to be re8pollSl'ble for many of
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the c1inical symptoms of malaria, it bas been proposed that these T-independent antibodies

• mediate the anti-disease immunity observed in Plasmodium-infected cbildren and that these

antibody-inducing antigens could be used for the generation ofan anti-disease vaccine (1 1).

Evidence that TNF-a is indeed produced during human malaria stems from the fact

that higb plasma levels ofTNF-aare detected in patients with uncomplicated P. falciparum

or P. vivaxmalaria (100, lOl)o Moreover, it was found that plasma levels during severe,

non-fatal, and severe, fatal malaria were two and ten times higber, respectively, compared

to plasma levels during uneomplicated P. falciparum malaria (100). These findings, thus,

demonstrate that TNF-a production is increased during malaria and that excessive levels of

production may eontribute to pathologyor death due ta malaria.

The role ofTNF-a in pathology due to malaria bas received, understandably sa,

much attention. General, non-specifie symptoms of malaria, such as fever and cbills,

occur eoincident with the time when infected ery!hrocytes burst and TNF-a-inducing

parasite antigens appear in the blood stream (l0l). It is also known that TNF-a bas

pyrogenie properties and a recent study indicated tbat treatment with ann-TNF-a antibody

redueed fever in patients infeeted with P. falciparum (102, 103). Tbese data, thus,

demonstrate that TNF-a is involved in the induction of fever during malaria. However,

•

fever bas been suggested to limit parasite multiplication and may thus bave a proteetive

rather than a pathologie effeet (104). Potentially more barmful is the faet tbat TNF-a is

able to up-regulate the expression of lCAM-1, a known adhesion receptor for P.

falciparum-infected erytbrocytes, on endothelial eells which may lead to sequestration of

parasitized red cells in the bIainand the development ofcerebral malaria (8, 70, lOS).

Treatment with anti-TNF-a antibodywas also shown to prevent the developmentof

a murine form of cerebral malaria caused by P. bergbei ANKA in CBA mice (106).

Furthermore, Clark et al (107) suggested tbatTNF-a also could induce endothe1ial cells ta

produce NO during malaria, which could then mediate certain clinical signsseen in cerebral

malaria, such as coma and increased intraeranial pressure. TNF-a may also playa role in
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the development ofanemia during malaria. Mice infected with P. vinckeiand treated with

human recombinant TNF-lX were shown to expcrience increased erythrophagocytosis and

dyserythropoiesis indicating that TNF-lX contributes to anemia (108). Moreover, a recent

study demonstrated that transgenic mice carrying a constitutively expressed human TNF-lX

gene and infeeted with P. yoeIIior P. cbabaudi AS developed severe anemia which was

probably c;msed by macrophage activation leading to enhanced erythrophagocytosis and

not by the direct inhibition of erythropoeiesis by TNF-lX (109). TNF-lX has also been

suggested to induce hypoglyecmia during ma1aria (76). However, it appears unlikely that

TNF-lX is a major player in the development of hypoglycemia sinec trcatment with anti­

TNF-lX antibody did not prevent hypoglyecmia in miec infeeted with P. yoeIli (110). TNF-

Ct, through its ability to up-regulate NO production, may also mediate immuno:::.!ppressio!!

which is commonly observed during malaria (reviewed in 6). Indeed, in vitro studies by

Rockett et al (lI 1) and in our laboratory (I 12) have shown that NO is able to suppress

lymphoproliferation during murine malaria.

TNF-lX was also shown to have a proteetive role during malaria sinec treatment

with human recombinant TNF-lX could suppress infection with P. cbabaudi adamiin CBA

mice and, more strikingly, rescue susceptible AIJ miec from an otherwise lethal infection

with P. cbabaudi AS (75, 113). TNF-lX is thought to function as a mediator of ecU­

mediated parasite killing (78). Indeed, TNF-lX by itse1f does not kiU malaria parasites

direetly since recombinant TNF-lX bas no effeet on P. falcipBlllID and P. yoelli in vitro

(114, 115). Instead, in vitrostudies have shown that TNF-lX increases kiUing of P.

faIciparum by neutrophils (36, 116). In the latter studies, TNF-a was thought to increase

the expression ofFc and complement receptors 1rading to a more efficient phagocytosis of

malaria parasites which requires antibody and complement. TNF-lX, usual1y in synergy

with IFN-y, is also known to act as a powerful activator of monocyte&'macrophages (70).

Activated macrophages demonstrate an increase in phagocytic activity and are able 10

• produce reactive oxygen and nitrogen intermediates (70). These intermediates may then kill
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malaria parasites in the bloodstream passing through macrophage-ricb, blood-fi1tering

• organs, such as spleen and Iiver. lndeed, TNF-ex-containing sera from BCG and LPS­

treated animals and malaria patients from Sudan have been shown 10 kill P. falciparum in

vitro (40). These findings may indicate that TNF-ex is involved in the illduction of a

component that !dUs malaria parasites. The exact nature of this factor induced by TNF-ex

bas not been charaeterized but could include peroxidized fatty acids derived from reactive

oxygen intermediates and Iipids, as proposed by Rockett et al (117), or NO. The role of

TNF-ex in the induction ofNO carly during infection with P. chabaudiAS was investigated

in the experimental studies presented in chapter 4.

3. NlTRIC OXYDE

Structure, role, production, regulation and action on ceUs

NO is an inorganic, gascons radical with a short half-life mcasured in seconds

(118). It is one ofthe smallest (30 Da) biologicallyactive metabolites and bas been shown

to be produced by slime molds, insects, horseshoe cr.ibs, mollnsks, chickens, mice, rats,

cows and humans (119). Although the specificity of NO's interactions is minimal, the

molecule is involved in both delicate biological processcs sucb as neurotransmission,

peristalsis and vasodilatation, and the destruction ofmicroorganisms and tumor ceUs (119,

120). However, production ofNO during infections diseases and non-infections disorders

sucb as diabetes and stroke may result in tissue damage (119). Similar 10 TNF-ex, the

biological role ofNO appears to be determined by its leve1. It is believed that pulses of

small amounts ofNO regulate de1ieate, physiological processes describcd above whercas

sustained and high levels ofNO can act in a destructive and/or pathologic manner (119,

121).

•
NO is produced from L-arginine by oxidation ofa guanidino DÏtrogcn, with L­

citrulline as a co-product. The reaction is eatalysed by NO synthases (NOS) and requiIes

NADPH, FAD, FMN, tetrahydrobiopterin, calmodulin, and herne (122). Although there
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are 3 genes corresponding to 3 different NOS isoforms, the enzymes can he divided in 2

• functional phenotypes. The first type, denoted as cNOS, is triggered by Ca2+-elevating

agonis15 such as bradykinin, produces transient and small amoun15 of NO, is found in

neurons, skeletal muscle, neutrophils, pancreatic isle15, endometrium, epithelia and

endothelial ceUs, and regulates the delicate, homeostatic processes described above. The

second type, denoted as iNOS, is induced by a wide variety of microbes or microbial

products and numerous cytokines, produces sustained and high levels of NO, is found in

macrophages, fibroblas15, hepatocytes, endothelial ceUs, neurons, neutrophils, smooth

muscle ceUs, cardiac myosites, epithelia, chondrocytes, keratinocytes and some tumor

ceUs, and appears ta play an important role during host defense. Excessive production of

NO by îNOS may result in host pathology (119-121, 123). Because of i15 role in host

defense, the foUowing paragraphs relate to iNOS.

Interferons, proinflammatory cytokines such as TNF-Cl and IL-l, microbes and

microbial products, are able to induce NO synthesis by many ceUtypes (119, 121, 124).

IFN-yand LPS alone induce transcription ofiNOS in murine macrophages resu1ting in 10w

levels ofNO (125-127). Maximal transcriptional induction ofiNOS leading to high levels

ofNO is reached when macrophages are activated with IFN-y in synergy with LPS (125,

126). The requirement ofIFN-y for the production ofhigh NO levels is demonstrated by

the fact that macrophages recovered from BCG-infected mice with a disrupted IFN-y gene

were unable ta produce NO upon stimulation with LPS, whereas addition ofexogenous

IFN-y could reverse this effect (128). Furthermore, the synergistic effect hetween IFN-y

and microbes or microbial produets such as LPS is thought to he mediated by TNF-Cl

which aets in an autocrine manner to up-regulate NO production. Indeed, addition ofanti­

TNF-Cl annôody was shown ta reduce NO production by IFN-y-stimulated macrophages

infected with intraceUular pathogens ÏD vitro (129, 130). Moreover, recent studies have

demonstrated that treatment with anti-IFN-y or anti-TNF-Cl annOody rcsulted in decreascd

• NO production in BCG-infected mice and decreased iNOS mRNA expression in the brain
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of Toxoplasma gondii-infeeted mice in vivo (131, 132). On the other band, cytokines such

• as IL-4 and IL-IO, which are mainly produced by C04+ Th2 ceUs, and TGF-~, wbich is

produced by activated macrophages, have been shown to suppress NO synthesis (89, 133,

134). IL-4 appears to reduce both iNOS transcription and i15 enzymatic activity whereas,

in addition to down-regulating iNOS transcription, TGF-~ is able to lead to the

destabilization ofiNOS mRNA and the degradatio.a ofiNOS protein (89,134,135). IL­

10, on the other band, bas been shown to block TNF-cx production, an important positive

regulator of NO synthesis, at the level ofboth mRNA and protein synthesis (133). The iIJ

vivo regulation of iNOS by TNF-cx, IFN-y and IL-4 early during blood-stage infection

with P. cbabaudiAS is the subjeet in chapter 4.

In biological systems, NO reaets with oxygen (02), superoxide (02-), transition

metals sucb as iron (Fe) and copper (Cu), tbiols (componen15 containing cbemically

reactive sulfur [S)), DNA and tyrosine residues (118, 136). Under oxygen-ricb

conditions, NO mayaIso interaet with i15elfto form other reactive nitrogen intermediates

whicb ultimately decompose to nitrites (NOr) and nitrates (N03-) (123). The latter

molecules cao be more easily deteeted in culture medium and body fluids and aIe oftenused

as quantitative indicators ofNO production.

The precise molecular mechanisms by wbicb bigb levels of NO protee! the host

during infection appear to be complex and aIe not wellknown. NO bas been demoDstrated

to be able to bind and inhibit the activity ofnumerous metaI- and tbiol-coDtaining enzymes

(reviewed in 136). Therefore, it bas frequently been proposed tbat NO inactivates vital

enzymes and damages DNA ofpathogens resulting in inhibition ofreplieation and/or death

of the microorganisms (121, 137, 138). Moreover, numerous and diverse pathogens have

been shown to be susceptible to NO iIJ vitro (123). On the otherband, NO appeaIS able to

proteet against damage mediated by reactive oxygen intermediates. Indeed, Wmk et al

(139) demonstrated iIJ vitro that NO protects against hydrogen peroxide-mediated

• cytotoxicity. These authors suggested that NO, through i15 metal-binding property, may
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block the fonnation ofextremely toxic hydroxyl radica1s which are fonned from the melll1­

mediated reduction of hydrogen peroxide. Moreover, recent evidence suggests that

peroxynitrite, which is generated from NO and 02-, does not appear to induce cytotoxicity

as bas been previously suggested (140). Furthennore, treatment with L-NMMA, an iNOS

idlibitor, was a1so shown to increase oxygen radica1-mediated Iiver injwy in mice infected

with Corynebacterium parvumand treated with LPS (141). This observation suggests that,

in vivo, NO a1so protects against oxygen stress-mediated pathology. Thus, an intriguing

and subt1e interplay appears to exist between reactive oxygen and nitrogen intennediates

which, ifwell-orchestrated, results in moribund pathogens and relatively undamaged hast

ceUs.

Nitrie oxide and blood stage malaria

Rccent1y, it was demonstrated that two preparations ofP. falcipaIUIll extract were

ableto induce, in the presence ofIFN-y, the production ofNO by the RAW 164.7 mouse

macrophage ceUline in vitro (142). In this study, the Ievels of NO induced by malaria­

parasite antigcns and IFN-y were as high as the levels induced by LPS and IFN-yand were

not dependent on the presence ofTNF-a which was, in addition to NO, produced by the

stimulated macrophages. Evidence for the production of NO in vivo during ma1aria was

demonstrated by the fmding that patients infeeted with P. falcipaIUIll or P. vivax have

incrcased plasma Ievels ofNO (143, 144). Furthennore, in vitrostudies have shown that

reaetive nitrogen intennediates, in partieular nitrite and nitrate ions and nitrosothiol

derivates ofcysteine and glutathione, were toxie for P. falcipaIUIll which suggcsts that NO

bas a parasiticidal role during ma1aria (145). In this regard, a study by Taylor-Robinson ct

al (53) demonstrated that a Thl C04+ T ceU clone specifie for P. cbabaudi AS eould

protcet T ceU-depleted NIH mice against infection with P. cbabaudi AS by an NO­

dependcnt mechanism. In the 1attcrstudy, treatmcnt with L-NMMA not onlyabolished the

protcctive effect ofthe Thl clone but also resultcd in increased peak parasitcmia suggesting
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that NO is involved in parasite killing in vivo. On the other band, the resullS ofa study by

Kremsner et al (146) indicated that, during infection with P. vinckeiin BALBIc mice, NO

may not be involved in controlling parasitemia but may protect against oxygen radica1­

induced tissue damage. Furthermore, and as already mentioned above, NO may a1so

mediate immunosuppression (III, 112) and may play a role during the pathogenesis of

cerebral malaria (107). The production and role ofNO during infection with P. rbabatuJj

AS is the main theme of chapter 3.
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Abstract

• We investigated the kinetics of tissue-specific mRNA expression and systemic production

ofTNF-a and ofsplenic mRNA expression ofIFN-y and IL-4, cytokines that may regu\ale

TNF-a production, during the early phase of blood-stage infection with Plasmodium

chabaudiAS. Northem blot ana1ysis revealed that resistant C57BU6 mice, which c1car the

infection by 4 weeks, bad higher levels ofTNF-a mRNA in the spleen and Iiver carly

during infection compared to susceptible NJ mice, which succumb to the disease 10 days

after initiation of infection. Treatment of resistant mice with a polyclonal anti-TNF-a

antibody confirmed the protective role ofTNF-a carly during the course of infection.

Furthermore, resistant C57BU6 mice also expressed high levels ofIFN-y (a Thl marker)

and low levels oflL-4 mRNA (a Th2 marker) in the spleen, whereas susceptible NJ mice

bad low levels ofIFN-y but high levels ofIL-4 mRNA in the spleen carly during infection.

On the otherband, susceptible AIJ mice expressed high levels ofTNF-a mRNA in the Iiver

and bad high serum Ievels ofTNF-a protein, as measured by EUSA, \ater during infection

just before death occured. These resulls, thus, demonstrate that a Th-I associated increase

in TNF-a mRNA expression in the spleen carly during infection correlates with resistance

to P. chabaudi AS, whereas increascd TNF-a mRNA levels in the liver and excessive

Ievels of the TNF-a protein in SCtUIIl laler during infection correlates with susceptibility.

Thus, the role ofTNF-a during malaria appears to depend on the timing and site of ils

expression and the presence ofcytokines regulating ils production•

•
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Introduction

• Tumor necrosis factor-alpha (TNF-a) is a protein produced during many infectious

diseases, including malaria (reviewed in Ref. 1). Bl00d-stage malaria parasites have been

shown to release endotoxin-like antigens which induce the production ofTNF-a in vivo

(2). High levels of TNF-a have been demonstrated in the blood of malaria patients

infeeted with Plasmodium falciparum or P. vivax (3,4). The blological effeets ofTNF-a

during malaria infection are presumed to be bath pathogenic and protective. Treatment of

patients with anti-TNF antibody bas indicated that TNF-a is involved in the induction of

high malarial fever (5). Furthermore, studies in murine malaria models have shown that

TNF-a may mediate the lWO major causes ofmortality assoclated with malaria, anemia and

cerebral malaria (6-8). In conttast, repeated injections of recombinant TNF-ainto malaria­

infeeted mice bas been shown to reduce parasitemia and proteet against lethal infection (9).

It is often assumed that the protective versus pathogenic role ofTNF-a during malaria

depends on the quantity ofTNF-a produced, the lime period over which its production is

sustained, the tissue where it is produced and the presence of cytokines regulating its

production (10, 11). Whereas most studies have focused on the quantity ofTNF-a

produced (3-5), only one in vivo study bas demonstrated that increased expression of

TNF-a mRNA in the brain correlated with susceptibility to murine cerebral malaria (11).

•

The same authors also suggested that, in the brain, a Thl-type response may up-regu1ate,

whereas a Tb2-type response may down-regulate, TNF-a produeti'Jn (11).

Our laboratory bas recently demonstrated that e1imination of blood-stage P.

chabauc1i AS by resistant B6 mice occurs by sequential activation of CD4+ Thl ceUs

followed by activation ofTh2 cells (12). In contrast, induction ofa strong Th2 response

early in infection, as observed in susceptible A mice, bas been suggested to 1ead to

fulminant parasitemia and a 1ethal course ofmalaria (12). Furthermore, we demonstrated

that treatment with human recombinant TNF-a (bu rTNF) early during infection proteets

susceptible A mice from an otherwise lethal infection (13)_ Thus, A mice treated with hu
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rTNF-a experience a similar course ofinfection as resistant B6 mice which is chamcterized

by moderate levels of peak parasitemia on days 7-10 post infection and clearance of

infection by 4 weeks. Treatment of resistant B6 mice with the sarne dose ofhu rTNF-a.

however, had no effect suggesting that this mouse strain produces sufficient amounts of

TNF-a. Treatment with a 5-fold higher dose ofhu rTNF-a resulted in death ofB6 mice

within hours. We aIso demonstrated !hat an intact spleen is required to resolve P. chabaudi

AS malaria (14). Others have suggested!hat the liver, in addition to the spleen, may have a

protective role during blood-stage malaria (15).

In the present study, we investigated the kinetics of tissue-specific and systemic

production ofTNF-a and ofThI and Th2 cytokines!hat may regulate its production in

vivo. More specifically, we detelDlined in both mouse strains during the first 2 weeks post

infection: 1) TNF-a mRNA levels in spleen and liver, 2) senun levels ofTNF-a protein,

and 3) IFN-y (a Thl marker) and IL-4 (aTh2 marker) mRNA levels in spleen. In addition,

we investigated the protective role ofTNF-a in resistant B6 hasts by treating this mouse

strain with a polyclonal anti-TNF antibody. Our results confirm that TNF-a bas;:

protective role and indicate that increased levels ofTNF-a in the spleen and the liver carly

during infection are required inorder to survive infection with P. cbabaudi AS. In

contrast, increased TNF-a levels in the liver and senun later during infection appear ta

have a deleterious effect on the outcome of this disease. Furthermore, a Thl response

sustains a high expression of TNF-a in the spleen, whereas a Th2 response down­

regulates the expression ofTNF-a.

Materials and Methods

Mice, parasite and experimental infections. B6 and A strain mice, 8-14 weeks

oId, were age- and sex:-matched in all experiments. Mice were bred al the animal faci1ity of

the Montreal General Hospital Research Institute from breeding pairs obtained from

Jackson Laboratories, Bar Harbor, ME. P. cbabaudi AS was maintained as previously
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described (16). Mice were infected intraperitoneaIly with 106 P. chabaudiAS parasitized

• red blood ceUs (PRBC) and parasitemia during the subsequent course of infection was

monitored al the the times indicated using previously described procedures (12).

Anti-TNF-a antibody treatment. Rabbit anti-recombinant murine TNF-a IgG was

kindly provided by Dr. E. A. Havell (Trudeau Iostitute, Saranac Lake, NY). The

production and purification of these antibodies, and their capacily ta specifica11y ncutralize

TNF-a has been previously described (17). Resistant B6 miee were tre:lted

intraperitonea1ly with 0.2 ml pyrogen-free saline eontaïning 104 neutra1izing units anti­

TNF-a antibody (protein content - 2.4 mg), 6 hours prior to and 4 days after P. chabaudi

AS infection. Control mice were similarly treated with 0.2 ml pyrogen-free saline

eontaining an equivalent amount of normal rabbit serum IgG which was prepared in the

same way as the anti-TNF-a antibodies.

mRNA levels in spleen and liver. Spleens and livers ofB6 and A micc, bath normal

and infected, were eollected aseptica1ly at the limes indicated and immedialely frozen in

liquid nitrogen. Total RNA was isolated by !' modification of the guanidine thiocyanatc­

CsCI method as described by Chirgwin et al (18). The RNA yield of cach sample was

determined spectrophotometrica1ly on the basis of the A260and the purity (ranging from

1.5 to 1.8) assessed by the A26fM.280 ratio. mRNA levels were determined by Northem

blot analysis (19). Briefly, total RNA samples (20 ~g) were separated on a 1.2% agarose

gel eontaining 2.2 M formaldehyde, blot transferred to a nylon membrane (Schlcicher &

Sehuell, Kecne, NH) and UV eross-linked (UV StrataIinkcr 1800, Stratagcne, La Jolla,

CA). The blots were prehybridized for 8 hours, hybridized ovemight with a specifie DNA

probe, labeled with [cx_32p] dCTP (Amersham, Arlington Heights, n.; specifie activity:

109 cpml~g DNA) and wasbed. Hybridization was detected by autoradiography with

Kodak X-Omat-AR film (Rochester, NY). mRNA levels were quantificd by high

resolution optica1 dcnsitometry (SciScan 5000, United States Biochcmica1, Oeveland, OH)

and normalizcd to 18 S rRNA. A 1.9 kb fragment of rRNA, which recognizcd 18 S
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rRNA, was kinclly provided by Dr. N. Arnheim and bas been previously described in delail

(20). A 1.3 kb fragment of the murine TNF·a gene was kindly provided by Dr. A. Cerami

(Picower Institute for Medical Research, Manhasset, NY). Fragments ofthe murine IFN-y

(1.4 kb) and IL-4 (0.6 kb) genes were kindly provided by Dr. Ken-ichi Ami (DNAX, Palo

Alto, CA). TNF-a, IFN-y and IL-4 mRNA and 18 S rRNA migrate with mobilities of

1.3, 1.4,0.6 and 1.9 kb, respectively.

TNF-a protein in serum. Blood from experimental mice was obtained by cardiac

puncture at times indicatcd, a1lowcd to clot for 30 min at 4·C and centrifugcd at 13,800 x g

for 3 min. Sera weI"" collcetcd and stored at -20·C until use. A modification ofa double­

sandwich enzyme-linked immunosorbent assay (ELISA) was used to determine TNF-a

protein in serum. Briefly, 96-well plates (Immunolon II, Dynatech, ChantilIy, VA) were

coatcd ovemight at 4·C with 50 III ofhamster anti-murine TNF-a monoclonal antibody (2

l1g1ml; Genzyme, Boston, MA) per welI. The wells were washcd and incubatcd ovemight

at 4·C with either 50 III serum samples or, as a positive control and standard, 50 III of

murine recombinant TNF-a(Genzyme) dilutcd in 10% normal mouse serum (2-fold seriai

dilution ranging from 1.6 nglml to 12.5 pglml). ACter washing, the welIs \. ere coated with

150 111 of skim milk powder (5% weightlvolume) for 20 min at room temperaturc.

Subsequently, the wells werc washed and incubated for 2 hours at room temperaturc with

50 111 rabbit polyclonal anti-murine TNF-a (1:1800 dilution) which was preparcd and

purified by standard procedures (21). ACter washing, the wells werc incubated for 1 hour

with 50 111 goat anti-rabbit IgG (H+L) conjugated to horseradish peroxidase (1:3000

dilution; Bio-Rad, Richmond, CA). The wells were washed and 50 III ofenzyme substratc

(ABTS, Boehringer Mannheim, Laval, Quebec) was added for 10-20 min. The A405was

determincd using an ELISA rcader. The levels ofTNF-a in the serum samples (pgIml)

were calculated from the standard curve.

Statistica1 analysis. Statistical significance ofdifferences in mortality between control

and experimental groups rcceiving anti-TNF-a antibody was determined using a non-
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• parametric Kruskal-Wallis test. Statistical significance of differences in TNF-a, IFN-y and

IL-4 mRNA levels, and TNF-a serum protein levels between normal and infected animaIs

as weIl as between B6 and A mice was determined by Student's t-test. A probability of

less than 0.05 was considered significant.

Results

Anti-TNF-a antibody treatment of resistant mice We have previously

demonstrated that treatment with hu rTNF-a could protect susceptible A mice against an

otherwise lethal infection with P. cbabaudi AS (13). In order to confirm the protective role

ofTNF-a during infection, we treated resistant B6 mice with anti-TNF-a antibody, 6

bours prior to and 4 days post infection, and parasitcmia and survival werc monitorcd. A

similar treatment schedule using the same antibodies bas bccn shown prcviously to

eliminate the rcsistancc ofB6 micc to infection with Toxoplasmagondii(22). As a control,

infected B6 micc werc treated with normal rabbit serum. FIgUre lA shows that 50% (SIlO)

of anti-TNF-a antibody treated mice died at, or 1 to 2 days later than, the peak of

parasitemia which occured on day 7 post infection. In contrast, 100% (10110) of the

control micc trcaled with normal rabbit serum survived. However, dcpletion ofTNF-a did

not significantly alter peak parasitcmia level (Fig. lB). The meanpeak parasitemia levcl (±

S. E. M.) for the experimental mice was 46.2% (± 6.0) versus 47.3 % (± 2.5) for control

micc. These data demonstrate that treatmcnt ofresistant B6 micc with anti-TNF-a antibody

results in signjficantly increased mortality but does not alter the peak parasitemia level

These observations, thus, confrnn that endogcnous TNF-a bas a protective role during P.

cbabaudi AS malaria and suggest that TNF-a is not involved in controlling the course of

parasitcmia.

TNF-a mRNA kinctics in spleen and liver. To determine ifdiffcrcnces inTNF-a

expression in the tissues during infection with blood-stage P. cbabaudi AS contribute to

• resistancc, total RNA was extracted from spleens and livcrs barvested from B6 and A micc
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at various times during the lirst 2 weeks post infection and TNF-a mRNA levels

determined by Northem blot analysis. Tissue expression of TNF-a mRNA was aise

examined in normal, uninfected control mice of C2ch strain. As shown in Figure 2,

signilicantly increased I.wels ofTNF-a mRNA were found in the spleens of resistant B6

mice as carly as day 3 post infection compared to basallevels in the spleens ofuoinfect..'<j,

control mice on day O. TNF-a levels remained increased through day 7 post infection,

when parasitemia ranged from 20 to 30% PRBC. TNF-a levels retumed to basallevels on

day 9 post infection when the peak ofparasitemia (40% PRBC) occurred and remained at

this level uotil day 14 post infection when the experiment was terminated. In contras!,

TNF-a expression in the spleens ofsusceptible A mice was not signilicantly increased over

that of the basallevel in the spleens of normal, control animals until day 5 post infection

when parasitemia was approximately 10%. TNF-a mRNA levels retumed to basallevels

on day 7 in susceptl."ble hOSls and remained al this level through day 9 post infection when

peak parasitemia levels of> 50% PRBC occurred. As previously reported (13), death of

100% ofsuscepn"ble A littermates occurred between days 9 to 12 post infection. Similar to

TNF-a expression in the spleens of B6 mice, TNF-a mRNA ievels in the livers of B6

mice were signilicantly increased in comparison te basallevels ofcontrol micc carly during

infection, that is, on day 5 and 7 post infection, and retumed to basallevels later on during

infection (Fig. 3). In contrast to the moderate increase in TNF-a mRNA expression in the

spleens ofA micc on day 5 post infection, liver TNF-a mRNA levels in susceptible A micc

were signilicantly increased in comparison to basallevels of control mice later during

infection, that is, reaching ils highest level on day 9 post infection coincident with the peak

of parasitemia (Fig. 3). Although the exact time course varied from experiment te

experiment, significant difTerences in the level as well as the timing ofTNF-a expression

in spleens and livers ofresistant B6 versus suscepn"ble A mice were consistently observed.

These resu1ls, thus, demoDStrate that carly during acute infection, that is, during the

ascending phase of parasitemia, resistant B6 micc have much higher levels of TNF-a
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mRNA in the spleen and Iiver !han susceptible A mice. In contrast, susceptible A mice

have significantly increased Icvels ofTNF-a: mRNA in the liver later during infection at the

time of peak parasitemia just before dcath occurs. This suggests that tissue-spccific

production ofTNF-a: in spleen and liver carly during infection confers protection, whercas

production of TNF- a: in the Iiver later during infection bas a deleterious effect on the

outcome ofthis diseasc.

TNF-a: protein kinetics in serum_ In order to determine the in vivosystemic

production ofTh'F-a: during infection with P. cbabaudiAS, levels ofTNF-a: protcin were

determincd by ELISA in sera collccted from B6 and A mice at different times during

infection. TNF-a: protein was not deteetable in the sera collected from uninfectcd mice of

either strain (day 0) or infected micc ofeither strain on day 3 post infection (Table l). Law

lcvels ofTNF-a: protein « 20 pglm1) were found in only 33% ofmicc ofeitherstrain on

day 5-6 post infection when parasitemia ranged from 16 to 34%. The highest level of

TNF-a. protcin in the serum ofeither mouse strain was apparent on day 7-10 post infection

coincident with the peak of parasitemia. More important, however, is that during this

pcriod, firstly, more A than B6 micc (80% versus 44%, rcspcetjvely) had detcctable TNF­

a: protein levels in serum, and secondly, the average TNF-a: protein level deteetcd in A

mice was 3 times higher than in B6 mice (I 17 versus 38 pg/ml, rcspectively). As

describcd above, 100% of susceptible A micc died bctween days 9 to 12 post infection.

Law levels ofTNF-a: protein« 20 pglml) could bc detectcd in serum ofB6 micc on day

14 post infection when only 1% ofpcripheral RBC were infected. These data, thus,

indicate that, at peak parasitemia, higher levels ofTNF-a: protcin levels arc present in the

serum of susceptible A mice !han of rcsistant B6 micc. This suggcsts that high systemic

production of TNF-a: protcin late during infection may have a deleterious effeet on the

outcome ofP. cbabaudiAS malaria.

IFN-y (Thl) versus IL-4 (Th2) mRNA kinetics in spleen. Prcvious rcsu1ts

from our laboratory have shown that ex vivo, in rcsponsc ta malaria antigen within 1 week
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of infection, spleen ceUs isolated from resistant B6 produce high leve1s of lFN·y (a Th 1

cytokine) and low levels oflL-5 (a Th2cytokine) (12). ln contrast, spleen ce1Is from

susceptible A mice produce high levels oflL-5 and low levels oflFN-y within the first

week ofinfection (12). Others have shown that increased leve1s ofTNF-a mRNA in the

bIain of P. berghei ANKA·infected mice are associated with a Thl-Iike response (1 1). To

determine if, in the spleen, a Thl versus a Th2 response correlates with a high versus a low

expression ofTNF·a, respectively, we determined by Northem blot ana1ysis the kinetics

of in lIÎvoexpression oflFN·y and ofanother Th2 cytokine, lL-4, mRNAs in the spleen of

both B6 and A mice during the first 2 weeks post infection. Tissue expression ofIFN-y

and IL-4 was a1s0 exarnined in normal, uninfected control mice of each stIain. Figure 4

shows that significantly increased levels of IFN-y mRNA were found in the spleens of

resistant B6 mice from day 3 through day 9 post infection compared to basa1levels in the

spleen ofuninfected, control mice on day O. A maximal increase in IFN·yexpression

occurred on day 7 post infection severa! days before peak parasitemia, when ;>arasitemia

ranged from 20 to 30% PRBC. IFN-y mRNA levels retumed ta basa1levels on day 14

post infection when the experiment was terminated. In contrast, a significant increase in

IFN-y mRNA expression in the spleen ofsuscepbôle A mice compared to the basa1level in

the spleen of normal, control animaIs only occured on day 5 post infection when

parasitemia was approximately 10%. Moreover, the maximal IFN·y mRNA level in the

spleens ofsuscepbôle A mice on day 5 post infection was significantly lower than the IFN·

y mRNA levels in the spleens of resisll.nt B6 mice on days 5 and 7 post infection. In

contrast to IFN.y expression, the highest levels ofIL-4 mRNA were fOl1Ild in the spleens

ofA mice (Fig. 5). Significantly increased levels ofIL-4 mRNA in the spleens ofA mice

were found on days 5 and 7 post infection compared to basal levels in the spleens of

control mice. A significant increase in IL-4 expression in the spleens of B6 mice was

found on day 7 post infection compared to basal levels in the spleens of control mice•

However, the maximal expression ofIL-4 in the spleen ofresistant B6 mice on day 7 post
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infection was 2 times lower than the maximal expression of IL-4 in the spleens of

susceptible A mice on day 5 post infection. These data indieate that, early during infection,

resistant B6 mice have high levels of IFN-y mRNA and low levels of IL-4 mRNA,

whereas susceptiblC' A mice have low levels of IFN-y but high levels of IL-4 mRNA.

These results, thus, suggest that, in the spleen, a Thl response sustains a high expression

ofTNF-cx, whereas a Th2 response down-regulates the expression ofTNF-a.

Discussion

We report here that a Thl-associated increase in TNF-cx in the spleen early during

infection correlates with protection to blood-stage P. chabaudi AS malaria. Indeed, we

found significantly higher IFN-y (a Thl marker) and TNF-cx mRNA levels in the spleens

of resistant B6 mice than susceptible A mice within the first week post infection. In

conuast, higher IL-4 (a Th2 marker) mRNA levels were found in the spleens ofsusceptible

A mice than resistant B6 mice during the same period. A similar correlation between

increased TNF-cx mRNA levels and high IFN-y versus low IL-4 expression bas recently

been demonstrated in the brain ofP. bergbei ANKA-infected mice (11). Our results are

alse in agreement with previous results from our Iaboratory indicating that spleen cells

recovered from resislant B6 mice carly during infection and stimulated with malaria antigen

released high leve1s ofIFN-y and low levels oflL-5 (a Th2 marker), whereas similarly

stimulated cells in the spleen recovered from susceptible A mice produced high leve1s ofIL­

5 and low levels of IFN-y (12). Furthermore, studies using a model of sepsis with mice

lacking the IFN-y receptor have shown that IFN-y bas an important role in the up­

regulation ofTNF-a production iD vivo (23). In conuast, IL-4 bas been demonstrated ta

down-regu1ate TNF-cx mF.NA levels in human monocytes iD vitro (24). Our results, thus,

suggest that parasite antigen stim'J1ated-cells in the spleen ofresistant B6 mice producehigh

levels ofIFN-y which upregu1ate the production ofTNF-cx, whereas T cells in the spleen

ofsusceptible A mice produce high levels of IL-4 which inhibit the ear1y production of
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TNF-ex. Wc do not yet know the reason why a Thl versus Th2 type of response develops

in the spleen of B6 versus A mice, respectively. We are currcntly investigating if there is

differential production of IL-12, a cytokine with the ability to induce the development of

Thl ecUs (25), since wc observcd that treatment with murine r IL-12 protects A mice

against P. chabaudiAS (Stevenson et al., in prep.).

Macrophages in the spleen ofB6 mice may he the major TNF-ex producing ceUs in

vivo. Previous studies in our laboratory have shown !hat macrophages recovered from the

spleen ofB6 mice during the first week post infection and stimul~tedwith malaria antigen

or PREe are able to produce high quantities ofTNF-ex protein in vitro(26). Moreover,

similarly stimulatcd macrophages recovered from the spleen of susceptible A mice also

produce high levels ofTNF-ex (26). These and our present findings indicate, firstly. that

macrophages recovered from the spleen ofA micc and separated from a suppressive, Th2­

type splenic environment are capable ofproducing high amounts ofTNF-ex, and secondly,

that the observcd differences in TNF-ex expression in vivo belWeen B6 and A micc are

probably due to immunoregulatory cytokines and not to the direct TNF-ex-inducing effeet

ofmalariaantigens on macrophages (2).

We also report here that treatment of resistant B6 mice carly during infection with

anti-TNF-ex antibody results in 50% mortality but bas no effect on the course of

parasitemia. This resu1t is partia1ly in agreement with previous results from our laboratory

showing that treatm~t of A micc during the carly course of infection with hu rTNF-a

resu1ts in 100% survival but decreased parasitel'lia (3). It thus apj:.ear5 that TNF-a bas a

protective role carly during infection but that its mie may involve more besides the

inhibition ofparasite growth. TNF-a bas no direct parasiticidal effect in vitro(9), but bas

a crucial role in modulating the initial ,hase ofthe celI-mediatcd immune response in vivo

(27). In this respect, we have rccently obsc:rvcd that resistancc to infection with P.
-

chabaudiAS correlates with increased levels ofnitric oxide, a molecule produced during

• celI-mediatcd immune responses (28), and suggestcd that NO is not involvcd in parasite
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killing but may protect the host against oxygen radical-mediated tissue damage during

blood stage malaria (Jacobs et al., submitted). We are currently investigating the

hypothesis that the protective role ofTNF-a in the spleen in vivo involves the induction of

nitric oxide, which likewise bas a protective role in this organ.

Our present =Its alse demonstrate that TNF-a expression is not only increased in

the spleen but also in the liver of resistant B6 mice carly during infection. Liver

macrophages recovered from mice during aeute malaria have been shown to have 9n

increased capacity to secrete TNF-Ct in vitro (29). The liver, in addition to the spleen, may

thus have a protective role during malaria infection as bas been suggested previously (15).

However, we could not demonstrate an increase in NO production in the liver of resistant

B6 mice (Jacobs et al, submitted). This observation may suggest that, in contrast to what

bas been suggested for liver stage malaria (30), the protective role ofTNF-a in the liver

during blood-stage malaria may not involve the induction of nitric oxide. TNF-a in the

liver may induce the production ofacute-phase proteins (31). Little is known, however,

about the precise role of these proteins during malaria (31) and previous results from our

laboratory have shown that, carly during infection, susceptible A mice bave higber levels of

serum amyloid P-component, a major acute phase protein in micc, than resistant B6 mice

(32). Furthennore, the data presented here alse demonstrate that bath increased TNF-a

expression in the liver and high TNF- a protein leve1s in serum are detectable in suscepbôle

A mice, but not resistant B6 mice, \ater during infection coincident with the time A mice

begin to succumb to infection. Thus, this high systemic production ofTNF-a by A mice

Iate during infection seems to correlate with pathology and death due to malaria. MOIeOver,

it bas been suggested that TNF-a induces liver damage in mice during P. bergbeimalaria

(33) and endotoxemia in vivo (34). Furthennore, high amounts ofTNF-a in the sera of

malaria patients corre\ate with severe and fatal disC8se (3). It bas been suggested that this

excessive and harmful production ofTNF-a is the resu1t ofa massive release ofTNF·a­

inducing malaria antigens during schizogeny (10, 31). The datapresented here suggest that
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excessive production ofTNF-cx, as seen only in susceptible A mice, may he a consequence

of the host's initial1b2 immune response which is unable to limit parasite multiplication, as

demonstrated by a high peak parasitemia, resulting in a massive release ofmal::ria antigens

later on during infection.

Taken together, our results suggest that TNF-cx bas a protective role during blood­

stage P. chabaudiAS malaria when it is produced in the spleen and the liver carly during

infection. Moreover, a Thi type response in the spleen appears to sustain a high

expression of TNF-cx, whereas a Th2 response appears to down-regulate TNF-cx

expression. In contrast, increased TNF-cx mRNA levels in the liver and excessive levels of

the protein in serum later during infection appear to have a deleterious effect on the outcome

ofthis disease. In conclusion, the paradoxica1 role ofTNF-cx. that is, protection versus

pathology during malaria, may, thus, not only depend on the amount ofTNF-cx released

but also on the timing and site of its expression, and the presence of other cytokines

regulating its production. A hetter understanding of the kinetics and site of TNF-cx

production in vivo will he necessary before TNF-cx-modulating agents a.-e considered for

treatment ofmalaria.
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Figure 1. Effect of treatment with polyc1onal anti-TNF-(X antibody on host response to

P. chaballdiAS. Groups of5 mice (rcsistant B6 strain) were treated intraperitoneally with

104 neutraiizing units rabbit anti-murine TNF-(X antibody (protein content - 2.4 mg), 6

hours prior to and 4 days after P. chabaudi AS infection and (A) survival and (B)

parasitemiawere monitored. Control mice (n-5) were similarly treated with 2.4 mg nonnal

rabbit serum proteins. The data shown are pooled from two replicate experiments. • p <

0.02 versus control mice.
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Figure 2. Kinetics oflNF-cx mRNA levels in the spleens of resistant B6 and susceptible

A mice during infection with P. chabaudi AS. (A) Total RNA was purified from spleens

recovered from 1-4 mice per time point and TNF-cx mRNA expression in individual

spleens was determined by Northem blot analysis. 18 S rRNA levels were also determined

by Northem blot analysis for cacb sample. The data shown are reprcsentative of two

rcplicate expcriments. (B) Scanning densitometry of the autoradiographs shown in panel

A. The density of the bands corresponding to TNF-cx mRNA expression was determined

and normalized to the levels of 18 S rRNA expression. O.D.: Optical Density. • p< 0.04

versus control mice on day 0, •• p < 0.04 versus A mice on day 3 post infection, ••• p <

0.01 versus A mice on day 7 post infection, • control micc were pooled for statistical

analysis•
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Figure 3. Kinetics ofTNF-et mRNA levels in the livers of resistant B6 and susceptible

A micc during infection with P. chabalJdi AS. (A) Total RNA was purified from livers

recovered from 1-5 micc per rime point and TNF-CL mRNA expression in individuallivers

was determined by Northem blot ana1ysis. 18 S rRNA levels were a1so determined by

Northem blot ana1ysis for cach sample. The data shown are representative of two replieate

experiments. (B) Scanning densitometry of the autoradiographs shown in panel A. The

density of the bands corresponding to TNF-CL mRNA expression was determined and

normalized to the levels of 18 S rRNA expression. O.D.: Optica1 Density. • p < 0.04

versus control mice on day 0,·· p< 0.01 versus A mice on day 5 post infection, ••• p<

0.01 versus A mice on day 7 post infection, • control mice were pooled for statistica1

ana1ysis.
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Figure 4. Kinetics ofIFN-y mRNA levels in the spleens of rcsistant B6 and susceptible

A mice during infection with P. chabaudi AS. (A) Total RNA was purified from spleens

rccovcrcd from 1-3 mice pcr lime point and IFN-y mRNA expression in individua! spleens

was determined by Northem blot analysis. 18 S rRNA levels were also determined by

Northem blot ana1ysis foreach sample. (B) Seanning dcnsitometry ofthe autorndiographs

shown in panel A. The density of the bands corresponding to IFN-y mRNA exprCSl>ion

was determined and normalized to the levels of 18 S rRNA expression. O.D.: Optica1

Density. * p < 0.04 versus control mice on day 0, ** p < 0.03 versus A mice on day 3

post infection, *** p < 0.05 versus A mice on day 7 post infection.
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Figure 5. Kinetics ofIL-4 mRNA leveis in the spleens of resistant B6 and susceptible A

micc during infection with P. chabaudi AS. (A) Total RNA was purified from spleens

recovercd from 1-3 mice per time point and lL-4 mRNA expression in individual spleens

was determined by Northem blot analysis. 18 S rRNA levels were also determined by

Northem blot analysis for caeh sample. (B) Scanning densitometry ofthe autoradiographs

shown in panel A. The density of the bands corresponding to lL-4 mRNA expression was

determined and normalized to the levels of 18 S rRNA expression. O.D.: Optical Density.

• p < 0.02 versus control micc on day 0, ** p < 0.01 versus B6 micc on day 5 post

infection.
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TABLE 1.

Kinc:tics ofTNF-Ct prote'.n in= of r::sistme B6 and susc::ptible A mie: during infection with

p. chabaudi AS ".

Days Post­

Infection
P=sitemia

(% =S. E. M.)
P~e:le= ofse=­

TNF-Ct positive mie: (%)
TNF-Ct level

(pg/ml :!: S. E. M.)

B6 A B6 A B6 A

•

0 0 0 0 0 0 0

3 4 =4 5::2 0 0 0 0

5-6 16= 1 34=0 33 33 :!: 20 :!: 20

7·10 38 =4 4"'" ~ 44 80 38 = 18 117 = 32b. --
14 1=0 33 :!: 20

a Blood from groups of3-8 Aand B6 mie: was obClined by c:udiac pun= :lI different cimes

post infection and TNF-o: prorein was detemlined by a moàification ofa double S1ndwich ELISA.

The data ShOWll are teprese:uative ofewo tepü= experime:lts. b p < 0.04 ve:sus B6 mie: on

days 7-10 post infection.
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CONNECTING STATEMENT

Studies in Chapter 2 demonstrate that a Thl associated increase in TNF-a

production early durin& infection correlates with resistance to blood-stage P. cbabalzdiAS

malaria. As a first step 10 test the hypothesis that the protective role ofTNF-a involves the

up-regulation of NO production, the following study analyzes the kinetics ofproduction

and role of nitric oxide in both resistant and susceptible mice during the early phase of

infeC!ion.
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CHAPTER3

Nitric Oxi:le Expression in the Spleen, But Not in the Liver,

Correlate~With Resistance to Blood-Stage Malaria in Mice1

Philippe Jacobs·t, Danuta Radziocht and MaI)' M. Stevenson·t2

·Institute ofParasitology, McGill University, Ste. Anne de Bellevue, Quebec and tCentre

for the Study ofHast Resistance, McGill University and Montreal General Hospital

Research Institute Montreal, Quebec, CANADA
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Abstract

The production and role ofnitric oxide during the carly phase ofblood-stage infection with

Plasmodium chabaudi AS was analyzed using two inbred strains ofmice which diITer in

the level of resistance to this parasite. Northem blot analysis of in vivo expression of

inducible nitric oxide synthase (iNOS) revcaled that, carly during infection, resistant

C57BU6 mice, which c1ear the infection by 4 weeks, have higher levels ofiNOS mRNA in

the spleen than susceptible AIJ mice. In contrast, susceptible AIJ mice have significantly

increased levels of iNOS mRNA in the liver later during infection at the time these micc

succurnb to infection_ Furthermore, both splenic and peritoneal macrophages recovered

from resistant C57BU6 mice produce significantly higher levels of N02- iD vitro in

response to LPS than similarly stimulated macrophages from susceptible AIJ mice.

Increased levels ofN03- were only deteeted in serum ofresistant C57BU6 micc al the lime

ofpeak parasitemia. Treatment with the iNOS inhibitor, aminoguanidine, reduced N03­

levels in serum ofC57BU6 micc and eliminated resistancc ofthese mice to P. cbabaudiAS

malaria without aITecting parasitemia. These results, thus, demonstrate that the ability 10

produce high amounts of NO carly during infection with blood-stage P. cbabaudi AS

correlates with resistance but that NO may not he involved in parasite killing. Moreover,

the tissue site of NO production, that is, spleen versus liver, appears to he critica\ and

correlates with resistancc versus suscepboility to P. chabaudiAS malaria, respective1y•
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Introduction

Nitric oxide (NO), when produced in large quantities by the inducible isoform of

the enzyme nitric oxide synthase (iNOS), has the potential to km a va!'iety of pathogens

(reviewed in Rer. 1). The induction of the NO pathway by cytokines such as interferon­

gamma (IFN-y) and tumor necrosis factor-alpha (TNF-a), and microbes or microbial

products has been shown in a variety of cell types inc1uding murine macrophages (2),

endothelial cells (3) and hepatocytes (4). Human hepatocytes, respiratory epithelia and

macrophages a\so express functional iNOS (reviewed in Ref. 5). Evidence that cytokine­

induced NO synthesis is protective in vivo bas been demonstrated by injection of iNOS

inhibitors, or anti-IFN-y and anti-TNF· a antibody, in mice during experimental

leishmaniasis (6), tularemia (7), Iisteriosis (8), and blood-stage malaria (9). The fact that

these treatments led to an increase in the number ofmicroorganisms, and in sorne cases, to

exaœrbation of clinical symptoms, suggests that NO bas an important role in protection

against infection. In contrast, Clark and his colleagues (10-12) have proposed that high

quantities ofNO produced during malaria may contribute to some pathologic features of the

disease such as hypotension, immunosuppression and cerebral malaria.

Our laboratory bas previo~yd;:monstrated that the level of resistance to blood­

stage infection with the rodent malaria parasite, Plasmodium chabaudi AS, varies among

inbred strains ofmice (13, 14). Resistant C57BU6 (B6) mice develop moderate levels of

peak parasitemia on days 8-10 post infection, c1ear the infection by 4 weeks and are

immune to càallenge infection. In contrast, susceptible AIJ (A) mice experience

significantly bigher levels of peak parasitemia and subsequently 100% succumb to

infection. Thus, host protective mechanisms appear to he divergent in resistant and

susceptible hosts during the early, acute phase ofinfection. Indeed, control and elimination

of the parasite during acute infection has been shown to occur in resistant B6 hosts by

activation of CD4+ Th1 ceUs (15, 16). In contrast, induction ofa strong Th2 response

early in infection bas been observed in susceptible A mice and suggested ta lead ta a severe
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and lethal cou~ of acute blood-stage malaria (15). In addition to CD4+ Thl cells,

macrophages and an intact spleen are req~;~ed to resolve P. chabaudiAS malaria (17-20).

Others have suggested that the liver as weil as the spleen plays a protective role during

blood-stage malaria, in particular during P. yoelii infection (21).

These observations, and the fact that adoptive transfer of a Th1 clone has becn

shown to protect against blood-stage P. chabaudiAS byan NO-dependent mechanism (9),

led us to dissect the role of NO during primary infection with this parasite. Few studies

have aetually measured the level of NO, or its oxidized forms, nitrite (N02-) and nitrate

(N03-), produœd during blood-stage malaria and none have identified the tissue site ofits

production or documented the lime period over which NO production is sustained during

infection (9, 12,22). Therefore, we have compared the following paramelers during the

course ofinfection in resistant B6 and susceptible A mice: 1) iNOS mRNA levels in spleen

and Iiver; 2) N02- production in vitro by splenic and peritoneal macrophages; and 3) NÛJ­

concentrations in serum. The effeet of treatment with the NO inhibitor, aminoguanidine,

on the course and outcome of infection in resistant B6 hosts was aise examined. Our

results demonstrate that the level, the êming and, mest importantly, the tissue site of NO

production during infection correlates with resistance versus susceptibility to bl00d-stage

P. chabaudiAS malaria.
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Mice, parasite and experimental infections. B6 and A strain mice, 8-14 wecks

old, werc age- and sex·matched in ail experiments. Micc were brcd al the animal facility of

the Montreal General Hospital Rescarch Institute from brccding pairs obtained from

Jackson Laboratories, Bar Harbor, ME. Plasmodium chabaudi AS was mainta:ned as

prcviously dcscribcd (23). Mice were infeetcd intrapcritoncally with 106 P. chabaudi AS

parasitized red blood cells (PRBC) and parasitemia during the subsequent course of

infection was monitored at the times indicated using previously dcscribcd procedures (15).

iNOS mRNA levels. Spleens and livcrs of B6 and A mice, both normal and infeeted,

were colleeted aseptically at the times indicated and immedialely frozen in liquid nitrogen.

Total RNA was isolated by a modification of the guanidine thiocyanate-CsCI method as

described by Chirgwin et ai (24). Briefly, frozen tissue was transferred to 7 ml of

guanidine thiocyanate solution [4 M guanidine thiocyanate (Gibco BRL, Grand Island,

NY)], 25 mM sodium citrate (Sigma, St Louis, MO), 0.1 M ~-mercaptoethanol (Sigma),

0.5% N-lauroylsarcosine (Sigma) and 200 III Antifoam A (Sigma), and homogenized at

maximum speed for 2 min with a polytron homogenizer (Brinkman, Kinematica,

Switzerland). The homogenates were centrifuged at 550 g for 15 min and the supcrnatants

were layered onto a 5 ml CsCVEDTA (5.7 Mil mM; pH 7.0) cushion and ccntrifuged at

30,000 rpm for 20 h at 22' C in a flXed·angle rotor. The pellets wt're resuspended in 500

111 TE (10 mM Tris-HCVl mM EDTA; pH 7.4) at 65' C and incubated witb 500 III water­

saturated pheno1:chloroform: isoamylalcohol (25:24:1by volume) for 15 min al 65' C. The

phases were separated by centrifugation at 13,800 g for 3 min. RNA in the aqucous pbasc

was precipitated with 45 111 sodium acetate (3 M; pH 4.8) and 1 ml 95% ethanol al -20' C

ovemight. RNA was sedimented by centrifugativn al 13,800 g for 20 min al 4' C, washed

twice with cold 70% ethauol, vacuum-dried for 3 min, and dissolved in 100 111 RNasc-fn;c

water (5 Prime -3 Prime, Boulder, CO). The RNA yield of cach sample was determined

• spcctrophotometrically on the basis ofthe A260 and the RNA purity (ranging from 1.5 10
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1.8) assessed by the A260:A280 ratio. iNOS mRNA levels were determined by Northem

• BIol analysis (25). Total RNA samples (20 Ilg) were separated for approximately 3 h al 60

V on 1.2% agarose gel containing 2.2 M formaldehyde. Separated RNA was blot

lransferred to a nylon membrane (Schleicher & Schuell, Keene, NB) and UV cross-linked

(UV Stratalinker 1800, Stratagene, La Jolla, CA). The blolS were prehybridized al 42· C

for 14 h with 20 ml hybridization buffer containing denatured salmon sperm DNA (0.15

mg/ml, Sigma). A specific DNA probe, labeled with [et-32Pl dCTP (Amersham,

Arlington HeighlS, IL; specific activity: approximately 109 cpmlllg DNA) by nick

translation (Gibeo-BRL), was added to the hybridization buffer and allowed to hybridize

for 14 h. The hybridized blolS were washed 3 limes for 20 min al 42· C with ISO ml 10x

SSC (Sigma)! 0.1% SOS (Sigma) and 3 times at 55· C with ISO ml 0.1% SSCI 0.1%

SOS. Hybridization was deteeted by autoradiography with Kodak X-Omat-AR film

(Rochester, NY). mRNA levels were quantified by high resolution optica1 densitometIy

tSciScan 5000, United States Biochemica1, Cleveland, OH) and normalized to 18 S rRNA.

A 1.9 kb fragment of rRNA, which recognizes 18 S rRNA, was kindly provided by Dr. N.

Arnheim and was previously described in detail (26). A 2.3 kb fragment of the

macrophage iNOS gene (27) was kindly provided by Dr. S. Snyder (Johns Hopkins

Uni"ersity, Baltimore, MD). iNOS mRNA and 18 S rRNA migrated with mobilities of3.6

and 1.9 kb, respeetively.

NOr production by peritoneal and splenic macrophages. Resident peritoneal

macrophages were "arvested from normal or infeeted B6 and A mice, at the limes

•

indicated, by peritoneal lavage with 10 ml medium consisting ofRPMI 1640 (Gibco BRL)

supplemented with 10% hcat inaetivat.>.d FCS (Hyc1one, Logan, UT), 2% HEPES buffer

(Gibco BRL) and 0.12% gentamicin (Schering, Pointe Claire, Quebec). Spleens wcre also

aseptica1ly removed and pressed through a sterile, stainless-steel mesh. Spleen cells wcre

suspended in 10 ml medium, centrifugee! al 350 g for 10 min and erythrocytes were Iysed

with cold 0.17 M Nl4CI. Membrane debris was removed by filtering the ec11 suspensions
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through sterile gauze and the ceUs were then washed twice with HBSS (Gibco BRL).

Total and differential counts were detem.:ned on peritoneal and spleen cell suspensions.

The viability of spleen ceUs was determined by trypan blue exclusion and was always >

90%. CeUs were adjusted to 106 macrophages per ml, and a1iquots of 100 J!I oÏ each cell

suspension, in triplicate, were added to 96-well plates (Flow, McLean, VA). Macrophages

were a1lowed to adhere for 2 h at 37· C in 5% C02. Nonadherent ceUs were removed by

washing 3 times with warm HBSS. Macrophage monolayers were stimulated with 0.00 l,

0.01. 0.1, 1 and 10 J!g/ml of Escherichia coli 0127:B8 LPS (Difco. Detroit. MI) or

incubated with medium a10ne as contro1s. Since N02- production by splenic or peritoneal

macrophages in response to different doses of LPS was similar, data have been pooled for

each mouse strain. Supernatants were coUected 20 h later and immediately assayed for

N02- by the Griess reaction (28). Briel1y, 50 J!1 of each supematant were incubated with

50 J!I Griess reagent [equal volumes of 1% sulfanilamide (Sigma) and 0.1%

naphty1ethylenediamine dihydrochloride (Sigma) in 2.5% H3P04] for 5 min al room

temperature and the A550 was measured with an ELISA reader. NÛ2- concentration was

determined using NaN02 as a standard. Resu1ts are expressed as N02- production (J!M)

per 105 macrophages.

N03- concentration in serum. Blood was obtained from experimental mice by

cardiac puneture at the times indicated, a1lowed to clot for 30 min al 4· C and eentrifugcd al

13,800 g for 3 min. Sera were collected and stored at -20· C until use. SetulIl NÛJ-1evels

were determined using the method described by Rockett et al. (2). Briel1y, 30 J!1 ofeach

sample were incubaled for 20 min at room temperature with 5 J!l of the enzyme nitrate

reduetase (5 U/ml; Boehringer Mannheim, LavaI) .•ri 15 J!I NADPH (1.25 mg/ml;

Boehringer Mannheim); after incubation, 100 III of Griess reagent and 100 III ofTCA

(10% aqueous solution) were added. Protein precipitates were removed by centrifugation

al 13,800 g for 5 min and 100 III ofeach supernatant, in duplicate, were transferred ta a 96

well, f1at-bottom plate and the A550 was measured using an ELISA reader. N03-
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concentrations were determined using as a standard. N:ll,\,03. diluted in pooled serum from

uninfected control B6 or A mice which was dialysed against PBS for 24 h. Concentrations

of N03- in the standard ranged from 12.3 to 1000 lIM. N03- levels in the sera of

experimental animais were calculated using a software program kindly provided by Dr.

K.A. Rockett (Austra1ian National University, Canberra).

Treatment witb aminoguanidine. B6 mice were injected i.p. lWice daily with l, 5 or

9 mg aminoguanidine hemisulfate salt (Sigma) diluted in 0.2 ml pyrogcn-frce saline. Mice

were treated with aminoguanidine beginning on day 3 post infection and daily for 10 days

or beginning on day 5-6 post infection and daily for 4-5 days. Control mice were treated

similarly with pyrogen-free saline. Normal, uninfected B6 mice were treated with 1,9, 15

or 20 mg aminoguanidine for a minimum period of 10 days in order to control for

toxicological properties, in terms ofweight-Ioss or death, ofaminoguanidine.

Statistical analysis. Statistical significance ofdifferences in mortality belWeen control

and experimental groups receiving aminoguanidine was determined using a non-parametric

Kruskal-Wallis test. Statistical significance ofdifferences in parasitemia and N03-levels

in serum belWeen control and aminoguanidine treated mice was determined by Student's t­

test. The same t-test was used to determine statistical significance ofdifferences in iNOS

mRNA levels, N02- production in viuoand N03-levels in serum belWcen normal and

infected animals as weil as belWcen B6 and A mice. A probability of less !han 0.05 was

considered significant.

Results

iNOS mRNA levels in spleen and liver of resistant and susceptible mice

during P. cbabaudi AS infection. To determine ifdifferences in iNOS expression in

the tissues during infection with blood-stage P. chabaudiAS contnoute to resistance, total

RNA was extraeted from spleens and livers barvested from B6 and A mioe at various limes

during the flISt 2 wceks post infection and iNOS mRNA levels determined by Northem
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blot analysis. Tissue expression of iNOS mR.'l/A was also examined in normal, uninfected

control mice of each strain. As shown in Figure 1, small increases in iNOS mRNA levels

were found in the spleens of resistant B6 mice as early as day 3 post infection compared to

basal IcveIs in the spleens of uninfected, control micc on day O. The peak increase in iNOS

expression, which was 6-fold normal, occurred in the spleen of B6 hosts on day 7 post

infection severa! days before the peak parasitemia, when parasitemia ranged from 20 to

30% PREC. Thereafter, iNOS levels retumed to basal levels through day 14 post infection

when the experiment was terminated. In contrast, iNOS expression in the spleens of

susceptible A mice was not significantly increased over that of the basal level in the spleens

of normal, control animais until day 5 post infection when there was a 2-fold increase in

iNOS mRNA levels. At this time, there were approximately 10% PREC in the pcripheral

bloOO. iNOS mRNA levels retumed to basal levels on day 7 in susceptible A hosts and

remained at this level through day 9 post infection when peak parasitemia levels of>50%

PREC occurred. Death of susceptible A mice usually occurs between days 9 to 12 post

infection. In contrast to iNOS expression in the spleen, livet iNOS mRNA levels were

significantly increased in comparison to basal levels ofcontrol micc only in susceptible A

mice on day 9 post infection coincident with the peak ofparasitemia (FIgUre 2). AIthough

the exact time course varied from experlment to experiment, signjficant differences in the

peak level as well as the timing ofiNOS expression in the spleens and livers ofresistant B6

versus susceptible A micc were consistently observed. These results demcnstIate that early

during acute infection, that is, during the ascendingphase ofparasitemia, resistant B6 micc

have higher levels ofiNOS transcripts in the spleen than susceptible A mice. On the other

band, susceptible A micc have signjficantly increased levels ofiNOS mRNA in the liver

Iater during infection at the time ofpeak parasitemiajust before death occurs.

N02- production by macrophages from resistant and susceptible mice

during P. cbabaudi AS infection. Previous results from ou, laboratory have

demonstrated that splenic as weIl as peritoneal macrophages from susceptible A mice
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exhibit defects in activation during blood-stage P. chabaudi AS infection (18). Since

activated macrophages are known to be a major source of cytokine.inducible NO, the

ability of splenic and resident peritoneal macrophages to produce NOZ' was assessed in

vitro. Macrophages were recovered from B6 and A mice at various times during P.

chabaudi AS infection as weU as from normal, uninfected mice of both strains. Since

splenic macrophages recovered from infected mice ofeither mouse strain produced only

low leveis of NOZ' spontaneously (data not shown), ceUs were stimulated in vitro with

LPS. It should be pointed out that the response of macrophages from infeeted mice in

terms of the quantity ofNOZ- produced was not dependent upon the dose ofLPS used.

Splenic macrophages recovered from infected B6 mice produced significantly

higher than normal levels of NOZ- in response to LPS as carly as 3 days post infection

(Figure 3A). Levels ofN02- produced by splenic macrophages from these resistant hosts

gradually increased and peaked on day 10 post infection, coincident with the peak of

parasitemia, when more than 20 IlM NOz' were produced. High N02- production

persisted throughout the entire course of infection. Significantly increased production of

N02' by macrophages recovered from infeeted B6 mice compared to similarly stimulated

macrophages prepared from uninfected mice was apparent at ail times during infection with

the exception ofday 21. Splenic macrophages recovered from A mice on days 5 and 7 post

infection aise produced significantly higher N02-levels in response to LPS !han ceUs from

uninfected A mice. However, on day 7 post infection, splenic macrophages recovered

from resistant B6 mice produced approximately 5 limes more N02" compared to splenic

macrophages from A mice, an observation consistent with significantly higher levels of

iNOS expression in the spleens ofresislant B6 hosts al this time.

FoUowing stimulation with LPS, resident peritoneal macrophages recovered from

infected B6 mice al ail limes during infection through 28 days produced significantly higher

N02- levels !han cells recovered from uninfected control mice (Figure 3B). In addition,

cells recovered from infected B6 mice produced significantly more N02" !han resident
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peritoneal macrophages from infected A mice early during infection. Similar to splenic

macrophages, this difference was apparent on day 3 as weil as on day 7 post infection

when peritoneal macrophages from B6 mice produced 5 to 8 times more NÛ2- !han cells

from A mice. No difference in N02- levels between peritoneal macrophages from B6

versus A was detected on day 5 post infection when macrophages from A mice produced

significantly higher than normal levels ofN02-. With the exception ofday 5, macrophages

recovered from infected A mice produced levels of N02- similar to macrophages from

uninfected control mice. Similar to the observation described above for splenic

macrophages, unstimulated peritoneal macrophages from infected B6 and A mice produced

only background levels of N02- (data not shown). Taken together, these results

demonstrate that, carly during infection with P. chabaudi AS, bath splenic and resident

peritoneal macrophages recovered from resistant B6 mice produce significantly higher

levels of N02- in vitro in response to LPS !han simi1arly stimulated macrophages from

susceptible A mice. Moreover, N02- production by bath macrophage populations from '36

mice is sustained throughout aImast the entire course ofinfection.

Increased serum N03- correlates with resistance to P. c1Jabaudi AS. To

determine if differences in NO production are apparent between resistant and susceptible

hosts in vivo during infection with P. chahaudiAS, levels ofNÜ3-, a stable end-producl of

NO, were determined in serum ofB6 and A mice at different limes during infection. The

level ofN03- in the sera collected from uninfected mice ofeither strain was approximately

25 J.lM (Figure 4). On day 8 post infection which, in this cxpcriment corresponded ta the

peak parasitemia, there was a 5-fold increase in N03- in the sera ofB6 mice compared to

uninfected control mice. No increase in N03- could be detected in sera ofA mice al any

time through 8 days post infection. Thus, the observation that, during infection with P.

cbabaudi AS, NO production is increased only in resiSlant B6 mice al peak parasitemia

suggests a role for this molecuIe in protection against blood-stage malaria.
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Effect of treatment with aminoguanidine on host response to P. cbabaudi

AS. To detennine if the ability to produce high leveis NO plays a protective role during P.

chaooudi AS malaria, B6 mice were treated with aminoguanidine, a selective inhibitor of

iNOS (29), and survival and parasitemia were monitored (Figure 5). As a control, infeeted

B6 mice were treated with pyrogen.free saline. Uninfected B6 mice were also treated with

dilTerent doses of aminoguanidine to control for side-elTeets of this product. None of the

uninfected control mice, treated twice daily for 10 days with l, 5, 9 or 15 mg

aminoguanidine, experienced any weight 1055 (data not shown) or dieo (Figure 5A).

However, 100% (313) ofnonnal mice treated with 20 mg aminoguanidine died within 2-3

hours. Therefore, these data demonstrate that intraperitoneal administration ofup to 15 mg

aminoguanidine, twice daily for 10 days, has no apparent side elTeets, in terms ofweight

1055 or death, in nonnal B6 mice. In contrast, treatment ofP. chabaudi AS infected B6

mice with 5 or 9 mg aminoguanidine, twice daily beginning on day 3 post infection,

resulted in 20 and 80% mortality, respectively (Figure 5A). Similar treatment with either

dose ofaminoguanidine but beginning on days 5 to 6 post infection also resulted in 80 to

100% mortality (data not shown). Treatment ofinfected mice with 1 mg aminoguanidine

(data not shown) or saline alone resulted in 100% survival to infection. Infected mice

treated with either 5 or 9 mg aminoguanidine died at, or 1 to 2 days after, the peak of

parasitemia. Surprisingly, aminoguanidine treatment did not alter parasitemia (Figure SB).

That is, the course of infection ofthe aminoguanidine treated animals was similar to that of

the control mice.

To confirm that aminoguanidine trealment iclùbits NO production in vivo, B6 mice

were treated twice dal1y with 5 and 9 mg aminoguanidine, starting on days 5 to 6 post P.

chabaudi AS infection, and N03- levels measured in the sera al the peak ofparasitemia.

Sera colleeted from infeeted, pyrogen-free saline-treated, control mice al peak parasitemia

and uninfeeted mice were also examined. As a positive control, NÛJ- levels in the sera of

normal B6 m:ce 20 hours after intraperitoneal treatment with 20 Ilg LPS were also
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dctcrmined. Whercas infe~ted, control mice had high serum N03- levels, infected mice

treated with 5 or 9 mg aminoguanidine had 4 to 5 times lower N03- levels which were

comparable to basa1 N03-levels ofuninfected mice (Table 1). Similarly, aminoguanidine

treatment significantly reduced N03- levels in the sera of LPS treated B6 mice. Taken

together, these data thus demonstrate that treatment with aminoguanidine significantly

reduces NO production by B6 mice during infection and e1iminates resistance ofthese mice

to P. chaba:JdiAS malaria but does not alter the course ofparasitemia.

Discussion

We report here that, carly during primary blood-stage P. chabaudi AS infection,

resistant B6 mice produce significantly higher amounts ofNO compared to susceptible A

mice as measured by iNOS gene expression, macrophage production ofN02- in vitro and

serum levels of N03-. The highest iNOS mRNA levels were found in the spleens of

resistant B6 mice on day 7 post infection, when parasitemia ranged from 20 to 30%,

whereas no iNOS transcripts could he detected in the liver ofthese mice during infection.

In contrast, a small, albeit significant, increase in iNOS mRNA levels was detected in the

spleen ofsusceptible A mice on day 5 post infection, wher. parasitemia was approximately

10%, whereas in the liver ofthese mice, increased amounts of iNOS transeripts were found

on day 9 post infection, coincident with peak parasitemia. These data suggest that, carly

during infection, high NO production in the spleen, but not in the liver, bas a protective

effcct on the outcome ofP. chabaudiAS malaria. Moreover, the high iNûS expression in

the spleen ofB6 mice correlated with increased N03-levels in the serum ofthese miec 1 te

2 days later. We can not exdude, however, the possibility that during infection with P.

chabaudi AS other tissues in addition to the spleen, such as the endotheliallining of the

vasculature which bas been shown to he involved in NO-mediated killing of Schistosoma

mansoni (3), may also produce high amounts ofNO.
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The results presented here also demonstrate that splenic macrophages recovered

from resistant B6 mice produce significantly more N02- than splenic macrophages

recovered from susceptible A mice on days 3 and 7 post infection. These findings are

consistent with the data on iNOS expression in the spleen. However, it is possible that

other ceU types in addition to macrophages produce NO in vivo in the spleen during

infection. In this context, Taylor-Robinson et al (30) recently demonstrated !hat a CD4+

Thl clone, derived from the spleen carly during infection with P. chaooudi, produces large

amounts ofNO.

Interestingly, the amount of NO produccd by rcsidcnt peritoneal and splenic

macrophages recovercd from mice of either strain during infection was not dependent upon

the dose of LPS. This Clay indicate, considering that optimal NO production by murine

macrophages requires a priming signal by IFN-y plus a second signal, such as LPS (31),

!hat residcnt peritoneal and splenic macrophages from resistant B6 mice are highly primed

in vivo during infection, and foUowing stimulation in vitro with even small amounts of

LPS «0.1 Ilg), are capable ofproducing high amounts of NO. In contrast, macrophages

recovered from A mice are either not primed or are suppressed and, thus, are unable to

produce increased amounts of NO. These findings are in agreement with previous data

from our laboratory indicating that, during infection, resident peritoneal and splenic

macrophages from B6 mice are in a higher state of activation than macrophages from A

mice, !hat is, a higher percentage of macrophages from B6 mice expl~ la antigen and

produce more oxygen metabolites in vitro than macrophages from A mice (18).

Furthermore, it is weU documented !hat the Thl cytokine IFN-y, in conjunction with

microbial products, leads to macrophage activation (1), whereas the Th2 cytokines, IL-4

and IL-IO, down-regulate macrophage microbicidal activity and cytokine production (32­

34). We recently demonstIated that spleen ceUs from B6 mice produce high levels ofIFN­

y in vitro within the first week of infection, whereas, during the same period, spleen cells

from A mice produce low levels of IFN-y but high levels of IL-4 and IL-IO (16, and
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unpublishcd obscrvations). We also obscrved that addition ofmurine recombinant IL-4 or

IL-IO to macrophages rccovercd from P. chabaudi AS infected B6 mice diminished the

ability ofthese ceUs to produce NO, whcreas addition of recombinant IFN-y increased NO

production by macrophages recovered from infccted A mice (unpublished observations).

Therefore, a Th1 rcsponse in the spleen carly during infection with P. chabaudiAS leads ta

macrophage activation and NO production as obscrved in resistant B6 mice, whereas a Th2

response appcars to supprcss splenic macrophage NO production and results in severe and

lethal disease as ob:<erved in susceptible A mice.

The in vivo role of NO in protection against blood-stage P. chabaudi AS was

investigated dircctly by treating resistant B6 mice with the iNOS inhibitor, aminoguanidine.

This treatment resulted in serum N03-levels similar to those ofuninfected control mice

and, more strikingly, in lethal infection with o!: 80% mortality. Although N02- and N03­

have been shown to 1011 blood-stages of P. falciparum in vitro (35), aminoguanidine

treatment did not result in an increase in parasitemia, suggesting that NO is not involved in

parasite killing. These findings are consistent with the results ofa recent study by Rockett

et al. (12) in which P. chabaudi-infected mice were treated with L-NMMA and no increase

in parasitemia was observed. These results as weIl as ours, however, appear to conflict

with the results ofanother study which demonstrated a marked increase in parasitemia in P.

chabaudi-infected rnice receiVÏDg L-NMMA (9). It should be noted, however, that the

protocol used in our study, that is, treatment of immunocompetent mice with

aminoguanidine, may not he comparable with the protocol used in the latter study (9) in

which thymectomized mice were treated with L-NMMA in conjunction with T ceU

transfers. Moreover, although aminoguanidine bas, been shown to he as patent as L­

NMMA as an inhibitor of iNOS, it is 10 to 100-foId Iess potent as an inhibitor of the

constitutive isoforms of the enzyme (29), which are present in endotheIial ceUs and

cerebellar neurons, and are involved in maintaining vasn J1ar tone and neurotransmission,

respectively (5). We were, however, still concemed with the high doses of
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aminoguanidine required in the studies reported here compared to other studies. For

example, a dose of aminoguanidine as low as 1 mg, administered twice daily for 8 days,

was found to be effective in abolishing resistance to Listeria monocytogenes (36) while a

dose of 1.5 mg, administered daily for 3 days by gastric instillation, resulted in elimination

ofprotective im:nunity to challenge with Plasmodium berghei sporozoites (37). Recently,

daily, intraperitoneal administration of 8 mg aminoguanidine for more than 10 days was

shown to ameliorate experimental autoimmune encephalomyelitis (38). Furthermore, in

this study, the LD50 for aminoguanidine was found to be 32 mg per day and normal 51L

control mice, treated with 8 mg aminoguanidine once daily for more !han 3 weeks, did not

show any c1inical abnormalities and experienced no weight loss. Similarly, none of the

normal, non-infected control B6 mice in our study died or experienced any weight loss

after treatment twice daily for 10 days with a dose as high as 15 mg aminoguanidine. A

single intraperitoneal dose of20 mg aminoguanidine was, however, lethal. Although we

did not observe any side effects following twice daily administration of 5-9 mg

aminoguanidin= treatment, we still can not excIude that aminoguanidine exerts effeets other

!han iNOS inhibition, such as binding to reactive aldehydes formed during oxidative stress

(39). This may have some relevance considering that oxidative stress occurs during

malaria infection (40) and that highly toxic reactive aldehydes are produced (41).

Nevertheless, our results cIearly demonstrate that treatment with aminoguanidine decreases

seIUID. N03-levels and leads 10 lethal infection without affecting parasitemia.

Increased NO production during infection may be protective by a mechanism other

!han being parasiticidal. Kremsner ctal. (42) demonstrated that mice pretreated with L­

~'MMA and infeeted with P. vinckci and treated with chloroquine plus IFN-yexhibited

higher morta1ity and more pronounced liver and kidney lesions. These anlhors suggested

that NO was protective eitherby directly inactivating tissue·cIamaging oxygen radicals orby

preventing bypoxic tissue damage by inhibiting leukocyte adhesion 10 endothe!ium andfor

increasing vasodilatation. In a separate study, it was found that treatment of
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Coryncbaclcrium paIVllm-infected and LPS-treated mice with L-NMMA increased liver

damage induced by oxygen radicals (43). Direct evidence that NO can prevent cytotoxicity

resulting from oxygcn radicals was shown in vitro (44). During P. chabaudiAS infection,

NO may thus act as a tissue protective moleal1e.

Recent evidence suggests that NO mayalso play a crucial role in protection against

blooè-stage malaria in humans. It has been demonstrated that patients infected with P.

falciparum or P. vivaxhave increased plasma levels of NO (45,46). Moreover, it was

shown that the duration of coma due to cerebral malaria was shorter in children with

relatively high NO plasma levels which may indicate that NO bas a protective role in

cerebral malaria (45). lnterestingly, there was no significant correlation in this study

betwecn NO leve1s and parasitemia.

The moderate increase in iNOS mRNA levels in the liver of A mice at peak

parasitemia, which corresponds to the time these mice begin to suceumb to infection,

suggests that NO production in the liver œter during infection may have a deleterious rather

than a protective effect on the outcome of this disease. In an attempt to inhibit NO

production late during infection, we treated A mice twice daily with 5 mg aminoguanidine

starting 1 day prior to peak parasitemia. However, this treatment regimen did not rescue

these mice from death and had no effect on parasitemia (data not shown). These results,

thus, suggest that increased expression ofiNOS in the liver ofsusceptible A mice correlates

with, but does not on its own, cause death due to P. chabaudiAS malaria. Simi\ar to these

findings, Harbrecht et al (47) recently demonstrated !bat increased NO synthesis correlates

with, but does not cause, liver injury during endotoxemia in BALBIc mice. Moreover,

these authors showed that Üe increase in NO production was due to an increase in LPS­

induced TNF-lX. Interestingly, high expression ofTNF-lX mRNA in the liverand high

serum levels ofTNF-lX were deteetable in suscepbôle A, but not resistant B6, mice during

peak parasitemia just before death (Jacobs, P. and Stevenson, M.M., Manuscript

submitted).
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Taken together, our results dernonsU<ite that resistance to P. chabaudi AS correlatcs

with the ability to produce high amounts ofNO carly during infection. However, Lie tissue

site ofNO production appears to he critical. High iNOS mRNA levels in the spleen during

the ascending phase of parasitemia correlate with resistance, whereas incrcased iNOS

mRNA leveis in the Iiver around peak para.<.itemia correlate with susceptibiIity. ïn resistant

hosts, reduction of NO production by treatment with the iNOS inhibitor aminoguanidine

abolishes resistance without alTecting parasitemia, suggesting !hat NO is not involved in

parasite killing. Rather, our data suggest that NO may protect the host against oxygen

radical-mediated tissue damage during blood-stage malaria. The precise regulatory

mechanisms of iNOS expression in vivo and the physiological role of NO in dilTerent

organs during lethal and non-Iethal infection with P. chabaudi AS are, howcver, not yet

known. Our murine malaria model in resistant and susceptible hosts rnay, thus, provide an

excellent tool te explore the IOle ofNO in oroer to design future anli·malarial strategies.
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Figure 1. Kinetics of iNOS mRNA levels in the spleen of resistant B6 and susceptible A

mice during infection with P. chabaudi AS. (A) Total RNA was purified from spleens

recovered from 1-4 mice per time point and iNOS mRNA expression in individual spleens

was determir.ed by Northem blot analysis. 18 S rRNA levels were also determined by

Northem blot anaIysis for eaeh sample. The data shown are represcntative of(wO replicate

experiments. (B) Scanning densitometry of the autoradiographs shown in panel A. The

density of the bands corresponding to iNOS mRNA expression was determined and

normalized against the bands corresponding to 18 S rRNA expression. O. D. - Optical

Density. * p < 0.04 versus control mice on day 0, ** p < 0.03 versus A mice on day 5,

*** control A and B miee were pooled for statistical analysis.

85



A

Ç;;7111,/6;

Da)'s Post Infection!!. ;:1 5 7 9 Il li

iNOS- -'" ~.,n,
18 S rRNA- .,... ~ • J *~ ,

18 S rRNA- , ..... $ •.
:<!

Da)'s Post Infection !!. ---l... 5

iNOS- .. ' "~t,
7 9

, f

'"

•

8

~
150 .

Q .. • CS7BI/6
..: AlJ::; 0
<z '00

"~
'"oc

~ 50Z

"E
'"--z 0

0 3 5 7 9 1 , '4
D3~'S Post Infection



•

•

Figure 2. Kinetics ofiNOS mRNA levels in the Iiver ofresistant B6 and susceptible A

mice during infection with P. chabaudi AS. (A) Total RNA was purified from Iivers

recovered from 1-5 mice per time point and iNOS mRNA expression in individuallivers

was determined by Northem blot analysis. 18 S rRNA levels were also determined by

Northem blot analysis for cach sample. The data shown are represcntative of two replicate

expcrimcnts. (B) Scanning densitometry of the autoradiographs shown in panel A. The

density of the bands corresponding to iNOS mRNA expression was determined and

normalized against the bands corresponding to 18 S rRNA expression. O. D. - Optical

Density. *p< 0.01 versus control mice on day 0, ** control A and B mice werc pooled

for statistical analysis.
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Figure 3. Kinetics of N02- production in vitro by (A) splenic and (B) rcsident

peritoneal macrophages from rcsistant B6 and susceptible A mice during infection with P.

cbabaDdiAS. Supematants were collected from macrophage monolayers prepared from 5

individual mice per time point, stimulated for 20 h with 5 different doses of LPS (ranging

from Ing to 10 J,lg/ml) and NOr levels were determined by the Griess rcaction. Since

NOr production per time point in rcsponse to various doses LPS was similar, data for ail

5 doses have been pooled. The data shown are representative of three replicate

experiments. *p < 0.05 versus control mice on day 0, ** p < 0.01 versus A mice on day

7.
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Figure 4. Kinetics of N03- levels in serum of resistant B6 and susceptible A mice

during infection with P. chabaudi AS. Serum was obtained from 4-6 individual mice pcr

lime point and N03-levels werc determined by a modification ofthe Gricss reaction. Data

shown arc pooled from 2 replicate cxperiments. *p < 0.04 versus control mice on day O.
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Figure S. Effect of treatment with aminoguanidine (AG) on host response to P. chabaudi

AS. Groups of 5 mice (resistant C57BUG strain) were treated twice daily with different

doses ofaminoguanidine and (A) survival and (B) parasitemia were monitored. The data

shown are representative ofthree replieate experiments. a uninf: uninfected, b inf: infected

with lOG PREC, * p < 0.02 versus control mice (= inf + saline), ** parasitemia of mice

treated with 5 mg AG, which is similar to parasitemia ofmice treated with 9 mg AG, is not

shown.
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TABLE I.
Tre:mnent with :llIlÎnogu:midi..,e inhibilS the :lCC'..Imul:ltion of N03- in serum

during infec:ion with P. chabawii AS.

uninfeaed + saline

P. chabaudi AS + saline

P. chabaudi AS + 5 mg aminogu:midine

P. chabaudi AS + 9 mg aminogu:midine

uninfeaed + LPSb

uninfeaed + LPSb + 9 mg aminogu:midine

N03- <lll"l + S.E.M)

18:!: 3

86:!: 24

1281 :!: 417

36:!: IIc

•

a Groups of4-6 B6 mice were used per =tment. The data shown are represenCltive of
[wo repli= experlmenlS.

b As a positive control., mice were =ted with 20 IJ.g LPS 20 hours before sera were colIecn:d.
cp < 0.04 versus withou[ :llIlÎnoguanidine =tment.
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CONNECTING STATEMENT

SlUdics in ChaptelS 2 and 3 demonstrate that a Thl associated increasc in TNF-a

production and high levels ofnitric oxide carly during infection correlate with rcsistance to

blood-stage P. chabaudi AS malaria, whereas a Th2 rcsponse appeaIS to correlate with

susceptibility to the diseasc. The following slUdy invcstigatcs ifIFN-y (a Thl cytokine),

TNF-a and lL-4 (a Th2 cytokine) are involved in the regulation ofnitric onde carly during

infection.
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CHAPTER4

IN VIVO REGULATION OF NITRIC OXIDE PRODUCTION

BY TNF-aAND IFN-y. BUT NOT IL-4.

DURING BLOOD-STAGE MALARIA IN MICE

Philippe Jacobs*t, Danuta Radziocht and Mary M. Stevenson*t

* Institute ofParasitology, McGill University, Ste. Anne de Bellevue, Quebec and t Centre

for the Study of Host Resistance, McGill University and Montreal General Hospital

Research Institute, Montreal, Quebec, CANADA

Rnnning tille: Cytokines Regulate Nitric Oxide Synthesis during Malaria

98



•

•

Abstract

We investigated whether IFN-y (a Thl cytokine), TNF-ex and IL-4 (a Th2 cytokine)

modulate nitric oxide (NO) production in vivo during blood-stage infection with P.

chabaudi AS. Treatment of resistant C57BU6 mice, which resolve infection with P.

chabaudi AS and produce increased levels of IFN-y, TNF-ex, and NO carly during

infection, with anti-IFN-y and anti-TNF-ex monoclonal antibody resulted in a reduction of

both splenic iNOS mRNA and serum N03- levels by 50 and 100%, respectively.

Treatment with anti-TNF-ex alone reduced only serum N03-1evels by 35% and treatment

with anti-IFN-y alone had no effeet on NO production by these mice during infection.

Suscep'.ible AIJ mice, which succumb to infection with P. chabaudi AS and produce

increased levels ofIL-4 but low levels ofIFN-y, TNF-ex, and NO carly during infection,

were treated with anti-IL-4 monoclonal antibody or mouse recombinant TNF-cx. The latter

treatments had no effect on NO production by this mouse strain during infection. In

addition, our results also demonstrate that treatment of resistant C57BU6 mice with anti­

TNF-ex and/or IFN-y antibody affects, in addition to NO production, other traits of

resislance to P. chabaudi AS malaria such as the peak level of parasitemia and the

development ofsplenomegaly which were shown to be control1ed by IFN-y in synergy

with TNF-ex and TNF-ex alone, respectively. Treatment ofsusceptible AIJ mice with anti­

IL-4 antibody or mouse recombinant TNF-ex had no effect on these resistance markers

during infection with P. chabaudi AS. Thus, these results demonstrate that TNF-ex, either

alone or in synergy with IFN-y, pIays a major role in the regu1ation ofNO production and

other traits ofresistance during P. chabal'diAS malaria in C57BU6 mice. These dataalso

indicale that treatment with anti-IL-4 antibody or mouse recombinant TNF-a is not able 10

induce NO production or confer resistance 10 AIJ mice against P. chaba!ll,fjAS malaria.
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Introduction

• Increased production of endogenous nitric oxide during infectious diseases such as

listeriosis, leishmaniasis and blood-stage malaria, has been shown to correlate with

protection against infection in mice (1-4). Indeed, high levels of nitrate (N03-), an

oxidized form of NO, were detected in sera or urine of infected animals which cleared the

infection, whereas treatment with inhibitors ofNO-synthesis either resulted in exaceIbation

ofthe disease or death. Recently, increased levels ofN03- have aise been demonstrated in

plasma ofpatients infected with the malaria parasites, Plasmodium falciparum orP. vivax

(5,6). Moreover, the duration ofcoma due to cerebral malaria was shorter in children with

relatively high N03- plasma levels, which suggests that NO may have a protective role

during this disease (5). The induction of NO-synthesis during infection is thought to be

mediated by the pathogens themselves or pathogen-secreted products in synergy with

cytokines (reviewed in Ref. 7). For example, in vitro studies have demonstiated that

bacteriallipopolysaccharide or P. falciparum-derived toxins synergize with the cytokine

interferon-gamma (IFN-y) to induce the production oflarge quantities of NO by murine

macrophages (8,9). In vivostudies have shown that tumor necrosis factor-alpha (TNF­

a), in addition 10 IFN-y, bas a major role in up-regulating NO-production during infections

with Toxoplasma gondH (10) and Francisella tularensis (11). On the other band,

interleukin-4 bas been demonstrated in vitro to inhibit the up-regulation of the induct'ble

isoform ofnitric oxide synthase (iNOS), the enzyme capable ofproducing high amounts of

NO, by cytokine-activated macrophages (2).

Our labotatory bas recently demonstrated that a Thl-associated increase in TNF-a

and NO, carly during infection, corre1ates with resistance to infection with blood-stage P.

cbabaudi AS in mice (4, 13). Resistant C57BU6 (B6) mice, which develop moderate

levels ofpeak parasitemia on days 7-10 post infection and clcar the infection by 4 weeks,

were shown 10 have increased IFN-y (a Thl cytokine), TNF-a and iNOS mRNA leve1s in

• the spleen carly during infection. In contrast, susceptl'ble AlI (A) mice, which develop
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higher peak parasitemia levels and succumb to infection, have high levels of IL-4 (a Th2

• cytokine) mRNA and low levels ofTNF-a and iNOS mRNA in the spleen carly during

infection. Consistent with these results, we detected high levels of IFN-y protein and

N03- in serum recovered from B6 mice carly during infection, whereas only low levels of

IFN-yand N03- but high levels ofIL-4 and IL·S protein were found in serum recovered

from A mice during the carly phase of infection (13, 14 and unpublished observation).

Furthennore, treatment of resistant B6 mice with anti-TNF-a antibody or aminoguanidine,

an iNOS inhibitor, resulted in increased mortality inèicating tha! both TNF-a and NO have

a protective role in the carly phase of blood-stage P. chabaudi AS malaria (4, 13). In

addition, treatment of susceptible A mice with human recombinant TNF-a (bu rTNF-a)

protected these mice from an otherwise letha1 infection (15). Previous studies in our

laboratory have also shown that resistant B6 mice have, in addition to having a 100%

surviva1 rate and lowerpeak parasitemia, a more marked splenomegaly!han suscepb"ble A

mice during the early phase ofP. chabaudiAS malaria (16).

In the present study, we investigated whether IFN-y, TNF-a or IL-4 modu1ate NO

production in vivo during blood-stage infection with P. chabaudiAS. More specifica1ly,

we treated resistant B6 mice with anti-IFN-y and/br anti-TNF·a anb"bodyand delermined

iNOS expression in the spleen and N03- accumulation in serum during the carly phase of

infection with this parasite. Susceptible A mice were lrealed with anti-IL-4 or mouse

recombinant TNF-a (mo rTNF-a) and iNOS expression in the spleen and NOr

accumulation in serum were determined as for B6 mice. In addition to the effect on NO

production, we also delermined if these treatments affected other traits ofresistance to P.

chabaudiAS malaria such as surviva1, the course ofparasitemia as well as the development

of splenomega1y. Our results demonstrate that TNF-a, either alone or in synergy with

IFN-y, is a major factor ïnvolved in up-regulating NO production during blood-stage P.

chabaudi AS malaria in resistant B6 mice. Treatment ofsuscepb"ble hosts with anti-IL-4,

• however, bad no effect on NO production. Our experiments aIso indicate that TNF-ex, but

101



not IL-4, are involved in the regulation of other traits of resistance to P. chabaudi AS

• malaria such as the peak parasitemia level and splenomegaly. Thus, TNF-a, either a10ne

or in synergy with IFN-y, plays a major role in the development of resistance to blood-

stage infection with P. chabaudiAS in vivo.

Materials and Methods

Mice, parasite and experimental infections. Mice, 8-12 weeks old, were age- and

sex-matched in ail cxpcriments. B6 mice were obtained from Charles River (St. Constant,

Quebec) and A mice were obtained from Jackson Laboratories (Bar Harbor, ME). P.

chabaudi AS was maintained in our laboratory as previously described (17) and

cxpcrimental infections were initiated by intraperitonca1 inoculation with 106 P. chabaudi

AS parasitizcd red blood ecUs (PRBC).

Treatment of mice with antibodies and recombinant molecules. Resistant B6

mice were treatcd intraperitonca1ly (i. p.) with 0.2 ml pyrogen-frec saline containing 105

neutra1izing units (protein content· 3.75 mg) rat anû-murine TNF-a 19G1 monoclonal

antibody (mAb) [XT22 (18); Upstate Biotecbnology, Lake Placid, NYI, 6 houIS prior to

and 4 days after P. chabaudiAS infection. The anti-TNF-a neutra1izing titer (neutra1izing

unit&'ml) was determincd as previously descn1>ed (19) and is defined as the reciprocal of

the highest anû-TNF-a dilution which, when added to an equal volume of test sample

coptaining 20 cytotoxic units rTNF-cxIml, neutra1izcs 50% or more ofthe cytotoxic activity

of rTNf-a on L929 ceUs in the presence of acûnomycin D. Control B6 mice were

similarly treated with 0.2 ml pyrogen-free saline containing an equivalent amount ofnonnal

rat serum IgG which was prepared according ta previously described standard procedures

(19). For neutra1ization of IFN-y, resistant B6 mice were treated i. p. with 0.2 ml

pyrogen-free saline con13ining 1 mg ofmouse anti-I3l IFN-y 19G1 mAb [OB-I (20); kindly

provided by Dr. P. van der Meide (TNO Primate Centre, Rijswijk, The Nethcr1ands)l. al

• the same lime points during P. chabaudiAS infection as for the neutra1ization ofTNF-a.
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Control mice were similarly treated with 0.2 ml pyrogen-free saline aIone. For

neutralization of both TNf-a and IFN-y. resistant B6 mice were treated i. p. with 105

neutralizing units XT22 and 1 mg DB-l as descnôed above. Control mice were treated as

described above for the neutralization of TNF-a. Susceptible A mice were treated i. p.

with 0.4 mg rat anti-murine IL-4 IgGl mAb [llB.1I (21); Biologica1 Resources Bl3Dch,

BRMP, NCI-Frederick Cancer Researcb Facilily, Frederick, MD 21701-1013)], 6 bours

prior to and 4 days after P. chabaudiAS infection. The dose of lIB. Il used in our study

bas been previously shown to increase resistance to murine listeriosis (21). Control mice

were similarly trealed with 0.2 ml pyrogen-free saline containing 0.4 mg of normal rat

serum IgG. A separale group ofsusceptible A mice were treated intravenously (i. v.) with

0.2 ml pyrogen-free saline containing 102, 103, 104 or loS uoits of mo rTNF-a

(Genzyme, Cambridge, MA), 6 bours prior to and on days 3 and 5 after P. cbabaudi AS

infection. Control A mice were inOOllaled i. v. with 0.2 ml pyrogen-free saline aIone.

Determination of parasitemia, survival and splenomegaly. Parasilemia was

monitored during the course ofinfection al the limes indicated using previously descnôed

procedures (17). Survival of infected mice was assessed by twice daily observation.

Spleen weigbt, as a measure of splenomegaly, was determined on days 7 and 8 post

infection. Spleen weigbt from nonnaI control mice was aIso determined. Becanse body

weigbt among mice of the different trcalment groups was similar (22 ± 1 g), we did not

normalize spleen ta bodyweigbt.

RT-peR analysis of iNOS mRNA levels in spleen. Spleens ofB6 and A mice,

bath normal and infected, were collectedaseptical1y al the limes indieated and immediately

frozen in liquid nitrogen. Total RNA was isolated by a modification of the guanidine

thiocyanate-CsCI method as previously descn"bed (13). The RNA yield ofeach sample

was delermined spectrophotometrical1y on the basis ofthe A260 and the purily (ranging

from 1.6 to 2.0) assessed by the A260:A280 ratio. iNOS mRNA leve1s were determined

by semiquantitative RT-PCR as descn"bed by Kramnik eta1(22). Briefly, 8 JlI solutions
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containing 1 Ilg of total RNA and 1 Ilg of I1lIIdom primers (Phannacia, Piscataway, NJ)

• were hcated (65' C, 10 min) to denature RNA and were then coolcd on ice. 200 U of M­

MLV reverse transcriptase (Gibco BRL, Gl1lIId Island, NY), 10 mM of cach dNTP

(phannacia) and 20 U of RNA guard (Phannacia) in 12 III ofbuffer containing 50 mM

Tris-HCl (pH 8.3),75 mM KCl, 3 mM MgCI2, 10 mM dithiothreitol and 0.1 mg/ml

bovine serum albumin (Gibco BRL) were added to the RNA samples and the mixtures

were incubated for 1 hour at 38' C. The enzyme was inactivated by hcating (95' C, 10

min) and 30 111 RNase free water were added to cach sample. In order to compensate for

uncalculable factors affeeting the yield ofPCR produets (23), a competitive PCR standard

for semiquantitative deteetion ofiNOS expression was generated based on the method by

Forster (24). Briefly, a 527 bp fragment of the macrophage iNOS gene (25), kindly

provided by Dr. S. Snyder (Johns Hopkins University, Baltimore, MD) was amplified

using iNOS specifie primers (sense primer: 5'-TGGATTTGGAGCAGAAGTGC-3';

antisense primer: 5'-CTTTGTIACAGCTTCCAGCC-3') in a final volume of 40111

containing 1 U ofTaq polymerase (Bi()"Can, Mississauga, Ontario), 0.5-2 J!M of each

primer and 0.2 mM ofdeoxynucleotidetriphosphates (dNTPs) in PCR buffer (50 mM KCI,

10 mM Tris-HCl, 1.5 mM MgCl2 and 0.1% Triton X-IOO). The rcaetion mixture was

overlaid with 20111 ofmineral oU (Sigma, St-Louis, MO) and the DNA was amplified by

26 cycles of94' C for 1 min, 54' for 1 min and 72' C for 2 min in a thermal cycler (perkin

Elmer, Norwalk, cr). The size of the PCR product was confirmed by 1.2% agarosc gel

electrophorcsis and the DNA was purified using a PCR product purification kit (Qiagen,

Chatworth, CA). Aliquots of 50 Dg of the PCR product served as a template for the

amplification ofa410 bp fragment using the same sense primer and PCR conditions as

described above, but using an antisense 32 bp internaI linker primer (S'­

CTTCCAGCcrGGTCcrcrGGTCAAAcrCTTGG-3') matching a 22 bp sequence 140

bp downstrcam of the original position of the antisense primer. In addition te the 22

• matching bases, the primerbad a taU of 10 bases at the 5' end identical te the fust 10 bases
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at the 3' end of the original antisense primer. The 410 bp PCR product was purified and its

• size confirmed as described above. An aliquot of 150 ng of the 410 bp fragment was then

re.amplified with the original iNOS specific sense and antisense primers using the same

PCR conditions described above. The resulting 420 bp PCR product was run on a 1.2%

agarose gel, the band was cut out, purified by spinning through a 0.22 J1M cellulose acetate

filter (Costar, Cambridge, MA) for 30 min and used as a competitive standard. The

quantity ofthe standard DNA was determined using DNA Dipstick (Invitrogen, San Diego,

CA) and the standard was calibrated. A 40 fg aliquot of the standard gave a similar

strength signal as the iNOS positive spleen samples and fell into the linear range of the

standard calibration curve. For semiquantitative RT-PCR ofiNOS mRNA, 4 III aliquots of

the reverse transcription products were amplified using iNOS specific primers in a fmal

volume of 40 III containing 1 U Taq polymerase, 0.5-2 IlM of each primer, 40 fg of the

competitive standard and 0.2 mM dNTPs in PCR buffer. Each sample aIso contained 0.2

III la-32PldCTP (l0 IlCi/ml, Amersham, Arlington Heights, IL). The reaction mixture

was overlaid with 20 III minera! oil and the DNA thermal cycler was programmed for 25

cycles at 94' C for 45 sec, 62' C for 50 sec and 72' C for 1 min. Aliquots of20 III of the

reaction mixture was then analyzed on a 4.5% polyaaylamide gel in Tris-borate-EDTA

buffer. The gels were dried and exposed to X ray film (Kodak Biomax-MR, Rochester,

NY) for 48 hours. The density of the bands was determined by high resolution optical

densitometry (SciScan 5000, US Biochemical, Cleveland, OH). As a control, 2111 aliquots

ofall reverse transcription products were amplified in parallel by PCR using sense and

antisense primers for GAPDH (26). The dried gels were exposed to Kodak X-Omat·AR

(Rochester) X ray film for 20 min.

N03- concentration in serum. Blood was obtained from experimental mice by

cardiac puncture at the limes indicated, allowed ta clot for 30 min at 4' C and centrifuged at

13,800 x g for 3 min. Sera were coUected and stored at -20' C until use. Senun N03-

• levels were determined using the method descnOcd by Rockett etai (27). Briefiy, 30 III of
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•
each sarnple were incubated for 20 min at room temperature with 5 III of the enzyme, nitrate

reductase (5 U/ml; Boehringer Mannheim, Laval), and 15 III NADPH (1.25 mg/ml;

Boehringer Mannheim). After incubation, 100 III of Griess rcagent and 100 III of

trichloroacetic acid (10% aqueous solution) were added. Protein precipitates wen: removed

bycentrifugation at 13,800 xg for 5 min and 100 III ofeach supematant. in duplicate. were

transfem:d to a 96-well. flat-bottom plate and the A550 was measured using an EUSA

rcader. N03- concentrations were determined using as a standard, NaN03, diluted in

pooled serum from uninfeeted control B6 or A mice which was dialysed against PBS for

24 h. Concentrations ofN03- in the standard ranged from 12.3 to 1000 IlM. N03-levels

in the sera of experimental animals were calculated using a software program kindly

provided by Dr. K. A. Rockett (Australian National UnivelSity, Canberra).

Statistical analysis. Statistical significance of differences in parasitemia,

splenomegaly, iNOS rnRNA levels and N03- levels in serum betWeen control and antibody

or mo rTNF-a-treated mice was determined by Student's t-test. A probability ofless !han

0.05 was considercd significant.

Results

Splenic iNOS mRNA levels in anti-TNF-a and anti-IFN-y mAb-treated

resistant B6 mice during P_ cbabaudi AS infection_ We have previously

demonstrated that resistant B6 mice express increased leve1s ofTNF-a. IFN-y and iNOS

rnRNA in the spleen carly during infection with P. cbabaudiAS (4, 13). The highest levels

ofthese mRNA's were found on day 7 post infection when parasitemia ranged from 20 10

30%, coincident with 1 day prior to peak parasitemia. In order 10 investigate the role of .

TNF-a and IFN-y in the up-regulation ofNO production during blood-stage malaria, we

treated resistant B6 mice with neutralizing anti-TNF-a and/or anti-IFN-y mAb and

determined iNOS rnRNA expression in the spleens on day 7 post infection by RT-PCR.

• Expression of iNOS rnRNA was determined similarly in the spleens of control mice. As
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shown in Figure l, iNOS expression in the spleen was significantly reduced (by 50%)

• when B6 mice were treated with both anti-TNF-et and anti-IFN-y mAbs compared to

control mice. Treatment with eitheranti-TNF-et or anti-IFN-y mAb aIone, however, did not

reduce iNOS expression which was similar to iNOS expression in the spleen of control

mice (Figure 1). These data, thus, demonstrate that treatment with bath anti-TNF-et and

anti-IFN-y mAbs is required to significantly reduce iNOS expression in the spleen of

resistant B6 mice during infection. This suggests that, in the spleen of resistant B6 mice,

TNF-et synergizes with IFN-y to induce the expression of iNOS mRNA during the carly

phase ofinfection with P. chabaudiAS.

Serum N03- Ievels in anti-TNF-et and anti-IFN-y mAb-treated resistant B6

mice during P. cbabaudi AS infection. Previous results from our laboratory

demonstrated that, during P. chabaudiAS malaria, resistant B6 mice have increased serum

IeveIs ofNÛ3- on day 8 post infection coincident with peakparasitemia (4). To detennine

iftreatment of resistant B6 micc with anti-TNF-et and/or anti-IFN-y mAb affects systemic

production of NO during infection, we treated these mice with mAb as described and

detennined the leveIs ofN03- in sera coUected on days 7and 8 post infection. N03- IeveIs

were aIso detennined in sera collected from control mice. Figure 2 shows that treatIOent

with bath anti-TNF-et and anti-IFN-y mAbs completelyabolisbed the accumulation of

N03-leveIs in serum compared to N03-leveIs in serum obtained from control B6 mice on

day 7 post infection. Indeed, oolybasal N03-leveIs (approximatily 20 J,1M), simiIar to the

•

levels in serum from normal, uninfeeted B6 mice, could be detected in serum collected

from animaIs treated with anti-TNF-et and anti-IFN-y mAbs. Treatment with anti-TNF-et

mAb also significantly reduced, aIthougb not as dramatically, the accumulation ofserum

N03-leveIs, wbereas treatment with anti-IFN-y mAb aJone did not affect the concentration

ofserum N03- compared to serum from control animaIs. Similar results were obtained

wben serum was collected on clay.8 post infection, coincident with peak parasitemia (data

not shown). These data, tbus, demonstIate that treatIOent with anti-TNF-et mAb, but not
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anti-IFN-y mAb, significantly reduces the accumulation of serum N03-, whereas treatment

with both anti-TNF-cx and anti-IFN-y completely abalishes the accumulation of N03- in

sera obtained from resistant B6 mice during infection. These r~ults suggest that TNF-cx,

either alone or in syuergy with IFN-y, induces the systemlc production of NO during the

earlyphase ofP. chabaudiAS malaria.

Parasitemia, survival and splenomegaly in anti-TNF-a and anti-IFN-y ClAb­

treated resistant B6 mice during P. cbabaudi AS infection. Previous results

from our labaratory indicated that treatment of resistant C57BUIOScN mice with two

different anti-IFN-y mAbs (R4-6A2 and DB-1) significantly increased the level ofpeak

parasitemia but did not affect survival (28). In contrast, we recently demonstrated that

treatment ofresistant B6 mice with polyc1onal anti-TNF-cx antibody did not alter the level

of peak parasitemia but resulted in decreased survival (13). We herein investigated if

treatment of resistant B6 mice with anti-TNF-a and/or anti-IFN-y mAb affected three

previously descnôed (16) markers of resistance to infection with P. chabaudiAS, namely,

1) a high survival rate, 2) a re1atively low peak parasitcmia, and 3) a marked splcnomega1y.

As shown in Figure 3, mice treated with either anti-TNF-a or anti-IFN-y mAb alone

resulted in a slight, but not significant increase in the peak parasitemia levels compared to

control animals (46 ± 3% and 49 ± 4% versus 42 ± 3 %, respectively). However,

treatmcnt with bath mAbs resulted in a significantly higher peak parasitemia level than that

of control animais (58 ± 2% versus 42 ± 3 %, respectively). Furthermore, 100% (30/30)

of the B6 mice treated with either mAb alone or both together survived the infection.

FIgUre 4 shows that micc treated with anti-TNF-a mAb alone or in combination with anti­

IFN-y mAb had a significant reduetion in spleen weight (by 25%) compared to the spleen

weights of control animaIs (242 ± 16 mg and 237 ± 10 mg versus 313 ± 24 mg,

respeetively). Takcn togethcr, these data demonstrate that treatmcnt with bath anti·TNF-a

and anti-IFN-y mAbs is required to significantly increase the peak parasitcmia level of

resistant B6 mice during infection. In contrast, survival ofB6 mice during infection is not
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afTeetcd by either mAb a10ne or IOgether. Furthermore, treatment with anti-TNF-cx, but not

anti-IFN-y, partially but significantly decreases the development of splenomegaly in B6

mice during infection. These results, thus, suggest that peak parasitemia level in B6 mice

during P. chabaudi malaria is controlled by TNF·<x in synergy with IFN.y. The

development ofsplenomegaly during infection, on the other band, appears to he partially

induccd by TNF-lX. but not by IFN·y.

Splenic iNOS mRNA levels and serum N03- levels in anti-IL-4 mAb or mo

rTNF-<x-treated susceptible A mice during P. cbabaudi AS infection. We

have previously demonstratcd that susceptible A mice produce high amounts of IL-4

mRNA on day 5 post infection and suggestcd that this Th2 cytokine, in addition to other

Th2 cytokines sucb as IL-I0, may suppress NO production in this hast during infection (4,

13). We also demonstratcd that i.v. treatment with 105 units hu rTNF-<x rescued A mice

from an otherwise letha1 P. cbabaudiAS infection and suggestcd that TNF-<x may induce

the production ofprotective amounts ofNO (4, 13, 15). In orderto determine ifIL-4 and

TNF-<x are able to suppress and induce, respectively, NO production iD vivo during P.

cbabaudiAS malaria, we treated susceptible A mice with either anti-IL-4 mAb or with 105

units mo rTNF-lX and determined iNOS mRNA expression in the spleen and N03- levels

in serum on days 7 and 8 post infection. Wealso eY3mined iNOS mRNA expression in the

spleen and N03- levels in sera of control mice. Our results indicate that treatment with

anti·IL-4 mAb or mo rTNF-<x did not affect iNOS mRNA expression in the spleen (FJgUrC

5) and N03- levels in serum (Table 1) of susceptible A mice on day 7 post infection.

Indeed, iNOS mRNA expression and serurn N03-levels in the anti·IL-4 mAb or mo

rTNF-<x-treated mice were not increased compared to the low levels of control animais

(FIgUre 5 and Table 1). Sïmilar results were obtained when iNOS mRNA expression and

serum N03- levels ofmo rTNF-<x-treated animaIs were e.Y3mined on day 8 post infection.

coincident with peak parasitemi::, ûrwhen A mice were treated with 104 units mo rTNF-<x

(data not shown). These data, thus, suggest that IL-4 by itseIf does not inln'bit NO
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production by susceptible A mice during the carly phase of P. chabaudi AS malaria.

Furthennore, these resul15 aIso demonstrate that mo rTNF-et by itself is not able to induce

NO production by A mice during infection with P. chabaudiAS.

Parasitemia, survival and splenomegaly in anti-IL-4 mAb or mo rTNF-a­

treated susceptible A mice during P. cbabaudi AS infection. Previous resul15

from our laboratory had already demonstrated that tteatment with hu rTNF-a increascd the

survival rate and significantly decrcased peak parasitemia levels of susceptible A mice

during infection (15). Here, we investigated iftteatment with anti-IL-4 mAb or mo rTNF­

Ct, as descn"bed above, resul15 in increased resistance ofotherwise susceptible A mice to P.

chabaudiAS malaria. We therefore exarnined the effect of these tteatmen15 on the markers

of resistance to infection with P. cbabaudiAS described above. Our resul15 demonstrate

that treatment with either anti-IL-4 mAb or mo rTNF-a neither increascd the survival rate

(data not shown) or decreascd peak parasitcmia levels (Table I) compared to control mice.

Similar resul15 were obtained when A mice were trcated with 102, 103, or 104 uni15 mo

rTNF-a (data not shown). Furthennore, tteatment with either anti-IL-4 mAb or mo rTNF­

a did not increase spleen weight consistently compared to control mice (Table 1). A

significant increase in spleen weight was observed on day 7 when mice were treatcd with

mo rTNF-et (Table 1) but this was not the case when spleen weight was mcasured on day 8

post infection (data not shown). These data, thus, suggest that IL-4 by itself does not

inIu"bit the development of resistance by susceptible A mioe against infection to P. chabaudi

AS and demonstrate that tteatment with mo rTNF-a, in contrast 10 treatment with hu rTNF­

Ct, is not able 10 confer resistance 10 A mioe against P. chabaudiAS malaria.

Discussion

We report here that TNF-Ct, eitheralone or in synergy with IFN-y, up-regulates NO

synthesis, whereas ll.-4 on its own does not appear to be involved in regu1ating NO

production iD vivo during blood-stage infection with P. cbabaudiAS. Indced, treatment of
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infected B6 mice, which have been shown to produce increased levels of TNF-o:, IFN-y

• and NO carly during infection with P. chabaudi AS (4, 13), with anti-TNF-o: and anti­

IFN.y mAbs significantly reduced iNOS mRNA expression in the spleen. Furthermore,

treatment with anti-TNF-o: mAb alone or in combination with anti-IFN-y mAb significantly

reduced N03-levels in serum. In contrast, treatment ofinfected A mice, which have been

shown to produce low levels ofTNF-a, IFN-y and NO but high levels oflL-4 early during

infection with P. chabaudi AS (4, 13), with anti-IL-4 mAb aJone did not affect iNOS

mRNA expression in the spleen nor N03- levels in serum. These resu1ts are in agreement

with recent data from our laboratory showing that treatment of susceptible A mice with

recombinant IL-12, a cytokine with the ability to induce the development ofThI ceIIs (29),

induces high serum levels ofTNF-o:, IFN-y and, interestingly, N03- (30). Furthermore,

treatment v.ith recombinant IL-12 aise induced spleen cells recovered from A mice during

infection to produce high levels oflFN-y in vitro. Interestingly, IL-12 treatment did not

alter the production ofIL-4 by these cells (30). Our resu1ts are aIso consistent with a recent

study by von der Weid et al (3I) which indicated that mice with a disrupted ll.-4 gene

develop a functional Thl response and clear a primary infection with P. clmbaudi AS in a

manner similar to their wild-type eounterparts. Furthermore, Th1 clones specifie for P.

chabaudi AS have been shown to he proteetive in vivoby an NO-dependent mechanism

(32). The resalts of these studies as well as the present data, thus, suggest that NO

production during infection with P. clmbaudi AS is regulated in vivo by Th1-associated

TNF-o: and not by IL-4. It would he ofinterest to investigate ifIL-10 and TGF-", other

cytokines besides ll.-4 suggested to inhibit NO production in vivo(33), are invo1ved in the

low production of NO by susceptible A miee. On the other hand, Plasmodium-derived

toxins,whieh have been shown to induce NO production in vitro (9), do not appear to he

major regulators of NO synthesis in vivo in our mode!. The parasite 1oad, and thus the

amount ofpaIllSite-derived toxins, is similar to or even greater in A compared te B6 mice 1-

•
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2 days before the peak of parasitemia whereas the leve1 of NO production at that time

• during infection is greater in B6 miee.

Our results also demonstrate that trcatment of resistant B6 miee with anti-TNF-a

and anti-IFN-y reduees splenic iNOS mRNA expression by only 50% whereas serum

N03-levels are reduced by 100%. This finding may indicate that TNF-a in synergy with

IFN-y affects NO synthesis both at the level of transcription as weil as post­

transeriptiona1ly during infection with P. chabaudiAS. In other words, TNF-a in synergy

with IFN-y may up-regulate transcription of the iNOS gene by 50 % and may, in addition,

he required for the stability and/or activity of iNOS protein. Treatment with anti-TNF-a

and anti-IFN-y mAbs would then result in complete reduction of N03-levels in serum but

only partial reduction ofiNOS mRNA levels. In this respect, it bas been shown that TGF­

13, anotherpleiotropic cytokine produced ~uring infection (34), accelerates the degradation

of iNOS protein in mouse macrophages (35). On the other hand, N03- levels in serum

during infection with P. chabaudi AS may be derived from various organs which are

differentially regulated with respect to NO synthesis as bas been previously shown by

Cunha et al using a mouse model of sepsis (36). The latter srudy demonstrated that

treatment with anti-TNf-a or anti-n.-113 decreased the level ofiNOS enzyme activity in the

heart but not in the lung. Thus, treatment with anti-TNF-a and anti-IFN-y mAbs during P.

chabaudiAS infection may completely abolish iNOS expression in major NO synthesizjng­

organs such as the heart and other organs and only partially reduce iNOS expression in the

spleen. This could then result in low and undeteetable amounts of serum N03- as we

found in the present srudy.

To our surprise, treatment ofsusceptible A mice with mo rTNF-a did not increase

the level ofiNOS mRNA in the spleen or N03- levels in serum during infection with P.

chabaudiAS. Moreover, titis treatment did not decrease the level ofpeak parasitemia nor

did it increase the survival rate of susceptible A mice during infection. These fmdings

'. contrast sharply with previous results from our laboratory which demonstrated that
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treatrnent with similar doses of hu rTNF-a significanùy decreased the level of peak

parasitemia and rescued susceptible A mice from an otherwise lethal infection with P.

chabaudiAS. The biologica1 effect ofmo rTNF-a versus hu rTNF-a in A mice during P.

chabaudi AS malaria is thus remarkably different. In this regard, it bas been shown that mo

rTNF-a binds to both mouse TNF receptors [TNFRI (pSS) and TNFR2 (P7S), Reviewed

in 37) whereas hu rTNF-a binds ooly to mouse TNFRI (PSS) (38). It is thus tempting to

suggest tbat ligation of TNFRI (pSS), in contrast to ligation of bath TNFRI (PSS) and

TNFR2 (p7S), confers protection in A mice against P. chabaudi AS malaria. We also

observed that treatrnent ofA mice with mo rTNF-a, and thus presumably ligation ofbath

TNFRI (pSS) and TNFR2 (p7S), resulted in earlierand increased iNOS mRNA expression

in the liver, concomitant with severe liver necrosis (39). Moreover, some mo rTNF-a­

trealed animais died earlier compared to untreated A mice during infection with P. cfubaudi

AS (39). Taken together, these fmdings are consistent with results from Rothe et al (40)

and Erickson et al (41) which showed that mice deficient in TNFRI (pSS) are more

susceptible to infection with LJstedamonocytogeneswhile mice deficient in TNFR2 (P7S)

bave a dramatic decrease in TNF-induced tissue necrosis and death. It would he ofinterest

to investigate whether there is a differential expression of the two TNF receptors hetween

resistant B6 and susceptib~eA mice during infection with P. cfubaudiAS.

Our resullS also show that treatment ofresistant B6 mice with anti-TNF-aand anti­

IFN-y mAbs significantly increases peak parasitemia but does not alter survival of this

mouse strain during infection with P. cbabaudi AS. These results are in agreement with

recent data from our laboratory which indicated that treatment ofB6 mice with anti-ll.-12

antibody also increases peak paxasitemia without affecting survival, presumably by

suppressing the SYDthesis of TNF-a and IFN-y (30). Furthermore, we bave previously

shown tbat treatment of P. cbabaudi AS infected-B6 mice with the iNOS inln"bitor

aminoguanidine does not alterpeakparasitemiabut significanùy decreases survival ofthese

animais (4). These fmdings, and the fact that treatment with bath aminoguanidine oranti-
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TNF-cc and anti-IFN-y mAbs inhibits NO synthesis, suggest, firstly, that NO protects the

host but is not involved in controlling the leve1 ofpeak parnsitemia and thus parasite killing,

and secondly, that TNF-cc in synergy with lFN-y induces one or more factons) different

from NO which are involved in parasite killing. ln this regard, the existence ofunidentified

factons) in serum which require the presence ofooth TNF-cc and lFN-y have previously

been shown to mediate killing of the malaria parasite P. cynomo/Bi(42). Furthermore, the

fact that treatment with anti-lL-4 mAb did not affect the course ofparasitemia and survival

to infection with P. cbabaudiAS is in agreement with a recent study, already cited above,

showing that mice with a disrupted lL-4 gene c1ear P. cbabaudi AS-infection in a similar

manner as their wild-type counterparts (31).

Our results also demonstrate that TNF-cc, but not IFN-y or lL-4, is involved in the

development of marked splenomegaly in resistant B6 mice during infection with P.

cbabaudiAS. Since TNF-cc, but not IFN-y and 1L-4, bas been shown to be chemotactic

for monocytes (43) and to induce endothelia1 cells to express adhesion molecules favoring

leukocyte emigration (44), it is tempting to speculate that TNF-cc may be involved in the

accumulation of leukocytes in the spleen and, thus, the development of splenomegaly.

Moreover, the results ofother studies also suggest that TNF-a induces splenic enllugement

(45).

Taken together, our results demonstrate that TNF-a, cither alone or in synergy with

lFN-y, affects different aspects of resistance to P. cbabaudi AS malaria in vivo: 1) it

induces high amounts ofNO which are critica1 to survive the infection, 2) it is involved in

controlling the peak level ofparasitemia which does not appear to depend on the presence

ofNO, and, 3) it partially regulates the development of splenomegaly. ln contrast, lL-4

alone which is produced in high amountsby susceptible A mice during infection, does not

appear to be involved in the regulation of NO production, peak level ofparasitemia or

splenomegaly. Protection against P. chabaudiAS ma1aria, thus, depends on the production
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of increased levels of Thl-associated TNF-cr. which induces NO-synthesis carly during

infection.
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Figure I.

Splenic iNOS mRNA levels of anti-TNF-a and/or anti-IFN-y mAb-treated resistant B6

mice during P. chabaudi AS infection. (A) Total RNA was purified from spleens

recovered from an uninfected, control (= u **) mousc and day 7 infected micc treated with

normal rat serum 180 (- infected controIs ***) or anti-TNF-a and/or anti-IFN-y mAb (0

per trealment group 5 4). Splenic iNOS mRNA expression per individual mouse was

determined by RT-PCR. Aliquots of 40 fg of competitive standardS werc co-amplified

with each ofthe cDNA samples. GAPDH mRNA levels were also determined by PCR for

each sample. n* =negative control (that is, no cDNA except for the competitive standard,

was added to the PCR mixture). The data shown are representative of two replieate

expcriments. (B) Scanning densitometry of the autoradiographs shown in panel A. The

density of the bands corresponding to iNOS mRNA expression was determined and

normalized against the leveIs ofthe competitive standard and the rcsulling values werc then

normalized against the bands corresponding te GAPDH expression.

O. D. - Optical Density. **** p < 0.05 veISUS infected control micc•
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Figure 2.

SelUm N03-Ievels in anti-TNF-lXancVoranti-IFN-y mAb-treatcd rcsistant B6 mice during

P. chabaudi AS infection. SeIUm was obtaincd from uninfcetcd control and day 7 infcetcd

mice trcatcd with normal rat selUm 19G (= infceted controIs) or anti-TNF-lX ancVor anti­

IFN-y mAb (n pcr trcatrncnt group· 4-6). SeIUm N03-Ievels pcr individual mousc were

determincd by a modification of the Gricss reactïon. The data shawn are rcprcscntative of

two replicate cxpcrimcnts. * p < 0.03 versus infeetcd control mice•
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Figure 3.

Parasitemia in anti-TNF-a and/or anti-IFN-y mAb-treated resistant B6 micc during P.

chabaudi AS infection. Parasitemia was determined al the times indicated on duplicate

blood smears collected from mice treated with normal rat serum IgG (- controls) or anti­

TNF-a and/or anti-IFN-y mAb (n per treatment group - 4-6). The data shown are

representative oftwo replicate experiments. * p< 0.002 versus control micc•
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Figure 4.

Spleen weight of anti-TNF-Ct and/or anti-IFN-y mAb-treated resistant B6 mice during P.

chabaudi AS infection. Spleen weight was determined for uninfected control and day 7

infected mice treated with normal rat serum IgG (. infeeted controIs) or anti-TNF-Ct and/or

anti-IFN-y mAb (n per treatment group· 4-6). The data shown are representative oftwo

replicate experiments. * p < 0.05 versus infeeted control mice.
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Figure 5.

Splenic iNOS mRNA levcls ofanti-IL-4 mAb or mo rTNF-a -treated susceptible A mice

during P. chabaudi AS infection. (A) Total RNA was purified from spleens recovered

from an uninfected, control (= u **) mouse and day 7 infected mice t.-eated with normal rat

serum IgG (= infected controIs ***) or anti-IL-4 mAb or mo rTNF-a (n per treatment

group = 3). Splenic iNOS mRNA expression per individual mouse was determined by

RT-peR. Aliquots of40 fg of competitive standardS were co-amplified with each of the

cDNA samples. GAPDH mRNA levels were also determined by PCR for cach sample. p*

- positive control (that is, splenic iNOS mRNA expression in resistant B6 mice on day 7

post infection with P. chabaudi AS). The data shown are representative oftwo replieate

experiments. (B) Scanning densitometry of the autoradiographs shown in panel A. The

density of the bands corresponding to iNOS mRNA expression was determined and

normalized against the leveIs ofthe competitive standard and the resulting values were then

normalized against the bands corresponding to GAPDH expression. O. D. - Optical

Density.
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• TABLE 1

Serum N03- levels, peak parasitemia levels and spleen weights of anti-IL-4

mAb or mo rTNF-a-treated susceptible A mice during P. cbabaudi AS

infection.

Treatment Serum NOr
(pM ± S.E.M.)

normal rat seruma 19 ± 2

anti-IL-4 mAb 21 ± 2

mo rTNF-a 16 ± 2

Peak Parasitemia
(% ± S.E.M.)

65 ± 3

67 ± 3

58 ± 9

Spleen Weight
(mg ± S.E.M.)

165 ± 04

175 ± Il

221 ± 22b

•

a i.v. treatment of control mice with 0.2 ml pyrogen-free saline gave

similar results as treatment with normal rat serum.

b p < 0.05 versus control mice•
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GENERAL DISCUSSION AND

CLAIMS TO ORIGINALITY
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Previous resullS from our laboratory have demonstrated that resistance to blood­

stage P. chabaudi AS bas a genetic basis. Indeed, segregation analysis of backcross and

F2 progeny derived from susceptible and resistant strains of mice bas shown that a major,

dominant, autosomal, non-H-2-linked gene or a closely linked set of genes controls

resistance to blood-stage P. chabaudiAS (1). Analysis of recombinant inbred strains

derived from susceptible A and resistant B6 confirmed this genetic control ofresistance (2).

Furthermore, the phenotypic expression of this gene occurs carly during the course of

infection and, thus, may reiate to the control ofparasite multiplication (2). In this regard,

more recent in vitro studies showed that there were market: qualitative differenees in the

production ofcytokines, which are known to regulate mechanisms potentially involved in

controlling parasite multiplication, between resistant B6 and susceptible A mice carly

during the course ofinfection. Indeed, splenocytes recovered from resistant B6 mice carly

during infection were shown te produce high levels of the Thl cytokine IFN-ywhereas

splenocytes recovered from susceptible A mice at the same lime during infection produced

high levels of the Th2 cytokines IL-4, !L-S and IL-I0 (3 and unpublished observation).

These data, in addition to previous results demonstrating that CD4+ T cells, macrophages

and an intact spleen are required to resolve P. cbabaudiAS malaria (4-6), suggest that IFN­

y-mediated macrophage activation in the spleen plays a major role in resistance to infection

with P. chabaudi AS. Moreover, TNF-a, a cytokine mainly produced by macrophages,

was a\so shown to have a dominant role in detennining resistance to this pa1CISÏte (7).

The studies presented in this thesis suggest that, carly during infection with blood­

stage P. cbabaudi AS, a Thl respor.se, as occurs in the spleen of resistant B6 but not

susceptible A mice, leads to increased TNF-a production. TNF-a alone, or in synergy

with IFN-y, was shown to affect peak parasitemia levels, splenomegaly and the up­

regulation ofNO. Moreover, the production ofNO was demonstrated ta he CIUCial in oroer

li: survive P. cbabaudi AS malaria. However, despite the faet that NO derivates have been

shown to km malaria paIaSites ÏIl vitro (8), NO did not appear ta he involved in paJaSite
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killing in vivo. The present stuèies aise suggest that a Th2 response carly during the

course of infection, as occurs in susceptible A mice, down-regulates the production of

protective amounts ofTNF-cx and NO. Indeed, high levels oflL-4, but low levels ofIFN­

y, TNF-cx and NO are found in these mice carly during infection. Moreover, in vitro

studies have previously shown that IL-4 and IL-lO down-regulate the production of NO

and TNF-cx by macrophages, respeetively (9, 10). Furthermore, the high peak parasitemia

levels seen in susceptible A mice later during infection appear, in addition to provoking a

high degree ofanemia (11), to trigger the production ofexcessive and pathologie levels of

TNF-cx which ultimately results in death. The increased levels of iNOS mRNA in the Iiver

ofsusceptible A mice observed at the time ofdeath May aise be induced by the high TNF-cx

levels in this organ.

In the final section of this thesis, 1 would Iike to address some issues which

demand further clarification.

The P. c1Jabaudi AS resistance gene

As mentioned above, a gene which appcars to he expressed carly during infection

and May he involved in controUing parasite multiplication determines resistance to blood­

stage infection with P. chabaudiAS. An carly event which relates to controlling parasite

multiplication and resistance to P. cbabaudiAS malaria, is the differential production ofT

ceU derived cytokines, that is, the production of Thl versus Th2 cytokines, hetween

resistant and susceptible mice. In other words, the resistance gene May relate te the

expression of an carly and protective Thl response as seen in resistant B6 mice.

Interestingly, IL-12, a cytokine produced by antigen presenting ceUs such as macrophages

and B ceUs, bas heen shown te promote the developmect and proliferation ofThl ceUs,

partially through enbancing the production ofIFN-y (12-14). Moreover, a recent study

from our laboratory demonstrated !hat treatment ofA mice with recombinant n.-12 could

induce the development ofresistance te P. ehabaudiAS in an otherwise susceptible hast via
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• a Thl response involving IFN-y, TNF-a and NO (15). Thus, the resistance gene may he

expressed earlier than the pcriod in which Th1 cytokines are produced and its function may

relaIe 10 the induction of the Th1 response. In olher words, the resistance gene may be

expressed al the leve1 of the antigen presenting cell and may relaIe to the production ofIL­

12 or at the leve1 of cells, which produce Thl-promoting IFN-y in response ,0 IL-12, such

as NK cells (16). Il might thus he of interest to investigate the role of NK ceUs in

resistance to blood-stage P. cbabaudi AS. In addition, mapping the chromosomal location

of the resistance gene and determining the cell type expressing it will he needed to confum

the above hypothescs. The demonstration of the existence ofa hllman homologue ofthis

resistance gene could he a next step.

Tissue-specifie production of TNF-a and NO during infection with P.

cbabaudiAS

1 demonstrated that IeSistance ta blood-stage P. chabaudjAS malaria correlates with

high levels ofTNF-a -and iNOS mRNA in the spleen and increased levels of TNF-a

mRNA in the Iiver carly during the course ofinfection. 1 herebyassumed that bioactive

TNF-a and iNOS protein is indeed produced in these organs. Justification for this

assumption is based on the foUowing facts: 1) TNF-a protein and N03-, an oxidized

product IeSulting from iNOS activity, are PIeSent in serum coUected from IeSistant micc

carly during infection; 2) although the induction ofuntranslated pools ofTNF-a mRNA

bas been shown in vitro (17), LPS-like Plasmodia antigens are known to inducc the

secretion of TNF-a protein in vivo (18) and LPS bas been demonstrated to bath up­

regulate TNF-agene transcription and translation in vitro and in vivo (19-21); and 3) there

is little evidence for the existence of untranslated pools of iNOS mRNA (22).

Furthermore, and as 1 discussed hefore. we can not exc1ude that bath TNF-a and NO are

produced in organs other than spleen and liver during" infection with P. cbabaudiAS. In

• this regard, LPS administration to transgenic mice bearing a reporter gene construet in
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which the TNF coding sequence was replaced by a chlorarnphenicol acetyItransferase

(CAT) coding sequence induced CAT acti.;ty in kidney, hcart, islets of Langerhans,

spleen, lung, fallopian tubes and uterus (23).

Furtbermorc, 1 demonstrated that macrophages in the spleen rccovered from P.

chabaudiAS infected B6 mice are able to produce high leve1s ofNO upon stimulation with

LPS. Prcvious rcsults from our laboratory showed that, fcllowing LPS stimulation, these

cells aIso produce high leve1s ofTNF-<x (24). These data, thus, suggest thai macrophages

in the spleen may rcprcsent the cellular source ofboth TNF-c:: and NO in vivo. However,

many other ceU types in the spleen such as T, B and cndothelial cells arc able to produce

TNF-<x and/or NO (20, 25). Morcover, the procedure which is used in our studies to

separate macrophages from the rcst of the spleen, based on the ability ofmacrophages to

ac1herc to plastic, appears to isolate only macrophages from the spleen's white pulp and not

from the rcd pulp or marginal zone (26). It is thus possible that, in addition to ecl1s other

than macrophages, red pulp and marginal zone macrophages produec high amounts of

TNF-<x and NO in vivo during inrection with P. chabaudiAS. Furthermorc, prcliminary in

situhybridization studies in our laboratory indicate that, in the liver ofsusceptible A miec,

both hepatocytes and Kupffer cel1s produec NO during infection with P. chabaudi AS

(unpublished observations). Kupffer ceUs arc aIso known to produce TNF-<x (20).

1 also presented data which suggest that TNF-<x and IFN-yarc requircd to up­

regu1ate NO production in the spleen of rcsistant B6 mice carly during infection with P.

chabaudiAS. Although high leve1s ofTNF-<x mRNA werc aIso found in the liver ofthese

animais, high iNOS expression in this organ could not he detcctcd. A lack ofhigh local

production ofIFN-y or other stimuli rcqujrcd to induec iNOS expression in the liver, but

not in the spleen, may explain the latter fmdings. Indecd, it is known that the rcquircments

for induction ofiNOS differ depending upon the ecll-type; for example, IL-I can synergize

with TNF-<x to increase the production ofNO by hcpatocytes whercas IL-I bas no effect

• on macrophages for the s~tionofNO (27, 28). Furthermorc, the moderate increase in
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iNOS mRNA Icvels in the liver ofsusceptible A mice Iater during infection, coincident with

peak parasitemia, may he the result of the presence ofexcessive levels ofparasite antigen in

thcse mice which, via the massive induction ofTNF-a and perhaps other inflammatory

mediators sucb as IL-l, up-regulates iNOS expression.

Role of TNF-a and NO during infection with P. cbabaudi AS

A major objective of this thcsis was to try to understand how TNF-a and NO

media:e protection during P. chabaudi AS malaria. My results demoustrate that TNF-a,

when produced carly du.ring infection, is involved in controlling parasite multiplication,

splenomegaly, and NO production. Ali three of !hese TNF-a-induced effects may

contribute to resistance against P. chabaudiAS malaria as fol1ows: 1) controlling parasite

multiplication, petbaps through the induction ofreactive oxygen intcrmediatcs, may prevent

the development of high levels ofpeak parasitemia, severe anemia and dcath, as = in

susceptible A mice; 2) as the spleen is believed to be required for the expression ofan

effective immune respous'; during P. chabalIdiAS malaria (29), a marked splcnomega1y

may contribute quantitati\'dy to this protective response; and 3) NO may protcet hast tissue

l'gainst damage by rcactive oxygen intermediatcs as 1 will discuss furtber in more detail.

Except for the induction ofsplenomega1y, TNF-a: was also shown to exert these protective

effects in synergy with IFN-y. Moreover, 1demonstrated that incrcased IFN-y production

associatcs with, and may even be required for the induction of, high levels ofTNF-a:. In

contrast, excessive production ofTNF-a late during infection, as seen in suscepbDle A

mice, whicb appears to occur indcpcndently ofIFN-y, may3ggIawte anemiaby enhancing

erythrophagocytosis, as recently suggcsted by Taverne et al (30). Excessive TNF-a

production may also be involved in hypoglycemia and liver damage as d~scussedbefore.

However, 1 t:cated susceptible A mice with pentoxify1line, a drug shown to preventTNF-a

synthesis (31), late during infection and was not able to prevent these mice from dying

during P. chabalIdiAS malaria. These data, thus, suggest that TNF-a: may COntnDute 10,
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but is not me major cause of deam in mis maiaria model. These findings are also fully in

agreement with studies by Yap et al (Il) which demonstrated that anemia :5 me principal

cause ofdeam ofsusceptible A mice during infection wim P. chaba1JdiAS. Funhermore,

in addition to IL·12, bom TNF-Ctand IFN-y are mought to bc involved in me generation of

Thl cells (12). Thus, it appears Ù1at me following sequence ofevents is necCSSlllY for me

development ofresistance to P. chabaudiAS as occurs in resistant hosts, such as B6 mice.

First, during me very first day(s) following infection wim P. chabaudi AS, IL-12 in

synergy wim TNF-Ct up-regulates me production ofIFN-y which leads to me proliferation

of Thl cells. Second, soon after, that is, 1-3 days before peak parasitemia, IFN-y

produced by Thl cells up-regu1:ltes TNF-Ct and bom molecules synergize to induce reac:ive

oxygen intermediates and NO. However, if excessive levels of malaria-antigen induce

excessive levels of TNF-et late during infection, mat is, at or 1-2 days after peak

parasitemia, mere is exacerbation of disease, as occurs in susceptible hasts, such as A

mice.

The studies wherein resistant B6 mice were treated wim aminoguanidine, a specific

iNOS inhibitor (32), demonstrated Ù1at inhibition ofNO production does not affect peak

parasitemia. This observation suggests Ù1at NO may not bc involved in controlling parasite

multiplication. However, NO was shown to he crucial for survival of me host and 1

suggested that NO protects host ('.cIls, in addition 10 omer known anti-oxidant systems

(33), against damage from reactive oxygen intermediates (ROI). Thus, 1 propose that

instead ofNO, ROI, almough they cao damage host cells, are produced to either directly

kill malaria parasites, as bas been previously demonstrated in vivo (34), or bc involved in

indirect killing through the formation ofperoxidized fatty acids which were also shown 10

he lethal for malaria parasites in vitro (35). The role ofTNF-a. and IFN-y in controlling

parasite multiplication, as mentioned ahove, may thus he mediated by the induction ofROL

However, 1cao not exc1ude that, in sorne cases, NO is involved in parasite killing in vivo

becanse. as it appears that there is a subtle interplay bctween NO and ROI (36), it would be
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not surprising that there is a1so a high degree of redundancy between both species of

reactive radicals. In other words, NO may act as a 1011er molecule when only low levels of

ROI are produced, as may be the case in the slUdy of Cavacini et al (37) in which PIJ mice

resolved an infection with P. ch1Jbaudi adami and the slUdy by Taylor-Robinson et al (38)

in whic'l a Th1 clone transferred protection to T-cell depleted P. cbabaudi AS-infected

mice. Altematively, NO may detoxify ROI when the latter are produced in large amounts,

as may be the case in our slUdy using immunologically intact mice. Furthermore, NO bas

a1so been shown to suppress lymphoproliferation during infection with P. cbabaudi AS

(39,40). The l'iller findings may demonstrate another mechanism through which NO

proteets the host from 3 potentially harmfull, cell-mediated, inflamtltatory-type response.

The production of NO in the liver of susceptible A mice Jale during P. cbabaudi AS

malaria, as secn in our slUdy, may be a fruit1ess attempt to protect this organ against TNF­

c:x-mediated damage. Furthermore, high levels ofNO may, similar to ROI, aIso damage

host cells (36). Little is known, however, about mechanisms which protect cells against

high levels ofNO (36).

Taken together, it appears !hat the P. cbabaudi AS resistance gene is expressed

carly and correlates with a complex pathway ofTNF-c:x-mediated events which leads to the

control of parasite multiplication concomitant with NO-mediated host protection.

Susceptibility, on the other band, is characterised by the lack of carly, TNF-c:x-mediated

events which results in high parasitemia levels concomitant with the late production of

excessive amounts of TNF-c:x, pathology and death. The fàct that, during human malaria

infections, increased NO production a1so appears te correIate with protection (41) whereas

high serum TNF-c:x levels correlate with pathology and dcath (42), underscores the

relevance ofmy fmdings in the understanding ofhuman immune responses to blood-stage

malaria.
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CLAIMS TO ORIGINALITY

Chapter 2 demonslIates that the role ofTNF-a during P. chabaudi AS malaria may depend

on the timing and site of its expression and the presence of cytokines reguiating its

production.

(1) Resistant C57BU6 mice have higher levels ofTNF-a mRNA in the spleen and liver

carly during infection compared to susceptibleNI mice.

(2) The high levels of TNF-a mRNA in the spleen of resistant mice correlate with

incrcased levels of IFN-y mRNA and low levels oflL-4 mRNA. On the other band, the

low levels ofTNF-a mRNA in the spleen of susceptible mice correlate with increased

levels ofIL-4 mRNA and low leve1s ofIFN-y mRNA.

(3) Susceptible NI mice express higher levels of TNF-a mRNA in the liver and have

higher serum levels ofTNF-a protein laler during infection compared to resistant C57BU6

mice.

(4) Neutralization of TNF-a in resistant C57BU6 mice during infection results in

increased mortality but bas no effect on peak parasitemia leveL

Chapter 3 demonstrates that the ability to produce high amounts of NO correlates with

resistance to P. chabaudiAS malaria and that the sile of its expression is critica1.

(1) Both splenic and peritoneal macrophages recovered from resistant CS7BU6 mice

during infection produce higher levels ofN02- iD vitro in response to LPS than similady

stimulated macrophages from susceptibleNI mice.

(2) Resistant C57BU6 mice have, during infection with P. chabandi AS, higher levels of

splenic iNOS mRNA and serum N03- iD vivo compared te suscepboleNI mice•
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(3) Inhibition of NO production by resistant C57BU6 mice during infection results in

increased morta1ity but bas no elTect on peak parasitemia level.

(4) Susceptible AIJ mice have amoderate increase in iNOS mRNA leve1s in the Iiver later

during infection.

Chapter 4 demonstrates that TNF-lX and IFN-y. but not IL-4. play a major raIe in the

regulation ofNO production and other traits of resislancc during P. cfubaudi AS malaria.

(1) Neutralization ofTNF-lX and IFN-y in resislant C57BU6 mice during infection results

in rcduced NO production and increased peak leve1s ofparasitcmia.

(2) Neutralization ofTNF-lX aJone in these mice also results, aJthough to a lesser extcnt

compared to neutralization of bath TNF-lX and IFN-y, in reduced NO production and

reduces the developmcnt ofsplenomegaly.

(3) Neutralization of IFN-y aJone in resislant C57BU6 mice during infection slightly

increases peak parasitemia leve1s but bas no elTcet on NO production and the development

ofsplenomegaly.

(4) Neutralization ofIL-4 aJone in susceptible AIJ mice during infection bas no elTcet on

NO production, peak levels ofparasitemia and the development ofsplenomegaly•
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