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Preface 

Toxop/asma gondii has been recognized as one of the most 
successful protozoan parasites infecting 10%-25% of the 
world's human population. For a long time, toxoplasmosis 
has been known as a disease severely affecting newborns 
who have acquired the parasite in utero. Post-natally acquired 
toxoplasmosis is usually an asymptomatic infection that per­
sists lifelong. However, in immunocompromised patients, such 
as those suffering from the acquired immune deficiency syn­
drome (AIDS). or those who receive organ transplants or ag­
gressive cancer chemotherapy, persistent Toxop/asma gondii 
infections can reactivate, and this can eventually lead to fatal 
outcomes. 

The emergence of toxoplasmosis in immunocom­
promised patients has increased worldwide interest in this 
parasite. For example, the European Union has launched a 
program for collaborations on research of Toxop/asma gondii 
and/or HIV Several workshops focusing on these diseases 
have been held, such as "Toxop/asma gondii Research in Eu­
rope". By bringing experts together from around the world, 
this volume of Current Topics in Microbi%gy and /mmun%gy 
offers comprehensive reviews and unpublished data about 
current knowledge of the interaction of Toxop/asma gondii 
and its human and animal hosts. 

The extreme success of Toxop/asma gondti infection is 
due to its ability to invade any nucleated cell of human indi­
viduals and most warm-blooded animals. Once infected, Toxo­
plasma gondti multiplies and resides inside the Gell. The dif­
ferentiation from the rapidly dividing tachyzoite stage to the 
dormant bradyzoite stage is one important prerequisite for 
lifelong persistence. This stage conversion seems to depend 
on the hosts' immune response; for example, in immuno­
compromised patients, reactivation occurs and is associated 
with reconversion from bradyzoites to tachyzoites. The con­
ditions that are associated with this close interaction between 
Toxop/asma gondti and the host are still not weil understood, 
but recent advances in molecular biology, cell biology, and 
immunology will help to solve this mystery and to understand 
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the pathogenesis of the disease that is caused by this fasci­
nating parasite. 

It has been shown that Toxoplasma gondii has a clonal 
population structure that seems to be associated with clinically 
overt toxoplasmosis, a finding that eventually may lead to the 
identification of virulence-associated genes. Gene cloning and 
the generation of gene knockout mutants will help to under­
stand the function of certain antigens and specific parasite 
organelles (such as rhoptries, micronemes, dense granules, 
and the multimembraneous plastid-like component). The iden­
tification of host genes, which show correlation with disease, 
opens new doors to understanding infectious diseases. Im­
munological investigations, including the use of knockout 
mice, have demonstrated the importance of IFN-y and the 
cytokine network in controlling infection, and these results 
are equally informative for other intracellular parasites. AI­
though eradication of Toxoplasma gondii is still not possible 
with antimicrobial agents, recent progress in molecular biology 
will help to develop new therapeutic strategies. Finally, Toxo­
plasma gondii research has evolved through the development 
of in vive and in vitro models and genetic manipulation of 
the parasite and its host, and can serve as a model for other 
protozoan parasites. 

Acknow/edgements. I wish to express my thanks to Andre Capron for his 
support in initializing this volume. I am extremely indebted to Christiana Cooper 
for helping with the final editing. Special thanks are also due to Christoph A. 
Jacobi, Sören Schubert, and Michael Weig for helpful discussions and man­
aging or converting computer programs . Finally, I wish to express my gratitude 
to Doris M. Walker from Springer-Verlag for excellent cooperation in the real­
ization of this volume. 
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Toxoplasma gondJi is among the most prevalent chronic parasitic infections 
in humans, infecting from 10% to 25% of the world's population (DUBEY and 
BEATIIE 1988). While infections are often benign, toxoplasmosis has emerged 
as an important opportunistic pathogen in immunocompromised patients. The 
identification of virulence factors is complicated by the fact that disease is 
rarely overt in the healthy host. This problem is amplified by the unusual 
population structure of T gondii that results in coinheritance of many unlinked 
loci. Despite these complications, it is important to identify specific parasite 
components that contribute to pathology as they provide predictive markers 
of disease progression and may identify potential targets for intervention. The 
recent advent of genetic tools for use in protozoan parasites enables direct 
molecular identification of virulence determinants. This new-found technology 
also obligates investigators to a higher standard in establishing the molecular 
basis of virulence. This review provides a framework for the application of 
molecular genetics to investigate pathogenicity of toxoplasmosis. 

Department of Molecular Microbiology. Washington University School of Medicine, St. Louis, 
MO 63110, USA 
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2 Toxoplasmosis 

Toxop/asma gondii is a protozoan parasite that infects most warm-blooded 
vertebrates and causes disease in agricultural animals and humans (DUBEY 
1977; DUBEY and BEATTIE 1988). Due to its extremely high prevalence and long­
term chronicity of infection, T gondli" is weil suited to take advantage of any 
compromise in the host immune status. Newly acquired infections are an 

important cause of spontaneous abortion in domestic animals (DUBEY and BEATTIE 
1988) and of congenital disease in humans (DESMONTS and COUVREUR 1974; 
WONG and REMINGTON 1994). T gondii is also an important opportunistic pathogen 
due to reactivation of chronic infections in immunocompromised hosts includ­
ing organ transplant. cancer chemotherapy (ISRAELSKI and REMINGTON 1993). and 
AI DS patients (LUFT and REMINGTON 1992). 

The majority of infections with T gondii do not lead to clinically overt 
disease. In the ca se of congenital infection, about 25% of maternal infections 
acquired in the first trimester and about 65% of maternal infections acquired 
in the third trimester lead to congenital infection (DESMONTS and COUVREUR 1974). 
Even among cases in which congenital infection occurs, the clinical outcome 
is quite variable, with infections acquired in early gestation generally being 
more severe (DESMONTS and COUVREUR 1974). In immunocompromised patients, 

AIDS cases being the most represented group, only about 30% of patients 
with chronic infection go on to develop the severe central nervous system 
(CNS) pathology that accompanies reactivation (LUFT and REMINGTON 1992). The 
reasons for this partial penetrance are not understood but presumably reflect 
a combination of host genetics, immune status, tissue burden of parasites, 
and the genetic make-up of the parasite. 

One of the intriguing mysteries of toxoplasmosis is how readily the balance 
of subclinical infection can be disturbed leading to overt disease. In the majority 
of primary infections, toxoplasmosis is benign, causing mild flu-like symptoms 
before subsiding into a long-term chronic state that typically remains subclinical 
(FRENKEL 1988). The transition between acute and chronic infection is accom­
panied by stage conversion whereby the parasite changes from a rapidly rep­
licating tachyzoite form that is Iytic to a slow-growing bradyzoite contained 
within long-Iasting tissue cysts (FRENKEL 1988). Tissue cysts mature slowly, 
eventually Iysing to reestablish the chronic infection (FRENKEL and ESCAJADILLO 
1987). In mice, tissue cysts are present for the life of the infected host and 

serological studies support a similar persistence in others animals including 
humans (KRAHENBUHL and REMINGTON 1982). Toxoplasmosis is controlled by a 
vigorous cell-mediated immune response capable of killing infected cells and 
parasites (KRAHENBUHL and REMINGTON 1982). The continued presence of this 

aggressive response is thought to prevent relapse and hence curtail pathology 

in the chronically infected host. 
Circumstances which upset this delicate balance are of interest for two 

primary reasons. In strictly practical terms, the accurate prediction of which 
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infections will remain subclinical versus those which may cause overt disease 
would greatly increase the efficiency of treatment thus reducing both economic 
and health losses. Of broader significance, these breakdowns in surveillance 
provide important clues about the normal regulation of parasitic infections 
that may provide targets for direct intervention. 

3 Factors Influencing the Severity of Disease 

The outcome of primary infection with T gondii depends on a number of 
factors that combine to influence the severity of disease. In mice, inoculation 
with tachyzoites or bradyzoites leads to an acute infection that can culminate 
in death at high inocula (DEROUIN and GARIN 1991). The cause of death during 
acute infection is related to high parasitemia and subsequent inflammation 
and necrosis in the lungs, liver, and CNS (McLEOD et al. 1989a; DEROUIN and 
GARIN 1991). Parasitemia and mortality are proportional to the inoculum size 
(ARAUJO et al. 1976). but both the parasite life-cycle stage and the route of 
injection also greatly influence the outcome of infection in mice (BROWN and 
McLEOD 1994). Lower challenge doses, particularly of strains which are inher­
ently less virulent for mice, lead to acute infections that are readily controlled 
by a vigorous immune system and which develop into long-term chronic in­
fections (SUMYUEN et al. 1995). Several inbred strains of mice also succumb 
to chronic infection, typically due to encephalitis that is associated with di­
minished cell-mediated immunity and a decrease in production of Th1-type 
cytokines (interferon-y, interleukin-2) (SUZUKI et al. 1991; HUNTER et al. 1992; 
GAZZINELLI et al. 1993). 

Susceptibility to toxoplasmosis varies widely with different species of 
hosts. Mice, rabbits, and hamsters are all relatively susceptible, as are animals 
which evolved in the absence of significant feline predation, such as Australian 
marsupials, Madagascar lemurs, and New World monkeys (FRENKEL 1988). 
Among domesticated animals, abortion caused by toxoplasmosis occurs in 
pigs, sheep, and goats (DUBEY and BEATTIE 1988). while cattle and horses are 
relatively resistant to infection and have very low prevalence rates of T gondii 
infection (DUBEY 1992). Susceptibility to toxoplasmosis varies with immune 
status with young animals being more susceptible than adults of the same 
species (DUBEY and BEATTIE 1988). This trend is particularly acute in neonatal 
animals and in part explains the severe pathology that can occur with congenital 
infections. 

Given the importance of cell-mediated immunity in controlling toxoplas­
mosis, it is perhaps not surprising that the genotype of the host plays a major 
role in mediating resistance. In mice, in which the genetic dissection of host 
resistance is best described, there are at least five separate loci that control 
susceptibility versus resistance to acute infection (McLEOD et al. 1989b; WILLIAMS 
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et al. 1978). Additional genes must control resistance to chronic infection as 
those strains which are resistant to acute infection are often susceptible to 
chronic infection and develop severe CNS disease (SUZUKI et al. 1993). This 
complexity reflects both the underlying biological diversity of the parasite and 
the complexity of immune mechanisms involved in control of infection. Genetic 
factors are likely to play a role in infection of nonmurine hosts, yet these 
components have not been identified. In humans, there is no obvious genetic 
predisposition to toxoplasmosis and although infection prevalence rates vary 
considerably among different peoples, these differences are thought to reflect 
exposure rather than susceptibility. One of the complications in establishing 
such patterns is the extremely varied genetic make-up of human populations 
and the corresponding large numbers of sampies necessary to make statis­
tically valid correlations between host haplotypes and disease. 

It is also likely that the genetic composition of the parasite plays a role 
in toxoplasmosis in animals and humans. This prediction is based on paradigms 
established in bacterial and viral pathogens in which it is clear that specific 
genes contribute directly to disease progression. In parasites, awareness of 
such genetic relationships is just emerging, coincident with the development 
of experimental genetic tools, which are essential for the identification of 
genes involved in pathogenesis. While it could be argued that the present 
day lack of clearly defined genetic determinants in parasite infections is evi­
dence for their minor role, this argument is flawed by the prior lack of genetic 
tools needed to make such determinations. 

4 Classical and Molecular Genetics 

Toxop/asma gondJi' is an obligate intracellular parasite that propagates mitotically 
as a haploid cell throughout most of its life cycle (CORNELISSEN et al. 1984). 
Mating occurs exclusively in intestinal epithelial cells of the cat leading to the 
formation of oocysts (DuBEY and FRENKEL 1972). Oocysts are shed in the feces 
and go on to sporulate into haploid progeny that are the result of a single 
round of meiosis (DuBEY and FRENKEL 1972). Experimental crosses conducted 
in cats have established that T gondii does not have a predetermined mating 
type (CORNELISSEN and OVERDULVE 1985). Instead, coinfection of cats with different 
parental clones results in recovery of both recombinant and parental genotypes 
due to mating and self-fertilization, respectively (PFEFFERKORN and PFEFFERKORN 
1980). The basic parameters of meiosis and a rudimentary genetic linkage 
map have been established based on restriction fragment length polymorphism 
(RFLP) markers (SIBLEY et al. 1992). While it is possible to map a given phenotype 
to a specific chromosome by linkage, this strategy is limited by the labor­
and time-intensive nature of RFLP mapping. A more substantial limitation is 



Genetic Basis of Pathogenicity in Toxoplasmosis 7 

the relatively low recombination rate (1 centimorgan=300 kb), which predicts 
that genes will not be readily obtainable by linkage mapping alone. 

The recent advent of molecular genetics has rapidly expanded our reper­
toire of available tools for experimental investigations in T gondii. There are 
presently at least four dominant selectable markers (cat. dhfr, trp, ble) that 
have been used for DNA transformation and two independent systems for 
transient expression (CAT, ß-Gal) (reviewed in Roos et al. 1994; BOOTHROYD et 
al. 1995; SIBLEY et al. 1995). The availability of molecular genetics enables the 
direct cloning of genes by complementation, expression of heterologous genes 
or altered genes and cloning of genes by insertional mutagenesis and mar­
ker-rescue strategies (DONALD and Roos 1995). Integration of DNA into the 
genome is predominantly nonhomologous; however, several strategies have 
successfully been used for allelic replacement or gene knockouts (KIM et al. 
1993; DONALD and Roos 1994). The feasibility of performing such reverse 
genetics provides a powerful system for testing the role of specific genes in 
virulence and pathogenicity. 

5 Population Genetic Structure 

One of the tools needed for genetic analysis are polymorphie markers that 
can be used for analyzing population structures, for linkage mapping, and for 
establishing correlations between parasite genotype and geographie distribu­
tion, host range, and disease severity. In T gondii, such markers have been 
difficult to define due to the low diversity between strains: all strains from 
animals and humans isolated from around the world are grouped into a single 
species, T gondii. While this initial distinction was based on morphological 
grounds, modern molecular analyses fully support such a unified taxonomy. 
The major antigens of tachyzoites are highly conserved with similar alleles 
being found in all strains (HANDMAN et al. 1980; COUVREUR et al. 1988). Sequence 
analysis of the major tachyzoite surface antigens SAG1 (BURG et al. 1988; 
BÜLOW and BOOTHROYD 1991) and SAG2 (PARMLEY et al. 1994) indicate the presence 
of only two separate alleles among a wide collection of independent strains. 
This result is arefleetion of the low allelic diversity of T gondii strains which 
is also revealed by a wide variety of both RFLP (SIBLEY and BOOTHROYD 1992; 
HOWE and SIBLEY 1995) and isoenzyme markers (DARDE et al. 1992). 

With the availability of polymorphie DNA and isoenzyme markers, it has 
recently been possible to define the population genetic structure of T gondii. 
Despite the presence of a sexual phase in the life cycle, the population structure 
of T gondii is overwhelmingly clonal. This clonality is manifested by the over­
abundance of a limited number of genotypes that are widespread and by the 
absence of many possible recombinant genotypes (TIBAYRENC et al. 1990). Com­
bining the RFLP and isoenzyme analysis of approximately 125 separate strains, 
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Fig. 1. Phylogenetic analysis of 106 Toxop/asma gondii strains based on restrietion fragment length 
polymorphisms. T. gondli has a population structure that is highly clonal, comprised of three main 
lineages. Each lineage has specific biological phenotypes that are associated with it. Scale represents 
percent nucleotide divergence based on six independent single-copy markers. (From HOWE and 
SIBLEY 1995) 

it is clear that T. gondii is comprised of three predominant, clonal lineages 
(DARDE et al. 1992; HOWE and SIBLEY 1995). This conclusion is supported by 
both phylogenetic analyses which group the strains into three major branches 
and by statistical analyses on the frequency of predominant genotypes which 
indicate that each branch represents aseparate clonal lineage (Fig. 1; HOWE 
and SIBLEY 1995). 

The vast majority of T. gondii strains that have been analyzed were collected 
in North America and Europe. The rare isolates obtained from South America, 
Asia, Africa, and Australia also fit neatly into one of the three clonal lineages, 
indicating that strains from these regions are not significantly different (HOWE 
and SIBLEY 1995). Nonetheless, we cannot rule out the possibility that additional 
lineages exist, particularly given the large populations of Africa, India, and 
China from which few isolates are available. Despite this limitation, there is 



Genetic Basis of Pathogenicity in Toxoplasmosis 9 

no indication that the lineages are geographically separated and some other 
mechanism must underlie their genetic separation. 

Among bacterial and fungal pathogens that show clonal population struc­
tu res, this pattern is often accounted for by local outbreaks or periodic 
epidemics that are dominated by one or several genotypes (SMITH et al. 1993). 
In order for epidemically clonal populations to occur, rapid transmission be­
tween hosts is necessary. Epidemic spread is unlikely to explain the pattern 
of clonality in T gondii: infections are not spread by close contact, but require 
ingestion of infected tissues or oocysts shed from cats. Instead, clonality 
likely persists due to the limited opportunity for meiosis in the wild combined 
with transmission through the food chain by carnivorous feeding or scavenging 
that propagates mitotically dividing forms. In order for meiosis to take place, 
coinfection of a cat with separate strains must happen during the limited time 
period when fertilization occurs (5-15 days after primary infection). The extent 
to which infected animals harbor more than a single strain in the wild is 
unknown, although experimental studies have demonstrated that in mice in­
fection with a second strain is possible despite the substantial immunity con­
ferred by primary infection (REIKVAM and LORENTZEN-STYR 1976). Double infection 
is also possible in cats, and following challenge with the second strain, the 
number of resulting oocysts shed is substantially reduced (FRENKEL and SMITH 
1982). It has not been determined if any of these oocysts contain recombinants 
between the two separate strains and, although this possibility seems remote, 
it is biologically feasible. 

5.1 What Is Meant by Clonality? 

Population clonality is an often misunderstood phenomenon, therefore it is 
worth reflecting on exactly what is meant by the term clonality. Simply put. 
clonality indicates that sexual recombination, meiosis in the case of T gondii, 
occurs much less frequently in the population than would be expected. Instead, 
most isolates arise by mitotic expansion of a limited number of genotypes. 
A consequence of this phenomenon is that many possible recombinant geno­
types are not found. In the case of RFLP markers that have been used to 
distinguish T gondii strains, there are over 1700 different possible combinations 
of alleles at six independent loci, yet only 15 combinations were found in a 
survey of over 100 independent strains (HOWE and SIBLEY 1995). The absence 
of the remaining genotypes is unlikely to reflect any inherent problem with 
their survival as randomly assorted genotypes are readily produced during 
experimental crosses between strains (SIBLEY et al. 1992). Instead, the observed 
absence of the many possible genotypes from natural populations is a direct 
indication that sexual recombination is rare. 

Population clonality does not imply that no difference exists between in­
dividual members of a clonal lineage. In fact. small differences are expected 
to arise by mutation or genetic changes that can occur in mitotically propagating 
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lines. Identification of these differences is most easily made using multicopy 
probes that have a higher sensitivity for detecting small differences and which 
are often rapidly evolving (CRISTINA et al. 1991; HOWE and SIBLEY 1994; CRISTINA 
et al. 1995). Such differences are not inconsistent with the concept of clonality 
nor do they refute its existence. The population structure, whether clonal or 
not. is determined by evaluating genetic recombination at independent loci 
among different lineages (TIBAYRENC and AYALA 1991; TIBAYRENC et al. 1990, 1991). 
Such recombinations are the direct evidence of meiosis and their absence is 
an indication of clonal descent. A logical extension is that finding one or 
several exceptions to the clonal pattern also does not refute its predominance 
at the population level. As might be expected for an organism with a fully 
developed sexual cycle, genetic exchange does occasionally occur in T gondli. 
In a survey of 106 strains, only four strains were found to have extensively 
mixed genotypes due to meiotic recombination (HOWE and SIBLEY 1995). The 
existence of these recombinant strains demonstrates that the three lineages 
of T gondii are not separate species, as they fulfill the canon of undergoing 
mating in naturally occurring populations. Despite these examples, the popu­
lation structure of T gondii remains predominantly clonal. 

5.2 Implications of Clonality 

There are a number of predications about biological diversity that stem directly 
from a clonal population structure, such as that seen in T gondii. First. members 
of the same clonal lineage will share common phenotypes. Second, members 
of separate clonal lineages may differ significantly in bio.logical traits such as 
growth, infectivity, and pathogenesis. Finally, the genetic differences between 
separate clonal lineages are likely to underlie any differences in biology in­
cluding the development of disease (TIBAYRENC and AYALA 1991). Although not 
all genetic differences can be expected to directly impart important biological 
phenotypes, even those which are not causal provide important surrogate 
markers that may be useful for predicting disease. 

The correlation between parasite genotype and disease association is 
borne out in the case of toxoplasmosis. Analysis of approximately 40 chronic 
animal infections and 60 human cases of toxoplasmosis reveals striking corre­
lations between biological phenotypes and specific parasite lineages (sum­
marized in Fig. 1). Type Istrains, which are acutely virulent in mice, show a 
greater prevalence in human congenital toxoplasmosis than in chronic animal 
infections. Type II strains, which have a propensity for producing high cyst 
burdens and chronic pathology in mice, are most often associated with human 
toxoplasmosis both in congenitally infected and immunocompromised patients. 
Finally, type III strains are abundant in animals, yet rarely seen in human tox­
oplasmosis. 

One complication is the current impossibility of determining the genotypes 
of T gondii strains that cause chronic, subclinical infections in humans. Con-
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sequently, it is not clear if the higher prevalences of type I and type 11 strains 
in human toxoplasmosis reflect differences in primary infection or in the ca­
pacity of strains to cause disease. There is no discernible pattern in anima I 
prevalences based on whether particular species are consumed by humans 
as food or not, suggesting the difference is not simply a matter of transmission 
frequency. The high ratio of type 11/111 strains in human toxoplasmosis is not 
simply a reflection of the higher cyst-forming capacity of type 11 strains, as 
animals infected by carnivorous feeding or scavenging do not displaya similar 
bias. In summary, these findings support a role for the parasite genotype in 
disease progression and severity of toxoplasmosis. 

6 The Genetic Basis of Acute Virulence in Mice 

One of the most discrete phenotypes of T gondti' is the acute virulence of 
different parasite strains to mice. Strains are readily grouped into two broad 
phenotypes based on their ability to kill mice following i.p. challenge with 
tachyzoites. Acutely virulent strains have an LDlOoof a single organism: in­
fection always leads to death that is typically rapid (6-10 days). Nonvirulent 
strains have LD50 values that range from 102 to > 1 05 and animals usually 
succumb between days 10 and 20 postinfection. Acute virulence is apparent 
independent of the mouse strain used; however, some nonvirulent strains 
(i.e., ME49) show enhanced virulence to inbred versus outbred mice (HOWE 
and SIBLEY, unpublished). Reports of strains increasing in virulence with passage 
are widespread; however, these reports are largely anecdotal and have not 
been documented based on carefully conducted titrations of LD50. In our 
experience, in which such LD50 assays have routinely been conducted, non­
virulent strains may increase in virulence following rapid passage but do not 
cross this barrier of LD50 > 1 02. For example, with repeated passage after 
isolation from chronic infection, the virulence of ME49 increases from 
LD50 > 1 05 to an LD50 of 102: during this transition, its multilocus genotype 
as determined by RFLP analysis remains identical (SIBLEY, unpublished). A further 
example of this stability is the behavior of two commonly used, nonvirulent 
laboratory strains, PLK (KASPER and WARE 1985) and CEP (PFEFFERKORN et al. 
1977). These strains were isolated more than 10 years aga and they have 
been maintained by laboratory passage ever since, yet both their genotypes 
and phenotypes remain unaltered (SIBLEY and BOOTHROYD 1992; SIBLEY, unpub­
lished). The acute virulence of T gondii strains for mice is strongly associated 
with a particular widespread clonal lineage designated type I (SIBLEY and 
BOOTHROYD 1992). Type Istrains have been isolated from domestic animals (pig, 
cow, goat) and from human cases of toxoplasmosis from the US, France, 
Zaire, Holland, Austria, and Brazil, indicating they are widespread globally. 
Virulent strains do not require prolonged passage to manifest their ability to 
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kill mice at low inocula (DUBEY 1980). These isolates share a highly similar 
genotype that differs significantly from the remaining two lineages, types II 
and 111. which comprise exclusively nonvirulent strains (based on the above 
definition) (SIBLEY and BOOTHROYD 1992; HOWE and SIBLEY 1995). Virulence can 
be predicted based on the allele present at the SAG! which shows a near 
perfect correlation with acute virulence in mice (SIBLEY and BOOTHROYD 1992; 
HOWE and SIBLEY 1995). SAG! is located on the distal end of chromosome VIII. 
while adjacent markers, for example SAG2, do not show such a correlation 
(HOWE and SIBLEY, unpublished). The correlation indicates that a genetic factor 
unique to type Istrains regulates the acute virulence of toxoplasmosis in 
mice. The adaptive value of such a phenotype is uncertain, but type Istrains 
reach higher parasitemia in mice and are more persistent in rats (REMINGTON 
et al. 1961). which could lead to greater transmission via carnivorous feeding 
or scavenging. Elevated parasitemia mayaiso explain the higher prevalence 
of type I strains in human congenital toxoplasmosis due to either increased 
likelihood of congenital transmission or greater severity of the resulting infec­
tion. 

The availability of animal models for both acute and chronic toxoplasmosis 
provides an experimental system for dissecting the genetic contributions of 
parasite and host on the development of toxoplasmosis. Given the tight corre­
lation between SAG! and acute virulence, it seems likely that a locus involved 
in this trait is located on the distal end of chromosome VIII. Analysis of loci 
on other chromosomes does not identify similar correlations with acute vi­
rulence, therefore the association with chromosome VIII is not merely due to 
linkage disequilibrium (HOWE and SIBLEY 1995). Despite this strong correlation, 
SAG! alone does not appear to be sufficient for virulence as at least two 
natural recombinant isolates, which have the SAG! allele normally associated 
with virulence, were not acutely virulent when tested in mice (HOWE and SIBLEY, 
unpublished). This finding suggests that there is either a second gene or a 
closely linked locus that is required for the expression of acute virulence. The 
relatively low recombination rate in T gondii is consistent with that gene Iying 
anywhere within a 500 kb region of SAG! on chromosome VIII. 

Fortunately, there are several experimental approaches which are feasible 
for identifying the molecular basis of Toxop/asma virulence in mice. The avai­
lability of an RFLP linkage map for T gondii makes it possible to analyze 
specific loci for their association with biological traits. A genetic cross between 
type I and type III strains would allow mapping of loci controlling acute virulence 
based on segregation with specific genetic markers. Such classical genetic 
studies will directly address whether acute virulence is mediated by a single 
locus or if it is multigenic and will provide preliminary data on the location of 
virulence genes. A second independent approach is based on DNA transfection 
of a cosmid library from the virulent lineage into nonvirulent recipients followed 
by selection for acute virulence in mice (HOWE and SIBLEY, unpublished). One 
limitation of these experiments is that virulence must be mediated bya single 
dominant locus in order to be rescued by this strategy. A further use of trans-
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fection would be to delete genes thought to be involved in virulence fram 
type Istrains and then test their resulting phenotype. Although it is not possible 
to select for such avirulent clones on a population level, it is reasonable to 
test individual loci once they have been implicated. 

In addition to acute virulence, it may be possible to map and identify 
additional genes involved in chronic pathogenesis. For example, type listrains 
are most commonly associated with reactivation of chronic infections in AIDS 
patients. Type II strains produce high cyst burdens in mice (SUZUKI et al. 1989) 
and preliminary evidence suggests that while type II strains cause chronic 
pathology, at least one type III strain is much less prone to do so (SUZUKI and 
JOH 1994). Obviously, it needs to be determined whether this phenotype is 
true of type II versus III strains in general. but the clonal nature of these two 
lineages predicts that this phenotype is also genetically determined. 

7 Perspectives 

The availability of classical genetics and the recent explosion in molecular 
genetics in T gondii pravide the tremendous potential of being able to identify 
and characterize virulence determinants. There are three fundamental steps 
for this process. First it is necessary to establish correlations between genetic 
polymorphisms and disease. One of the challenges will be to distinguish be­
tween genetic polymorphisms that are merely predictive of disease potential 
versus those that contribute directly to development of disease. Second, a 
molecular understanding of the genes involved in pathogenesis requires a 
system for testing the role of specific genes in virulence. Where the phenotype 
of interest is weil defined, it may be possible to test the role of specific genes 
in vitro (for example, cell invasion). Finally, the true test of whether a particular 
gene is involved in virulence requires testing in appropriate anima I models. 

While these criteria place a large burden on the investigator, they offer 
the potential for identifying specific virulence factors that may pravide targets 
for intervention as weil as attenuated strains for vaccine development. 
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There are large differences in virulence among the various strains and isolates 
of T. gondii, although only one species of the genus Toxop/asma has been 
observed to exist so far. This virulence diversity among isolates may have 
considerable impact on epidemiology, immunology, pathology and the para­
site-host relationship. Evidence that there is more than one strain of T. gondii 
is based on the observation of differences in virulence among different isolates 
for laboratory animals (KRAHENBUHL and REMINGTON 1982). Virulence can be es­
timated as either the time taken before infected animals die and the percentage 
of mortality, or the number of parasites needed to kill infected animals (KAUFMAN 

et al. 1959; DUBEY and FRENKEL 1973). Some strains such as the extremely 
virulent RH strain have lost the ability to form oocysts in the cat, and as few 
as ten tachyzoites can be lethai for a mouse within a week when injected 
i.p. Other strains such as the avirulent S-l strain form cysts in the brains of 
mice injected with 1000 oocysts (equivalent to 8000 tachyzoites) and these 
mice survive without ill effects (DuBEY and FRENKEL 1973). Early studies showed 
that differences in virulence correlated with tachyzoite generation time in tissue 
culture (KAUFMAN 1958; KAUFMAN et al. 1959). Virulent strains rapidly destroy the 
cells while avirulent strains grow slowly causing minimal cell damage. The 
pathogenicity of some avirulent strains has been observed to increase following 
frequent i.p. passage of the tachyzoites in mice (FRENKEL 1956). It seems that 
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this change in virulence may be host dependent as avirulent strains passaged 
in mice show increased pathogenicity whereas the same strains passaged in 
chick embryos fail to display the change (KASPER and BOOTHROYD 1993). It is 
also weil recognised that different host species and host strains vary in their 
susceptibility to T. gondii infection. A suspected virulent parasite strain which 
is lethai for mice may exhibit little clinical effect on adult rats even when 
challenged with large numbers of the parasite strain. Differences in suscep­
tibility among different inbred and outbred strains of mice are weil recognised 
(McLEOD et al. 1984), and the route of challenge of the test mice also has a 
significant outcome on the definition of virulence given to the parasite strain 
(JOHNSON 1984). However, within the parasite itself, it would seem that different 
T. gondii strains exhibit a large range of variation in virulence for a given host 
species. 

2 Characterisation of Strain Variation 
in Toxoplasma gondii 

Initial efforts to explain the differences in murine virulence concentrated on 
the protein or antigenie structure of the different strains (reviewed in JOHNSON 
1989, 1990). Restrietion fragment length polymorphisms (RFLPs) have been 
used to analyse several strains of T. gondii. SIBLEY and BOOTHROYD (1992) dem­
onstrated a correlation between RFLP patterns and strain virulence for mice, 
finding that ten virulent strains had an identical genotype at the three T. gondii 
genomic loci investigated (SAG1, 850 and BS). therefore comprising a single 
clonal lineage, while 18 avirulent strains had moderately polymorphie RFLP 
patterns different from those of the virulent strains. Conversely, the RFLP 
patterns generated by using different DNA probes in other studies (CRISTINA 
et al. 1991 a, 1991 b; PARMLEY et al. 1994) did not correlate with virulence. In 
addition, using two repetitive probes (TGR1 E and TGR6). CRISTINA et al. (1995) 
revealed, in another RFLP study, that three virulent strains are closely related, 
giving similar RFLP patterns. However, the virulent strain MAS had completely 
different RFLP patterns from those of the other three virulent strains. Also, a 
recent study (ASAI et al. 1995) on the isozyme forms of the nucleoside tri­
phosphate hydrolase (NTPase) of T. gondii, found RFLPs among virulent T. 
gondii strains. It seems that virulent strains, like avirulent strains, may be 
polymorphie when different strains are included in analyses comparing larger 
numbers of different loci. Recently, comparison of the 315 bp sequence of 
the 3' region of the major surface antigen SAG1 gene from ni ne T. gondii 
strains revealed polymorphisms that distinguished six virulent strains from 
three avirulent strains (RINDER et al. 1995). However, relationships established 
by polymorphisms in the sequences of a defined genomic locus may be limited 
when different loci are analysed. For example, the level of heterogeneity in 
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the 18S ribosomal DNA gene sequenee of T. gondii strains was too low to 
establish genetie relatedness among eight T. gondii strains (LUTON et al. 1995). 
These results suggested that strains of T. gondii have evolved only relatively 
reeently. Therefore, in order to establish relationships likely to aeeurately rep­
resent those for a mueh wider range of T. gondii isolates, we should perhaps 
use tests that eompare as large a number of different parasite DNA loei as 
possible. One reeently developed test that does this is the random amplified 
polymorphie DNA polymerase ehain reaetion (RAPD PCR) . 

3 Random Amplified Polymorphie DNA 
Polymerase Chain Reaetion 

In 1990, two groups independently and almost simultaneously deseribed a 
novel DNA polymorphism assay. WILLIAMS et al. (1990) deseribed genetie map­
ping applieations and termed the new teehnique the RAPD, for random am­
plified polymorphie DNA. while WELSH and eolleagues eoneentrated on genome 
fingerprinting and termed their assay arbitrary primer-PCR (AP-PCR; WELSH and 
MCCLELLAND 1990; WELSH et al. 1991). The teehnique is based on random am­
plifieation of DNA fragments by the use of a single short primer (eommonly 
10-mers) with an arbitrary sequenee. The single primer will support DNA am­
plifieation from the genomie template if binding sites on opposite strands of 
the template exist within a distanee that ean be traversed by DNA polymerase 
(up to several thousand nueleotides) (INNIS et al. 1990). Separation of the PCR 
produets on aga rose gels and visualisation of the DNA bands with ethidium 
bromide staining ean generate fingerprint patterns, and speeifie fragments 
may be present as unique bands. The method deteets abundant polymorph­
isms whieh ean be used for genetie mapping applieations, genetie diagnosis 
and for genetie eomparison of a large range of organisms (WILLIAMS et al. 
1993). The nature of the amplified fragments is highly dependent on the primer 
sequenee and on the DNA sequenee of the genome being assayed. Genomie 
polymorphisms at one or both primer binding sites may result in disappearanee 
of the amplified bands. RAPD PCR also has the additional advantages of 
teehnieal simplieity, speed, high resolution and the requirement for only small 
amounts of DNA (about 20 ng DNA per reaetion). 
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4 Major Findings by Using RAPD peR 
on Toxoplasma gondii Strains 

The RAPD peR has shown its potential in the detection of polymorphisms 
randomly distributed in the genome among very closely related organisms 
including parasitic protozoa without the need for predetermined sequence 
information (Guo and JOHNSON 1995a,b; MACKENSTEDT and JOHNSON 1995; STEVENS 
and TIBAYRENC 1995). Our previous results of the analysis of 11 T. gondii strains 
by RAPD PCR using seven primers suggested that polymorphic DNA can be 
easily detected among T. gondli" isolates (Guo and JOHNSON 1995a). The six 
murine virulent T. gondii strains formed one group and the five avirulent strains 
formed another. These results suggested that T. gondii may actually comprise 
two major clonal lineages, correlated with their virulence. In order to confirm 
these initial findings on the genetic relatedness of T. gondii strains, we have 
just completed another study involving 18 primers and 35 parasite strains in 
order to identify an even larger number of significant polymorphisms between 
virulent and avirulent strains. The two Toxop/asma clonal lineages found are 
consistent with the fact that strains with similar virulence types form two 
defined subsets which have probably evolved independently following their 
initial separation. The results also show that the populations in both lineages 
appear to consist of a range of strains with a similar level of genetic diversity, 
which is in contrast to a previous suggestion that virulent strains comprise a 
single clonal lineage while avirulent strains are moderately polymorphic (SIBLEY 
and BOOTHROYD 1992). but consistent with the findings of CRISTINA et al. (1995) 
of genetic diversity among virulent strains. During our RAPD PCR studies on 
the genetic relationships among T. gondii strains, murine virulence- and avi­
rulence-specific polymorphic DNA bands have been identified. For example, 
genomic DNA from T. gondii strains was amplified by RAPD PCR using two 
lO-mer arbitrary primers from Operon Technologies Inc (USA). B12 (5'­
CCTIGACGCA-3') and B5 (5'-TGCGCCCTIC-3'). The conditions of the PCR am­
plification were as described previously (Guo and JOHNSON 1995a). PCR products 
were separated by electrophoresis in 1.5% aga rose gels and visualised with 
ethidium bromide staining. Primer B12 was found to be able to generate a 
virulence-specific DNA fragment we called B 12-v. The DNA band B 12-v was 
amplified in all eight T. gondii virulent strains tested (RHa, RHu, ENT, PT, GT1, 
CT1, S48 and ts4) but B 12-v could not be visually detected in the seven 
avirulent strains analysed (ME49, PLK, CEP, Tg51, TPR, Beverley and Fukaya) 
(Fig. 1 a). By contrast. primer B5 was found to be able to amplify an avirulence­
specific DNA band we called B5-av. The DNA band B5-av was visually detected 
only in the seven avirulent strains (ME49, PLK, CEP, Beverley, TPR, Tg51 and 
Fukaya) but could not be detected in the five virulent strains tested (RHa, 
ENT, PT, GTl and CT1) (Fig. 1 b). Because of their virulence or avirulence 
uniqueness and easy identification, B12-v and B5-av were purified from RAPD 
PCR products by low melting agarose gel electrophoresis and directly cloned 
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Fig.1. a A RAPD PCR products amplified by using primer B12; la ne M: DNA size markers (Haelll 
cut 0X 174 DNA); lanes 1-15: RAPD PCR products amplified from T gondli strains RHu, RHa, 
ENT, PT, GT1, CT1, S48, ts4, ME49, PLK, CEP, Tg51, TPR, Beverley and Fukaya, respectively. 
Marker points to the DNA band B12-v which was detected in taxa in lanes 1-8. b RA PD PCR 
products amplified by using primer B5; la ne M: DNA size markers (Haelll cut 0X 174 DNA, Promega); 
lanes 1-12: RAPD PCR products amplified for T gondii strains RHa, ENT, PT, GT1, CT1, ME49, 
PLK, CEP, Beverley, TPR, Tg51 and Fukaya, respectively. Marker points to the DNA band B5-av 
which was detected in taxa in lanes 6-12 

into the plasmid pUC18. To further characterise their molecular nature, B 12-v 
and B5-av were collected from the respective purified recombinant pUC18 
following double digestion with endonuclease BamHI and Kpnl. B12-v was 
then radiolabelled with [32PjdCTP by using a Megapriming DNA labelling sys­
tem (Amersham, UK) and B5-av was labelled with horseradish peroxidase in 
the ECL nucleic acid labelling system (Amersham) and hybridised to the RAPD 
PCR products of T. gondii strains generated by either primer B 12 or B5, re­
spectively, which had been separated by agarose gel electrophoresis and 
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Fig. 2. a A Southern blot of RAPD PCR products amplified by using primer B 12, which was probed 
with a 32P-labelled B 12-v DNA fragment. Lanes are the same as Fig. 1 a. b Southern blot of RAPD 
PCR products amplified by using primer B5, which was probed with horseradish peroxidase labelied 
B5-av DNA fragment. Lanes are same as Fig. 1 b 

Fig. 3a,b. Southern blots of genomic DNA digested with endonucleases Sacl and Mspl. which 
were hybridised with a radiolabelied B 12-v fragment; b radiolabelied B5-av fragment. Lanes 1-4 
are digested DNA from T gandii strains RHa, ENT, ME49, and TPR respectively; fane 5 is digested 
DNA fram the host cell line (MLA 144 gibbon lymphoma) 
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Southern biotted to nylon membrane. The results show that distinet hybridis­
ation bands were deteeted exelusively in all virulent strains by using probe 
B 12-v (Fig. 2a). Similarly, B5-av hybridised exclusively to identieal bands in all 
RAPD PCR produets of avirulent strains (Fig. 2b). In order to determine whether 
the DNA fragments amplified by using primers B5 and B 12 were present in 
the genomes of virulent and/or avirulent parasite strains, Mspl and Sacl re­
strietion digested genomie DNA from two virulent T. gondii strains (RHa and 
ENT) and two avirulent strains (ME49 and TPR) were probed with radiolabelled 
B 12-v or B5-av. The genomie DNA hybridisation results show that B 12-v hy­
bridised to genomie DNA from both virulent and avirulent T. gondli strains 
digested with Mspl and Sacl and produced identieal RFLP patterns for the 
virulent and avirulent strains (Fig. 3a). This result suggested that the B12-v 
RAPD PCR polymorphism is not eaused by a deletion in the genome between 
virulent and avirulent strains but that it is likely that there are polymorphisms 
in the primer B 12 binding sites of the genomes of virulent and avirulent strains 
whieh results in B 12-v being amplified exclusively in virulent strains. B5-av 
hybridised to genomie DNA from both virulent and avirulent T. gondii strains 
digested with Mspl and Sac!. but produeed different RFLP patterns in the 
Mspl restrietion digest of the virulent and avirulent strains (Fig. 3b). Genomie 
DNA from seven other T. gondii strains (PT, GT1, CT1, S48, PLK, Tg51 and 
Fukaya) were also tested by Southern hybridisation as deseribed above. The 
results (data not shown) for the virulent strains (PT, GT1, CTl and S48) and 
the avirulent strains (PLK, Tg51 and Fukaya) were identieal to those obtained 
for the virulent strains (RHa and ENT) and avirulent strains (ME49 and TPR) 
shown in Fig. 3b. This further eonfirmed that B5-av ean produee distinguishing 
RFLP between virulent and avirulent T. gondii strains. These results are eon­
sistent with the hypothesis that there are signifieant DNA polymorphisms not 
only in the primer B5 binding sites between virulent and avirulent T. gondii 
strains, but also that there are virulence-speeifie RFLPs along the genome 
between the B5 primer binding sites. In order to further eharaeterise the RAPD 
PCR virulenee markers, B5-av and B 12-v were sequeneed (deposited as Gen­
bank aeeession numbers L48960 and L48935) on an LI-COR automatie DNA 
sequeneer (Model 4000) with SequiTherm Cyele Sequeneing (Epicenter Tech­
nologies, USA). Genbank database (FASTA) searehes revealed no significant 
homology with each other or with any other sequenees in the Genbank da­
tabase. 

5 Discussion 

Reeently, RAPD PCR has been used to identify DNA loei of interest from 
elosely related organisms ineluding speeies in apieomplexan genera sueh as 
Eimeria and Sarcocystis (GRANSTROM et al. 1994; MACPHERSON and GAJADHAR 1994; 
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JOACHIM et al. 1996). DNA polymorphisms related to loei of interest have also 
been identified in near isogenie lines of plants by RAPD peR (MARTIN et al. 
1991). Three of the RAPD peR produets were eonfirmed to be tightly linked 
to the Pseudomonas resistanee gene. 

Based on these above studies, we believed that the RAPD peR technique 
mayaiso be suitable for identifying DNA polymorphisms in the loei of interest 
(espeeially those assoeiated with virulenee) within Toxoplasma. As deseribed 
above, probe B5-av produeed distinct RFLP that ean be used to differentiate 
between virulent and avirulent T. gondii strains. We believe that this DNA 
fragment, and others like it that ean be identified from RAPD peR, will be of 
great value in diseriminating murine virulent and avirulent T. gondii strains. 
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Studies on the extent and nature of genetic polymorphism in medically im­
portant protozoan parasites are important in order to understand epidemio­
logical and biological aspects of parasitic infections. Genetic variations among 
Toxop/asma gondii isolates first were suggested by differences in pathogenicity 
in Swiss mice. but also by the large range of clinical manifestations in humans. 
not entirely explained by the immune status of the host. Besides. due to the 
worldwide distribution. the broad host range of this species. and its capacity 
of sexual reproduction. a large genetic polymorphism was expected. Isoenzy­
matic studies (DARDE et al. 1988) first confirmed the existence of this genetic 
polymorphism. with three main zymodemes originally described. Correlations 
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between genetic polymorphism and virulence in mice were observed. Further 
isoenzymatic analysis and the more recent application of molecular biology 
techniques allowed a better understanding of the significance of genetic poly­
morphism in Toxop/asma regarding aspects of epidemiology, such as popu­
lation structure, geographical and zoological repartition, and regarding biologi­
cal characteristics, such as pathogenicity to mice or oocyst production. The 
role of T. gondii genotype in the clinical presentation of human disease will 
be the next subject of extensive research. 

2 Antigenie Diversity 

Antigenic differences first were reported by WARE and KASPER (1987) among 
three cloned strains: three main surface antigens (P40, P30, P22) appeared 
to be different in the mouse-virulent RH strain and in two mouse-avirulent 
strains (P and C strains). Monoclonal antibodies against P22 and P30 did not 
kill P and C strains as effectively as the RH strain. Two forms of the P22 
antigen corresponding to two alleles of the P22 gene could be identified 
(GRoss et al. 1991; PARMLEY et al. 1994). Similarly, the P30 antigenic differences 
suggested by WARE and KASPER (1987) could be related to SAG1 (P30) gene 
polymorphism, which correlates with virulence in mice (SIBLEY and BOOTHROYD 
1992a; RINDER et al. 1995). Morever, a monoclonal antibody against a 27 kDa 
antigen, present in the cytosol fraction, was also used to distinguish between 
mouse-virulent and -avirulent strains (BOHNE et al. 1993). 

3 Diversity Detected by Genomic Analyses 

The application of genetic characterization procedures confirmed the existence 
of differences between Toxop/asma isolates. Chromosome size variation was 
demonstrated by molecular karyotyping (SIBLEY and BOOTHROYD 1992b). A DNA 
polymorphism was detected by restriction fragment length polymorphism 
(RFLP) patterns (CRISTINA et al. 1991, 1995; SIBLEY and BOOTHROYD 1992a) with 
or without PCR amplification, by random amplified polymorphic DNA-polymer­
ase chain reaction (RAPD-PCR) (Guo and JOHNSON 1995), by analysis of single­
stranded (ss) rRNA gene sequences (LUTON et al. 1995) or DNA sequencing 
of a portion of the P30 gene (RINDER et al. 1995). The results of these different 
techniques will be evaluated together with those of the isoenzyme analysis. 
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4 Diversity Detected by Isoenzyme Analysis 

Isoenzyme analysis is a classical approach to assess the level of genetic vari­
ations in populations and to provide information on the reproductive biology 
or the population genetic data of a given organism. Its major advantage is 
the ability to examine a very large number of structural genes. The analysis 
of 15 enzyme systems is generally considered as a sampie representative of 
the structural genome of a protozoan. 

4.1 Isoenzyme Analysis in a Population 
of Toxoplasma gondii Isolates 

The isoenzyme analysis was performed on the tachyzoite stage of 61 Toxo­
plasma isolates (Table 1). using the 15 enzyme systems al ready described, 
after isofocussing on polyacrylamide or agarose gels (DARDE et al. 1992). These 
isolates originated mainly from France (40 isolates). but also from other Eu­
ropean countries (Denmark, England, Germany, and Holland). the Americas 
(USA Argentina, Uruguay, and French Guiana), and Australia and Japan. They 
were isolated from human infections (41 isolates) or from animal infections 
(20 isolates). 

As al ready described on a more limited sampie (DARDE et al. 1992). only 
six of the 15 enzyme systems were polymorphie: acid phosphatase (ACP, EC 
3.1.3.2). amylase (AMY, EC 3.2.1.1). aspartate aminotransferase (ASAT, EC 
2.6.1.1). glucose phosphate isomerase (GPI, EC 5.3.1.9). glutathione reductase 
(GSR, EC 1.6.4.2). and propionyl esterase (PE). Two isoenzyme patterns (type 
I and type II) can be described for ASAT, AMY, GSR, and PE and three 
isoenzyme patterns (types I, 11, and III) for GPI and ACP. The different com­
binations of the isoenzyme types allowed the identification of 11 zymodemes 
amongst this population of 61 Toxop/asma isolates (Fig. 1 and Table 2). In 
fact. seven zymodemes comprise only one isolate each, so that four main 
zymodemes (Zl, Z2, Z3, and Z4) cluster 88% of the isolates. Moreover, 29 
isolates of this sampie (that is nearly 50% of the isolates) belong to Z2. So, 
despite the expansion of the studied sampie, zymodeme 2 is still markedly 
overrepresented in this Toxop/asma population, as previously described in a 
more limited sampie (DARDE et al. 1992). It is possible that this overrepresen­
tation of Z2 could be biased by the predominant human origin of the isolates 
(41 of 61 isolates). as discussed below. The 12 isolates of Zl are all mouse­
virulent isolates behaving like the well-known RH strain. Although 12 out of 
the 61 isolates belong to Zl, this does not accurately reflect the genuine 
proportion of this zymodeme in nature, because mouse-virulent isolates were 
selected for this analysis. For instance, the nine French isolates belonging to 
Zl are nearly the only ones that have been isolated in France in 10 years, in 
contrast to hundreds of mouse-avirulent isolates. 
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Table 1. Isolates of Toxop/asma gondii characterized by isoenzyme analysis 

Geographical Year of Host Clinical history Mouse-
origin isolation virulence+ 

Zymodeme 1 
CT-1 U.s.A 1989 Cattle Bovine intestine V 
RH USA 1939 Human Encephalitis V 
FOU France 1992 Human Lethai AT* (kidney transplant) V 
DPHT France 1993 Human Lethai AT (kidney transplant) V 
GPHT France 1987 Human Moderate CT" V 
GIL France 1988 Human Severe CT V 
MOR France 1988 Human Severe CT V 
ENT France 1985 Human Latent CT V 
FAJI France 1991 Human Latent CT V 
P*** France 1984 Human Latent CT V 
PIL France 1994 Human Latent CT V 
BK Holland 1948 Human Lethai CT V 
ts-4 U.S.A 1976 mutant of RH strain 0 

Zymodeme 2 
NTE Germany 1990 Human Encephalitis (AIDS) A 
BOU France 1985 Human Encephalitis (AIDS) A 
SUR France 1993 Human Disseminated AT (AIDS) A 
DAM France 1993 Human Disseminated AT (Aplasia) A 
JONES England 1986 Human Lymphadenopathies A 
CRO France 1993 Human CT A 
FAR France 1991 Human CT A 
CHAT France 1988 Human CT A 
FOUA France 1988 Human CT A 
AUDB France 1988 Human CT A 
CAL France 1989 Human Latent CT A 
REN France 1989 Human Latent CT A 
SZY France 1988 Human Latent CT A 
PRE France 1993 Human Latent CT A 
ROD France 1988 Human Latent CT A 
PON France 1986 Human Latent CT A 
CHAM France 1983 Human Lethai CT A 
PRUGNIAUD France 1963 Human Lethai CT A 
Tg132 Japan Human A 
BEVERLEY England 1959 Rabbit A 
S1 France 1977 Sheep Lethai CT A 
S2 France 1979 Sheep Lethai CT A 
S3 France 1980 Sheep Lethai CT A 
ME49 U.S.A 1965 Sheep A 
PIG 3 Argentina 1993 Pig A 
P101 USA 1991 Pig A 
CH1 France 1986 Cat A 
CH2 France 1987 Cat A 
76K France 1963 Guinea pig Lethai AT A 

Zymodeme 3 
COR France 1992 Human Lethai AT (lymphoma) I 
NED France 1989 Human Latent CT A 
M7741 USA 1958 Sheep I 
C(EP) USA 1977 Cat A 
OPA-OPA Uruguay 1993 Pig A 
C56 USA 1961 Chicken I 
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Table 1. Continued 

Geographical Year 01 Host Clinical history Mouse-
origin isolation virulence + 

Zymodeme 4 
ELG France 1990 Human Encephalitis (AIDS) I 
CHAMON France 1988 Human CT A 
DAS France 1992 Human Latent CT A 
DEG France 1987 Human Latent CT A 
C France 1981 Human Lethai CT A 
Tg96 Australia Human A 
SQM England 1990 Monkey Lethai AT A 

Zymodeme 5 
MAS France 1991 Human Severe CT V 

Zymodeme 6 
RUß French Guinea 1992 Human Pneumonitis V 

(immunocompetent patient) 

Zymodeme 7 
CASTELLS Uruguay 1993 Sheep Lethai CT 

Zymodeme 8 
TONT France 1992 Human Severe CT V 

Zymodeme 9 
SSI 119 Denmark 1968 Pig A 

Zymodeme 10 
P89 USA 1991 Pig 

Zymodeme 11 
P80 USA 1991 Pig A 

+ V: virulent to mice; A: avirulent; I: intermediate virulence; 0: no persistence in mice 
* AT: acquired toxoplasmosis 
** CT: congenital toxoplasmosis 
*** P relered as PT by SIBLEY and ßOOTHROYD (1992a) 

4.2 Isoenzymes in Different Lines or Stocks 
of the Same Strains 

Two strains (Sl, S2) maintained in our laboratory and in another French la­
boratory in different conditions (stabilates or more or less frequent serial pas­
sages) were found to keep their isoenzyme characteristics. Different culture 
conditions of the same strains (human fibroblast cell culture or passages in 
vivo in mouse sarcoma cells) did not induce a shift in the isoenzyme pattern 
of differentiating enzymes; but a new isoenzyme form of lactate dehydrogenase 
(LDH) appeared for all the isolates cultivated in vitro in human fibroblasts 
(DARDE et al. 1990). This phenotypic variation could reflect the metabolic adap­
tability of T. gondii to new host cell environments or it could represent the 
appearance of bradyzoites in cell culture (SOETE et al. 1993, BOHNE et al., this 
volume). 

_ Five laboratory stocks of the RH strain, maintained respectively in Würzburg 
and Göttingen (Germany). in Helsinki (Finland). in the USA (RH-88, A. SHERl. 
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Fig. 1. Diagrammatie representation of isoenzyme patterns obtained for the eleven zymodemes, 
with six polymorphie enzyme systems 

Table 2. Zymodemes in a population of 61 T. gondii isolates as defined by isoenzyme types of 
six variable enzyme systems 

Zymodeme 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

ASAT 

Isoenzyme type 

GSR AMY GPI PE 

I 
11 

I 
11 

I 
I 
I 
11 

I 
I 
11 

ACP 

111 

111 

Number 
of 
isolates 

12 
29 
6 
7 
1 
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and in Limoges (France). and the ts-4 strain, a temperature sensitive mutant 
derived from the RH strain (PFEFFERKORN and PFEFFERKORN 1976). exhibited identical 
isoenzyme patterns. These results contrast with the genetic heterogeneity 
demonstrated by RFLP analysis of five laboratory stocks of the RH strain and 
of the ts-4 strain using repetitive DNA probes (HOWE and SIBLEY 1994) and by 
ssrRNA gene sequence analysis of seven different lines of the RH strain (LUTON 
et al. 1995). From this point of view, isoenzyme phenotypes behave more like 
single-copy loci, like, for example, SAG1, andSAG2 (HOWE and SIBLEY 1994). 

4.3 Clustering Analysis of Electrophoretic Data 

The expansion in the number of zymodemes makes a numerical taxonomy 
indispensable to establish relatedness between the different genotypes. A 
similarity coefficient for a pairwise comparison was calculated according to 
Jaccard's formula (S=a/a+b+c; in which a is the number of common bands 
between two isolates and band c are the number of bands peculiar to each 
isolate). The group average clustering strategy was applied to the similarity 
matrix. The dendrogram constructed from the data obtained for the 11 zy­
modemes demonstrated three principal clusters (Fig. 2). The first group in­
cluded the isolates of Z3, Z7, Z9 and Z10, the second group comprised Z2, 
Z4, Z8 and Z11. Finally, Z1 was closely related to the isolates of Z5 and Z6. 

Jac ard similarity coefficient 
o 

10 9 7 3 11 8 4 2 6 5 Zymodemes 

Fig. 2. Dendrogram of the 11 zymodemes eonstrueted with the data of the isoenzyme types of 
six polymorphie enzymes, aeeording to the group average clustering strategy 
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5 Intraspecies Level of Polymorphism 
in Toxoplasma gondii 

Given the ubiquitous nature of the parasite, its worldwide distribution, and its 
possible sexual reproduetion, an extensive heterogeneity would be expeeted. 
However, the genetie polymorphism deteeted among the population of 61 
Toxop/asma isolates by isoenzyme analysis is still relatively limited, even if 
new isoenzyme patterns were deteeted. Only six out of 15 (40%) enzyme loei 
were polymorphie and only two or three different isoenzyme types were de­
teeted for these enzymes. Some zymodemes, e.g., Z2, Z4 and Z8, differed 
only by the isoenzyme type of GPI. 

This low degree of polymorphism was also observed by SIBLEY and 
BOOTHROYD (1992a) using single-eopy loei to distinguish between 28 strains. 
Similarly, the analysis of ssrRNA gene sequenees of seven strains showed 
that T gondii has aeeumulated very few differenees eompared to other Api­
eomplexans (LUTON et al. 1995). However, the level of diserimination provided 
by isoenzyme eleetrophoresis or by single-eopy gene analysis is relatively low. 
The use of teehniques sueh as DNA fingerprinting with multieopy probes, 
whieh provides a high level of genotypie diserimination, allows individual ident­
ifieation of different strains. A eomparative study, performed on 14 Toxop/asma 
isolates with isoenzyme and RFLP analysis using two endonueleases (5a/1 and 
Pstl) and two moderately repetitive DNA probes (TGR1 E and TGR6), showed 
that an individual zymodeme eomprised isolates that eould be differentiated 
by RFLP analysis with that kind of repetitive probes (CRISTINA et al. 1995). 

6 Correlation Between Genetic Markers 

Several isolates or strains were separately studied by various genetie markers. 
A good eorrelation between the results of these different methods was ob­
served (Table 3). For instanee, 12 isolates studied by isoenzyme analysis were 
also studied in an RFLP analysis with five different genetie markers (SIBLEY 
and BOOTHROYD 1992a); these isolates were almost identieal for the six poly­
morphie enzyme loei and for these five moleeular markers (5AG1 loeus and 
loei hybridizing to probes 850 and BS, derived from a repetitive element dis­
persed in the Toxop/asma genome). The only slight differenees were observed 
with the multieopy BS probe whieh results in hyperpolymorphie patterns. An 
RFLP analysis using repetitive DNA probes deteeted an important polymorph­
ism among 14 isolates belonging to five different zymodemes (CRISTINA et al. 
1995). However, when a numerieal taxonomy method (similarity index) was 
applied to these RFLP data, a elassifieation of T gondii isolates into three 
main groups was observed that also eorrelated with zymodemes: the first 
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Table 3. Correlations between genetic markers 

CT-1 
RH 
P 
ENT 

ME49 
S1 
BEV 
Tg132 
Tg96 

CEP 
M7741 
C56 

Isoenzyme type 
ASAT GPI AMY PE GSR ACP 

SAG1 850 

2 2 
2 2 
2 2 
2 2 
2 2 

2 
2 
2 

BS P22 
Mspl Ddel Hhal 

2 2 2 2 
2 2 2 
2 2 2 2 
5 2 5 
2 2 4 

3 3 3 
4 3 3 
4 3 3 

Results of the analysis of SAG1. 850 and BS loGi were collected from Sibley and Boothroyd (1992b) 
and of P22 loci from Parmley et al. (1994). 

group clustered the virulent strains (Zl-Z5), the seeond group clustered isolates 
belonging to Z2 and Z4 in a kind of superfamily, and the third eorresponded 
to Z3 isolates. 

This clustering into three main groups (A, Band C) is in agreement with 
a elassifieation based on the eombination of different alleles of the three 
genetie loei P22 (SAG2). 850, and SAG7 (PARMLEY et al. 1994). An analysis of 
six polymorphie single-eopy genetie loei identified three types of Toxop/asma 
strains (I, II and 111; HOWE and SIBLEY 1995). Taken together, the results of the 
studies of PARMLEY et al. (1994). SIBLEY and BOOTHROYD (1992a). HOWE and SIBLEY 
(1995) and isoenzyme analysis suggest that group A eould be equated to 
genetie type land to zymodeme 1, group B to type II and to Z2-Z4, and 
group C to type III and zymodeme 3. 

7 Relationships Between Genetic Markers 
and Biological Characteristics 

7.1 Pathogenicity to Mice 

Most of the studies eoneerning genetie polymorphism among Toxop/asma 
strains have tried to establish relationships between pathogenieity in miee 
and genotypes. The isoenzyme analysis of 61 Toxop/asma isolates eonfirms 
the eorrelation between genetie markers and pathogenieity to miee: most of 
the mouse-virulent strains tested in this sam pie (12/15) belong to the same 
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zymodeme (Zl). However, three highly mouse-virulent isolates exhibited clearly 
different isoenzyme patterns (Z5, Z6, and Z8). 

The strains giving rise to chronic infections in mice are found in the seven 
other zymodemes. In fact. among the so-called nonpathogenic or mouse-aviru­
lent isolates, different kinds of pathogenicity to mice can be observed: mice 
infected with certain nonpathogenic strains may live a normallife span, whereas 
those infected with other strains slowly die off during the first few months 
after infection with manifestations of subacute encephalitis (DARDE et al. 1988, 
SUZUKI et al. 1989). Zymodemes 2 and 4 contain only mouse-avirulent strains, 
even if two of the Z4 isolates initially killed the inoculated mice and became 
nonvirulent only after a certain number of passages in mice with a very small 
inoculum. Z3 isolates were originally described as nonvirulent isolates. How­
ever, under our laboratory conditions, at least two of them (M7741 and C56) 
are responsible for the death of most of the inoculated mice 10-13 days after 
inoculation or for the development of subacute encephalitis. Similarly, the Z10 
isolate, which is genetically related to Z3, was described by DUBEY et al. (1995) 
as more virulent for mice than other "avirulent" isolates that also originated 
from pigs (such as the P1 01 isolate belonging to Z2 or the P80 isolate belonging 
to Zll). Therefore, this heterogenous behavior in mice could reflect the genetic 
subdivisions observed in the mouse-avirulent group. It should be noted that 
three of these Z3 strains (CEP, M7741 , and C56) with an intermediate pa­
thogenicity also exhibited an intermediate genetic pattern of P22 and 850 
alleles (PARMLEY et al., 1994; SIBLEY and BOOTHROYD 1992a). Due to the influence 
of host or environmental factors on the expression of virulence, it could not 
be ascertained that this subtle difference in virulence reflects genetic dif­
ferences between isolates. The course of infection depends on the potency 
of the parasite inoculum, the route and kinetics of infection, and the genetic 
background of the congenic mouse strains (BROWN et al. 1995). Pathogenicity 
in a given host will also be increased by frequent and rapid passages (FRENKEL 
1973). as is the case for most of the laboratory strains. 

7.2 Oocyst Production 

FRENKEL et al. (1976) demonstrated that frequent and rapid passages in mice 
could eventually induce the loss of oocyst production capacity in some T 
gondii strains. They concluded that host-induced selection leads to a loss of 
alleles in isolates passaged in mice. However, the capacity of oocyst production 
was absent even for some strains studied soon after their isolation in mice, 
i.e., after less than ten passages (DARDE et al. 1992). Therefore, besides pa­
thogenicity in mice, capacity of sexual reproduction can be additional evidence 
of the biological diversity among T gondii strains. 

Oocyst production has never been observed for strains belonging to Zl, 
except for the CT-1 isolate (DARDE et al. 1992). which originated from the 
intestinal tissue of a beef cow (DUBEY 1992). Although present. the oocyst 
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produetion of the CT-1 isolate is markedly redueed in eomparison to strains 
belonging to other zymodemes. 

8 Epidemiological Implications of the Genetic Analysis 

The isoenzyme analysis shows that the main zymodemes do not seem to be 
speeifie for a given geographie area. For example, Zl originates from both 
the USA and Franee. For sampling reasons, Z2 isolates eome mainly from 
Franee, but they are also found in other European eountries, in Asia (Japan) 
or in North and South Ameriea (USA. Argentina). Z3 isolates originate from 
the USA. Uruguay, and Franee, and Z4 isolates from various regions of Franee, 
England, and Australia. 

However, this set of isolates still may be too limited to draw definitive 
eonelusions. The exehange of meat and animals (pigs, sheep) between these 
eountries eould explain the isolation of the same zymodeme in different regions 
of the world. In this respeet. partieular genotypes, sueh as the Z6 isolate 
whieh originated from the deep forest of Freneh Guinea where domestie eats 
are missing, and where wild felines are the only possible definitive hosts, 
suggest that separate epidemiologie reservoirs whieh harbor distinet sets of 
T. gondii eould exist in some isolated geographie area. 

The large host range of Toxop/asma and its transmission through earni­
vorism or ingestion of ooeysts makes host speeifieity of zymodemes unlikely 
(Table 1). unless immune meehanisms of the host eould preferentially eliminate 
some Toxop/asma genotypes. Isoenzyme analysis showed that 21 of 32 (66%) 
Z2-Z4 isolates are from human origin, eompared to only two of six (30%) Z3 
isolates. This finding is eonsistent with a genetie analysis of a large eolleetion 
of Toxop/asma isolates (HOWE and SIBLEY 1995). However, it should be noted 
that only a very small sampie of the speetrum of possible hosts has been 
analysed. 

9 Population Genetic Analysis 

Population genetie data obtained using teehniques sueh as DNA sequeneing, 
RFLP patterns and enzyme eleetrophoresis have reeently been applied to 
answer fundamental questions about the predominant mode of reproduetion 
of parasitie protozoa. Although the studied Toxop/asma sampie, whieh results 
from aeeumulation of a disparate eolleetion of isolates originating from different 
geographie areas and host speeies, eannot be eonsidered as a random sam pie 
of Toxop/asma isolates eireulating in nature, isoenzyme and genomie analyses 
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support data suggesting a mainly elonal population strueture for Toxoplasma 
(TIBAYRENC et al. 1991; TIBAYRENC 1993; SIBLEY and BOOTHROYD 1992a; PARMLEY et 
al. 1994). The arguments for elonality proposed by TIBAYRENC et al. (1991) are 
easily reeovered in the studies eoneerning a large sampie of Toxoplasma iso­
lates: (1) the isolation of identieal multiloeus genotypes over large geographie 
areas and at intervals of several years, (2) the small number of different geno­
types and the overrepresentation of the observed genotypes by eomparison 
with panmixie expeetations, providing evidenee of a high linkage disequilibrium 
and (3) the eorrelation between independant sets of genetie markers, sueh 
as the different enzyme loei and the moleeular markers presented in the RFLP 
studies. 

Genetie studies proposed three main clonal lineages of T. gondii (HOWE 
and SIBLEY 1995; PARMLEY et al. 1994). Isoenzyme analysis also supports data 
suggesting that eaeh of the main zymodemes eould be eonsidered as a elonal 
entity and that the Toxoplasma population is basieally elonal. as proposed by 
TIBAYRENC et al. (1991). This elonal strueture, suggesting apredominant uni­
parental eyele (self-fertilization in eat. transmission through intermediate hosts 
by earnivorism, absent or redueed ooeystogenesis for Zl isolates) does not 
totally exelude oeeasional sexual reproduetion with eross-fertilization: the 
isoenzyme patterns obtained for Z9, Z10 and Zll suggest a possible reeom­
bination in the definitive host (Table 2). Experimental mixed infeetion has been 
performed (PFEFFERKORN and PFEFFERKORN 1976). but this seems to be rare in 
nature. Strong immunity eonferred by toxoplasmie infeetion eould explain that 
both eats and intermediate hosts usually harbor only one genotype of Toxo­
plasma isolates, providing a eonsiderable potential for self-fertilization in eats. 
This elonal population strueture is important in establishing eorrelations be­
tween partieular strains and clinieal presentation of toxoplasmosis. 

10 Reliability with Pathogenicity in Humans? 

In human toxoplasmosis, the role of the infeeting Toxoplasma straln IS not 
easily assessed although it is clear that infeetions ean have dramatieally dif­
ferent outeomes. There is overwhelming evidenee that the immunologieal 
status of the host plays a major part in the clinieal presentation of this op­
portunistie infeetion. 

10.1 Acquired Toxoplasmosis 

A population of parasite isolates eould be defined from asymptomatie, immu­
noeompetent. pregnant women who have given birth to infeeted ehildren. 
The eorresponding Toxoplasma strain isolated from the infeeted ehild is likely 
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to be identical to the strain that originally had infected the mother. Each of 
these isolates belong to one of the main zymodemes (Zl. Z2. Z3. and Z4). 
Therefore. an absolute relationship between asymptomatic infection and a 
given zymodeme does not seem to exist. 

Two isolates with unusual genotypes belonging to Z5 and Z6 gave rise 
to uncommon clinical presentations in immunocompetent patients. The Z5 
isolate originated from a French ca se of congenital toxoplasmosis. The mother 
acquired infection at 18 weeks of pregnancy without any clinical symptoms 
and was treated with spiramycin. Congenital infection of the fetus was ante­
natally diagnosed. followed by therapeutic abortion : Toxop/asma was isolated 
from blood. brain and liver of the infected fetus. The mother presented symp­
tomatic toxoplasmosis with fever and persisting Iymphadenopathy 1 month 
after abortion. It remains to be answered if the unusual outcome of this ac­
quired toxoplasmosis in the pregnant women is entirely due to a different 
immune response or if the unusual genetic characteristics of the Toxop/asma 
isolate played a role in this outcome. The only isolate of Z6 originates from 
a case of severe toxoplasmosis (pneumonitis. renal impairment. and peri­
carditis) acquired by an immunocompetent soldier in the deep forest of French 
Guinea. Four other soldiers of the same group also became infected during 
the same journey: one of them died from toxoplasmosis and the three others 
developed a severe pulmonary toxoplasmosis (PINON M .. personal communi­
cation). It could be hypothesized that humans are highly susceptible to this 
type of isolate. which is found in an environment unusual for humans. By 
contrast. the usual Toxop/asma genotypes. which have coevolved with humans 
in a domestic cycle. are weil adaptated to their host and do not give rise to 
severe clinical manifestations. Similarly. New World monkeys confronted with 
astrain belonging to a zymodeme circulating in Europe or North America 
(SOM isolate. Z4) developed severe toxoplasmosis during acute epidemics in 
zoos (CUNNINGHAM et al. 1992). These two isolates could provide evidence that 
the genetic characteristics of the isolate plays a part in the clinical outcome. 
It must be remembered that these two isolates are also unusual mouse-virulent 
isolates. as they do not belong to Zl. 

The number of isolates originating from cases of acquired toxoplasmosis 
in immunodeficient patients is not large enough to draw any significant con­
clusion (only four AIDS isolates). However. once again. reactivation of toxo­
plasmic infection appeared to be possible with each of the main zymodemes. 

10.2 Congenital Toxoplasmosis 

Isoenzyme analysis shows that each zymodeme could be responsible for con­
genital toxoplasmosis. The main factor for the severity of congenital infection 
seems to be the term of pregnancy at the time of contamination rather than 
the zymodeme of the infecting strain: independent of latter. latent toxoplas­
mosis in the child is mainly observed after infection in the last trimester. and 
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symptomatic or lethai toxoplasmosis after infection in the first or second tri­
mester. 

11 Conclusion 

These studies of Toxop/asma polymorphism and its implications are still in 
their infancy compared, for instance, to what has been discovered about Plas­
modium or Entamoeba histo/ytica. However, major evidence is accumulating 
concerning the role of Toxoplasma polymorphism regarding some of its bio­
logical characteristics and new insights on the reproductive biology of this 
species have been proposed. Nonetheless, extensive research is still needed 
before definitive conclusions can be drawn, especially about the relationship 
between strain genotype and the human clinical manifestations of toxoplas­
mosis. 
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1 Introduction 

The obligate intracellular protozoan Toxoplasma gondii can penetrate into a 
variety of eukaryotic cells. This broad host and tissue specificity, which is an 
unique feature of this parasite among the Apicomplexa parasites such as 
Plasmodium, Eimeria, and Sarcocystis, indicates that ligands and receptors 
mediating initial attachment of T gondii to host cells are likely to be highly 
conserved and ubiquitously distributed. Toxoplasma enters host cells by an 
active process called invasion, in which special organelles, designated rhoptries 
and micronemes, are believed to be involved in cell penetration. Although the 
precise mechanism of invasion is not understood yet. it is generally agreed 
that the attachment or adhesion of T gondil to host cells is a critical step in 
invasion. It would be most helpful if receptors and ligands on Toxoplasma 
and the host cell membrane were identified and their implications in cell in­
vasion established. This review will focus essentially on structures of the major 
surface proteins of Toxoplasma and will discuss recent progress toward the 
identification of their functions in host cell recognition and adhesion. 

INSERM U.415, Institut Pasteur, 1, rue du Prof. A. Calmette, 59019 Lilie, France 
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lable 1. The surface of Toxop/asma tachyzoites is dominated by five major proteins 

Proteins Encoding Sequences GPI-anchor2 N-glycosylation3 Functions4 

(kDa) Known' 

30 SAG1 Yes No Attachment factor 
22 SAG2 Yes No NK 
43 SAG3 Yes No Attachment factor 
35 NK Yes No NK 
23 NK Yes Yes NK 

NK: not known 
'SAG means surface antigen: SIBLEY et al. (1991), BURG et al. (1988)' PRINCE et al. (1990), CESBRON­
DELAUW et al. (1994) 

2NAGEL and BOOTHROYD 1989; TOMAVO et al. (1989, 1992a) 
30DENTHAL-SCHNITTLER et al. (1993) 
4GRIMwOOD and SMITH (1992), MlNEO et al. (1993), TOMAVO (this review) 

2 Identification of the Major Surface Proteins 

Due to the ease of both in vitro and in vivo propagation, most of the work 
thus far has been focused on the rapidly replicating tachyzoite stage. HANDMAN 
et al. (1980). KASPER et al. (1982,1983) and COUVREUR et al. (1988) have pioneered 
the characterization of tachyzoite surface proteins by generating monoclonal 
antibodies that identify five major surface proteins of 22, 23, 30, 35 and 43 kDa 
(designated P22, P23, P30, P35 and P43) according to their mobilities in SDS­
polyacrylamide gel electrophoresis (Table 1). A monoclonal antibody specific 
for P30 has been used to purify this protein by immunoprecipitation and to 
subsequently show that P30 represents 5% of the total amount of tachyzoite 
proteins (KASPER et al. 1983). It appears that most of the surface proteins 
electrophorese slower under reduced gel conditions; in addition, P35 and P30 
proteins comigrate under unreduced conditions. The posttranscriptional modi­
fications (such as N-, O-glycosylation, and membrane anchoring) that occur 
with these proteins have been studied. Indeed, in addition to the peptide 
backbone, these structures could playa role as attachment or adhesion factors. 

3 Glycosyl-Phosphatidylinositol Anchors 

Although some of the plasma membrane proteins of the parasitic protozoa 
use transmembrane polypeptide anchors, all five known surface proteins of 
Toxop/asma have glycosyl-phosphatidylinositol (GPI) structures that serve to 
an chor these molecules to the plasma membrane (Fig. 1; NAGEL and BOOTHROYD 
1989; TOMAVO et al. 1989). This type of anchor is more frequently used in 
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Fig. 1. Structure of glycolipid anchors of Toxoplasma gondii P30 and P23 proteins. All glycosidic 
linkages of the GPI backbone are in the a-configuration (TOMAVO et al. 1989, 1992a,b. 1993), and 
the ß-configuration of GalNAc is not yet determined 

Toxop/asma than in higher eukaryotes. Indeed, no other type of plasma mem­
brane anchoring is known in T gondii. However, genetically engineered P30, 
containing a transmembrane anchor instead of the GPI anchor, is efficiently 
targeted to the parasite surface, indicating that a GPI anchor is not absolutely 
necessary to localize a protein on the surface of T gondlj (SEEBER and BOOTHROYD, 

personal communication). The partial structure of the GPI anchors of these 
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proteins has been determined using metabolic labeling (tritiated glucosamine, 
mannose, galactose, palmitic and myristic acids, and inositol). The sensitivity 
of these proteins to a phosphatidylinositol phospholipase C c1early demon­
strates that these proteins possess GPI anchors. The release of these proteins 
fram the surface of live parasites, which causes a cross-reacting determinant 
(CRD) of the soluble forms to be accessible to anti-CRD serum of trypano­
somes, also demonstrates that they possess GPI anchors. Further investiga­
tions led to the identification of the evolutionarily conserved linear GPI core 
structure (Fig. 1), consisting of ethanolamine-P04-6Manal-2Manal-6Mana1-
4GlcNAcal-6-inositol on P30 and P23 proteins (TOMAVO et al. 1992a, 1993). 
Four major glycolipids have been isolated either in living parasites or in a 
parasite extract. These glycolipids have the same GPI core structure and can 
serve as preassembled precursors of GPI anchors linked to these prateins 
(TOMAVO et al. 1992b). As reported for the Thy-1 molecule (HOMANS et al. 1988). 
N-acetylgalactosamine has been identified on GPI anchors of both proteins 
and glycolipids, suggesting the presence of side chain modifications on the 
core structure (Fig. 1). The pathway of GPI biosynthesis in T. gondli consists 
of sequential addition of different monosaccharid es to phosphatidylinositol 
until the transfer of ethanolamine phosphate takes place (TOMAVO et al. 1992b), 
as previously described for trypanosomes (MASTERSON et al. 1989; MENON et 
al. 1990). A molecule specific for the Toxop/asma anchors, which can be used 
for drug design or specific targeting, has not been found so far. The role of 
GPI anchors in T. gondii is not known; however, in other systems it can be 
more than a simple anchor. For example, the GPI anchor can be involved in 
signal transduction (STEFANOVA et al. 1991; BROWN 1993). One possible function 
of the GPI anchor might be to allow a c10ser association of the proteins with 
themselves and other surface proteins in the membrane (FERGUSON 1994). Evi­
dence for this in T. gondii has been shown in experiments with the above­
mentioned transmembrane-anchored P30, which does not show the observed 
association of GPI-anchored P30 with itself and/or other proteins (SEEBER and 
BOOTHROYD, personal communication). 

4 N-Glycosylation 

The presence of N- and O-glycosylated structures on the surface molecules 
of tachyzoites has been controversial since the work of HANDMAN et al. (1980). 
Based on the inability of living parasites and radioiodinated proteins to bind 
to lectins, which are generally used to identify surface glycoproteins of most 
eukaryotic cells, these authors concluded that there were no such post-tran­
scriptional modifications on the surface of T. gondii tachyzoites. In contrast. 
MAURAS et al. (1981) and JOHNSON et al. (1981) have detected concanavalin A 
binding to both living tachyzoites and isolated prateins. Using a combination 
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of metabolic labeling with tritiated monosaccharides, gel filtration chromato­
graphy and enzymatic digestions (peptidase-N-glycanase F, endoglycosidases 
H, Fand exoglycosidases). N-linked glycans in the hybrid- or complex-type 
form (composed of N-acetylgalactosamine, N-acetylglucosamine and mannose) 
have been identified on one surface protein, P23 (ODENTHAL-SCHNITILER et al. 
1993; SCHWARZ and TOMAVO 1993; SCHWARZ et al. 1993). Even if T. gondii micro­
somes are able to synthesize a glycosylated lipid-bound high-mannose struc­
ture, known as N-glycosylation precursor in eukaryotic cells (ODENTHAL-SCHNITILER 
et al. 1993). N-linked structures are not apredominant modification occurring 
on tachyzoite surface proteins. This is also true for Plasmodium falciparum, 
in which a complete inability to synthesizeN-linked glycans has been do­
cumented (DIECKMAN-SCHUPPERT et al. 1992). It has been shown that Plasmodium 
falciparum modifies its proteins with O-glycosylated structures instead of N­
glycosylation. The presence of O-glycans on T. gondii surface proteins still 
needs to be further explored. 

5 Determination of Primary Sequences 

The primary sequences of three major T. gondii surface proteins, P30, P22 
and P43, derived from cD NA or gene sequences have been published (BURG 
et al. 1988; PRINCE et al. 1990; CESBRON-DELAUW et al. 1994). Similar to the yeast 
nomenclature, the proteins are designated as SAG1, 2 and 3 (SIBLEY et al. 
1991). As described in other GPI-anchored proteins, all three sequences contain 
processing signals in their translated product. Firstly, they contain an NH2-ter­
minal signal sequence for entry into the lumen of the endoplasmic reticulum 
and, secondly, they contain a GPI signal sequence at the COOH-terminal. 
These COOH-terminal hydrophobie tails are 26, 14 and 25 amino acids long, 
confirming that these molecules contain a GPI anchor. During the trafficking 
of the newly synthesized polypeptide through the endoplasmic reticulum, the 
hydrophobic tails are likely to be cleaved and replaced with a GPI anchor by 
a transaminidase (CROSS 1990). Such a transaminidase has not been isolated 
yet in any eukaryotic cell. Further analysis of these sequences revealed one 
putative N-linked site (N-A-S) in SAG 1. However, this putative N-linked motif 
is not used by the N-glycosylation machinery of T. gondii. N-linked motifs are 
not present in the sequences of SAG2 and SAG3 proteins. Data bank searches 
for homology to known molecules, which would help to identify biological 
functions, were unsuccessful; however, surprisingly, we found significant re­
semblance between SAG 1 and SAG3 proteins in the number (12) and dis­
tribution of cysteine and tryptophan residues (CESBRON-DELAUW et al. 1994). 
Additionally, these proteins share two identical peptides, Q-Y-C-S-G and G-A­
T-L-T-1. and their overall hydrophobic/philic profiles are remarkably similar. 
These observations suggest that SAG1 and SAG3 may have the same folding 
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pattern and, therefore, probably similar functions. The genes encoding P35 
and P23 surface proteins remain to be cloned. 

6 Using Mutants as an Approach to Study Biological 
Functions of Toxoplasma Surface Proteins 

6.1 Chemical Mutagenesis 

Mutants unable to express SAG1 or mutants expressing altered SAG1 have 
been generated by ethylnitrosourea mutagenesis followed by selection of re­
sistance to antibody-complement lysis (KASPER 1987). One mutant. designated 
B-mutant. contains a point mutation in the SAG7 gene (stop codon instead 
of a leucine at position 203). As a consequence, the SAG1 protein was not 
detectable by western blot and immunofluorescence assay (IFA). A second 
mutant. designated A-mutant. expresses an altered SAG1 protein (a serine 
instead of a cysteine at amino acid 295). resulting in decreased mobility com­
pa red to wild-type SAG1 on unreduced SDS-PAGE gel. This conformationally 
altered SAG 1 is not recognized by antisera to native SAG 1 (KIM et al. 1994). 
A third mutant. designated C-mutant. which has a point mutation in the SAG7 
gene, has also been described. Despite the ability of SAG1 antisera to inhibit 
wild-type parasite invasion of host cells (GRIMWOOD and SMITH 1992; MlNEO et 
al. 1993). these SAG 1 mutants appear to invade host cells with no significant 
difference compared to wild-type T. gondii (MINEO et al. 1993). Since these 
mutants are able to infect host cells, it can be concluded that alternative 
molecules must exist to allow host cell invasion. A SAG2-mutant (P22 surface 
protein) has also been obtained using chemical mutagenesis (KASPER et al. 
1982). and this mutant is also able to invade host cells. However, a major 
concern with using the SAG1 and SAG2 mutants is that chemical mutagenesis 
mayaiso have induced other mutations outside the SAG7 and SAG2 genes. 
This could explain the absence of a clear-cut phenotype for these mutants. 
The recent development of transfection systems in T. gondii (KIM et al. 1993; 
SOLDATI and BOOTHROYD 1993) allows the use of reverse genetics to create re­
combinant parasites with a perfect gene replacement (gene knockout). 

6.2 Reverse Genetics 

We have engineered a SAG3 knockout mutant by transfecting tachyzoites of 
T. gondii (RH strain) with a linearized plasmid containing a Toxop/asma selection 
cassette (5' TUB-promoter-chloramphenicol acetyltransferase-SAG 7 untrans­
lated region 3') contained within the 5' (2.8 kb) and 3' (2.2 kb) untranslated 
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flanking sequences of the SAG3 gene. Four mutants, lacking the SAG3 protein 
due to a perfect replacement of the SAG3 gene, which has been proven by 
southern and northern blot analyses, have been obtained (WYLS et al., unpub­
lished). Two of these mutants, through further analysis, showed less virulence 
in vivo (LD50 in mice was 500- to 1000-fold greater than with the wild-type 
RH strain). Their ability to invade different eukaryotic cells in vitro was reduced 
to 40%-60% compared to the wild type. These findings show that the SAG3 
protein is an attachment/virulence factor expressed on the surface of T. gondi 
and that a lack of the SAG3 protein is not lethai for the parasite. The fact 
that a significant proportion (about 50%) of the SAG3 knockout mutants still 
invaded host cells suggests the existence of other alternative attachment/vi­
rulence factors in these mutants. Such conclusions have been drawn from 
studies on other protozoan parasites like Plasmodium, Leishmania, and Try­
panosoma (WILSON and HARDIN 1990; SCHENKMAN et al. 1991; GALINSKI et al. 1992). 
In addition, the striking homology between SAG3 and SAG1 proteins clearly 
points out that redundancy exists in parasite molecules which are involved in 
attachment and invasion of host cells and possibly in virulence as weil. Studies 
are now in progress for the generation of double mutants devoid of both 
SAG3 and SAG1 proteins. 

7 Other Attachment Factors 

Recent investigations indicate that. in addition to the implication of the SAG1 
protein (GRIMWOOD and SMITH 1992; MlNEO et al. 1993) and the SAG3 protein 
involved in attachment (described in this review). T. gondii attachment may 
also be mediated either by a parasite laminin and host cell laminin receptor 
or by parasite surface lectin-like molecules (FURTADO et al. 1992; KAsPER and 
MlNEO 1994). FURTADO et al. (1992) have shown that laminin, but not fibronectin, 
increase parasite attachment to the murine macrophage cell line J774 in a 
dose-dependent manner. The cyclic Y-I-G-S-R, a laminin-derived peptide (wh ich 
inhibits laminin binding to the 32/67 kDa laminin protein of host cells). is able 
to block parasite attachment mediated by laminin. Hence, an antiserum to 
the 32/67 kDa protein also inhibits the attachment of T. gondii to host cells. 
Other candidates for attachment may be lectins, since several studies have 
shown that bovine serum albumin (BSA)-glucosamide binds to extracellular 
tachyzoites with high affinity (ROBERT et al. 1991). In addition, the neoglyco­
protein BSA-glucosamide has been shown to competitively block in vitro in­
fection of human fibroblast cells with tachyzoites (MINEO et al. 1993). As dis­
cussed above, lectins are not able to bind to surface molecules of live tachy­
zoites. It appears that neoglycoproteins involved in attachment are detected 
in the parasite's internaiorganelles, such as micronemes and rhoptries. Inter­
estingly, DE CARVALHO et al. (1991) have shown that gold-Iabeled lectin and 
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neoglycoprotein localize sugar residues and sugar-binding sites on the parasite 
rhoptries. It should be mentioned that the precise mechanism with which 
these lectins. laminin. and surface proteins of T. gondii interact with ligands 
of host cells remains to be explained. 

8 Conclusions and Future Directions 

The last decade has seen considerable advances in the understanding of the 
interaction of attachment and adhesion between host cells and Apicomplexa 
parasites (especially Plasmodium and Toxoplasma). Attachment and adhesion 
are prerequisites for the penetration of these parasites into host cells. However. 
the detailed processes and the molecular mechanisms involved in invasion 
are still not completely understood. Informative and innovative experiments 
will certainly be performed in the future. because of our ability to generate 
gene knockout mutants and to complement them with wild-type. altered. or 
foreign molecules. These mutants will be extremely useful for further exam­
inations of the structures within the attachment/adhesion factors. which pro­
mote the interactions between Toxoplasma and host cells. Knockout mutants 
will also be extremely important when considering new ways to control the 
parasite. for example. by inhibiting invasion. 
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Micronemes are small apical organelles found in variable amounts in the in­
vasive stages of all Apicomplexa. They are believed to playa role in recognition 
of the host cell by exocytosing their contents at the time of invasion, but 
very little direct evidence of this exocytosis has been obtained (ENTZEROTH et 
al. 1992). Rather, in several models, molecules known to be stored in 
micronemes have been shown to possess adhesive domains or even binding 
properties, explaining the host cell specificity of the organism (ADAMS et al. 
1990; TOMLEY et al. 1991; ESCHENBACHER et al. 1993). This is especially true in 
Plasmodium sp., in which erythrocyte and hepatocyte binding molecules have 
been extensively characterized in recent years (ADAMS et al. 1992; CERAMI et 
al. 1992; CHITNIS et al. 1994; SIM et al. 1994; ROBSON et al. 1995). 

2 Toxoplasma gondii Microneme Proteins 

Three different Toxoplasma gondii microneme proteins have been described 
so far (ACHBAROU et al. 1991). Their characteristics are as folIows: 

1 Unite 42 INSERM, 369 rue J Guesde, 59650 Villeneuve d·Ascq. France 
2 Unite d' Immunologie Moleculaire des Parasites. Institut Pasteur. 25, rue du Docteur Roux, 75015 
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- MIC1 is a 60 kDa protein that migrates at 50 kDa under nonreducing con­
ditions, suggesting the presence of internal disulfide bridges. It has a pi of 
6.5 and can be labeled with tritiated glucosamine. 

- MIC2 is a 120 kDa protein. It has a a pi of 5 and undergoes partial processing 
to a 116 and a 110 kDa molecule upon host cell invasion (ACHBAROU, un­
published observations). 

- MIC3 is a 90 kDa protein of pi 6.75, made of two 38 kDa monomers of pi 
6.7 and 6.75. These monomers are linked by intermolecular disulfide 
bridge(s}. MIC3 monomers are synthesized as 40 kDa precursors that are 
processed to 38 kDa final products within about 30 min after synthesis. 

MORRISSETTE et al. (1994) have obtained monoclonal antibodies directed against 
MIC2 and MIC3. They have found by immunofluorescence that MIC3 is dif­
ferentially located depending on the replicating stage of the parasite, being 
also detected in the perinuclear region in recently divided parasites but found 
only in the apex at other stages. These findings suggest that microneme 
protein synthesis is regulated during the cell cycle of T. gondii. 

MIC1 has been shown to bind to host cells in vitro: when a T. gondii 
tachyzoite Iysate is incubated with Vero cells or HFF, MIC1 is one of the 
major parasite proteins that binds to the cells and that can be detected by 
western blotting of the incubated cells (ACHBAROU, unpublished). MIC2 does 
not possess this property whereas MIC3, which is fully insoluble in physio­
logical medium, has not been studied in this respect. 

3 Cloning of Genes Encoding Microneme Proteins 

The gene encoding the MIC1 protein has been cloned and sequenced (FOURMAUX 
et al., unpublished). It is a single copy gene with three introns, all located in 
the first half of the coding sequence. The intron sizes are 320, 391 and 263 bp. 
The cDNA has an open reading frame (ORF) of 1368 bp that encodes a poly­
peptide of 456 amino acids, with a putative signal sequence of 16 amino 
acids and no other hydrophobic domain. Two polyadenylation sites have been 
found at 400 bp and 570 bp after the stop codon. The 5' untranslated mRNA 
is 144 nucleotides long, as has been determined by rapid amplification of 
cDNA ends (RACE). An interesting feature of the deduced polypeptide se­
quence is that it contains a tandemly repeated domain of 88 amino acids, 
with six conserved cysteine residues in each domain. The two domains share 
22% identity and present a perfect conservation of the positions at the cysteine 
residues. Moreover, part of the molecule has homologies with the thrombo­
spondin-related adhesive protein (TRAP) of Plasmodium falciparum (ROBSON et 
al. 1988). The TRAP protein has recently been shown to bind to human he­
patocytes (ROBSON et al. 1995) and is therefore probably involved in host cell 
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binding by Plasmodium sporozoites, as is the circumsporozoite protein (CSP) 
that also possesses a thrombospondin-related domain (CERAMI et al. 1992). 
Both TRAP and CSP are located on the surface and in micronemes of Plas­
modium sporozoites (FINE et al. 1984; ROGERS et al. 1992). As Eimeria also 
possesses a microneme protein with a homology to TRAP (TOMLEY et al. 1991). 
this suggests that Apicomplexa express a family of microneme proteins that 
may derive from a common ancestor and that are involved in binding to the 
host cell surface. The differences in sequence would reflect the receptor-ligand 
specificity of host cell invasion of the different genera. This TRAP-like family 
seems to be expressed in Apicomplexa parasites which invade nucleated cells. 
In contrast. the erythrocyte-binding antigen (EBA) family (ADAMS et al. 1992). 
which has been found in the micronemes of the genus Plasmodium, seems 
to be restricted to erythrocyte-invading Apicomplexa parasites. 

The gene coding for the MIC3 protein has also been cloned from a cDNA 
library (GARCIA-REGUET et al., unpublished). and the sequence data obtained so 
far encompass a 1089 bp ORF, encoding a polypeptide of 363 amino acids, 
and a 3' untranslated region of 409 bp preceding the polyA tail. Southern blot 
experiments suggest the presence of a single copy gene. As the protein is 
a heterodimer of two isoforms, the difference between these two is likely to 
be due to posttranslational modifications, which so far are unknown. The 
deduced amino acid sequence indicates that MIC3 is also a cysteine-rich pro­
tein with a putative transmembrane sequence. It also contains two epidermal 
growth factor (EGF)-like domains as a tandem repeat in the COOH-terminal. 
EGF-like domains have not previously been found in microneme proteins of 
Apicomplexa, but they have been found in surface proteins of Plasmodium 
sp. merozoites (BLACKMAN et al. 1991) and ookinetes (KASLOW et al. 1988). We 
do not know whether any relationship exists between these molecules and 
MIC3. 

Finding these EGF-like domains in T gondii micronemes suggests the ex­
istence of a second receptor-ligand structure in the same organelle, which 
makes them especially interesting. If micronemes contain at least two different 
types of putative host cell ligands, either alternate or complementary routes 
of host cell recognition/binding could then be envisioned for this organism 
that can invade almost any cell type. These preliminary data make the study 
of T gondii micronemes a highly promising field. Further investigations can 
hopefully show: (1) whether additional proteins are expressed in these orga­
nelles, (2) how and when exocytosis occurs, and (3) whether the binding 
proteins really playa part in invasion, either at initial recognition or at the 
moving junction formation. 
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Multiplication of Toxop/asma gondii only occurs intracellularly inside a spe­
cialized compartment called the parasitophorous vacuole (PV). Regulated se­
cretory processes are key to the success of the intracellular parasitism of 
Toxop/asma as the parasite extensively modifies the newly formed vacuole 
using secreted proteins (BECKERS et al. 1994; CHARIF et al. 1990; SIBLEY and 
KRAHENBUHL 1988). The main structural modification of the PV consists of ela­
boration of a network of tubular membranes that are continuous with the 
vacuolar membrane (SIBLEY and KRAHENBUHL 1988; SIBLEY et al. 1986, 1995). 

Toxop/asma cells contain three distinct secretory organelles: the rhoptries, 
the micronemes and the dense granules. Whereas the precise function of 
these organelles is not known, they are involved in the installation process 
of the parasite in the host Gell. The timing of rhoptry discharge strongly sug­
gests that these organelles participate in the invasion process (SAFFER et al. 
1992). Several early morphological observations suggested that the rhoptries 
secrete molecules which might cause degeneration of the host cell membrane 
(LYCKE et al. 1975). More recently, the ROP2 protein has been observed to be 
associated with the PV membrane (PVM), providing evidence that rhoptry 
contents may participate in the formation of the PVM. 
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In contrast, dense granule release appears to occur continuously during 
intracellular development of the parasite (LERICHE and DUBREMETZ 1990; DUBREMETZ 
et al. 1993). A similar granular composition is observed in the dense granules 
of both the tachyzoites and the bradyzoite encysted forms (TORPIER et al. 1993). 
The dense granule proteins are associated with both the PV and the cyst wall 
at different locations (TORPIER et al. 1993). which suggests that the dense 
granules are more likely to playa major role in the modification of the PV 
and therefore in the intracellular survival and/or multiplication of the parasite. 

2 Biogenesis of Dense Granule Organelles 

The dense granules are electron-dense vesicles found in all coccidian parasites. 
They resemble the secretory vesicles of mammalian cells and. by analogy. 
are probably formed by budding from the Golgi apparatus. Therefore. it seems 
likely that the newly synthesized granular proteins are posttranslationally 
targeted in the endoplasmic reticulum and subsequently accumulate in the 
Golgi. Indeed. the primary deduced amino acid sequences show that all dense 
granule proteins bear a NH2-terminal hydrophobie domain (CESBRON-DELAUW 
1994) that fits the characteristic of a signal sequence. which targets proteins 
in the secretory pathway. Since these polypeptides are thereafter targeted to 
the dense granules. they presumably contain a specific addressing signal that 
causes their sorting into the dense granules. In Toxop/asma cells. such se­
quence information is likely required to allow protein sorting into the correct 
secretory organelles. The recent success in expressing foreign proteins in T. 
gondii allowed us to start a detailed analysis of sequence elements involved 
in the sorting of proteins to the dense granules. 

3 The GRA Proteins 

Eight distinct dense granule proteins have been characterized so far; their 
genes have been cloned and their subcellular locations have been analyzed. 
In the absence of any particular biological function for most of the dense 
granule proteins. they have been named by the three letters GRA and identified 
by a number (SIBLEY et al. 1991): GRAl. a 23 kDa calcium-binding protein 
(CESBRON-DELAUW et al. 1989). GRA2 (p28) (MERCIER et al. 1993). GRA3 (p30) 
(BERMUDES et al. 1994a). GRA4 (p40) (MEVELEC et al. 1992) and the antigenically 
related GRA5 (p21) (LECORDIER et al. 1993) and GRA6 (p32) (LECORDIER et al. 
1995). 
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Recently, the NTPases NTP1 and NTP3 (ASAI et al. 1995; BERMUDES et al. 
1994b). which were initially described as cytosolic enzymes within Toxop/asma 
cells, have been reported to be located in the dense granules and secreted 
in the PV (SIBLEY et al. 1994). 

3.1 Differential Targeting of the GRA Proteins 
Within the Parasitophorous Vacuole 

Shortly after invasion, the contents of the secretory granules are released 
within the PV. Despite the observation that individual dense granules contain 
a mixture of GRA proteins (SIBLEY et al. 1995). they appear to be differentially 
targeted within the vacuole following release (CHARIF et al. 1990; ACHBAROU et 
al. 1991). Several GRA proteins including GRAl, GRA2, GRA4, GRA6 and the 
NTPases are found in the vacuolar space and are not detected at the delimiting 
membrane of the PV. The NTPases and GRAl are soluble proteins found in 
T. gondii cell extracts (SIBLEY et al. 1994, 1995). GRAl becomes associated 
with the network of the PV and possesses several domains characteristic of 
moieties capable of calcium-regulated interactions (CESBRON-DELAUW et al. 1989). 
GRA2 is found both as a soluble and as a membrane-associated form (SIBLEY 
et al. 1995). The predicted amino acid sequence of GRA2 does not contain 
a typical transmembrane domain but it is characterized by large amphipathic 
a-helical regions, which might adopt a transmembrane configuration (MERCIER 
et al. 1993). GRA4 and GRA6, which are also detected closely associated with 
the network of the PV, have a putative classical membrane-spanning domain 
in their sequence (ACHBAROU et al. 1991; LECORDIER et al. 1995) 

In contras!, GRA5 is strictly associated with the delimiting PVM (LECORDIER 
et al. 1993) and GRA3 combines with both the PVM and the intravacuolar 
network (ACHBAROU et al. 1991). The deduced amino acid sequence of GRA5 
contains a central hydrophobie domain characteristic of a transmembane re­
gion, whereas the sequence of GRA3 does not have any typical transmembrane 
domains. GRA3 contains several short hydrophobie stretches, which are not 
predicted to span a membrane (BERMUDES et al. 1994a). 

It has recently been shown that the PVM functions as a molecular sieve 
allowing diffusion of low molecular mass substances (1300-1900 daltons) from 
the host cell cytoplasm into the vacuole by an unknown mechanism (SCHWAB 
et al. 1994). Parasite proteins that are found within the PVM, such as GRA3 
and GRA5, could contribute to the formation of pores or channels across the 
PVM. 
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3.2 Dense Granule Secretion 

Dense granule secretion shares hall mark features of regulated exocytosis in­
cluding: (1) packaging in electron-dense vesicles; (2) fusion of these vesicles 
with the plasma membrane, and (3) triggering by an external signal. 

One peculiarity of Toxop/asma dense granule exocytosis is that two inde­
pendent fusion events have been described. First. fusion of dense granules 
with the plasma membrane from the anterior pole of the parasite and release 
of an amorphous material into the PV (LERICHE and DUBREMETZ 1990); second, 
the release of membranous structures, occurring at the posterior end of the 
parasite (SIBLEY et al. 1995). Immunoelectron microscopy has recently shown 
that these multi lamellar vesicles contain GRA2 (SIBLEY et al. 1995). Therefore, 
it is suggested that these two independent secretory events migth lead to 
the formation of the intravacuolar network. Similar immunolocalization studies 
involving GRA4 and GRA6, which are also specifically localized in the network, 
provide additional evidence for this process. 

4 The GRA Gene Promoters 

The genes encoding the GRA proteins have been cloned; only one (GRA2) 
has an intron (MERCIER et al. 1993). Except for the NTPases, the primary amino 
acid sequences derived from the cDNAs did not provide any clues for the 
function of the GRA proteins. The GRA polyadenylated mRNAs are very abun­
dant in the tachyzoites and are also expressed in the bradyzoites. Since all 
GRA proteins are processed in the parasite in a similar manner (storage in 
the same granule, regulated secretion). their expression might also be coor­
dinately regulated. 

This has led us to investigate whether similar elements are involved in 
the control of the expression of the GRA genes. Sequence analysis of the 5' 
flanking regions of four GRA genes that have been cloned in our laboratory 
(GRA 1, GRA2, GRA5 and GRA6) did not reveal either any obvious similarities 
between them nor any classical eukaryotic promoter sequences. We next 
used the recently developed, transient DNA transfection system (SOLDATI and 
BOOTHROYD 1993) to define sequence elements that are critical for the expression 
of each of the four GRA genes (MERCIER et al. 1996). Sequence comparison 
of the defined regions revealed the presence of an heptanucleotide motif 
(A/TGAGACG) found in both orientations. This sequence element is found in 
the repeated sequence that constitutes the SAG1 promoter (SOLDATI and 
BOOTHROYD 1995). Mutagenesis confirmed the functionality of the detected ele­
ment (MERCIER et al. 1996). 
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5 The GRA Antigens 

The role of excreted-secreted antigens (ESAs) of T. gondii in inducing protective 
immunity has been shown in several experimental models of toxoplasmosis. 
ESAs protect highly susceptible nu/nu rats, inducing both antibody--dependent 
and cellular immune responses (DuQUESNE et al. 1990). In a rat model of con­
genital toxoplasmosis, ESA have been shown to reduce transplacental infection 
of the fetus from 70% in the control rats to 3% in ESA-immunized animals 
(Zenner et al., unpublished). ESA immunization also protects mice against oral 
infection with alethal dose of Toxop/asma cysts (50%-60% survival rate) (Fig. 1; 
DARCY et al. 1992). 

ESA are obtained upon incubation of extracellular tachyzoites in a cell-free 
medium containing 10% serum. The majority of these products have been 
shown to be components of dense granules. Amongst them, GRA2 is probably 
the most immunogenic. Immunization of mice with high-performance liquid 
chromatography (HPLC)-purified GRA2 has resulted in a survival rate of 75% 
(Fig. 1). Protection with GRA2 was also shown by immunizing mice with 
antigens that had been affinity-purified by the monoclonal antibody F3G3 
(SHARMA et al. 1984). Serological studies using human sera and truncated rec­
ombinant GRA2 have shown that this antigen contains at least three B cell 
epitopes (MURRAY et al. 1993). One of them, including the eight COOH-terminal 
amino acid residues, is recognized by the mouse anti-GRA2 monoclonal anti­
body TG 17 -179 (CEsBRON-DELAUW et al. 1992). 
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Fig. 1. Survival curves of immunized OF1 mice after oral infection with 1200 cysts of Toxop/asma. 
gondii 76 K strain. Three groups of mice have been immunized subcutaneously with: (1) excreted­
secreted antigens (ESAs) in the presence of incomplete Freund adjuvant (IFA; 13 mice), (2) with 
the 28 kDa antigen (GRA2) purified by HPLC in the presence of IFA (12 mice), and (3) controlmice 
immunized with IFA alone (15 mice) 
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Currently, work is in progress to express GRA2 in several cloning systems 
in order to test its potential as a vaccine component. Recently, successful 
expression has been obtained in bacillus Calmette-Guerin (BCG) and experi­
ments are also in progress to test the protective activity of such recombinant 
BCG expressing GRA2 (ABOMOELAK et al., personal communication). 
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Infection with Toxop/asma gondii is characterised by an acute phase, associated 
with the rapid proliferation of tachyzoites, followed by a chronic phase during 
which the slow-growing bradyzoite stage forms cysts in brain and muscle 
tissue. Although tissue cysts are often refered to as 'dormant', there is evidence 
of bradyzoite turnover within the cyst (PAVESIO et al. 1992) and of periodic cyst 
rupture (FERGUSON et al. 1989). Bradyzoites released from the cyst may convert 
into tachyzoites causing recrudesence of acute disease which, in immuno­
suppressed individuals, can be fatal (LUFT and REMINGTON 1992). Control of dis­
ease relies upon recognition and immunoregulation of both stages and it is 
therefore important to have an understanding of the comparative antigenic 
structure of tachyzoites and bradyzoites. 

In terms of their cellular structure, tachyzoites and bradyzoites are very 
similar but there are major differences in both the phenotype they produce 
in the host cell and in their molecular composition. Tachyzoites multiply rapidly 
to destroy the host cell within 48 h, while bradyzoites divide slowly and secrete 
proteinaceous material which forms a dense matrix around the bradyzoites 
and modifies the parasitophorous vacuole membrane to form the cyst wall 
(FERGUSON and HUTCHINSON 1987). These variations in the growth and morphology 
of the two stages indicate underlying differences in metabolism which are 
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perhaps most clearly reflected by direct comparison of protein profiles. Figure 
1 a compares the profile of proteins in RH strain tachyzoites and 18691 strain 
cysts. The dominant protein in tachyzoites is the major Mr 30 000 surface 
moleeule (SAG 1) with other prominent bands at Mr 42 000 and 66 000 (ZHANG 
and SMITH 1995a). In contrast, the cyst has one very abundant protein of Mr 
24 000 with other fainter bands including those of Mr 35 000,42 000, 54000 
and 65 000. The profile of cyst proteins is very similar in two other strains 
of the parasite, Gleadle and 17025 (Fig. 1 b). suggesting that there is no major 
strain-dependent variation at this level. 

Mr T 18 

17 G 

Ib 
Fig. 1. Comparison of the total protein profile of Toxoplasma gondii bradyzoites and tachyzoites. 
Parasites, 106 RH strain tachyzoites (7) or 2000 tissue cysts of the 18691 (18). 17025 (17) and 
Gleadle (G) strains, were boiled for 5 min in reducing sam pie buffer, separated on 12% acrylamide 
gels and stained with silver stain. Arrowheads indicate the molecular weight markers BSA (66 000). 
ovalbumin (45 000) and trypsinogen (24 000) 
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2 Antigenie Differences Between Tachyzoites 
and Bradyzoites 

The first demonstration that the two stages were antigenically distinct came 
from LUNDE and JACOBS (1983). who compared the cross-reactivity of tachyzoite­
and bradyzoite-specific antisera in an immunofluorescence assay (IFA). The 
extent of this overlap was first quantified by KAsPER (1989). who raised stage­
specific anti sera and found very low cross-reactivity in a differential ELiSA 
screen. More recently, we have shown that removal of anti-tachyzoite anti­
bodies from immune mouse serum via adsorption has no effect on the anti-cyst 
titer (ZHANG and SMITH 1995a). Taken together, these results imply that there 
is virtually no antigenic overlap between the two stages and thus immuno­
regulation is likely to be highly stage-specific. 

Identification of the major antigens of tachyzoites and cysts by western 
blotting largely confirms this suggestion. The overall profile of antigens in the 
tachyzoite has been weil established by a number of studies using human 
sera (PARTENEN et al. 1984; POTASMEN et al. 1986; VERHOFSTEDE et al. 1988). The 
consensus from these studies is that there is a strong humoral response to 
the tachyzoite with molecules of approximate Mr 30 000, 35 000, 42 000, 
54 000, 60 000, 67 000 and 120 000 amongst the most frequently cited 
antigens. Comparison of the recognition pattern of polyclonal antisera with 
monoclonal antibodies has enabled identification of some of the major 
antigens, for example the dominant tachyzoite surface antigen SAG1 (COUVREUR 
et al. 1988) and the family of dense granule molecules (GRA 1-6, DARCY et 
al. 1990; CESBRON-DELAUW 1994). originally identified as excreted-secreted 
antigens. 

The overall profile of bradyzoite/cyst antigens has also been analysed by 
western blotting with immune sera and monoclonal antibodies. The dominant 
antigen in the cyst has a Mr of approximately 24 000, while molecules of 
approximate Mr 18 000, 20 000, 28 000, 43 000, 52 000 and 67 000 are 
also frequenly recognised (KAsPER 1989; DARCY et al. 1990; WOODISON and SMITH 
1990; MAKIOKA et al. 1991). It is clear from the use of monoclonal antibodies 
that some molecules, such as the dense granule and rhoptry proteins, are 
common to both stages (VAN GELDER et al. 1993; TORPIER et al. 1993) and the 
existence of such 'shared' antigens appears to be at odds with the low sero­
logical cross-reactivity seen in IFA and ELiSA. However, it appears that these 
molecules are not immunodominant and that the major antigens are stage­
specific. A direct comparison of tachyzoite and bradyzoite antigens can be 
seen in Fig. 2, which shows a two-dimensional western blot of RH strain 
tachyzoites and RRA strain cysts probed with immune mouse sera. Although 
common antigens, like the surface protein SAG3 and the microneme molecule 
MIC3, can be identified, stage-specific antigens can be detected at Mr 30 000 
(SAG1) and 35 000 in the tachyzoite and at Mr 18 000,20 000 and 24 000 
in the cyst. One of the major differences between the two stages is in the 
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molecular composition of the surface. The bradyzoite possesses at least four 
specific surface molecules, Pb18 (tentative name SAG4; this volume), Pb21, 
Pb36 and Pb34 (TOMAVO et al. 1991). but lacks two major tachyzoite proteins, 
SAG1 and SAG2 (KASPER et al. 1985; WOODISON and SMITH 1990). In addition, 
specific molecules are found in the cytoplasm of bradyzoites (WEISS et al. 
1992; BOHNE et al. 1993) and in the matrix (PARMLEY et al. 1994; ZHANG and 
SMITH 1995b) and wall (WEISS et al. 1992) of the cyst. The most immunogenic 
of these appears to be the cytoplasmic molecule (BOHNE et al. 1993), which 
in our western blotting analysis overlaps with the major Mr 24 000 cyst antigen 
(ZHANG, personal communication). 

3 The Serological Response 
to Bradyzoite/Cyst Antigens During Infection 

Western blotting studies have given a good qualitative impression of the sero­
logical responses to bradyzoite/cyst antigens during infection. In experimental 
murine infection, an early antibody response is seen to the tachyzoite, and 
the first antigen to be recognised in cysts is a shared Mr 42 000 molecule. 
Antibody recognition of cyst-specific antigens first appears at 21 days post­
infection and increases in complexity and strength up to day 90 (WOODISON, 
personal communication). The antibody response in humans is quite similar 
except that recognition of cyst antigens is even lower. Direct comparison of 
tachyzoite and cyst antigens probed with randomly selected human sera il­
lustrates this point. WOODISON et al. (1993) analysed the sequential reactivity 
of human sera from heart transplant patients and from an individual accidentally 
infected with the RH strain. In all cases, the antibody response to the cyst 
was both lower and occurred later in infection than the response to tachyzoites. 

More recently we have made direct quantitative comparisons of the IgG 
and IgM responses to tachyzoite and cyst antigens during infection using a 
differential ELiSA screen. In experimental murine infection, the IgG response 
to cysts was much lower than to tachyzoites but the IgM response was pref­
erentially directed at the cyst (ZHANG and SMITH 1995a). In humans, both IgG 
and IgM responses to cyst antigens were very low, barely rising above cut-off 
values (ZHANG et al. 1995). 

Fig. 2. Two-dimensional analysis of tachyzoite and bradyzoite antigens. Parasites, 106 RH strain 
tachyzoites (Tl or 18691 strain bradyzoites (78). were solubilised in lysis buffer, and separated 
overnight on 3.5% acrylamide rod gels containing 3.5-10 ampholines. Second dimension separation 
was performed on 12% acrylamide gels and proteins were transferred to nitrocellulose and probed 
with pooled sera from 18691 strain infected mice. Spots corresponding to the shared surface 
antigen SAG3 ,the shared microneme molecule MIC3, the major tachyzoite surface molecule SAG 1 , 
and three bradyzoite-specific molecules (pb 18000, 20000 and 24000) are marked. Arrowheads 
indicate the molecular weight markers BSA (66 000). ovalbumin (45000) and trypsinogen (24000) 
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80th western blotting and ELiSA data confirm that the serological response 
to cyst antigens during natural infection is very low. A number of factors may 
contribute to this phenomenon: cysts may be inherently less immunogenic; 
antigen load may be lower; processing and presentation of cyst antigen, pre­
dominantly located in brain and muscle tissue, may be inefficient or indeed 
there may be tolerance to these antigens. We suggest that antigen load may 
weil be important. Ultrastructural studies have shown the cyst wall to be a 
relatively stable adaptation of the parasitophorous vacuole membrane (FERGUSON 

and HUTCHINSON 1987) which, unlike the tachyzoite (GRIMWOOD and SMITH 1995), 
shows no evidence of vacuolar extension or export of antigenic material to 
the host .cell surface. Leakage of antigen from the cyst is therefore likely to 
be restricted to the rare occasions when cyst rupture occurs (FERGUSON et al 
1989). 

One point of interest raised by comparative serological studies (ZHANG and 
SMITH J995b, ZHANG et al. 1995) is that the response to cysts in human infection 
is much lower than in experimental murine infection. It is tempting to speculate 
that either the number or the turnover of cysts is lower in humans. Certainly 
there is evidence of pathology associated with cystic infection in mouse brain 
(FERGUSON et al. 1991) and, although no quantitative studies of parasite burden 
hav~ been completed, reports of cysts in routine human pathological exam­
inations are rare (FERGUSON, personal communication). 

In summary, study of the serological response to Toxop/asma tachyzoites 
and bradyzoites has revealed that, although some antigenic molecules are 
common to both stages, the dominant antigens are stage-specific. The rec­
ognition of cyst antigen during Toxoplasma infection in humans is very low 
compared to the anti-tachyzoite response and we suggest that this is partially 
a reflection of differences in antigen load. 
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Stage conversion by Toxop/asma gondii is a key step in the interaction of the 
parasite with its host. since it is responsible for the long-term maintenance 
of the infection in immunocompetent hosts.The ability of T. gondii to persist 
in the host explains the long-range success of the parasite. Stage conversion 
is also a major concern in human pathology, as it is the main cause of tox­
oplasmic reactivation, which is often fatal in AIDS patients. This last aspect 
has recently stimulated astrang interest in studying the mechanisms of stage 
conversion in T. gondii. Progress has been made possible by identification of 
stage-specific prabes and development of in vitro pracedures mimicking the 
in vivo conversion, facilitating study of the process in culture rather than in 
the organs of infected hosts. Most of the studies have been concerned with 
the tachyzoite to bradyzoite switch, and most of this review will deal with 
this conversion. The reverse phenomenon, i.e., reactivation by cyst rupture, 
is still very poorly understood, as no in vitro model is yet available for its 
analysis. 

The switch from the acute stage to the cyst stage is actually a way for 
the parasite to stay hidden within a host cell and therefore out of reach of 
the host's defenses. Since tachyzoites multiply indefinitely and are eventually 
released from the host cell, a major change required for cyst formation is a 
decrease in the multiplication rate, most likely leading to a complete arrest 
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of the mitotic cycle in "mature cysts." Thus, in addition to modifying gene 
expression, switching leads to an alteration of the parasite's cell cycle, an 
aspect which remains entirely uninvestigated. Whether a decrease in multi­
plication is a cause or a consequence of the switch is still uf1solved. 

The following review will describe the results of in vitro analysis of stage 
conversion with respect to the characteristics and kinetics of this process. 

2 Induction of Differentiation in Vitro 

Using newly obtained bradyzoite-specific antibodies, it could be shown that. 
in parasites grown in vitro in normal culture conditions, apart of the population 
expressed bradyzoite-specific proteins. This confirmed earlier observations re­
porting cyst-like structures in vitro. The difference, however, was that. whereas 
"spontaneous cyst" development had been reported for a limited number of 
slowly growing T. gondii strains, the higher sensitivity and precision of immu­
nodetection showed that this expression could even occur in rapidly growing 
strains such as RH. The frequency of spontaneous expression was, however, 
lower in these strains than in the slowly growing ones. Bradyzoite protein 
expression had never been observed in parasites taken from the mouse peri­
toneal cavity after routine passage; instead, only tachyzoite-specific moleeules 
were expressed. Thus, it seemed that this low percentage of spontaneous 
bradyzoite protein expression in vitro was dependent on a trigger related to 
the cell culture. As adverse culture conditions such as exhaustion of the me­
dium seemed to increase the percentage of parasites expressing bradyzoite 
proteins, evaluation of the effect of various physical or chemical agents on 
the cultures led to the design of procedures enhancing the switch from ta­
chyzoites to bradyzoites in vitro (SOETE et al. 1993, 1994). The easiest procedure 
was to use a high pH medium (RPMI adjusted at pH 8); but heat treatment 
(growing infected cells at 43°C) also induced the switch. Other investigators 
have used procedures mimicking the immune response in vivo, such as the 
effect of interferon (IFN)-y on infected macrophages, which led to the ident­
ification of nitric oxide (NO) as a switch inducer (BOHNE et al. 1993, 1994). As 
NO can act on mitochondrial respiratory enzymes, inhibitors of the respiratory 
pathway were tested and shown to induce switching in vitro (BOHNE et al. 
1994; TOMAVO and BOOTHROYD 1995). Thus, a number of treatments can be used 
to trigger stage conversion in vitro. However, all these procedures show some 
toxicity for host cells (especially when using mitochondrial inhibitors). and 
treatments beyond a few days are often deleterious. It is therefore important 
to reach a balance between efficiency of switching and survival of the culture. 
WEISS et al. (1995) even proposed a combination of several factors, e.g. pH, 
IFN-y. and interleukin (IL)-6, to obtain continuous production in vitro: their 
procedure essentially aims at avoiding tachyzoite overgrowth. 
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What these results suggest in terms of the mechanism of switching is 
that a stress, which can be brought on for example by affecting the mito­
chondrial respiration of the parasite, is needed, but the precise pathway leading 
to bradyzoite gene expression is still under investigation. Experiments using 
host cells with deficient mitochondria have suggested that the effectors act 
directly on the parasite and not through alterations in host cell metabolism 
(BoHNE et al. 1994; TOMAVO and BOOTHROYD 1995). 

3 Stage-Specific Proteins and Structures 

Differentiation between the tachyzoite and bradyzoite stages involves both 
the parasite itself and the compartment in which the parasite resides: tachy­
zoites in the parasitophorous vacuole and bradyzoites in the cyst. During stage 
conversion in vitro all intermediates between these two compartments can 
be found. These structures do not seem to be significantly different from 
those that have been observed in vivo (FERGUSON and HUTCHINSON 1987). although 
the difficulty of in vivo analysis has impeded description of the process with 
as much detail as found regarding in vitro analysis. 

Most of the molecules described previously in T. gondii were identified 
in the tachyzoite stage, since it is more accessible to experimental studies. 
Many of these molecules are common to both tachyzoites and bradyzoites. 
The main tachyzoite-specific proteins are surface proteins: SAG1 (P30) and 
SAG2 (P22). The bradyzoite stage-specific molecules that have been described 
so far can be distinguished by their size and localization: 

1. Surface molecules: 18 kDa, 21 kDa, 34 kDa, 36 kDa (TOMAVO et al. 1991). 
The gene encoding the 18 kDa protein has been cloned and sequenced 
(ODBERG-FERRAGUT et al. unpublished); biochemical data (surface biotinylation, 
glucosamine incorporation) and sequence data (hydrophobic COOH-terminal) 
suggest that this protein is GPI anchored, as are the major tachyzoite surface 
proteins (TOMAVO et al. 1989). The other proteins have not been studied in 
detail, so far. Preliminary electron microscopy studies have suggested that 
the 21 kDa molecule might also be located in micronemes (S08te, unpub­
lished). 

2. Cytoplasmic proteins: the gene encoding the 29 kDa protein (BAG1) has 
been cloned and sequenced (see BOHNE et al. 1995; PARMLEY et al. 1995). 
as has the gene encoding LDH2 (YANG and PARMLEY 1995). the cytoplasmic 
localization of which has to be confirmed. 

3. Cyst wall proteins: the gene encoding a 65 kDa protein (MAG1) has been 
cloned and sequenced (PARMLEY et al. 1994). while both a 116 kDa (WEISS 
et al. 1992) and a 29 kDa protein (ZHANG and SMITH 1995) have been studied 
only at the protein level. 
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Most of the dense granule proteins (GRA 1-6; CEsBRON-DELAUW 1994) are 
common to the tachyzoite and bradyzoite stages and are exocytosed into the 
vacuolar space or to the cyst wall; therefore, although their abundance and 
distribution may vary during the two stages, they are not useful markers of 
differentiation. 

The 116 kDa molecule does not accumulate significantly in parasite or­
ganelles, but is very abundant in the cyst wall (Soete et al., unpublished).Thus, 
it may very weil be that, in contrast to other material exocytosed by T. gondii, 
the 116kDa molecule might not be stored before secretion, but rather exo­
cytosed immediately upon synthesis. The same findings have been reported 
for the other cyst wall-specific molecule MAG1 (PARMLEY et al. 1994) 

4 Kinetics of Stage Conversion in Vitro 

The tachyzoite to bradyzoite switch in vitro is a gradual process, which leads 
from a parasitophorous vacuole containing typical tachyzoites through aseries 
of intermediate stages to a "true cyst" containing typical bradyzoites. There 
are still so me concerns about the maturity of the laUer, as discussed below. 

When using peritoneal tachyzoites and pH switching on strain PLK (cloned 
ME49l, it is necessary to wait for 24 h after invasion to be able to detect the 
early expression of surface bradyzoite proteins (36 kDa, 18 kDa). At this stage, 
a significant deposit of the 116 kDa cyst wall molecule is already found by 
immunofluorescence staining. SAG1 is still present (whether it just persists 
in situ or is coexpressed is unknown, as mRNA data are not available yet). 
Parasites completely lacking SAG1 are first seen at day 4. The last known 
molecule to appear during transformation is the 21 kDa protein, which is found 
in part of the population (and often only some of the parasites within a single 
vacuole) at 7 days. Although it remains to be confirmed, this molecule may 
appear only when the mitotic cycle is arrested. 

Electron microscopy of the switch shows a gradual increase in micronemes 
and amylopectin granule content in the parasites. However, these charac­
teristics are only clearly found after 7 days, whereas alteration of the vacuolar 
space is obvious as early as 24 h after invasion. At this stage, the vacuolar 
network is al ready disorganized, and a significant accumulation of dense ma­
terial is al ready found at 48 h. This means that the cyst wall forms very early, 
long before total differentiation of the bradyzoite is completed. As differences 
in the organization of the compartment are likely to reflect a dramatic change 
in the metabolic exchanges with the host cell, one of the first events in the 
switch is likely to be restriction of the trafficking of metabolites between the 
parasite and the host Gell. 

In the RH strain, the characteristics of switching are somehow different. 
except for cyst wall deposition which is rather similar to what happens with 
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other strains. The main differences concerning the RH strain in vitro are: (1) 
it never expresses the 21 kDa protein, (2) the increases in micronemes and 
amylopectin are less pronounced, and (3) dividing parasites are still common 
at day 7, whereas they are almost absent with strain PLK at the same stage. 
Whether this means that RH differentiates at a slower rate or whether it 
cannot reach the same level of differentiation as the other strains is not yet 
known, but the second proposal seems to be more likely, as suggested by 
the almost complete inability of RH to produce cysts in vivo. 

All in all, it remains to be determined when in vitro-obtained cysts are 
fully mature and, indeed, what is the definition of maturity (for example: com­
plete mitotic arrest). In addition, the timing and level of maturity might be 
different among strains. 

Reactivation has not been studied in vitro, although we know that releasing 
the stress usually leads to a rapid resumption in tachyzoite multiplication. It 
is not yet known whether any reactivation occurs before parasite release, i.e., 
within the cysts. In addition, it is also unknown if the tachyzoite to bradyzoite 
switch can be reversed within the same vacuole and, if so, up to wh at stage. 
Since alteration of the vacuolar space occurs very early during the switch, 
one might think that the interaction with the host cell (and especially through 
the parasitophorous vacuole pores) may be irreversibly modified early on, un­
less the parasite could reorganize the compartment from the cyst to the va­
cuole, which seems unlikely. 

This issue of reactivation is rather difficult to study, since all cultures 
undergoing switching in vitro usually include a large variety of stages of switch­
ing and it is not possible to follow the fate of a single vacuole/cyst while 
simultaneously analysing specific protein expression. 

5 Perspectives 

Many biological questions remain to be solved concerning the respective 
properties of tachyzoites and bradyzoites. The operational definition of the 
bradyzoite, i.e., pepsin resistance and the ability to produce oocysts in cats 
in 72 h, has not been tested yet with culture-switched parasites. This would 
reveal which of the developmental changes, among those we follow during 
in vitro conversion, are needed to form functional bradyzoites. The function 
of stage-specific surface molecules may be related to stage-specific features 
of the cycle, such as the need for the bradyzoite to resist the pepsin and 
trypsin in the gut. These proteins mayaiso be involved in host cell specificity. 
It is also important to understand the function of cyst wall deposition with 
respect to metabolic exchanges with the host Gell, and possibly with respect 
to the survival of the infected host cell, to ensure long-Iasting protection for 
the parasite. 
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The in vitro system will also serve many more experimental purposes, 
such as the search for switch mutants that would either never switch, would 
develop exclusively as bradyzoites, or would express only part of the conversion 
phenotype (such as lacking the cyst wall). In vitro switching could also be 
used to study stage-specific gene knockout mutants. By dissecting the switch­
ing process, these investigations will tell us what molecular mechanisms are 
involved in differentiation. 

What is still needed is to develop a reactivation model in vitro, which 
would be a direct continuation of the bradyzoite induction model and would 
complete the in vitro model of disease. There is no doubt that the progress 
made so far has paved the way for such a model. which would greatly facilitate 
an understanding of the effect of this important aspect of the disease on the 
immunocompromised host. 
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1 Introduction 

Stage conversion between tachyzoites and bradyzoites is a central event for 
pathogenicity and persistence of Toxop/asma gondii. The acute form of the 
infection, which is associated with tachyzoites, is normally overcome by the 
onset of the specific immune response. However, the parasite is able to persist 
by forming intracellularily located tissue cysts which contain metabolically and 
replicatively dormant bradyzoites. These cysts are found predominantly in the 
brain of its host. The differentiation process is reversible; reactivation of brain 
cysts fram chronically infected patients is thought to be the major cause of 
toxoplasmic encephalitis in acquired immunodeficiency syndrome (AIDS) pa­
tients (LuFT et al. 1984; WONG et al. 1984). Since to date no drug is available 
that is able to cure patients from a chronic infection by killing bradyzoites, 
the tissue cyst stage represents a lifelong risk for reactivation in immunocom­
pramised patients. 

During the interconversion between tachyzoites and bradyzoites, the ex­
pression of stage-specific components is induced. Several stage-specific 
antigens have been characterized by using monoclonal antibodies (MAbs) or 
polyclonal antisera (KASPER 1989; OMATA et al. 1989; TOMAVO et al. 1991; WEISS 
et al. 1992; BOHNE et al. 1993; GROSS et al. 1995). SAG 1 and SAG2 are major 
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surface proteins of tachyzoites that are not expressed in bradyzoites (BuRG et 
al. 1988; PRINCE et al. 1990). Transcription of SAG1 is under the control of 
multiple 27-bp repetitive elements in the 5' untranslated region. It has been 
shown in studies utilizing reporter genes that the transcription efficiency de­
pends on the number and location of these elements, and that they probably 
serve as a selector for transcription (SOLDATI and BOOTHROYD 1995). It is not 
known whether these elements are also responsible for stage-specific tran­
scription of SAG1. 

Besides structural changes in the parasite itself, the differentiation from 
tachyzoites to bradyzoites is accompanied by the formation of the cyst wall, 
probably by a modification of the parasitophorous vacuole (FERGUSON and HUT­
CHISON 1987). In addition, the parasite reduces its metabolism and replication 
rate in the cyst stage as an adaptation for persistence in the host. The inter­
conversion requires an initial decision to start the differentiation, followed by 
a coordinated regulation of gene expression. Triggers for these steps in vivo 
are unknown, but recent progress in analyzing stage conversion has come 
from in vitro studies, in which it was demonstrated that stage conversion is 
inducible (BOHNE et al. 1993, 1994; SOETE et al. 1994). A detailed analysis of 
stage conversion might lead to therapeutic concepts for influencing the dif­
ferentiation process of T. gondii with the aim of preventing reactivation of a 
chronic infection and cyst formation after an acute infection. Cloning and 
analyzing those genes that are differentially expressed in tachyzoites and bra­
dyzoites is important in this context to investigate the differentiation on a 
molecular level. In this review, we will give an update on the current knowledge 
of bradyzoite-specific genes. 

Several strategies exist for the detection of stage-specifically expressed 
genes including differential display polymerase chain reaction (PCR) and sub­
tractive cDNA cloning. The generation of bradyzoite-specific MAbs and poly­
clonal antisera has, however, made immunoscreening of cDNA expression 
libraries the most promising strategy for identifying genes expressed only in 
bradyzoites. A major problem in the construction of bradyzoite-specific cDNA 
libraries is the limited amount of bradyzoites that can either be obtained by 
isolating cysts from brains of infected mice or by in vitro induction of bradyzoite 
development. This problem has been overcome by using random PCR, resulting 
in amplification of the entire cDNA population (FROUSSARD 1992). As a disad­
vantage, this method results in truncated cDNA fragments which lack the 5' 
and the 3' ends. In addition, shorter fragments might be preferentially amplified, 
and clones containing longer cDNA fragments might therefore be underrep­
resented in the obtained cD NA libraries. Nevertheless, expression libraries 
constructed by this method were useful for identifying several bradyzoite-spe­
cific genes (PARMLEY et al. 1994; BOHNE et al. 1995). 

Bradyzoites were isolated either from cysts derived from mouse brains 
or were induced in vitro. Starting from a tachyzoite culture, the induction of 
bradyzoite formation is possible by exposing the parasites to stress conditions 
(BOHNE et al. 1994; SOETE et al. 1994). Cultivation of parasites at alkaline pH 
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Table 1. Bradyzoite-specific expressed genes 

Gene Molekular mass Homology mRNA Localization 
(kDa) Tachyzoites B radyzoites 

MAG1 65 + + cyst matrix 
SAG1 28-30 sHSP + cytosol 
LOH2 35 LDH + cytosol 

(pH 8.0-8.5) for several days has turned out to be one of the least laborious 
methods of obtaining acceptable yields of bradyzoites (SOETE et al. 1994). How­
ever. stage conversion is not completed by this method and only 30%-70% 
of parasites (strain NTE) express bradyzoite-specific antigens. making a puri­
fication step necessary in order to eliminate tachyzoites. By utilizing the bra­
dyzoite-specific MAb 4F8. in vitro induced bradyzoites could be separated 
from concomitant tachyzoites by magnetic cell sorting (MACS). A fraction of 
these in vitro induced bradyzoites still co-expressed tachyzoite-specific proteins 
(e.g .. SAG1). They probably differ in several aspects from mature bradyzoites 
in cysts; in vitro induced bradyzoites represent an early form of a bradyzoite 
that has not completed the entire differentiation process. However. for isolating 
mRNA from genes that are expressed early during bradyzoite development. 
these in vitro induced bradyzoites might be even more useful than mature 
cysts. It is possible that transcription rates are significantly reduced in dormant 
mature bradyzoites. and transcription rates of early induced genes might be 
maximal at the beginning of the differentiation. Some bradyzoite-specific ex­
pressed genes have recently been successfully cloned and characterized 
(Table 1). 

2 SAG1 

BAG1 is a 28-30 kDa antigen that is specifically expressed in bradyzoites. but 
not in tachyzoites or oocysts. The corresponding gene. designated BAG7. was 
isolated from an expression library by using MAb 7E5 (BOHNE et al. 1995). The 
same gene was isolated independently by using MAb 74.1.8. and was named 
BAG5 (PARMLEY et al. 1995). Both MAbs were described originally in two different 
publications as bradyzoite-specific antibodies (WEISS et al. 1992; BOHNE et al. 
1993). To avoid confusion with the designation in the future. we propose that 
gene and gene product should be referred to as BAG7 and BAG1. respectively. 

Both MAbs react with recombinant BAG1 expressed in Escherichia co/i. 
However. these MAbs are directed to different epitopes. MAb 74.1.8. but not 
MAb 7E5 reacts with recombinant BAG1 that is lacking the first 28 N-terminal 
amino acids. suggesting that the reactive epitope of MAb 7E5 is located within 
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this region. Polyclonal antisera that were generated against purified recombi­
na nt BAG 1 react like MAb 7E5 with a 28-30 kDa antigen expressed only in 
bradyzoites. This anti-BAG1 antiserum was used in immunoelectron microscopy 
to localize the reactive antigen within bradyzoites. BAG1 is exclusively located 
in the cytoplasm (BOHNE et al. 1995). Labeling was found neither in the orga­
nelles of the parasite nor in the matrix ground substance and the cyst wall. 
Tachyzoites were completely nonreactive, confirming stage-specific expression 
of this antigen. 

The BAG7 gene contains three introns; its transcript has an open reading 
frame of 687 bp that codes for 229 amino acids. The carboxyl-terminal region 
of the predicted protein has similarities to the family of small heat shock 
proteins (sHSP). especially those from plants (LINDOUIST and CRAIG 1988). The 
GVL motif, a typical characteristic for sHSPs, is completely conserved in BAG1. 
Further homologies of BAG1 to other proteins are found in the amino-terminal 
region, where a 50 amino acid domain shares homology to the B domain of 
synapsin la, a peripheral membrane protein that is involved in binding of sy­
naptic vesicles to the cytoskeleton (SÜDHOF 1990). 

The homology of BAG 1 to sHSPs might reflect a possible function of the 
protein as a stress protein. Differences in expression of sHSP during differen­
tiation and development is a common phenomenon found in many species 
(LINDOUIST and CRAIG 1988). Moreover, some sHSPs (especially HSP27) were 
found to accumulate in cells with a reduced replication rate (PAULI et al. 1990). 
It has been shown recently that beside HSPs of higher molecular weight, also 
some sHSPs have chaperone function. At least in vitro, bradyzoite formation 
is inducible by exposing the parasite to stress conditions (pH 8 or nitric oxide). 
In vivo, similar stress situations might trigger the conversion to bradyzoites 
in the brain, for example by nitric oxide release of activated astroglia or microglia 
cells (CHAO et al. 1992; PETERSON et al. 1995). In this environment. inducible 
stress proteins might have a protective function at a point where the parasite 
has to initiate the conversion process accompanied with major changes in 
gene expression and metabolism. However, BAG1 is not only expressed during 
the interconversion but also in mature cysts, suggesting that it is also important 
for mature bradyzoites. 

Expression of BAG1 seems to be regulated at the mRNA level. BAG7 
transcripts were detectable by reverse transcriptase-polymerase chain reaction 
(RT-PCR) only in cysts but not in tachyzoites. In cell cultures infected with 
tachyzoites, BAG7 transcripts could be detected after induction of bradyzoite 
differentiation by pH 8.0 shift of the cell culture medium, indicating that the 
steady-state level of BAG7 mRNA is upregulated during bradyzoite differen­
tiation. Developmentally expressed sHSPs are not necessarily induced by heat­
shock treatment (ZIMMERMANN et al. 1983; BOND and SCHLESINGER 1987; GYORGYEY 
et al. 1991). Indeed, the heat-shock response elements (HRE) normally found 
in the promoter region of heat shock-inducible genes (AMIN et al. 1988) are 
absent from the promoter region of BAG7. Furthermore, no enhanced level 
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of BAG7 transcripts could be found in reverse PCR analysis after heat-shock 
treatment. indicating that BAG7 is not upregulated after heat-induced stress. 

As for other genes of T. gondii, no consensus sequence such as a TATA 
box, is found in the promoter region of BAG7. However, an interesting feature 
has been identified in the 5' untranslated region. A DNA stretch of 9 bp 
(TGCTGTGTC) which is located 204 bp upstream of the transcription start of 
BAG7 is also present in the 5' untranslated region of the gene encoding the 
matrix antigen MAG1 (PARMLEY et al. 1994; BOHNE et al 1995). A potential role 
of this region for transcriptional regulation is under investigation. However, 
transcriptional regulation of MAG7 seems to differ from those of BAG7, since 
MAG7 transcripts are also detectable in tachyzoites (see below). 

3 MAG1 

MAG1 is a 65 kDa antigen that is expressed only in the cyst stage, but not 
in the tachyzoite stage. The MAG7 gene was isolated from a mature cyst 
cDNA expression library by immunoscreening with polyclonal anticyst sera 
(PARMLEY et al. 1994). Antisera generated against purified recombinant MAG 1 
reacted with an abundant 65 kDa antigen in immunoblots of Iysates from 
mature cysts, but not significantly with Iysates from tachyzoites isolated from 
mouse peritoneal fluid. The anti-MAG1 antiserum was also used in immuno­
electron microscopy and found to localize the native MAG 1 antigen in abun­
dance in the cyst matrix and at a lower level in the cyst wall. No significant 
labeling was detected on the surface of bradyzoites, in the cytoplasm, or in 
organelles within bradyzoites, suggesting that the antigen is rapidly secreted. 
The recombinant MAG 1 antigen is recognized strongly by sera from chronically 
infected animals. In addition, the major band in immunoblots of purified cysts 
that is recognized by sera from infected animals co-migrates with the 65 kDa 
band detected with anti-MAG1 antisera. These results suggest that MAG1 is 
an immunodominant cyst antigen. 

The MAG7 transcript is 2 kb and has an open reading frame of 1356 bp 
that codes for 452 amino acids. The 25 residue amino-terminal region of the 
polypeptide is predicted to function as a signal sequence, which is consistent 
with the secretion of the antigen into the cyst matrix. The MAG7 gene contains 
two introns. One intron is 110 bp and is located 95 bp downstream of the 
first ATG codon. The other intron is 503 bp and is located 4 bp upstream of 
the first ATG. This is the first T. gondii gene that has been found to contain 
an intron in the 5' untranslated region. The functional significance of this 
intron is unknown, but could be important for the developmental regulation 
of the MAG1 protein. Comparison of the nucleic acid sequence and the pre­
dicted amino acid sequence with databases did not reveal any homology to 
known genes or proteins. Apart from the 9 bp sequence in the 5' untranslated 
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sequence of MAG 1 that has identity with the BAG 1 promoter region (mentioned 
above). no consensus sequences. such as a TATA box was found in the 
upstream region of MAG1. 

Preliminary RT-PCR experiments performed on mouse-derived tachyzoites 
and bradyzoites suggest that the MAG1 transcript is expressed in similar levels 
in mature bradyzoites and rapidly dividing tachyzoites (S.F. PARMLEY and S. 
YANG. unpublished). The detection of the MAG1 transcript in tachyzoites was 
unexpected since there is no detectable MAG1 protein at this stage. One 
explanation is that the tachyzoite preparation contained parasites that had 
converted (or were in the process of converting) to bradyzoites. This explanation 
seems to be ruled out by the absence of detectable bradyzoite-specific BAG1 
transcript in the same tachyzoite preparation. However. if certain bradyzoite 
genes are turned on at earlier times in the intermediate steps leading towards 
conversion to bradyzoites. then transcripts such as MAG1 might be detectable 
before others such as BAG1. Indeed. when immunoblots were probed with 
bradyzoite MAb 4A12 (TOMAVO et al.. 1991). a low level of expression of the 
4A 12-reactive 36 kDa bradyzoite-specific antigen was detected in Iysates from 
the same tachyzoite preparation (S.F. PARMLEY and S. YANG. unpublished). An 
alternative explanation is that MAG1 is developmentally regulated after tran­
scription. In this ca se the transcript might carry regulatory sequences affecting 
mRNA stability or translation in the tachyzoite stage. 

4 LDH2 

LDH2 is a 35 kDa antigen that is also expressed in the bradyzoite stage. but 
not in the tachyzoite stage. A partial LDH2 cDNA was isolated from a mature 
cyst cDNA expression library by immunoscreening with polyclonal anticyst 
sera (YANG and PARMLEY 1995). When the sequence of the cDNA insert was 
compared with sequences in the databases. a strong homology to lactate 
dehydrogenase enzymes (LDH; L-Iactate: NAD+ oxidoreductase. E.C. 1.1.1.27) 
from other organisms was discovered. PCR primers derived from the cDNA 
sequence were found to specifically amplify a DNA fragment from bradyzoite 
cDNA. but not from tachyzoite cDNA. Antisera generated against purified rec­
ombinant LDH2 reacted strongly with a 35 kDa antigen in immunoblots of 
Iysates from mature cysts. However. this antiserum also reacted weakly with 
a 33 kDa antigen in Iysates from tachyzoites isolated from mouse peritoneal 
fluid. By two-dimensional (2-D) gel electrophoresis and immunoblot. the ap­
proximate isoelectric point (pi) and molecular weight of the native bradyzoite 
LDH2 antigen were found to be 7.0 and 35 kDa. respectively (S. YANG and 
S.F. PARMLEY. unpublished). The antigen that was detected with the anti-LDH2 
serum in tachyzoite Iysates had an approximate pi of 6.0 and molecular weight 
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of 33 kOa, suggesting that another isoform of LOH is expressed by tachyzoites 
(named LOH1). These data are consistent with previous isoenzyme studies 
which demonstrated that tachyzoites grown in tissue culture express a second 
LOH isoform not seen in tachyzoites harvested from mouse peritoneum (OARDE 
et al. 1990). In light of recent discoveries that tachyzoites grown in vitro contain 
a small population of organisms that have undergone spontaneous stage con­
version to bradyzoites (BOHNE et al. 1993; SOETE et al. 1993). the second LOH 
isoform seen in these isoenzyme studies most likely is identical to the bra­
dyzoite LOH2 protein. Furthermore, expression of LDH2 mRNA was induced 
when tachyzoites were treated under conditions that have been shown to 
induce conversion to bradyzoites such as incubation in media with alkaline 
pH (pH 8) or in media containing mitochondrial inhibitors, antimycin A. and 
oligomycin (S. YANG and S.F. PARMLEY, unpublished). 

The entire LDH2 gene was cloned and characterized. In addition, the gene 
corresponding to the tachyzoite LDH7 was cloned and characterized (S. YANG 
and S.F. PARMLEY, unpublished). Preliminary RT-PCR studies of LDH7 suggest 
that the transcript is present in both tachyzoites and bradyzoites, although 
the LOH1 polypeptide is only expressed in tachyzoites. The LDH7 mRNA is 
1822 bp long with 143 bp of 5' nontranslated sequence and 692 bp of 3' 
nontranslated sequence. The LDH2 mRNA is 2593 bp with 268 bp of 5' non­
translated sequence and 1347 bp of 3' nontranslated sequence. The LDH7 
transcript has an open reading frame of 987 bp, while the LDH2 transcript 
has an open reading frame of 978 bp. Both LDH7 and LDH2 have introns of 
similar size (588 and 538 bp, respectively) at the same relative position in 
their coding regions (approximately 125 bp downstream of the first ATG). Very 
little homology is found in the sequences of the introns and regions flanking 
the coding sequence between the two LOH genes of T gondii. However, the 
two T gondii LOH genes share 64% of identical nucleotides in the coding 
region. Most of the nucleotide difference occurs at the third position of the 
codons and does not result in amino acid differences. Consequently, LOH 1 
and LOH2 share 71.4% of identical amino acids, and an additional 7.3% are 
conservative substitutions. LDH7 encodes three more amino acids than LDH2. 
The predicted molecular masses and pis of LOH 1 (35 550 daltons and 5.96, 
respectively) and LOH2 (35 342 daltons and 7.08, respectively) were similar 
to the values estimated for the corresponding native antigens. When compared 
with sequences in the protein databases, the T gondii LOHs were found to 
share the most identical amino acids with an LOH from Plasmodium falciparum 
(BZIK et al. 1993; YANG and PARMLEY 1995). which is also an Apicomplexan 
protozoa. T gondii LOH1 and LOH2 share 46.5% and 48.5% identical amino 
acids with the P. falciparum LOH, respectively. When the amino acid sequence 
of LOH2 was aligned with LOHs from a variety of species, a pentapeptide 
insertion (KSOKE) was found, which was also found in LOH of P. falciparum 
(BZIK et al. 1993). A similar insertion was found in LOH1 (KPOSE). 

The preliminary studies of these two developmentally regulated LOHs 
suggest a possible correlation between alteration in carbohydrate or energy 
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metabolism and stage conversion in this parasite. For example, LDH2 may 
have unique properties which are required for the bradyzoite to adapt to the 
particular microenvironment and metabolic status of the cyst stage. 

5 SAG4 

The bradyzoite-specific 18 kDa protein (tentative name SAG4) has been purified 
by affinity chromatography with MAb T8 281 using parasites grown in vitro 
under the switching conditions described by SOETE and coworkers (1994). Amino 
acid sequence was obtained from the N-terminus and from internal proteolytic 
fragments by Edman degradation. The sequence information was used to 
design degenerate oligonucleotide primers, which were used for PCR ampli­
fication of r gondii genomic DNA. Amplification products could be obtained 
from strains PLK, RH, and 76 K. The amplified fragment (190 bp) was se­
quenced, and its translation product agreed perfectly with the polypeptide 
sequence obtained from the purified protein. This fragment was then used 
as a probe to clone the complete gene (F.C. ODBERG et al., manuscript in 
preparation). Genomic DNA was subjected to simple or double restriction 
enzyme digests, biotted onto filters, and hybridized. A preliminary restriction 
map was obtained and a 4 kb BamHI fragment was chosen to prepare a 
size-selected library to be inserted into a AZAP expression vector. Positive 
clones were obtained from strains PLK and RH and were then sequenced. 
No difference was found in the promoter region between these two strains. 
The complete cDNA could be obtained using 5' and 3' rapid amplification of 
cDNA ends (RACE) from total RNA of the PLK strain grown in vitro under 
switching conditions. The coding sequence is 516 bp long, with no intron 
present. A putative polyadenylation site is found 709 bp downstream of the 
stop codon. The 5' untranslated mRNA is 257 bp long. Genomic DNA has 
been sequenced 699 bp upstream of the initiation site. No sequence homology 
has been found in this part with BAG1 or MAG1. The deduced protein sequence 
is 172 amino acids long and contains a putative signal sequence, a hydrophobic 
C-terminal tail likely for a glycosylphosphatidylinositol (GPI) anchor, and no 
transmembrane domain. Comparison with sequence data ba ses did not show 
any significant homology to published protein sequences. 

6 Bradyzoite Promoter Studies 

Plasmids harboring the chloramphenicol acetyltransferase (CAT) gene con­
tained within 5'- and 3'-flanking sequences from r gondii genes have been 
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used successfully to monitor promoter activity and to define minimal promoter 
sequences (KIM et al. 1993; SOLDATI et al. 1995). These studies were performed 
in tachyzoites using T. gondii genes that are expressed in the tachyzoite stage, 
such as SAG1 (a tachyzoite-specific gene) and TUB1 (a constitutively expressed 
house-keeping gene). To date, no bradyzoite-specific genes have been tested 
since they have only recently been reported, but bradyzoite genes are expected 
to have little or no promoter activity in tachyzoites. However, treatments that 
induce bradyzoite gene expression in vitro might be used in combination with 
transfection to analyze bradyzoite promoters. To test this system, an LDH2/CAT 
plasmid was constructed with 1 kb of 5'-flanking sequences (670 bp nontran­
scribed region and 330 bp transcribed but not translated sequence) and 2 kb 
of 3'-flanking sequences (400 bp nontranscribed and 1.6 kb transcribed but 
not translated sequence) from the bradyzoite LDH2 gene flanking the CAT 
reporter gene. P strain (cloned from the ME49 strain) tachyzoites were trans­
fected with LDH2/CAT or TUB1/CAT (KIM et al. 1993) as a positive control. 
Transient transfectants were treated in parallel in neutral media (pH 7.4) or in 
alkaline media (pH 8.0). There was a fivefold reduction in parasite numbers 
in transfectants grown for 48 h in alkaline media compared with neutral media; 
therefore, the CAT values were normalized by parasite number. The normalized 
CAT activities from the TUB1/CAT plasmid were similar in transfectants grown 
in neutral or alkaline media. The CAT activities from LDH2/CAT-transfected 
tachyzoites were near baseline and were increased 15-fold by treatment with 
alkaline media (S.F. PARMLEY and S. YANG, unpublished). 

The putative BAG 1 promoter was also investigated in transient transfec­
tions utilizing CAT as a reporter. No CAT activity was detectable in tachyzoites, 
whereas an induction of CAT activity could be observed during bradyzoite 
differentiation after pH shift of the cell culture medium (W. BOHNE et al., un­
published). 

These results confirm that the in vitro pH shift induces differentiation of 
tachyzoites to bradyzoites at the level of promoter activation as predicted 
from the shift in expression of stage-specific transcripts observed previously. 

7 Outlook 

The generation of knockout mutants might be especially powerful for analyzing 
gene function of bradyzoite-specific genes (KIM et al. 1993; DONALD and Roos 
1994). In contrast to essential tachyzoite-specific genes, whose deletion would 
be lethai for the parasite, it should be feasible to delete bradyzoite genes in 
the tachyzoite stage regardless of whether they are essential for bradyzoite 
development. The capability of knockout mutants to differentiate into brady­
zoites could then be investigated in vitro and in vivo. An alternative approach 
to study gene function would be the permanent expression of bradyzoite 
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genes in tachyzoites, by generating transfectants with the bradyzoite genes 
under contra I of a tachyzoite promoter. An altered phenotype might give hints 
to a possible function of the gene product. Analysis of bradyzoite-specific 
promoters might lead to the delineation of stage-specific regulatory sequences 
and the corresponding regulatory factors in order to define the mechanisms 
of stage conversion at the molecular level. 
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1 Human Genes and Varied Clinical Manifestations 
and Transmission Rates of Congenital Toxoplasmosis 

Clinical manifestations and congenital transmission rates vary markedly among 
individuals with Toxop/asma infection (reviewed in BOYER and McLEOD 1996; 
REMINGTON et al. 1995). An influence of host immune response genes on the 

outcome of congenital infection is supported by observations of concordance 
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of manifestations in monozygotic versus discordance of manifestations in dizy­
gotic twins (COUVREUR et al. 1976; reviewed in REMINGTON et al. 1995). ethnic 
variations in incidence and severity of manifestations of disease (McAuLEY et 
al. 1994) and recent HLA typing studies (MACK et al. 1996b). Data from studies 
of murine models indicate that variables such as parasite strain (McLEOD et 
al. 1984, 1988; SUZUKI et al. 1989; SIBLEY and BOOTHROYD 1992; SUZUKI and JOH 
1994). inoculum size (JOHNSON et al., unpublished). host age (JOHNSON et al. 
unpublished). sex hormones (ROBERTS et al. 1995), and immune status (GAzzINELLI 
et al. 1993a,b) also clearly modulate and effect outcome of infection. Studies 
are under way to define precisely how host genetics, as weil as certain of 
the variables mentioned above, determine the small proportion of immuno­
logically competent older children and adults who develop various disease 
manifestations. These studies are focused on the role of genetics in deter­
mining disease manifestations such as those described in systemic (reviewed 
in BOYER and McLEOD 1996). retinal (COUVREUR and THuLLIEz 1996). neurologie 
disease (TowNsEND et al. 1975). or Iymphadenopathic toxoplasmosis (MCCABE 
et al. 1987; MONTOYA and REMINGTON 1995). In addition, these studies address 
whether immunogenetics influence the small proportion of acutely infected 
women who transmit infection to their fetuses early in gestation (HOHFELD et 
al. 1994). the 40% of T. gondii seropositive patients with AIDS who develop 
toxoplasmic encephalitis (LUFT and REMINGTON 1992), the severity of manifesta­
tions of congenital infection (McAuLEY et al. 1994; MACK et al. 1996b) or the 
occurrence or frequency of episodes of reactivation in recurrent retinocho­
roiditis in individuals with toxoplasmic retinochoroiditis (METS et al. 1992; METS 
et al. 1996) . 

2 Endpoints in Murine Models 

Endpoints that have been studied include survival (McLEOD et al. 1984, 1989b; 
BLACKWELL et al. 1993, 1994; SUZUKI and REMINGTON 1993). parasite burden in the 
brain during the acute and/or subacute infection (JONES and ERB 1985; McLEOD 
et al. 1989b; BROWN and McLEOD 1990; BROWN et al. 1995; GAZZINELLI et al. 
1993a,b, 1994; DECKERT-SCHLÜTER et al. 1995). parasite burden in the brain during 
chronic infection with recrudescence (SUZUKI et al. 1989; SUZUKI and REMINGTON 
1993; BEAMAN et al. 1994; DECKER-SCHLÜTER et al. 1995). encephalitis during acute, 
subacute and chronic infections (i.e., patterns of inflammation in brain and 
other tissues in response to the parasite and cytokine response) (SUZUKI et al. 
1991, 1994; BURKE et al. 1994; BROWN et al. 1995; DECKERT-SCHLÜTER et al. 1995), 
congenital transmission (JOHNSON 1994). and the capacity for protection by 
immunization (McLEOD et al. 1984). 

These studies have used different murine models (WILLIAMS et al. 1978; 
McLEOD et al. 1989b; SUZUKI et al. 1989, 1991) and different endpoints (McLEOD 



Immunogeneties in Pathogenesis of and Proteetion Against Toxoplasmosis 97 

et al. 1984, 1989a,b; SUZUKI et al. 1989, 1991, 1994). More recently, models 
which are more like human infections have been developed and characterized 
(McLEOD et al. 1984, 1989a,b). Routes of infection which have included sub­
cutaneous, peritoneal, peroral and congenital are important. as in certain strains 
of mice mortality is dependent on route of infection (McLEOD et al. 1989a; 
BROWN and McLEOD 1994). 

Different numbers of host genes (McLEOD et al. 1989b) and in some in­
stances different genes (McLEOD et al. 1989b; BROWN et al. 1995) uniquely 
influence various endpoints. Aseries of studies (WILLIAMS et al. 1978; McLEOD 
et al. 1984, 1989a,b; BROWN and McLEOD 1990; SUZUKI et al. 1991; BROWN et 
al. 1995) have demonstrated that immunogenetics provide a powerful and 
rational tool (PAIGEN 1995; NADEAU et al. 1995) to characterize pathogenesis 
and protection in toxoplasmosis. 

3 Chromosome Locations and Numbers 
of Alleles of Human and Mouse Genes Likely 
or Proven to Be Important in Resistance 
to T oxoplasmosis 

Certain mouse and human major histocompatibility complex (MHC) genes 
(mouse c~romosome 17, and human chromosome 6). Nramp (mouse chro­
mosome 1, human chromosome 2); cytokines (e.g., IL-4, mouse chromosome 
11, human chromosome 5; TNF-a, mouse chromosome 17, human chromo­
some 6; IFN-y. mouse chromosome 10, human chromosome 12). and cytokine 
receptors have a profound influence on the outcome of toxoplasmosis. Allelic 
variations have been demonstrated to be important in resistance phenotype 
for only certain of the MHC and Nramp genes. As human MHC alleles are 
highly polymorphie (Fig. 1). analysis is complex and requires studies of sub­
stantial numbers of individuals. In spite of this polymorphism, the paradigm 

Chromosome 6 
HLA genes 

Class" Class I 

Gene OPB10PAl OQBl OQAl ORBl ORB3 ORA B C A 
~"~~"~----~ __ ~--~~~--~~r---____ "----__ ~ .. .. .... - // .. .. .. 

Number of 54 8 24 12 103 4 2 92 33 49 
alleles 

Fig. 1. Map of the loeation of polymorphie HLA class land class II genes in the human MHC on 
ehromosome 6. The number of known alleles of eaeh gene, whether identified serologieally or by 
sequenee analysis, is indieated. (From HILL et al. 1992 and MCLEOD et al. 1995, with modifieations 
based on data from BODNER et al. 1994) 
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provided by identification of human malaria resistance and susceptibility genes, 
and the peptides their gene products present (HILL et al. 1992). provides an 
elegant example of the feasibility and implications of such an approach. AI­
though there are likely to be important differences in the pathogenesis of 
human and murine infections, the identification of homologies between human 
genes and mouse genes demonstrates the importance of using a candidate 
gene approach (McLEOD et al. 1995; NADEAU et al. 1995) in studying pathogenesis 
of and protection against toxoplasmosis. These homologies also promise to 
be useful for understanding the pathogenesis of T. gondii infection and tox­
oplasmosis. 

4 Genetic Influences on Outcomes 
in Murine Models 

4.1 Gene Mapping 

Gene mapping has proved to be a very powerful tool to define resistance 
mechanisms (McLEOD et al. 1995; NADEAU et al. 1995; PAIGEN 1995). The approach 
has been to begin with studies utilizing resistant and susceptible inbred strains 
of mice, followed by recombinant inbred strains of mice, on the initially defined 
resistant and susceptible backgrounds in conjunction with a well-characterized 
linkage map (McLEOD et al. 1989b) and then to use congenic, mutant and 
transgenic mice to identify the genes important for key protective effector 
functions which determine those endpoints discussed above (BROWN and 
McLEOD 1990; BROWN et al. 1995). For example, utilizing A/J (H-2d, resistant) 
and C57/BL6/J (H_2b, susceptible) mice, and then AXB/BXA recombinant inbred 
strains of mice, genes influencing resistance to survival and cyst formation 
have been identified (McLEOD et al. 1989a, 1993a,b; BROWN and McLEOD 1990; 
BROWN et al. 1995). Thus, genetics can be extremely useful for the identification 
of potentially critical. initiating effector mechanisms important in pathogenesis 
or for protection. 

4.2 Survival in Acute Infection 

The first studies on the influence of genetics on survival during acute infection 
with tachyzoites of a moderately virulent (type 111) T. gondii strain were per­
formed in 1978 by WILLIAMS et al. Following intraperitoneal infection, linkage 
between certain H-2 alleles and greater susceptibility, measured as diminished 
survival, were demonstrated. A second susceptibility gene appeared to be 
linked to the H-13 locus. These studies suggested that susceptibility to intra­
peritoneal infection by T. gondii in mice, measured as survival, was effected 
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by at least two genes, one linked to the H-2 locus and one to the H-13 locus. 
Furthermore, these studies demonstrated that more than a single mechanism 
of resistance should be considered to explain the observed genetic controls 
of susceptibility (WILLIAMS et al. 1978). In aseries of studies, first using inbred 
and then AXB/BXA recombinant inbred strains of mice (McLEOD et al. 1989a). 
following peroral infection with cysts of the avirulent ME49 strain of T. gondii, 
it was demonstrated that at least five genes influenced survival and that there 
were linkages to the H-2 complex, to the /nt-7 (now called Wnt7) locus, and 
to a gene conferring resistance to Ectrome/ia. Perhaps the latter is the H-13 
locus on mouse chromosome 2, as separate studies have indicated that this 
gene governs resistance to Ectrome/ia (McLEOD et al. 1993a,b). Survival is 
clearly a polygenie trait (McLEOD et al. 1989b, 1993a,b). The mechanism and 
significance of the linkage of a gene in the region of the Wnt7 gene with 
survival remains to be defined. Since Wnt loci are contiguous to mouse mam­
mary tumor virus (MMTV) insertions and MMTVs encode superantigens which 
result in clonal deletion of T cell receptors (TCRs) with particular Vb chains 
(MARRACK et al. 1991; MARRACK and KAPPLER 1994), the observation concerning 
linkage of Wnt7 and survival following peroral infection suggested a possible 
relationship between survival and TCR usage influenced by MMTV (McLEOD 
et al. 1993a). This observation prompted studies which have identified T. gondli' 
superantigen(s) that effect human (MACK et al. 1996a) and mouse T cells (DENKERs 
et al. 1994). One hypothesis to explain the Wnt7 linkage and survival is that 
a lack of response to T. gondii superantigen(s) caused by deletion of T cells 
by infection with certain MMTVs could confer protection for mice of certain 
strains which have TCRs that bear selected Vb chains. Mice lacking these 
MMTV(s) would possess superantigen reactive T cells which would be bound 
by the T. gondii superantigen and elicit a harmful immune response. An al­
ternative hypothesis is that T cells with TCRs with Vß chains important for 
response to nominal protective T. gondii antigens could be clonally deleted 
as occurred for MMTV7 and subsequent polyoma virus infection (LUKACHAR et 
al. 1995). Identification of T. gondii superantigen(s) could have important im­
plications for vaccine design, as in certain mouse strains or individuals they 
could elicit detrimental responses. 

4.3 Parasite Burden in Brain in Acute 
and Subacute Infection 

JONES and ERB (1985) noted that the numbers of cysts varied in different mouse 
strains infected with T. gondii. In successive studies utilizing inbred (McLEOD 
et al. 1984, 1989a), congenic (BROWN and McLEOD 1990). recombinant inbred 
(McLEOD et al. 1989a), and ultimately mutant and transgenie mice (BROWN and 
McLEOD 1990; BROWN et al. 1995). parasite burden, measured as brain cyst 
number, was found to be controlled largely by the MHC class I gene, L d , 

(Figs. 2-4) with a small influence of the Nramp gene (Fig. 3). MHC class II 
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8XA·2J (11 , 11 
8XA· 14 (12, 1 
8XA· 1J (10, 

(a)==- (b) 
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All 

8XA·9 (17, 
MB·20 

AX8·8 (11 , 
AXIH (20, 

MB· I 

o 20 40 60 80 100 0 

Mouse Strain Cumulative mortality (%) 
(number*) 

20 40 60 80 100 

Cyst Number 

Fig. 2a,b. Survival and brain cyst burden in AXB/BXA recombinant inbred strains of mice. Cumulative 
mortality (a) and cyst number (b) 30 days after peroral infection ofAXB and BXA recombinant 
inbred strains of mice. 'The first number within parentheses represents the number of mice studied 
for mortality, the second number within parentheses represents the number of mice studied for 
brain cyst number. In this study, genetics of two traits, survival and brain cyst number after peroral 
Toxop/asma gondii infection, were studied by using recombinant inbred strains of mice derived 
from resistant A/J (indicated by the letter A) and susceptible C57BL/6J (indicated by the letter B) 
progenitors, F1 progeny of crosses between A/J and C57BL/6J mice, and congenic mice (B 1 0 
background). The continuous variation in the percentage survival indicated that control of this trait 
involved multiple genes. Analysis of strain distribution pattern of survival ofAXB/BXA recombinant 
mice indicated that survival is regulated by a minimum of five genes. One of these genes appears 
to be linked to the H-2 complex, another is related to an as yet unmapped gene controlling 
resistance to Eetrome/ia virus and another the Wntl locus. The large versus low magnitude pheno­
types indicated that cyst formation is regulated by one or only a few genes. Associations of 
defined traits with resistance or susceptibility to Toxop/asma cyst formation were also analyzed. 
Cyst number is regulated by a locus on chromosome 17 within 0--4 cM of the H-2 complex 
(p=0.001). Mice with the H-2a haplotype are resistant and those with the H-2b haplotype are 
susceptible. This analysis also indicated that the Beg (Nramp) locus on chromosome 1 mayeffect 
cyst number (map distance= 12 cM, p=0.05). Resistance to cyst formation is a dominant trait. 
(From MCLEOD et al. 1989b) 
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Fig. 3. Studies with eongenie mice demonstrate a major influenee of the H-2 eomplex and minor 
influenee of the Beg (Nramp) loeus on the number of brain eysts following peroral infeetion. 
Numbers of cysts (per 10 1-11) in brains of B 10 congenic mice 30 days after peroral infection with 
Toxoplasma gondii. Cireles represent mice which have the H-2a haplotype. Squares represent mice 
that have the H-2b haplotype. Solid symbols represent mice that are Beg resistant and open 
symbols represent mice that are Beg susceptible. Data are from two replicate experiments with 
similar results. Differences between H-2a and H-2b mice were highly significant regardless of their 
Beg type (p<0.001). The smaller differences between B 1 O.A.Beq and B 1 O.ASgSn/J mice also were 
significant (p<0.01). In these experiments, control A/J mice had low cyst numbers and C57BL/6J 
mice had high cyst numbers, as in all other experiments. (From MCLEOD et al. 1989b) 

genes were also found to influence cyst numbers (BROWN and McLEOD 1990; 
MACK et al. 1996b). Resistance is a dominant trait (McLEOD et al. 1989b). 

4.4 Encephalitis in Acute and Subacute Infection 

Resistance to encephalitis has also been found to be regulated by the L gene, 
with the Ld allele conferring resistance (Fig. 4; BROWN et al. 1995). This con­
clusion was supported by SUZUKI et al. (1995). who found that the 140 kb 
H2--D region, which includes the L d gene but not the TNF gene, influences 
the development of toxoplasmic encephalitis. Genes other than MHC genes 
have also been shown to influence brain parasite burden, encephalitis and 
cytokine patterns (DECKERT-SCHLÜTER et al. 1995). Cytokine patterns have differed 
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in reports using different strains of mice studied at varying times after infection 

(HUNTER et al. 1994; BROWN et al. 1995; DECKERT-SCHLÜTER et al. 1995). 

4.5 Chronic Infection and Recrudescent Disease 

SUZUKI and REMINGTON (1993) have demonstrated that susceptibility to acute 

infection in mice does not always correlate with susceptibility to chronic in­

fection. For example, resistance against acute and chronic infection with T. 
gondii was compared between BALB/c and CBA/Ca mice. Doses of ME49 

strain T. gondii cysts which were lethai for the BALB/c mice did not cause 

mortality early after infection in CBA/Ca mice. In marked contrast, during chronic 

infection CBA/Ca mice died but there was no mortality in the BALB!c mice. 

These results indicate that susceptibility to chronic infection did not always 

correlate with susceptibility to acute infection. 

Progression of chronic encephalitis has also been found to vary with the 

strain of mouse (SUZUKI et al. 1991; DECKERT-SCHLÜTER et al. 1995). Genetically 

deficient mice (e.g., SCID mice) have been used to demonstrate that CD4+ 

T cells are of critical importance in containment of chronic infection (BEAMAN 

et al. 1994). 

4.6 Congenital Infection 

Host genetics also appear to influence the outcome of congenitally transmitted 

infection (JOHNSON 1994). These studies showed that approximately one half 

of mice born to mothers fed T. gondii cysts at 11 days of gestation survived 

Fig. 4. Mapping studies whieh indieate that resistanee to brain parasite burden and eneephalitis 
are regulated by the Ld gene. Top, MHC haplotypes of mouse strains used to determine the 
controlling loeus for eyst formation following peroral Toxop/asma gondii infeetion. Bottom, sehematie 
diagram indieating the loeation of these MHC loei on mouse ehromosome 17. Control of resistanee 
to eyst burden following peroral infeetion with T gondii had been mapped previously to a region 
of mouse ehromosome 17 of approximately 140 kb (MCLEOD et al. 1989b; BROWN and MCLEOD 
1990). This region is eontiguous with and eontains the class 1 gene Ld Resistanee to development 
of toxoplasmie eneephalitis had also been reported to be eontrolled by genes in this region of 
H-2 by SUZUKI et al. (1991). TNF-(J., 0 and L genes as weil as unidentified genes are in this region. 
Studies were performed to identify the gene(s) in the 140 kb region that eonfers resistanee to 
eysts and encephalitis (BROWN et al. 1995). In this study relative resistance to T gondii organisms 
and cyst burden in brain, and toxoplasmic encephalitis 30 days following peroral T. gondii infection 
were eorrelated with presenee of the L d gene in inbred, recombinant. mutant and C3H.L d transgenie 
mice. Mice that were resistant to cysts and encephalitis had little deteetable brain cytokine mRNA 
expression, whereas mice that were susceptible had elevated levels of mRNA for a wide range 
of cytokines, eonsistent with their greater amounts of inflammation. This work definitively dem­
onstrates that an Ld-restricted response decreases the number of organisms and eysts within the 
brain and thereby limits toxoplasmie encephalitis and levels of IFN-y, TNF-(J., IL-2, IL-6, IL-1O, TGF-ß, 
IL-1 a, IL-1 band macrophage inhibitory protein mRNA in the brain 30 days after peroral infection. 
Boxed X indicates that the haplotype at this locus has not been determined. Hatched square 
indicates deletion of the Ld gene. (From BROWN et al. 1995) 
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until or after they were weaned. In contrast to long-term survival of congenitally 
infected neonates, no effect of MHC haplotype on early survival was observed 
in a group of backcross progeny. The ability of mice infected as neonates to 
survive until weaning was dependent upon IFN-y and on Thy-1 + cells but not 
on C04+ or C08+ cells. Mice that survived to maturity after infection as ne­
onates were slightly more resistant to challenge with virulent T. gondii parasites 
than were sham-infected controls. However, these mice were less resistant 
than mice that were infected as adults. 

4.7 Factors Which Modulate Genetic Susceptibility 

In addition, there are differences in genetic susceptibility to different strains 
of parasites that appear to be influenced by the strain of mouse that was 
infected (SUZUKI et al. 1991). Route of infection also may lead to differences 
in susceptibility of varying strains of mice (McLEOD et al. 1989a; BROWN and 
McLEOD 1994; Suzuki et al., unpublished). 

Studies of the Nramp gene and T. gondii infection again demonstrated 
the major influence of background genes other than the MHC (BLACKWELL et 
al. 1994). The work of OECKERT-SCHLÜTER et al. (1995) also demonstrates the 
importance of genes other than the MHC genes, on outcome measured as 
survival, parasite burden, encephalitis and cytokines produced in the spleen 
and brain 11 and 100 days after infection. In these studies, BALB.K (H-2k) 

mice are resistant and BALB.G (H-2q) mice are susceptible. In marked contrast, 
BIO.BR (H-2k) mice are susceptible and BIO.G (H-2q) mice are resistant. The 
greater quantity of mRNA for IFN-y. and less consistently TNF-a, IL-6 and 
IL-2 in the brain and lesser amounts of IFN-yin the spleen, appeared to correlate 
with greater resistance. In contrast, in studies of brain cytokines 30 days after 
peroral infection, BROWN et al. (1995) found that cytokine production was greater 
in susceptible mice without the L d gene. It is not possible to directly compare 
results from these studies because, in the strains of mice used, certain of 
the MHC haplotypes studied and methods differed considerably in these 
studies. 

5 Genetic Regulation of Effector Functions 

5.1 Use of Genetics to Define Likely Effector Functions 

The identification of the critical relevant genes (e.g., L d, lab, DQ3, etc.). has 
guided a search for the key effector functions (BROWN et al. 1995; BROWN and 
McLEOD 1990; MACK et al. 1996b) and peptide(s). recognized. For example, 
studies which link class I MHC-mediated resistance to C08+ T Iymphocytes 
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which produce IFN-y and/or are cytolytic provide paradigms of possible mech­
anisms (HILL et al. 1992; BROWN et al. 1995; MACK et al. 1996b; MlYAHIRA et al. 
1995; Johnson et al., unpublished). whereby L d-restricted immune responses 
may influence the outcome of toxoplasmosis. Studies of malaria and rheu­
matoid arthritis provide such representative examples (HILL et al. 1992; ZANELLI 
et al. 1995). In addition, in studies of rheumatoid arthritis, identification of the 
key protective roles of certain MHC class II DR loci and the inflammation-pro­
moting roles of certain MHC class II DO loci and the peptides bound by them 
support a role for self-reactive and inflammation-promoting DO-restricted Th 1 
CD4+ T cells which are down-modulated by Th2 cytokine-producing CD4+ T 
cells which, in turn, are DR-restricted (ZANELLI et al. 1995). Interestingly, the 
same disease-associated haplotypes (DQ3 susceptible and possibly DR17 re­
sistant) have been noted in susceptibility to hydrocephalus in human congenital 
toxoplasmosis (MACK et al. 1996b). 

5.2 Linking Genes and the Effector Functions They Specify 

Use of mutant mice or transgenic mice can provide a critical means for defining 
relevant effector functions. For example, the differences between L d transgenic 
mice and their nontransgenic controls following peroral infection have been 
used to elucidate the importance of cytotoxic T Iymphocytes (CTLs) and IFN-y 
and inducible nitric oxide synthase (iNOS) production in response to peroral 
T. gondii infection (Johnson et al., unpublished). As effector mechanisms regu­
lated by specific genes are established, it should be possible to identify the 
peptides bound by the gene products which elicit such responses and the 
proteins from which they are derived (HUNT et al. 1992). The association of 
the L d gene with resistance to Toxoplasma parasite burden in the brain as 
weil as toxoplasmic encephalitis (BROWN et al. 1995) suggested that there 
should be means of egress for peptides from the parasitophorous vacuole 
into a cytoplasmic, ciass I MHC presentation and processing pathway (Fig. 5). 
Recently, however, it has been determined that certain types of macrophages 
and dendritic cells can ingest proteins and traffic the peptides derived from 
them to the ciassical MHC class I pathway. 

5.3 Implications for Identification of Protective Mechanisms 
and Parasite Antigens 

Identification of genes important in resistance and susceptibility has enabled 
the identification of key protective proteins in malaria (HILL et al. 1992) and 
also the analysis of T. gondii peptides and the proteins from which they are 
derived which are recognized by CTLs in human Toxoplasma infection (AOSAI 
et al. 1994). Such information is useful in determining proteins that have poten­
tial efficacy as vaccines. The ability of peptides from such proteins to bind 
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to polymorphic human MHC gene products will be important in the develop­
ment of vaccines to protect humans. 

5.4 Use of Gene Knockout Mice to Study Pathogenesis 

The use of gene knockout mice provides a powerful tool to characterize critical 
effector functions (reviewed in KAUFMANN 1994). MHC class I. MHC class 11, 
cytokine, and effector mechanism knockout mice all have been utilized. In 
some instances alternative effector functions which substitute for the effector 
function that has been eliminated have been key in protection. Thus, while 
studies have demonstrated that the effector function which has been elimi­
nated is not necessary they have not proven that the knocked out effector 
function would not also be sufficient in the absence of the alternate effector 
function. The studies of DENKERS et al. (1993) of class I (i.e., ß2-microglobulin) 
knockout mice illustrate the importance of additional mechanisms of protection 
in addition to the effector function which was knocked out. These studies 
have demonstrated the importance of IFN-y produced by NK cells in estab­
lishing early protection in class I knockout mice. (DENKERS et al. 1993). Studies 
with knockout mice also have demonstrated that MHC class II genes may 
enhance susceptibility measured as diminished survival following peroral T. 
gondii infection. Conversely, class II genes may play an important role later 
in limiting cyst formation in the brain (Johnson et al., unpublished). 

Studies using cytokine knockout mice have demonstrated the importance 
of IL-4 (ROBERTS et al. 1996) and I L-lO (GAZZINELLI et al. 1996) in the pathogenesis 
of and protection against toxoplasmosis. Again, important caveats in these 
studies of knockout mice are that, in the absence of a particular effector 
function, compensatory immune functions have developed and have proven 
to be critical in protection. Furthermore, the disruption of the cytokine gene 
could also have effected other critical immune functions during development 
in addition to the immediate effect of the cytokine on the outcome being 
studied. Data from studies of the gene knockout mice, as weil as other work 
in which cytokines have been ablated, indicate that a substantial part of pro­
tection against toxoplasmosis is established by early cytokine production, (IL-12 
produced by macrophages and then IFN-y produced by NK cells). which leads 
T cells to produce IL-2 and IFN-y and macrophages to produce iNOS. IL-4 
and IL-10 may then down-modulate these immune responses to protect the 
host from excessive inflammation (GAZZINELLI et al. 1992, 1993a,b, 1994; SHER 

Fig. 5. Usual pathways of MHC class land class 11 MHC restricted processing and presentation 
of peptides to C08+ or C04 + T cells. Class I cytoplasmic processing usually results in stimulation 
of C08+ T Iymphocytes that are cytolytic and/or produce IFN-y or are suppressor T Iymyphocytes. 
Class 11 processing usually results in stimulation of C04+ T Iymphocytes. Oevelopment of a Th1 
(i.e., IFN-yand IL-2 producing) versus Th2 (i.e, IL-4, IL-5, and IL-lO producing) phenotype depends 
in part on the interaction with costimulatory molecules such as B7-1 and B7-2 during sensitization. 
(Adapted from ABBAS et al. 1991 with modifications) 
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et al. 1993; BURKE et al. 1994; KHAN et al. 1994). TNF-a and IFN-yactivate 
antimicrobial pathways (e.g., NO) in macrophages (SIBLEY et al. 1991) and NO 
mayaiso drive tachyzoite to bradyzoite interconversion (BOHNE et al. 1994). 

6 Human Resistance and Susceptibility Genes: 
Use of Transgenie Mouse Models, 
Disease Associations and Transmission 

Human MHC class land class 11 transgenes have been introduced into mice 
and the effect of these genes on outcome of Toxoplasma infection studied 
(BROWN et al. 1994; Johnson et al., unpublished). The first of these studies 
using HLA-B27 and Cw3 transgenes demonstrated that the class I gene prod­
ucts require the presence of additional human molecules (possibly human 
ß2-microglobulin) in order to function effectively and may even worsen outcome 
without such additional molecules. Introduction of HLA-B27 into B 10 mice 
made them even more susceptible to cyst formation than B-10 mice without 
the gene, whereas introduction of the Cw3 gene did not alter susceptibility 
(Fig. 6). Elimination of class 11 genes enhanced resistance, measured as survival. 
and reintroduction of other class 11 molecules (e.g., le) as transgenes enhanced 
susceptibility early (Johnson et al., unpublished). Implications of this latter 
work are that harmful cytokines may be produced by Th1 or Th2 type CD4+ 
T Iymphocytes leading to increased mortality. As has been shown with the 
HLA-B27 transgenic mouse model. there appear to be genetic influences on 
susceptibility and resistance in humans (BROWN et al. 1994). CI ass 11 gene 
products, however, also are important for eliciting immune responses which 
restrict later parasite burden. For example, the human MHC class 11 gene, 
003, appears to confer a susceptibility to hydrocephalus in congenital toxo­
plasmosis, and 003 and DR transgenic mice are being used to further char-
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acterize the roles of DQ3 and DR gene products in susceptibility versus re­
sistance (MACK et al. 1996b). 

As discussed above, the fact that only a small percentage of women 
transmit the infection in the first trimester suggests that genetic factors may 
influence magnitude of parasitemia and therefore congenital transmission of 
T. gondii. In addition, the marked differences between dizygotic twins and 
presence of infection at all or manifestations of infection as contrasted with 
the similarities in monozygotic twins suggest that genetics also influence these 
findings (COUVREUR et al. 1976). Interestingly, there appear to be an excess of 
children of Asian background and a diminished number of children of Afri­
can-American background in arecent study of children with congenital toxo­
plasmosis (McAuLEY et al. 1994). Whether demographic and/or genetic and/or 
other factors influence these differences are being studied at present (McLEOD 
et al. 1995). 

7 Conclusions 

Identification of murine and human resistance genes have provided insights 
into the pathogenesis of and protection against toxoplasmosis. The murine 
Ld gene has been definitively identified as a resistance gene (BROWN et al. 
1995) and the lab and leb genes as susceptibility genes for diminished survival, 
but lab and leb also contribute later to resistance against brain cyst burden 
(BROWN and McLEOD 1990; JOHNSON et al., unpublished) . Identification of such 
genes is useful in determining the effector functions that these genes specify 
or regulate and the parasite antigens that elicit them (PAMER et a1.1991; HILL 
et aI.1992). Gene knockout mice also provide a useful means to identify critical 
effector mechanisms. Human MHC transgenic mouse models have proven to 
be helpful in definitively identifying the key roles of these genes and in char­
acterizing the roles of such human gene products in pathogenesis and pro­
tection (BROWN et al. 1994) and promise to be extremely beneficial in elucidating 
pathogenic and protective mechanisms (McLEOD et al. 1989b). Such immuno­
genetic findings and tools will be key to the development of protective prep­
arations for humans by establishing the antigens that confer protection as 
weil as identifying those that may cause harm by eliciting detrimental immune 
responses (McLEOD et al. 1993a,b). 
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With the advent of the acquired immunodeficiency syndrome (AIDS) epidemie 
the importance of toxoplasmosis as an opportunistic infection has markedly 
increased, This parasite has long been recognized as an important cause of 
disease in other patients with deficiencies in T cell functions including those 
with Hodgkin's and non-Hodgkin's lymphoma, those with acute Iymphocytic 
leukemia, and those patients undergoing bone marrow transplantation (ISRAELSKI 
and REMINGTON 1992, 1993), The fact that life-threatening toxoplasmosis occurs 
in these patients, in contrast to immunologically normal individuals, indicates 
the importance of T cells in resistance to this infection. However, other aspects 
of the immune system are also involved in resistance or susceptibility to this 
disease, In this review we will present data from recent studies from our 
laboratory on the role of a major histocompatibility complex (MHC) class I 
gene in resistance to toxoplasmic encephalitis (TE) in murine models, the role 
of interleukin (IL)-6 and tumor necrosis factor (TNF)-a in the pathogenesis of 
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TE, the response of human y8 T cells to T. gondii, and the role of cytokines 
in the regulation of T cell-independent resistance to the parasite. 

2 Critical Role of the L d Gene 
of MHC Class I Antigens in Preventing TE 

We first reported that a gene(s) within the H-2D region of the MHC regulates 
development of TE in chronically infected mice; mice with the b or kalIeie 
are susceptible and those with the d allele are resistant (SUZUKI et al. 1991). 
This genetic regulation is consistent with those regulating formation of cysts 
in brains of mice as reported by BROWN and McLEOD (1990). We examined 
whether the D gene or the L gene of the MHC class I antigens of the H-2D 
region is most critical for resistance against development of TE using B10.D2-
H_2dm1 (dm1) and BALB/c-H-2dm2 (dm2) mice with a mutation in the D/L region 
(SUZUKI et al. 1994a). Both dm1 and dm2 mice were infected with ten cysts 
of the ME49 strain. B10, BALB/c, B10.o2 and B10.A(18R) mice were infected 
at the same time and used as controls. The susceptible B 10 mice developed 
remarkable inflammatory changes in their brains, whereas B10.A(18R) mice 
which have the d haplotype only in the H-2D region did not (Table 1). These 
results confirm that gene(s) within the H-2D region determine development 
of TE. The dm1 mice, which have the mutant D/L hybrid gene formed by 
fusion of the 5' part of the Dd gene and the 3' part of the L d gene, developed 
TE in contrast to their background B10.D2 mice (Table 1) (SUZUKI et al. 1994a). 
The dm2 mice, which have a complete deletion of the Ld gene, had significantly 
more T. gondii cysts in their brains than did dm1 mice and developed large 

labia 1. H-2 haplotypes of mice and presence of acute inflammation in the brains of mice infected 
with T gondii for 8 weeksa 

Strain H-2 Haplotype 
of miceb K A E 

B10 b b b 
BALB/c d d d 
B1002 d d d 
B1OA(18R) b b b 
dm1 d d d 
dm2 d d d 

Asterisks used for emphasis. 
aAdapted fram SUZUKI et al. (1994a). 

S 

b 
d 
d 
b 
d 
d 

Acute focal Necrasis 
0 inflammation of brain 

0 L tissue 

b b + 
d d 
d d 
d d 
d*c d + 
d + + 

bMice were infected i.p. with ten cysts of the ME49 strain of T gondii. Eight weeks after infection, 
histological studies were performed. Three mice were used for each experimental group. 

cA fusion of the 5' part of the Dd gene and the 3' part of the Ld gene. 
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areas of necrosis in their brains that were not observed in dm1 mice (Table 1). 
These results indicate that a gene(s) in the D/L region determines whether 
TE will occur and that the Ld gene plays a critical role in resistance against 
development of TE (SUZUKI et al. 1994a). In regard to the importance of the 
L d gene for prevention of TE in mice. McLeod and her colleagues recently 
reported that relative resistance to T. gondii organisms and cyst burden in 
the brain and TE correlates with the presence of the Ld gene in inbred. rec­
ombinant mutant and transgenic mice (BROWN et al. 1995). 

The critical role of the L d gene. a M HC class I gene. in preventing TE in 
genetically resistant mice strongly suggests an important role for CDS+ T cells 
in the protective immune response against development of TE since MHC 
class I antigens playa critical role in antigen recognition by CDS+ T cells. It 
was previously reported that CDS+ T cells are important for prevention of 
cyst formation in the brain (BROWN and McLEOD1990) and for resistance against 
TE in genetically susceptible mice (GAZZINELLI et al. 1992a). It may be that T. 
gondii antigen(s) which bind to the L d molecule are important for activation 
of CDS+ T cells which playa critical role in prevention of TE in genetically 
resistant mice. 

3 Importance of TNF-a 
for Preventing Progression of TE 

We have previously reported that polymorphisms in the TNF-a gene correlated 
with susceptibility of mice to development of TE and with elevated levels of 
TNF-a mRNA in brains of infected mice (FREUND et al. 1992). However. it was 
not clear in that study whether the polymorphisms in the TNF-a gene result 
in differences in induction of mRNA for this cytokine and whether the difference 
predisposes to development of TE. The dm2 mice are a suitable model to 
attempt to answer this question since they have the same TNF-a gene as 
BALB/c mice. but the dm2 mice develop TE whereas BALB/c mice do not 
(SUZUKI et al. 1994a). Six weeks after infection. total RNA was obtained from 
brains of BALB/c and dm2 mice. Histological studies performed at the same 
time revealed remarkable inflammatory changes in the brains of the dm2 but 
not the BALB/c mice. Messenger RNA for TNF-a were specifically detected 
in the total RNA of infected dm2 but not BALB/c mice by reverse-transcribing 
the RNA followed by amplification of TNF-a-specific cDNA using polymerase 
chain reaction (PCR) (SUZUKI et al. 1994a). These results clearly indicate that 
polymorphisms in the TNF-a gene are neither a cause of induction of mRNA 
of TNF-a in the brains of infected mice nor the cause of development of TE. 
Injection of neutralizing antibodies against TNF-a resulted in worsening of the 
TE in infected dm2 mice. but did not induce TE in infected BALB/c mice 
(SUZUKI et al. 1994a). Thus. TNF-a appears to be produced in the brain after 
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TE has developed and is responsible for preventing progression of TE. In 
support of this conclusion, GAZZINELLI et al. (1993a) have previously reported 
that anti-TNF-a antibodies increased the severity of TE in B6 mice, which are 
genetically susceptible to development of TE. 

4 Importance of IL-6 
in the Immunopathogenesis of TE 

In order to examine whether IL-6 is involved in the development or prevention 
of TE, genetically susceptible B6 mice were infected with the ME49 strain of 
T gondii and treated with a monoclonal antibody (mAb) against IL-6 for 
4 weeks, beginning 4 weeks after infection (SUZUKI et al. 1994b). Treatment 
with anti-IL-6 mAb resulted in a remarkable decrease in the numbers of T 
gondli" tachyzoites and cysts and numbers of foci of acute focal inflammation 
associated with tachyzoites (SUZUKI et al. 1994b). Paradoxically, mice treated 
with anti-IL-6 mAb had higher serum levels of IL-6 than controls (SUZUKI et al. 
1994 b). These results reveal the importance of IL-6 in the immunopathogenesis 
of TE, although it is not clear whether IL-6 plays a pathogenic or protective 
role in development of TE. 

5 "(8 T Cell Responses to T. gondii 

Studies of T cell-mediated immunity against T gondii have demonstrated the 
role of both MHC-restricted CD8+ and CD4 + T cells (YANO et al. 1989; SUBAUSTE 
et al. 1991). In these studies, the role of T cells presumably bearing the aß 
T cell receptor (TCR) has been addressed, but they have not determined 
whether T cells bearing the yö TCR playa role in the immune response. 
Increasing evidence indicates that yö T cells participate in the immune response 
against certain intracellular organisms (BORN et al. 1991). Indeed, it has been 
proposed that yö T cells may represent a more primitive arm of the T cell 
immune response that recognize a limited range of antigens and may act as 
a first line of defense against certain pathogens and tumors (JANEWAY et al. 
1993). 

Preliminary experiments conducted in our laboratory indicated that purified 
peripheral blood T cells from either T gondii-seronegative or seropositive in­
dividuals proliferated when incubated with autologous peripheral blood mono­
nuclear cells (PBMC) infected with T gondii. No significant difference was 
observed between the T gondii-induced proliferation of T cells from T gon­
dii-seronegative individuals and that of T cells from seropositive individuals 
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(SUBAUSTE et al. 1995). Cytofluorometric and cell count analyses demonstrated 
that this T. gondii-mediated proliferation of T cells was accompanied by an 
increase in the percentage and number of y3 T cells, regardless of the donors' 
serological status for antibodies to T. gondii (Table 2). There was no significant 
difference observed in the increase in the number of y3 T cells between 
seronegative and seropositive individuals. The stimulatory effect of T. gondii­
infected PBMC on y3 T cells was confirmed in proliferation assays using prep­
arations of purified resting y3 T cells. It appears unlikely that this response 
was mediated by prior exposure to cross-reactive antigens, since apparently 
unprimed y3 T cells from T. gondii-seronegative umbilical cord blood also re­
sponded to cells with intracellular T. gondii (SUBAUSTE et al. 1995). Therefore, 
our data suggest that human y3 T cells have an inherent reactivity to T. gondii. 
These observations support the possibility that y3 T cells act as a first line of 
defense against T. gondii. 

Oata obtained in our laboratory using different preparations of T. gondii 
suggest that intracellular localization of T. gondii tachyzoites is required for a 
preferential y3 T cell response. Whereas incubation of T cells with PBMC 
infected with UV-attenuated T. gondii or PBMC that had internalized formalin­
killed T. gondii resulted in preferential activation (assessed by expression of 
C025 and HLA-OR molecules) and expansion of the y3 T cell population, in­
cubation with T. gondii Iysate antigens (TLA) did not (SUBAUSTE et al. 1995). 
The fact that cells which contained intracellular parasites, but not those treated 
with TLA. induced a preferential y3 T cell response may be relevant to in vivo 
infection with T. gondii since the parasite resides within cells of multiple tissues 
in infected persons. The absence of a preferential y3 T cell response when 
TLA was used would suggest that in order for T. gondii antigens to induce 
this response, they either need to originate from intracellular parasites or that 

fable 2. yo T cell receptor expression on T cells before and after 7 days of incubation with either 
uninfected or T. gondii-infected peripheral blood mononuclear cells (PBMC) 

Sero negative (n=19) Seropositive (n=5) All (n=24) 
% yo Fold % yo Fold % yo Fold 

increasea increasea increasea 

Day 0 3.0 NA 4.0 NA 3.3 NA 
(0.4-11.9)b (19-71) (0.4-119) 

Day 7 
PBMC 0.8 0 2.2 0 1.1 0 

(0.1-22) (18-26) (01-2.6) 
PBMC-UVTg 31.0 25.7 28.1 18.7 31.4 24.0 

(11.2-742) (2.4-1270) (126-57.0) (5.2-70.9) (11.2-742) (2.4-127.0) 

Data are given as means with the range given in parentheses. 
NA not applicable; UVTg. UV-attenuated T. gondii 
aFold increase in the numbers of yo T cells 
bOutside parentheses. mean values; inside parentheses, range 
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the yo T cells recognize a modification of the cells in response to the presence 
of intracellular tachyzoites. In this regard, it has been reported that yo T cells 
respond to the evolutionary highly conserved heat shock proteins (HSP) ex­
pressed on stressed cells or present in certain microorganisms (O'BRIEN et al. 
1989). Pertinent to the immune response to T. gondii are studies that detected 
a 65-kDa HSP in peritoneal macrophages from mice infected with T. gondii 
(NAGASAWA et al. 1992; HISAEDA et al. 1995). In addition, yo T cells appeared to 
be required for expression of HSP65 during infection with T. gondii (HISAEDA 
et al. 1995). Although yo T cells can recognize HSP, it appears that these 
moleeules are not the major ligand for yo T cells reactive to certain pathogens 
such as Mycobacterium tuberculosis (KABELITZ et al. 1990). Moleeules related 
to a thymidine 5'-triphosphoryl-X nucleotide conjugate, isopentenyl pyrophos­
phate and related prenyl pyrophosphate derivatives isolated from M. tubercu­
losis, have recently been reported to be recognized by human yo T cells (CON­
STANT et al. 1994; TANAKA et al. 1995). These ligands mayaiso originate from 
cells infected with intracellular pathogens and thus function as primitive 
antigens that indicate stress of the infected cells (CONSTANT et al. 1994; TANAKA 
et al. 1995). 

Microorganisms such as M. tuberculosis, Francise//a tularensis, and Plas­
modium falciparum induce expansion of the subset of yo T cells bearing Vy9 
chains (GOERLICH et al. 1991; KABELITZ et al. 1991; SUMIDA et al. 1992). Similarly, 
experiments conducted in our laboratory revealed that T. gondii-reactive yo T 
cells from either umbilical cord blood or from peripheral blood of adults ex­
pressed the Vy9 and V02 chains (SUBAUSTE et al. 1995). Given the relatively 
limited genetic diversity of the yo TCR, it is possible that Vy9+ yo T cells 
recognize similar ligands present in each of these stimulants. Whether the yo 
T cell response to T. gondii is mediated by a superantigen as proposed for 
other microorganisms (PFEFFER et al. 1992; SUMIDA et al. 1992). or whether this 
response is a specific, TCR-mediated event that requires a particular V gene 
pair for antigen recognition remains to be determined. Relevant to our obser­
vations of the in vitro activation and expansion of human yo T cells are the 
reports of an increase in yo T cells in peripheral blood from patients with 
symptomatic acute toxoplasmosis (DE PAOLI et al. 1992; SCALISE et al. 1992). 
This increase was mainly due to an increase in V02+ cells and was not observed 
when retesting was performed during convalescence, suggesting that the yo 
T cell response was confined to the early phase of the infection. 

Whereas several studies have reported that the response of yo T cells is 
not MHC-restricted (HOLOSHITZ et al. 1989; BOOM et al. 1992). yo T cells can 
recognize antigen in association with MHC moleeules (KOZBOR et al. 1989). 
Results of our experiments in which T. gondii-infected MHC incompatible Ep­
stein-Barr virus-transformed B Iymphblastoid Beeil lines (EBV-LCL) were used 
in T cell proliferation experiments as weil as in cellular cytotoxicity assays 
indicate that recognition of T. gondii-infected cells by yo T cells is not restricted 
by polymorphie MHC-I or MHC-II moleeules (SUBAUSTE et al. 1995). However, 
we cannot exclude the possibility that nonclassical MHC or MHC-like moleeules 
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such as CD1 (PORCELLI et al. 1992) are involved in the yo T cell response to T. 
gondii. 

Recent reports indicate that yo T cells playa protective role against pa­
thogens including T. gondii (MoMBAERTs et al. 1993; RosAT et al. 1993; SKEEN 
and ZIEGLER 1993; HISAEDA et al. 1995). Intraperitoneal infection with T. gondii 
results in an increase in the percentage of yo TCR+ T cells obtained from the 
peritoneal cavities and spleens of infected mice (HISAEDA et al. 1995). In addition, 
in vive depletion of yo T cells results in shortened survival of these mice after 
T. gondii infection (HiSAEDA et al. 1995). The mechanism(s) by which yo T cells 
confer protective immunity remain to be determined. We have demonstrated 
that human yo T cells produce interferon (IFN)-y, IL-2, and TNF-a upon stimu­
lation with T. gondii-infected cells (SUBAUSTE et al. 1995). In addition, human 
yo T cells are cytotoxic for T. gondii-infected cells (SUBAUSTE et al. 1995). The 
relevance of these observations lies in the fact that production of these cy­
tokines (SHARMA et al. 1985; SUZUKI et al. 1988; JOHNSON 1992) and perhaps 
lysis of T. gondii-infected cells (SUBAUSTE et al. 1991) confer protection against 
the parasite. Finally, the early yo T cell response with resulting production of 
IFN-yand lack of production of IL-4 may play an important role in promoting 
differentiation of a Th1 type response (O'GARRA and MURPHY 1994) associated 
with protective immunity to T. gondii. 

The expansion of the yo T cell population following infection with T. gondii 
(DE PAOLI et al. 1992; HISAEDA et al. 1995) and the protective role of these cells 
in vivo (HISAEDA et al. 1995) correlate with our results obtained in vitro and 
suggest that the rapid induction of a remarkable primary yo T cell response 
we observed appears to be an important component of the early immune 
response to T. gondii. A yo T cell response may be particularly relevant to T. 
gondii, since the peroral route is the most common route by which T. gondii 
infection is acquired, and yo T cells present in the intestinal mucosa (GOODMAN 
and LEFRANCOls1988) may be one of the first cell types of the immune system 
to interact with the parasite. 

6 T Cell-Independent Resistance to T. gondii 

Although T cells are important in protective immunity against T. gondii there 
is a T cell-independent mechanism of resistance to this parasite. Mice with 
the severe combined immune deficiency (SCID) lack T and B Iymphocytes, 
yet possess a mechanism of resistance to T. gondii. This mechanism of re­
sistance is dependent on IL-12, TNF-a, and IFN-y (GAZZINELLI et al. 1993a; SHER 
et al. 1993; HUNTER et al. 1993, 1994). The importance of these three cytokines 
was demonstrated in studies in which SCID mice were treated with neutralizing 
antibodies specific for IL-12, TNF-a, or I FN-y. Each of these treatments resulted 
in significantly earlier mortality than in control mice. Furthermore, when spleno-
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Fig. 1. Administration of IL-12 
or IFN-y delays time to death 
of SCID mice infected with T. 
gondii. SCID mice were treated 
with IL-12 (100 ng i.p) or IFN-y 
(5x105 U i.p) 24 h prior to in­
fection and every day there­
after. Groups of five mice were 
infected i.p. with 20 cysts of the 
ME49 strain of T. gondii and 
mortality monitored on a daily 
basis 

cytes from SCID mice were incubated with live or heat killed tachyzoites of 
T. gondii, this stimulus resulted in production of IFN-y by natural killer (NK) 
cells. Addition of neutralizing antibodies specific for IL-12 or TNF-a inhibited 
this parasite-induced production of IFN-y. 

In studies in which infected SCID mice were treated on a daily basis with 
IL-12, beginning 24 h prior to infection, there was a remarkable delay in time 
to death (GAZZINELLI et al. 1993b). Further studies revealed that a similar treatment 
regimen with IFN-y (5x105 U/day) resulted in a significant delay in time to 
death of SCID mice infected with T. gondii. However, the protective effect of 
exogenous IFN-y was not as remarkable as the results with IL-12 (Fig. 1). The 
difference in time to death observed in mice treated with IL-12 or I FN-y suggests 
that the protective effects of IL-12 may not be due solely to stimulation of 
NK cell production of IFN-y. IL-12 has other effects on the immune response 
including enhancement of NK cell proliferation and cytotoxicity. These addi­
tional effects of IL-12 could also contribute to the observed protective activity 
of IL-12. 

Since endogenous TNF-a is important in resistance to T. gondii [Iikely 
through its role to enhance I L-12 induced production of IFN-y and/or activate 
macrophages (JOHNSON 1992; GAZZINELLI et al. 1993b; HUNTER et al. 1993)]. we 
treated infected SCID mice with TNF-a (1 ~g/day). Daily administration of TNF-a 
resulted in earlier mortality than in control mice (data not shown). Thus, al­
though endogenous TNF-a is important for resistance to T. gondii, too much 
TNF-a can be detrimental to the host (BEUTLER and CERAMI 1987). 



Cells and Cytokines in Resistance to Toxoplasma gondii 121 

7 IL-1ß 15 Required for IL-12-lnduced Production 
of IFN-y by NK Cells 

As a result of our findings in which we compared the production of IFN-y by 
splenocytes from infected and uninfected SCID mice, we proposed the possi­
bility that another factor may be important in the ability of IL-12 plus TNF-a 
to stimulate production of IFN-y by NK cells (HUNTER et al. 1994). Studies to 
explore this possibility revealed a role for I L-1 ß in the I L-12 induced production 
of IFN-y by NK cells. Our results are similar to those of TRINCHIERI and colleagues, 
who demonstrated that IL-1 ß was important for the ability of IL-12 to stimulate 
the production of IFN-y by human PBMC (D'ANDREA et al. 1993). We observed 
that anti-IL-1 ß, but not anti-IL-1 a, inhibited completely the ability of T. gondii 
to stimulate production of IFN-y by SCID mouse splenocytes. Anti-IL-1 ß also 
inhibited the ability of IL-12 plus TNF-a to stimulate SCID mouse splenocytes 
to produce IFN-y. Further studies revealed that recombinant murine IL-1 ß en­
hanced production of IFN-y by NK cells stimulated with IL-12 (HUNTER et al. 
1995b). Although TNF-a enhances IL-12-induced production of IFN-y by NK 
cells, in our experiments, addition of anti-TNF-a to cultures of SCID-mouse 
splenocytes stimulated with IL-12 plus IL-1 ß did not result in a marked reduction 
in production of IFN-y. Moreover, IL-12-induced production of IFN-y by purified 
IL-2 activated NK cells was not affected by anti-TNF-a but was completely 
ablated by anti-IL-1ß. These data suggest that the requirement for IL-1ß in NK 
cell production of IFN-y can be independent of TNF-a and indicate an important 
role for IL-1 ß in the NK cell mediated resistance to T. gondii (HUNTER et al. 
1995b). The significance of these findings in vitro to the in vivo situation was 
illustrated by the ability of an antibody specific for the type I IL-1 receptor to 
inhibit the protective effect of administration of IL-12 in SCID mice infected 
with T. gondii (HUNTER et al. 1995b). 

8 TGF-ß 15 an Antagonist 
of T Cell-Independent Resistance to T. gondii 

IL-10 is an important antagonist of cell-mediated immunity. This cytokine can 
inhibit the production of IFN-y by NK cells as weil as the production of proin­
flammatory cytokines by macrophages. Furthermore, preincubation of macro­
phages with IL-10 inhibits the ability of IFN-y plus TNF-a to activate these 
cells to inhibit parasite replication (GAZZINELLI et al. 1992b; TRIPP et al. 1993). 
Since IL-1O and TGF-ß have similar effects on macrophage function, we in­
vestigated the role of TGF-ß in NK-mediated resistance to T. gondii. Stimulation 
of splenocytes from SCID mice with tachyzoites of T. gondii resulted in pro­
duction of low levels of IFN-y with a concomitant increase in levels of TGF-ß. 
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Addition of anti-TGF-ß to these cultures enhanced the parasite-induced pro­
duction of IFN-y (HUNTER et al. 1995a). Interestingly, work from this laboratory 
has previously demonstrated that TGF-ß is produced by murine macrophages 
infected with T. gondii in vitro (BERMUDEZ et al. 1993). Together, these data 
suggest that parasite-induced production of TGF-ß by macrophages inhibits 
the IL-12 induced production of IFN-y by NK cells. Further studies revealed 
that TGF-ß antagonized the ability of IL-12 in combination with TNF-a or IL-1 ß 
to stimulate production of IFN-y by splenocytes from SeiD mice. These latter 
results indicate that the effect of TGF-ß may be directly on NK cells (HUNTER 
et al. 1995b). In agreement with our results, arecent study demonstrated that 
TGF-ß inhibited the production of IFN-y by human NK cells (BELLONE et al. 
1995). 

We used several approaches to determine the relevance of our in vitro 
studies to the in vivo situation. Immunohistochemistry demonstrated enhanced 
production of TGF-ß in the spleens and brains of SeiD mice infected with T. 
gondii. To characterize the role of the endogenous TGF-ß, we administered 
high doses of anti-TGF-ß to SeiD mice infected with T. gondii. This treatment 
resulted in a smalI, but significant. delay in time to death (HUNTER et al. 1995a). 
In further studies, we tested the effect of exogenous TGF-ß on the course 
of the infection in SeiD mice. Treatment with TGF-ß resulted in earlier mortality 
and antagonized the protective effect of treatment with IL-12. Together, these 
data indicate that TGF-ß is a potent antagonist of the T cell-independent mech­
anism of resistance to T. gondii in vivo. In addition to this antagonistic effect 
of TGF-ß on production of IFN-y. other activities of this cytokine mayaiso be 
relevant to the mechanism whereby TGF-ß antagonizes resistance against T. 
gondii. Other workers (SILVA et al. 1991; OSWALD et al. 1992; BARRAL et al. 1993) 
have proposed that the ability of exogenous TGF-ß to increase the severity 
of disease in Trypanosoma cruzi and Leishmania major infected mice is through 
its ability to inhibit activation of macrophages by IFN-y to kill these parasites. 
We have found that pretreatment of macrophages with TGF-ß does not result 
in enhanced multiplication of intracellular T. gondii. Moreover, TGF-ß does not 
affect the ability of IFN-y plus TNF-a to activate macrophages to inhibit repli-

Table 3. Effeet 01 TGF-ß on replieation 01 T gondii in murine maerophages 

Parasites/100 inleeted eells 
Culture eonditions 2 h 20 h Fold inerease 

Control 1.25 5.32 4.25 
IFN-y + TNF-a 1.29 1.22 0.94 
TGF-ß 1.20 5.24 4.37 
IFN-y + TNF-a + TGF-ß 1.49 1.19 0.80 

Peritoneal maerophages were preineubated with TGF-ß (3 ng/ml lor 18 h) ± IFN-y (40 U/ml) + 
TNF-a (400 U/ml) lor 18 h prior to inleetion with taehyzoites of T gondii. Similar results were 
observed with higher eoneentrations 01 TGF-ß (10 ng/ml) used prior to and/or after aetivation 01 
maerophages by IFN-y + TNF-a. 
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cation of intracellular T. gondii (Table 3). Thus, the mechanism(s) through which 
TGF-ß interferes with resistance against T. gondii may in some respects be 
mechanistically different fram that observed with T. cruzi and Leishmania 
species. 
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1 Introduction 

In its intermediate hosts, infection with Taxop/asma gandii is characterized by 
an early phase when the tachyzoites (the rapidly multiplying stage of the 
parasite) can be found in different tissues accompanied by a mononuclear 
inflammatory reaction in small necrotic foci, Parasite multiplication during this 
stage of disease is most rapid in the liver, lymphoid tissues, lung, and brain. 
With development of immunity, the tachyzoites are cleared from the host 
tissues, the necrotic foci regenerate and bradyzoites (the dormant stage of 
T gandii) form inside cysts mainly in the central nervous system without 
causing inflammatory reactions and necrosis (FRENKEL 1988), This strong cell-
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mediated immunity (CMI) induced by T. gondii is maintained by Type 1 
C04+C08- (Th1) and C04-C08+ T Iymphocytes. as weil as interferon (IFN)-y 
and protects the host against rapid parasite growth and consequent pathology 
(GAZZINELLI et al. 1993a). However. immunity is not able to eliminate the infection 
since the bradyzoites inside cysts can resist protective cell-mediated response. 
Nevertheless. spontaneous release of parasites from cysts occurs and may 
boost immunologie memory. thereby explaining the long-Iasting immunity in­
duced by this infection. In immunocompetent hosts. these released bradyzoites 
elicit a strong inflammatory response and are eventually destroyed by the 
immune system. However. in immunocompromised hosts. the bradyzoites 
released from cysts can transform into tachyzoites. resulting in rapid parasite 
proliferation. severe tissue damage. and a disease. toxoplasmic encephalitis. 
which. if left untreated. is usually fatal. In fact. T. gondii has emerged as the 
major opportunistic infection of parasitic origin in the current acquired immu­
nodeficiency syndrome (AI OS) epidemie (CANNING 1990; KREISS and CASTRO 1990). 

Given the ease with which it can be manipulated. the broad range of 
vertebrate cells it infects. and the appropriateness of the mouse to study 
both acute and chronic infections. T. gondii would seem to be an ideal op­
portunistic pathogen to study the induction of CMI as weil as regulation of 
parasite growth by the immune system. The studies reviewed here focus in 
the role of macrophage as pivotal cell for both the induction and regulation 
of CMI by T gondii. 

2 Induction of Cytokine Synthesis 
by Macrophages Exposed to T. gondii Tachyzoites 

It is clear from many studies that. in common with other pathogens (MELTZER 
et al. 1990; VOGEL 1992; ROAcH et al. 1993). T. gondii has the capacity to 
nonspecifically trigger cytokine production by macrophages. We have now 
repeatedly shown that exposure to either live tachyzoites or tachyzoite extracts 
induces cytokine synthesis by inflammatory macrophages (GAZZINELLI et al. 
1993c. 1994; GRUNVALD et al. 1996). As shown in Fig. 1. interleukin (IL)-1ß. 
IL-1O. IL-12(p40) and tumor necrosis factor (TNF)-a mRNAs are all expressed 
in high levels by inflammatory macrophages exposed to T. gondii extracts 
obtained from tachyzoites of the RH strain. The production of the same cy­
tokines also occurs in vivo both during acute and chronic infection with T. 
gondii (HUNTER et al. 1993; GAZZINELLI et al. 1993b. 1994). Recent studies per­
formed in our laboratory indicate that the parasite molecule(s) which trigger 
monokine induction are heat stable at 100°C but differ in their sensitivity to 
protease digestion or periodate treatment. Thus. the T. gondii factor(s) that 
stimulate TNF-a and IL-1 ß are resistant to proteinase k digestion. while the 
IL-12(p40) and IL-10 inducing moleeules are partially sensitive. In contrast. the 
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factors responsible for the induction of all four molecules were found to be 
sensitive to periodate oxidation, although at different levels. Together, these 
findings indicate that T. gondii-derived molecules, which trigger cytokine re­
lease by macrophages, are glycoconjugates which belong to distinct groups 
in terms of their biochemical properties (GRUNVALD et al. 1996). 

The regulatory effects of IFN-y on the profile of monokine synthesis by 
macrophages exposed to T. gondii products are of particular interest. Whereas 
IFN-y enhances the synthesis of IL-12(p40) and TNF-a, it has a potent inhibitory 
activity on expression of IL-1ß and IL-lO mRNAs by the same macrophage 
population (Fig. 1). We assume that simultaneous enhancement of IL-12 and 
TNF-a as weil as diminishment of IL-lO synthesis will favor induction of CMI. 
However, it is not clear how inhibition of IL-1 ß by macrophages will affect 
establishment and/or maintenance of CMI during acute toxoplasmosis. Be-
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Fig. 1. Tachyzoite extract in­
duces murine inflammatory 
macrophages to express genes 
encoding IL-1 ß, TNF-a, IL-1O 
and IL-12(p40). Simultaneous 
exposure with tachyzoite ex­
tract and IFN-y leads to an en­
hancement of TNF-a and IL-
12(p40l, contrasting with inhibi­
tion of IL-1ß and IL-1O gene 
expression. Murine peritoneal 
macrophages were harvested 
5 days after intraperitoneal 
thioglycolate injection and were 
cultured for 6 h in the presence 
or absence of tachyzoite ex­
tract (5 Jlg/ml) and/or rlFN-y 
(100 units/ml). Total RNA was 
extracted from macrophages, 
reverse transcribed, and ampli­
fied by polymerase chain reac­
tion (PCR) for Southern blot 
analysis of gene expression. As 
a control for equal amplification 
and gel loading, the constitu­
tively expressed hypoxanthine­
guanine phosphoribosyl trans­
ferase gene (HPRTJ message 
was assayed simultaneously 
(GAZZINELLI et al. 1993c, 1994) 
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cause IL-1 ß, in addition to synerglzlng with IL-12, has an important role in 
inducing different chemokines, we are now investigating the role of IL-1 ß in 
the recruitment of specific leukocyte populations to the site of infection and 
in parasite clearance. 

3 Induction of T Cell-Independent IFN-y Synthesis: 
Role in Resistance to Infection 

During acute infection with T. gondi/~ natural killer (NK) cells are likely to be 
the major source of IFN-y before the establishment of specific T CMI. and 
are therefore a major barrier for tachyzoite proliferation during early stages 
of infection. Our studies have defined IL-12 as the key cytokine produced by 
tachyzoite-activated macrophages, responsible for induction of T cell-inde­
pendent IFN-y synthesis by NK cells (GAZZINELLI et al. 1993c). While TNF-a and 
IL-1ß (GAZZINELLI et al. 1993c; HUNTER and REMINGTON 1994; HUNTER et al. 1994) 
synergize with IL-12 on its ability to induce IFN-y synthesis by NK cells, IFN-y 
itself also potentiates this pathway by augmenting the synthesis of IL-12 by 
macrophages previously exposed to parasite products (GAZZINELLI et al. 1993c, 
1994) . In contrast. IL-10 and transforming growth factor (TGF)-ß (SHER et al. 
1993; HUNTER et al. 1995a) are potent inhibitors of microbial stimulation of 
IFN-y by a T-cell-independent pathway. Whereas IL-10 is a major regulator of 
IL-12 synthesis by macrophages (D'ANDREA et al. 1993; GAZZINELLI et al. 1996). 
the mechanisms by which TGF-ß antagonizes IL-12 effects is not completely 
understood. However, the experiments showing that the beneficial effects of 
in vivo treatment with r1L-12 on survival of severe combined immunodeficiency 
(SCID) mice infected with T. gondii are inhibited by a simultaneous treatment 
with TGF-ß (HUNTER et al. 1995a) suggest that the latter cytokine inhibits the 
action of IL-12 rather than its synthesis. 

The importance of this pathway in resistance to in vivo infection was also 
revealed in studies using SCID mice infected with T. gondii and treated with 
anti-IL-12 or anti-IFN-y antibodies (GAZZINELLI et al. 1993c; HUNTER et al. 1995b). 
The mortality of infected SCID mice is clearly accelerated after treatment with 
these anti-cytokines antibodies. Finally, treatment of immunocompetent mice 
with either anti-IL-12 or anti-NK antibodies increases their susceptibility to 
infection with T. gondii (GAZZINELLI et al. 1994; HUNTER et al. 1994). In addition, 
treatment with r1L-12 starting at 1 day before infection promotes resistance 
of immunocompetent mice to alethal dose of T. gondii, further suggesting 
the importance of the stimulation of IFN-y by the T-cell-independent pathway 
in resistance of animals with an intact immune system (KHAN et al. 1994). 

The possibility that this pathway can be potentiated in immunodeficient 
animals was explored by treating SCID mice with recombinant IL-12 (GAZZINELLI 
et al. 1993c; HUNTER et al. 1994). A delay in mortality of these animals infected 
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with T. gondii was observed when they were simultaneously treated with 
rIL-12. Together, the above observations suggest that IL-12 may be useful in 
controlling reactivated toxoplasmosis in AIDS patients and in particular as an 
adjunct to chemotherapy. 

4 Induction of Chemokine Synthesis 
During Acute Infection with T. gondii 

It is likely that. after initiation of monokine synthesis by macrophages and 
IFN-y by NK cells during acute toxoplasmosis, the synthesis of specific chemo­
kines is of crucial importance in determining the cell types that migrate to 
sites of infection and control parasite growth. The chemokines are a group 
of cytokines that are produced by a wide range of cells (e.g., macrophages, 
fibroblasts, endothelial cellS' and smooth muscle cells) and are known to func­
tion as chemotactic and activating factors for a variety of inflammatory cells 
(MiLLER and KRANGEL 1992; KELVIN et al. 1993). In contrast to the classical chemo­
tactic agents such as C5a and platelet-activating factor (PAF). the chemokines 
selectively attract and activate distinct populations of leukocytes. 

The chemokines are a family of more than 20 8- to 12-kDa cytokines 
whose most prominent structural feature is in the arrangement of four invariant 
cysteine residues, and their most prominent biological activity is their ability 
to act as chemotactic factors. With one or two exceptions, the chemokines 
can be assigned to one of two subfamilies: (i) the C-X-C subfamily, where 
invariant cysteines 1 and 2 are separated by one residue, and (ii) the C-C 
subfamily, where the invariant cysteines 1 and 2 are adjacent. Members of 
the C-X-C chemokines can be divided further based on a sequence motif 
(E-L-R) that is present in IL-8 and related C-X-C chemokines such as macrophage 
inflammatory protein (MIP)-2, KC, epithelial neutrophil activating peptide (ENA)-
78, and growth-related gene (GRO)-a/ß/y that attract neutrophils (MiLLER and 
KRANGEL 1992; KELVIN et al. 1993). but absent from the C-X-C chemokines in­
terferon-y-inducible protein (IP)-10, macrophage gene induced by interferon-y 
(MIG). and platelet factor (PF)-4). IP-10 and MIG are inactive on neutrophils, 
but instead target T Iymphocytes (TAUB et al. 1993; LIAO et al. 1995). C-C 
chemokines, e.g., regulated upon activation, normal T cell expressed and 
secreted (RANTES). MIP-1a, MIP-1ß, TCA3, JE, and monocyte chemotactic 
protein (MCP)-1/2/3, target a variety of cells, predominantly monocytes and 
Iymphocytes (MiLLER and KRANGEL 1992; KELVIN et al. 1993). but also eosinophils, 
basophils and mast cells (BAGGIOLINI and DAHINDEN 1994). So me members of 
the chemokine family received different names depending on the species 
(human versus mouse) they have been isolated from. In order to clarify this 
point. a list of names follows with the distinctions of human and mouse 
chemokines: IL-8, PF-4 and ENA-78 are human chemokines with no mouse 
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homologues; MIG, RANTES and MIP have the same name for both human 
and mouse homologues. IP-10, GRO, MCP and 1-309 are human chemokines 
which are known as CRG-2, KC, JE, and TCA-3, respectively, in the murine 
system. 

Besides microbial products (e.g., LPS, virus dsRNA. and Staphy/ococcus 
enterotoxin A). the monokines IL-1 and TNF-a are potent inducers of chemokine 
synthesis in different cell types (VAN DAMME 1995). In fact, many of the original 
chemotactic effects attributed to IL-1 and TNF-a were shown later to be medi­
ated by chemokines (VAN DAMME 1995). Interestingly, the cytokine IFN-y has a 
dual role in controlling chemokine synthesis. IFN-y is a potent inducer of MIG 
and IP-10 (LUSTER et al. 1985; FARBER 1990; VANGURI and FARBER 1990). In contrast, 
IFN-y appears to inhibit the production of different C-X-C chemokines containing 
the E-L-R motif such as KC (OHMORI and HAMILTON 1994). IL-8 and ENA-78 
(SCHNYDER-CANDRIAN et al. 1995). If these activities of IFN-y are important in vivo, 
they could explain the character of the cellular infiltrates in CMI responses. 

Preliminary studies illustrate that, during infection with T. gondii, the com­
position of inflammatory exudate in the peritoneal cavity of IFN-y knockout 
(GKO) mice is enriched with neutrophils, eosinophils, and macrophages with 
relatively fewer Iymphocytes than in wild type animals (data not shown). Simi­
larly, when mice chronically infected with T. gondii are treated with anti-IFN-y, 
an intense neutrophil infiltrate is observed in the central nervous system (CNS) 
in areas of inflammation and necrosis caused by parasite replication (GAZZINELLI 
et al. 1992). We have demonstrated that, in marked contrast to wild-type 
mice, the GKO mice do not show activation of MIG and IP-10 genes during 
infection with T. gondii (D. AMICHAY, R.T. GAZZINELLI, G. KARUPIAH, T. MOENCH, A. 
SHER, and J. FARBER, manuscript in preparation). Since MIG and IP-10 have 
been suggested to be important attractants for Iymphocytes (TAuBet al. 1993; 
LIAO et al. 1995). the changes in the composition of the inflammatory infiltrate 
in the GKO mice may be in part due to the failure to produce these chemokines. 
Therefore, it is possible that IFN-y determines the composition of the inflam­
matory infiltrate during infection with T. gondii by inducing chemokines to 
attract Iymphocytes and by inhibiting those chemokines that attract neutrophils. 
We are currently investigating this hypothesis. 

5 Role of IL-12 in Biasing T Cell Differentiation Towards 
the Th1 Phenotype During Acute Toxoplasmosis 

Because IFN-y is known to playa major role in the differentiation of Th1 cells 
(GAJEWSKI and FITCH 1988; Scon 1991). the possibility that IL-12 could be a 
potent inducer of Th1 Iymphocyte generation has been examined in numerous 
systems. The overall conclusion is that IL-12 plays an important role in driving 
the differentiation of Th precursor Iymphocytes towards the Th1 phenotype 
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(HSIEH et al. 1993; SEDER et al. 1993). In addition, it has been shown in many 
of these systems that, although the effects of IL-12 on T cell differentiation 
are dependent on IFN-y, the latter cytokine by itself is not sufficient to drive 
T cell differentiation towards the Th 1 phenotype (SEDER et al. 1993). Moreover, 
we believe that IFN-y, induced by IL-12, is produced by different types of cells 
(i.e., NK cells and T celisL can inhibit expansion of Th2 cells, and therefore 
favors differentiation and expansion of Iymphocytes possessing the Th1 pheno­
type. 

The above studies suggest that, to exert its effects on T cell differentiation, 
IL-12 is needed during the initial encounter of T cells with antigen. To further 
analyze the requirement of IL-12 in the maintenance of an al ready established 
Th1 response, we studied the role of IL-12 on cytokine synthesis as weil as 
resistance in mice either acutely or chronically infected with T. gondii. Our 
results demonstrate that IL-12 synthesis is required for IFN-y production and 
resistance to T. gondii during acute (first week) but not chronic (after 30 days) 
toxoplasmosis. In contrast, treatment with a monoclonal antibody against anti­
IFN-y enhances susceptibility to the parasite in either stage of infection. 
Together, these results indicate that I L-12 is required to initiate IFN-y synthesis 
by Iymphocytes, but once the Th1 response is established, IL-12 is no longer 
required for its maintenance (GAZZINELLI et al. 1994). 

6 IL-10 is a Physiological Regulator 
of Cytokine Synthesis 
by T. gondii-Stimulated Host Cells 

IL-lO was first identified by its ability to inhibit IFN-y synthesis by fully dif­
ferentiated Th1 clones and was shown to be produced by Th2 Iymphocytes 
(FIORENTINO et al. 1989). Follow-up studies demonstrated that IL-10 can be pro­
duced by a large variety of cells including B cells and macrophages, and that 
the latter group of cells were a major target for IL-lO (FIORENTINO et al. 1991; 
MooRE et al. 1993). The main mechanism by which IL-lO diminishes cytokine 
synthesis by NK cells and Iymphocytes is through the inhibition of monokine 
(especially IL-12) synthesis by macrophages (FIORENTINO et al. 1991; D'ANDREA 
et al. 1993; HSIEH et al. 1993). Thus, previous exposure to IL-lO results in the 
modulation of cytokine synthesis by macrophages stimulated with microbial 
products. 

Several studies suggested that induction of IL-10 synthesis by macro­
phages enables different pathogens to evade the immune response and es­
tablish chronic infection in the vertebrate host (FINKELMAN et al. 1991; SHER et 
al. 1991; SILVA et al. 1992). We have assessed the role of IL-lO synthesis in 
regulating IL-12 and Th1-type cytokines in vivo as weil as establishing the 
parasite:host equilibrium during acute infection with T. gondii. Our approach 
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Inflam matory infiltrates in the liver of 
mice acutely infected with Toxoplasma gondii 

IL-IO KO mice 

Wild type mice 

Fig. 2. Liver histopathology observed during acute infection of IL-lO knockout mice (IL-10KO). 
IL-10KO (top panel) and wild-type mice (bottom panel) were infected with the ME49 strain of 
T gondii and livers harvested at 6 days post-infection. The infected IL-10KO mice showed clear 
evidence of enhanced tissue pathology as demonstrated by the increased frequency and intensity 
of cellular infiltration and. at later time points, increased necrosis in the liver (GAZZINELLI et al. 
1996) 
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was to infect IL-lO knockout (IL-10KO) mice (GAZZINELLI et al. 1996) with an 
avirulent strain of the parasite and analyze cytokine responses as weil as host 
resistance to this pathogen. All infected IL-lOKO mice died by 14 days post­
infection in contrast to the infected wild-type animals, which all survived. The 
IL-10KO mice infected with T gondii showed a dramatic increase in serum 
levels of IL-12 and IFN-y as compared with uninfected IL-lOKO or infected 
wild-type mice. Surprisingly, parasite-specific mRNAs in tissues of IL-10KO 
mice were similar or decreased in the IL-lOKO mice compared with those in 
wild-type animals, and no evidence of increased parasite expansion was ob­
served in histological sections from the IL-1 OKO animals (GAZZINELLI et al. 1996). 
Nevertheless, the infected IL-10KO mice showed clear evidence of enhanced 
tissue pathology, as demonstrated by the increased frequency and intensity 
of cellular infiltration (Fig. 2) and necrosis in the liver and to a lesser extent 
in the lungs. Together, these results suggest that the increased mortality of 
IL-10KO mice is not due to uncontrolled parasite growth but to an abnormal 
immune response to infection. The histopathology studies demonstrated that 
infected IL-1 OKO animals present similar pathology to that observed in wild-type 
animals under continuous treatment with high doses of IL-12 (GATELY et al. 
1994). suggesting that uncontrolled high levels of IL-12 synthesis occuring 
during microbial infection can be harmful to the host and under some conditions 
can be lethai. These results argue that IL-10 has an important physiological, 
regulatory role in controlling cytokine synthesis during the initiation of CMI. 

IL-10 has also been shown to be an important regulator of chemokine 
synthesis by neutrophils (KASAMA et al. 1994). Therefore, it is also possible that 
this down-regulatory cytokine may either control the intensity and/or shape 
the profile of chemokine synthesis by different type of cells. Such effects 
would probably influence inflammation quantitatively and/or qualitatively. It is 
noteworthy that the I L-1 OKO mice displayed more intense inflammatory reac­
tions in the liver (Fig. 2) and lungs (data not shown) than the wild-type mice 
infected with T gondii. 

7 Nitric Oxide is an End Product 
of the IFN-y-Dependent Pathway 
Wh ich Controls Lymphocyte Expansion 
During Acute Infection with T. gondii 

A second important mechanism by which macrophages regulate the immune 
response during experimental acute toxoplasmosis is through the generation 
of nitric oxide. During acute infection with T gondii, T cells are suppressed 
in their ability to produce IL-2 and proliferate upon stimulation with either 
parasite antigen or mitogen (CANDOLFI et al. 1994; KHAN et al. 1995). This sup­
pression is mediated by the adherent cells and is partially overcome by neu-
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tralization of endogenous IFN-y, TNF-a, or inhibitors of the nitric oxide synthesis 
from L-arginine. Since nitric oxide synthesis in macrophages is induced by 
TNF-a in conjunction with IFN-y. a Iymphocyte product. we believe that this 
is an important paracrine loop between macrophages and T cells. This paracrine 
loop is thought to regulate the immune response after strong antigen stimu­
lation. Although not completely understood, our preliminary data suggest that 
the regulatory effects of nitric oxide on T Iymphocytes are at least in part due 
to the induction of apoptosis, as has been observed in experimental Chagas' 
disease (LOPES et al. 1995). Furthermore, the initial studies suggest that nitric 
oxide effects are targeted primarily at CD4 + T Iymphocytes. An obvious ques­
tion is whether this end product from arginine degradation would also regulate 
expansion of CD8+ T cells and/or NK cells. Based on these observations, 
several researchers have suggested that an immunodeficient status may occur 
during acute toxoplasmosis (CANDOLFI et al. 1994; KHAN et al. 1995). However, 
our current belief is that this immunoregulatory mechanism is crucial for the 
control of the immune response induced by T. gondii to prevent tissue damage 
caused by an exacerbated CMI. Consistent with this interpretation are the 
findings that infection with T. gondii potentiates both nonspecific and specific 
CMI, and in fact induces resistance to nonrelated pathogens as weil as tumor 
cells. 

8 Conclusions 

We believe that the initiation of the immune response during acute toxoplas­
mosis can be divided into several steps. We propose that the initial event is 
the induction of cytokine synthesis by macrophages. The monokines released 
by macrophages exposed to T. gondii products will then induce IFN-y (IL-12) 
synthesis by NK cells and chemokines (IL-1 ß and TNF-a) by different types 
of cells (e.g., macrophages, endothelial cells, and fibroblasts). As our prelimi­
nary data suggest. the activation of T cell-independent IFN-y synthesis may 
influence the profile of chemokine production during acute toxoplasmosis, 
since IFN-y has both positive and negative effects on the synthesis of different 
chemokines. The events described above will also determine the recruitment 
and differentiation of T Iymphocytes into a Th1 phenotype. Finally, the regu­
lation of this response appears to occur simultaneously with its establishment. 
Thus, T. gondii products trigger macrophages to release IL-1O, which regulates 
cytokine synthesis by macrophages themselves, NK cells, and T cells. In ad­
dition, nitric oxide produced by macrophages exposed to IFN-y and TNF-a 
has an important regulatory function in controlling T Iymphocyte expansion. 
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The mechanisms by which immunocompetent mice resist Toxop/asma gondii 
infection have been partially elucidated. There is general agreement on the 
schematic cascade of immunological events during the acute stage of the 
infection: production of interleukin-12 (IL-12) by macrophages stimulates natu­
ral killer (NK) cellS to produce interferon (IFN)-y (DENKERS et al. 1993; GAZZINELLI 
et al. 1993b; SEDER et al. 1993; HUNTER et al. 1994). which in turn activates 
macrophages to kill T gondii by a combination of oxygen-dependent (WILSON 
et al. 1980). reactive nitrogen intermediate (RNI)-dependent (ADAMS et al. 1990; 
GAZZINELLI et al. 1992; LANGERMANS et al. 1992) and tryptophan starvation mech­
anisms (PFEFFERKORN 1984). IL-12 and IFN-y are of paramount importance in the 
protective response to T gondii (SUZUKI et al. 1988; SUBAUSTE and REMINGTON 
1991; GAZZINELLI et al. 1993b, KHAN et al. 1994). IL-1 0 acts as an immunoregulatory 
cytokine during Toxop/asma infection. This cytokine was initially characterized 
by its production by the Th2 subset of CD4+ T cells and by its ability to 
suppress IFN-y production by Th 1-type cells (FIORENTINO et al. 1989, 1991). IL-10 
inhibits nitric oxide (NO) production in vitro (GAZZINELLI et al. 1992). controls 

IFN-y production in severe combined immunodeficiency (SCID) mice infected 
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with T. gondii (SHER et al. 1993; HUNTER et al. 1994) and limits T cell proliferation 
(CANDOLFI et al. 1995; KHAN et al 1995). These data indicate that. schematically, 
a Th 1-type response is protective and that a Th2-type response is detrimental. 

The role of RNI and more generally of NO, and that of the cytokines 
controlling its production, is not as clear-cut as previously thought. The question 
was recently reviewed by LIEW (1995). We demonstrated that NO, IFN-yand 
(indirectly) IL-12 were involved in the profound suppression of T Iymphocyte 
proliferation observed during the first week of Toxoplasma infection (CANDOLFI 
et al. 1994, 1995; HUNTER et al. 1995b). These data point to NO and IFN-y 
having an ambivalent role during the acute stage of Toxoplasma infection, as 
both appear to have protective and permissive actions simultaneously. 

Pathogenicity is influenced by the host immune status and by the inherent 
virulence of the infecting strain of T. gondii. Bearing in mind that the significance 
and clinical consequences of NO-suppressed Iymphocyte proliferation have 
not been established, we postulated that the immunosuppression induced by 
NO and IFN-y could lead to increased host susceptibility during pregnancy 
and/or during infection by virulent strains of T. gondii. 

We tested this possibility by analyzing Iymphocyte proliferation and the 
production of NO and cytokines in a model of pregnant mice infected with 
Toxoplasma and in mouse models infected with avirulent or intermediately 
virulent strains. 

2 Pregnancy Increases Mouse Susceptibility 
to Toxoplasma Infection and Elicits High Levels 
of NO, IFN-y and IL-10 

The way in which the "fetal allograft" escapes the maternal immune response 
is unclear, but early studies have shown that cellular and humoral immunity 
is depressed during pregnancy (HOLLAND et al. 1984; LEDER MAN 1984). During 
pregnancy, there is increased susceptibility to intracellular pathogens such as 
Listeria, T. gondii (LUFT and REMINGTON 1982). and Plasmodium falciparum (BRABIN 
1983). However, maternal cellular immune status during pregnancy is con­
troversial (WEINBERG 1984). Arecent study showed that the predominant re­
sponse to parasites during pregnancy was Th2-like (LIN et al. 1993; WEGMANN 
et al. 1993). Such a Th2-type response might increase susceptibility to intra­
cellular pathogens. 

We orally infected pregnant BALB/c mice 11.5 days after conception with 
cysts from the human avirulent strain PRU, in contrast to ROBERTS and ALEXANDER 
(1992) who used astrain isolated from a rabbit. On day 18 after conception, 
the mice were killed, and spleen cell proliferation and the production of NO 
and cytokines were determined in the antigen- and Con A-stimulated super­
natants of cultured spleen cells. Fifty-three percent of the fetuses and 91 % 
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Fig. 1. Nitric oxide (NO) produc­
tion by spleen cells (48 h cul­
tu res) at day 7 post infection 
and from nonpregnant nonin­
fected BALB/c mice (NPNI), 
pregnant noninfected mice (day 
18 post conception; PNI), non­
pregnant infected mice (NP!), 
pregnant infected mice (day 18 
post conception; PI). Cells were 
stimulated by Con A (2 /oLg/ml) 
and Taxop/asma Iysate antigen 
(TLA; 1 /oLg/ml). Levels of signi­
ficance (Student's t test): * 
p <O.05, •• p <O.Ol, 
p <OOOl 

of the placentas were infected. Pregnant mice had a larger lung parasite load 
on day 7 post infection (PI) and a larger brain load on day 30 PI than nonpregnant 
animals (333 ± 129 cysts/g per brain versus 87 ± 55 cysts/g per brain; p<0.05). 
Moreover, NO levels were higher in spleen cell supernatants of pregnant mice 
(Fig. 1). However, these higher NO levels in pregnant mice seem not to control 
the parasite proliferation in that model. BOHNE and coworkers (1994) have dem­
onstrated that the switch from the tachyzoite to the bradyzoite stage is driven 
by NO, meaning that high levels of NO in pregnant mice might accelerate 
the tachyzoite-bradyzoite interconversion. 

These high levels of NO were accompanied bya strong Th1-like immune 
response in the pregnant mice: IFN-y levels were increased and a shift towards 
a Th1-type response was illustrated by the IL-4/IFN-y ratio (Fig . 2). Surprisingly, 
pregnant mice seemed to be more susceptible to the infection than nonpreg­
nant mice in the Th1-type environment. NO and IFN-y inhibit mitogenic and 
specific Iymphocyte proliferation during the acute stage of Toxop/asma infection 
(CANDOLFI et al. 1994, 1995). although in our model, pregnancy did not modify 
spleen cell proliferation, which was observed to be al ready deeply depressed 
during the acute stage of infection . 

In consequence, other factors capable of explaining increased suscepti­
bility to T gondii during pregnancy were explored, such as a decreased IL-2 
production, an increased IL-4 and/or IL-1O production, an increased TNF-a or 
IL-6 production, or a reduced humoral response. In contast to our results, 
SHIRIHATA et al. (1993) recently found that IFN-y and IL-2 production by spleen 
cells in vitro was reduced in pregnant mice infected with T gondii. Moreover, 
IL-2 was undetectable at the time of infection, and treatment with IL-2 or 
IFN-y reduced the susceptibility of pregnant mice to Toxop/asma. Several re-
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search teams have reported decreased production of IL-2 in acute toxoplas­
mosis (CHARDES et al. 1993; HAOUE et al. 1994; CANDOLFI et al. 1995). In a malaria 
mouse model recently reviewed by TAYLOR-RoBINSON (1995). the author observed 
that the decrease in IL-2 synthesis was due to NO, a finding that might explain 
the immunosuppression observed during the acute phase of malaria infection. 
However, our results differ from those previously published, especially by 
SHIRIHATA and coworkers (1993), as IL-2 production was not influenced by preg­
nancy in our mouse model. The model of infection used by SHIRIHATA et al. 
(1993; intraperitoneal infection with tachyzoites of avirulent strain) differs 
greatly from the natural route of infection we chose, and this may partly 
explain the differences observed between the two models. 

High levels of IL-10 were found in infected pregnant mice. However, we 
found no evidence of previously described mechanisms of immunosuppression 
driven by IL-10, such as decreased NO (GAZZINELLI et al. 1992), IL-2 (HAOUE et 
al. 1994) and Iymphocyte proliferation (CANDOLFI et al. 1995; KHAN et al. 1995). 
We cannot rule out the possibility that IL-10 acts as a suppressive cytokine 
by another mechanism (OSWALD et al. 1992) but. if it does, the previously 
described mechanisms do not appear to be involved. 

It has been reported that TNF-a and IL-6 have adetrimental role during 
toxoplasmosis (BLACK et al. 1989; GRAU et al. 1992; BEAMAN et al. 1992, 1994). 
However, high levels of TNF-a and IL-6 are produced by spleen cells from 
both infected pregnant and nonpregnant mice only when stimulated with crude 
Toxoplasma Iysate antigen (TLA). This absence of differences between the 
increase of proinflammatory cytokine production in pregnant and nonpregnant 
mice rules out the possibility that these cytokines playa role in the increased 
susceptibility observed during pregnancy. 
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During pregnancy, the humoral response to vaccination appears to be 
intact (BAKER et al. 1988), but the response to placental antigens appears to 
involve immunoglobulin G1 (lgG1; Th2-type) responses more than IgG2a (Th1-
type) responses (BELL and BILLINGTON 1980). In our study, pregnancy did not 
appear to influence antibody production. Moreover, there was no evidence 
of a particular Ig class switch. This implies that the increased sensitivity to 
toxoplasmosis during pregnancy is not due to a deficiency in the humoral 
immune response. 

Finally, this study failed to explain the increased susceptibility to Toxo­
plasma infection in pregnant mice. Other possibilities are NO inhibition of 
macrophage major histocompatibility class (MHC) II expression (SICHER et al. 
1994) and inhibition of the cytotoxic capacities of immune cells such as Iym­
phokine-activated killer cells, NK, or CD8+ T Iymphocytes. During pregnancy, 
other cytokines are important as growth factors, such as granulocyte/macro­
phage colony-stimulating factor (GM-CSF). epidermal growth factor (EGF), IL-3 
and colony-stimulating factor-1 (CSF-1; CHAOUAT et al. 1993). Some cytokines 
can also act as growth factors for parasites (BARCINSKI and COSTA-MoREIRA 1994). 
although this remains to be proven in the case of T. gondii (BEAMAN et al. 
1992). A potent immunosuppressive cytokine, transforming growth factor-ß2 
(TGF-ß2). is secreted by decidual cells and may act as a local immunosup­
pressor (CLARK et al. 1990). This has already been shown in vitro, where IFN-y 
production by NK cells is inhibited by TGF-ß (HuNTER et al. 1995a). Levels of 
hormones such as ß-estradiol are increased during pregnancy and can influence 
IFN-y production in vitro (GRASSO and MUSCETIOLA 1990). Interestingly, the highest 
levels of ß-estradiol are found in the placental maternal-fetal interface (MENENDEZ 
1995). indicating local regulation of the immune response. 

3 Influence of Strain Virulence on T Cell Proliferation 
and Th1/Th2 Equilibrium 

3.1 Virulence and Lethality Are Associated 
with Normal T Cell Proliferative Capacities 
and with an Early Th2-Type Immune Response Followed 
by a Marked Th1-Type Response 

The ability of T. gondii to kill mice has been used to characterize strains. 
However, only three main groups of strains are found throughout the world: 
virulent. intermediately virulent. and avirulent (DARDE et al. 1992). As pathoge­
nicity in mouse models is strikingly different, we used this feature to explore 
the immune response and to check for a correlation between strain virulence 
and immune suppression mediated by NO and IFN-y. 
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We used the oral route of infection and two types of T. gondii strains: 
(i) the intermediately virulent strain C56. which kills mice 10-12 days after 
infection. and (ii) one avirulent strain (the French PRU strain). 

On day 6 PI. compared with mice infected with the avirulent strain. mice 
infected with the intermediately virulent strain showed (i) relatively normal 
spleen cell proliferation when stimulated by concanavalin A (Con A). (ii) in­
creased NO production (Fig. 3). (iii) a moderate increase in IFN-y production 
by spleen cells. (iv) increased serum IFN-y levels. and (v) increased production 
of IL-lO. TNF-a and IL-6 by spleen cells. 

Interestingly. on day 9 PI. the Con A-induced proliferative capacity of spleen 
cells from mice infected with the intermediately virulent strain was similar to 
that of uninfected mice. while it was totally suppressed in mice infected with 
the avirulent strain. Mice infected with the intermediately virulent strain showed 
a reduced capacity to produce NO. high I FN-y production (134 ng/ml in TLA­
stimulated spleen cell supernatants) and high IL-lO production (215 ng/ml in 
TLA-stimulated spleen cell supernatants). TNF-a and IL-6 levels did not increase 
significantly. 

The I L-1 Oll FN-y ratio showed that protection correlated with an early Th 1-
type response followed by a switch to a Th2-type response and that virulence 
was correlated to an early Th2 type response followed by an overwhelming 
Th1 type response (Fig. 4). 

It has al ready been reported that T. gondii-susceptible mice produce more 
IFN-y than resistant mice (McLEoD et al. 1989). and similar observations have 
been made with mice infected with Plasmodium berghei and Plasmodium 
vinkei (KREMsNER et al. 1992; WAKI et al. 1992). The authors suggested that 
overproduction of Th1 cytokines. in this ca se IFN- y. could be detrimental for 
the host by leading to an uncontrolled inflammatory process (CLARK et al. 
1991 ). 

It has recently been suggested that the simultaneous peak production of 
IFN-yand IL-lO might explain the increased susceptibility of female relative 
to male mice (ROBERTS et al. 1995). Indeed. male mice produce IFN-y first. and 
this controls parasite multiplication; IL-lO then downregulates the Th1 re­
sponse. It has also been clearly demonstrated that mice lacking IL-10 produc­
tion die from chronic enterocolitis (KÜHN et al. 1993). and that IL-10 regulates 
the overwhelming inflammatory process associated with autoimmune diseases 
(KENNEDY et al. 1992). As a result. IL-lO may have an important role in controlling 
the production of proinflammatory mediators (IFN-y. IL-6. TNF-a. NO. reactive 
oxygen intermediates. and prostaglandins) that can be detrimental when un­
controlled (LIEW et al. 1991; GERARD et al. 1993; LIEW 1995). TAYLOR-RoBINSON 
(1995). who recently reviewed the immunological process in a mouse model 
of malaria. suggested a protective role for the Th2 type response.Therefore. 
IL-4 or IL-10 production are not wholly detrimental during infection and may 
control the IFN-y-driven inflammatory process. 
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200~----------------------~ Fig. 3. IL-lO/IFN-y ratio obtained 
fram nonstimulated (RPMI) or Con 
A- or Toxop/asma Iysate antigen 
(TLA)-stimulated spleen cells from 
C57/B16 mice infected by an inter­
mediately virulent strain (C56 strain, 
ten cysts orally) and an avirulent 
strain (pRU strain, ten cysts orally) 
of Toxop/asma gondii. Spleen cells 
were collected at day 6 post infec­
tion, and cytokine levels were as­
sessed by enzyme-linked immuno­
sorbent assay (ELlSA) 
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Fig. 4. IL-10/IFN-y ratio obtained 
from nonstimulated (RPMI) or Con 
A- or Toxop/asma Iysate antigen 
(TLA)-stimulated spleen cells fram 
C57/B16 mice infected by an inter­
mediately virulent strain (C56 strain, 
ten cysts orally) and an avirulent 
strain (PRU strain, ten cysts orally) 
of Toxop/asma gondii. Spleen cells 
were collected at day 9 post infec­
tion, and cytokine levels were as­
sessed by enzyme-linked immuno­
sorbent assay (ELlSA). Mice in­
fected with the C56 strain died 
between day 9 and day 12 post in­
feetion. Mice infected with the PRU 
strain survived 
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3.2 NO Controls 80th Parasite and Lymphocyte Proliferation 
in Vivo 

We showed in the previous section that infection with an intermediately virulent 
strain leads to early NO production and late but marked IFN-yand IL-10 pro­
duction associated with normal Iymphocyte proliferative responses. NO and 
IFN-y are involved in inhibiting Iymphocyte proliferation during the acute stage 
of infection with an avirulent strain of Toxoplasma (CANDOLFI et al. 1994, 1995). 
These data appear to conflict with reports of protection conferred by NO and 
IFN-y in recent years (SUZUKI et al. 1988; ADAMS et al. 1990; GAZZINELLI et al. 
1992; LANGERMANS et al. 1992). It remains to be determined whether their anti­
microbial and immunosuppressive effects occur in vivo in both types of aviru­
lent and intermediately virulent T. gondii strain infection described above. The 
involvement of IFN-y is relatively clear, as inhibition of its activity by monoclonal 
antibodies in vivo leads to the early death of animals infected with T. gondii, 
suggesting that the major role of IFN-y is to orchestrate the protective response 
to the parasite (SUZUKI et al. 1988). The role of NO in vivo remains to be 
determined. We thus administered aminoguanidine (CoRBEn et al. 1992; BEC­
KERMAN et al. 1993). an inhibitor of NO production, to the two mouse models 
of Toxoplasma infection described above. 

Aminoguanidine treatment led to increased mortality, when mice were 
infected with the intermediately virulent strain C56, even when concomitantly 
treated with sulfadiazine, an anti-Toxoplasma drug (Fig. 5). No increase in para­
site load was observed in the lungs or brains of such mice. In contrast, after 
aminoguanidine treatment, mortality remained unchanged in mice which were 
infected with the avirulent ME49 strain of T. gondii. However, aminoguanidine 
treatment resulted in significantly larger numbers of cysts in the brains of 
ME49-infected mice (Fig. 6). This increased susceptibility to T.gondii in C56-
and ME49-infected mice treated with aminoguanidine points to a crucial role 
of NO in controlling Toxoplasma infection. The ability of NO to control intra­
cellular microorganisms has previously been observed in animal models of 
Listeria (BECKERMAN et al. 1993) and Mycobacterium tuberculosis infection (CHAN 
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Fig. 6. Cysts brain load of 
CBA/J mice infected with an 
avirulent strain of Toxop/asma 
gondii (ME49 strain. ten cysts 
orally) at day 21 post infection 
and treated by an inhibitor of 
nitric oxide production, amino­
guanidine (AG; 100 mg/kg daily 
from days 1-21 post infection). 
Levels of significance (Student 
t test) in three different experi­
ments (n=5): * p<0.05, ** p< 
0.01, *** p< 0.001 

et al. 1995). However, aminoguanidine treatment did not increase parasite 
load in the lungs or brains of mice, which had been infected with intermediately 
virulent strain C56. This may suggest that the observed increase in susceptibility 
is not due to an increased parasite load, but rather to immunopathological 
phenomena. 

Similarly, treatment of mice with aminoguanidine led to a recovery of 
splenocyte proliferative responses on day 7 PI. In mice infected with the 
intermediately virulent strain C56, this recovery was marked (90% of recovery 
in Con A-stimulated spleen cells). whereas it was only partial in mice infected 
with the avirulent strain ME49 (28% of recovery in Con A-stimulated spleen 
cells). The observation that aminoguanidine was more potent in mice infected 
with the intermediately virulent strain could explain the better recovery of 
proliferative responses in these animals, confirming the negative correlation 
between Iymphocyte proliferation and parasite virulence or susceptibility to 
infection. 

Taken together, these in vivo and in vitro data provide additional evidence 
that NO is important in controlling Iymphocyte and Toxop/asma proliferation 
during the acute stage of infection, and that the recovery of Iymphocyte pro­
liferation does not correlate with increased resistance to the infection. 
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4 Conclusion 

The suggestion that NO-induced immunosuppression of the Iymphocyte pro­
liferative response leads to increased susceptibility to T. gondli infection is 
not supported by our studies. On the contrary, profoundly decreased Iympho­
cyte proliferation does not appear to be wholly detrimental to the host but 
rather correlates with host survival. Indeed, maintained Iymphocyte proliferation 
correlates with susceptibility to the infection. In conclusion, through these 
two mechanisms of control of parasite and Iymphocyte proliferation, NO is 
of paramount importance for the survival of the host to Toxop/asma infection. 

Pregnancy did not enhance the reduced proliferative capacities observed 
during the acute stage of Toxop/asma infection, even if infected pregnant mice 
demonstrate higher levels of NO production in a Th1-type milieu. The reasons 
for the increased susceptibility of pregnant hosts to T. gondii infection thus 
remain to be determined. Levels of NO, IFN-yand IL-10 are increased in preg­
nant infected mice, indicating, as suggested by ROBERTS and ALEXANDER (1992) 
that concomitant production of IFN-y and IL-lO may lead to a mild increase 
in susceptibility. Other causes of this increased susceptibility during pregnancy 
might lie in the placenta and/or fetus. 

The analysis of the immune response to two different strains of Toxop/asma 
throws light on the timing of the protective response. Indeed, protection ap­
pears to be dependent upon an early Th1-type response that is immediately 
counterbalanced by a Th2-type response associated with a depressed Iym­
phocyte proliferation to mitogens and Toxop/asma antigen. NO and IFN-y may 
thus be present early in the infection to ensure protection, but this response 
needs to be replaced by a Th2-type reaction later in the infection if immuno­
pathological phenomena are to be avoided. The precise timing of Th1- and 
Th2-type cytokine production seems to have a marked influence on Toxop/asma 
pathogenicity. Further studies should be set up for exploring the influence of 
strain-specific antigens on the immune response. 
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Although the pathophysiology of toxoplasmosis is not fully understood. it is 
now clear that the cytokine network plays a major role in the cellular mech­
anisms involved in the control of Toxop/asma gondii infection (BEAMAN et al. 
1992). This is of main importance in the central nervous system. where most 
of the clinical lesions are localised in case of congenital toxoplasmosis or in 
case of reactivations in immunocompromised patients (HUNTER and REMINGTON 

1994). Most of the research works carried out up to now have focused on 
mouse models or have analyzed murine cells in vitro (HUNTER and REMINGTON 

1994). Among these different studies. only some of them were devoted to 
cytokine production after T gondii infection. Even fewer studies have analyzed 
the role of cytokines in human individuals or in human cell populations in 
vitro. In this review. we will attempt to summarize the different results obtained 
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for cytokine secretion and/or expression after T. gondii infection In human 
models, both in vive and in vitro. 

2 Interferon-Gamma (lFN-y) 

Interferon-gamma (IFN-y), which was the first cytokine described 40 years 
ago, has a wide range of activities, including macrophage activation. Up to 
now, it has been the most extensively studied cytokine in the field of toxo­
plasmosis. 

2.1 In Vivo Studies 

Studies in humans reporting the dosages of IFN-y deal with the two main 
clinical problems caused by T. gondii in man, namely, congenital toxoplasmosis 
and toxoplasmic reactivations in immunocompromised patients. RAYMOND et 
al. (1990) studied the production of IFN-y in acute acquired and in congenital 
toxoplasmosis. Testing sera from infected pregnant women and cord blood, 
they demonstrated that IFN-y was produced in significant amounts during the 
acute stage of acquired toxoplasmosis, and in the course of congenital infec­
tion. Interestingly, it appeared that IFN-y was produced only before the ap­
pearance of T. gondii-specific immunoglobulin G (lgG). In contrast to IFN-y, 
IFN-a was never detected in these sampies. The authors therefore suggested 
that the detection of IFN-y could be an aid in the diagnosis of congenital 
toxoplasmosis. However, since detection of IFN-y is not specific for T. gondii 
infection, this parameter should not be used alone for definitive diagnosis of 
congenital toxoplasmosis, but rather could be associated with other Toxo­
p/asma-specific biological tests. 

The secretion of IFN-ywas compared in patients suffering from toxoplasmic 
encephalitis (TE) and acquired immunodeficiency syndrome (AIDS) and in those 
with acquired toxoplasmic Iymphadenopathy (CANESSA et al. 1992). It could be 
shown that secretion of IFN-y was impaired in AIDS patients, probably as a 
result of CD4+ cell reduction. No IFN-y was detected in the cerebrospinal 
fluid of AIDS patients with TE. In this study, the levels of IFN-y in sera of 
immunocompetent patients remained at high levels even 3- 9 months after 
acute infection, which contradicts the results of RAYMOND et al. (1990). who 
showed a rapid decrease in IFN-y levels after primary infection in pregnant 
women. 
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2.2 In Vitro Studies 

In vitro studies analyzing IFN-ysecretion are more common than in vive studies. 
It was demonstrated a long time aga that the supernatants of immune Iym­
phocytes or of Iymphocytes stimulated with toxoplasmic antigens could induce 
the ability of human monocyte-derived macrophages to resist intracellular in­
fection with T gondii (BEAMAN et al. 1992). Other studies provided evidencethat 
CD4 + and CD8+ T cell clones from T gondii seropositive patients produce 
IFN-y after stimulation with T gondii antigens or irradiated tachyzoites of the 
RH strain (SKLENAR et al. 1986, CANESSA et al. 1988). Moreover, I FN-y was often 
produced in higher amounts when T cell clones originated from an asympto­
matic subject than from a symptomatic patient (SKLENAR et al. 1986). These 
results seem logical. when the protective role of IFN-y is considered in the 
case of infection with T gondii (HUNTER et al. 1994). KHAN et al. (1988) showed 
that mononuclear cells from T gondii-positive donors could be stimulated to 
produce IFN-y by the purified membrane protein SAG 1 (P30). Studies using 
monoclonal antibodies demonstrated that the IFN-y secretion by CD4+ cells 
and monocytes is dependent on interleukin-2 (IL-2). IL-2 receptor, IL-1 and 
class II major histocompatibility (MHC) antigens, and independent of tumor 
necrosis factor alpha (TNF-a) and TNF-ß (KELLY et al. 1989). Importantly, the 
ability of Iymphocytes to produce IFN-y in response to T gondii antigens has 
been shown to be impaired in Iymphocytes derived from AIDS patients (MURRAY 
et al 1984). These in vitro findings are in accordance with in vive ones, sug­
gesting that the impairment of IFN-y production in AIDS patients could be the 
major cause of toxoplasmic reactivations. More recently, some human CD4+ 
and CD8+ T-cell clones from T gondii-positive individuals have been shown 
to produce IFN-y after stimulation with a soluble antigenic fraction of T gondii 
(SAAVEDRA and HERIoN 1991). These data are in accordance with more recent 
ones, which demonstrated IFN-y secretion by Tgondii-specific CD4 + clones 
from latently infected human patients after mitogen or antigen stimulation 
(PRIGIONE et al. 1995). CD4 + lines that are cytotoxic for T gondii-infected human 
melanocytes have been shown to produce IFN-y after antigen-specific stimu­
lation. Furthermore, the autocrine IFN-y production enhanced the CD4 + toxicity 
for T gondii-infected melanocytes (YANG et al. 1995). Taken together, all these 
findings indicate that IFN-y is of major importance for the human immune 
system during T gondii infection. This cytokine probably represents a key 
molecule for the resistance against T gondti", since IFN-y can induce anti-tox­
oplasmic activity in various cell populations (MURRAY et al 1984; EALES at al 
1987; CHAO et al 1994). It also appears that. at least in the case of T gondii 
infection, IFN-y production depends not only on T gondii itself, but also on 
other cytokines and on the human leukocyte antigen (HLA) system. 
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3 Tumor Necrosis Factor Alpha 

TNF-a was first detected by its ability to induce necrosis of tumors. Then. it 
appeared to be one of the most important cytokines involved in the acute 
phase of inflammation. Certain functions such as induction of fever. cachexia. 
macrophage activation. and B Iymphocyte proliferation have been described 
for TNF-a. but only a few studies have investigated TNF-a secretion in human 
models after T gondii infection. CANESSA et al. (1992) could not demonstrate 
any difference in vivo in TNF-a secretion among AIDS patients with TE. im­
munocompetent patients with acute toxoplasmosis. or controls. However. this 
observation does not exclude the possibility that TNF-a is produced at the 
site of infection such as the brain. It is possible that cytokines may not be 
detected in peripheral blood even if they are secreted in infected tissues. 

In vitro. the results concerning TNF-a production are quite contradictory. 
Some studies underline the fact that T gondii does not seem to trigger TNF-a 
production in human cells. KELLY et al. (1989) demonstrated that T gondii 
antigens were unable to induce TNF-a secretion of monocytes or peripheral 
blood mononuclear cells. A monocytic cell-line. THP1. expressed and secreted 
only minimal amounts of TNF-a after phagocytosis of RH-strain tachyzoites. 
unlike what happened during phagocytosis of Mycobacterium tuberculosis 
(FRIEDLAND et al. 1993; FRIEDLAND 1995). Using another model. increased amounts 
of expressed or secreted TNF-a could not be detected in human monocytes. 
monocyte-derived macrophages. and astrocytoma-derived cells after infection 
with virulent or chronic strains of T gondii (PELLOUX et al. 1992. 1994b.c). 
However. in contrast to human astrocytoma-derived cells. both human mono­
cytes and macrophages specifically exhibited a capability to secrete high 
amounts of TNF-a after exposure to human sera with high titers of T gondii­
specific IgG. This underlines the differences which could exist for cytokine 
secretion between different human cell populations after exposure to T gondii. 
Furthermore. it seems possible that monocytes and monocyte-derived mac­
rophages cannot secrete TNF-a after direct exposure to T gondii antigens or 
tachyzoites. but can secrete TNF-a indirectly in the presence of an additional 
stimulus such as specific IgG. 

In contrast. other studies focused on the fact that T gondii can induce 
monokine production in humans (BALA et al. 1994). Stimulation with soluble 
tachyzoite antigens induced TNF-a secretion by peripheral blood mononuclear 
cells of both human immunodeficiency virus (HIV)-positive and HIV-negative 
patients with T gondii infection. as weil as by monocytes of healthy individuals. 
who were sero negative for HIV and T gondii. 

The conflicting results of in vitro studies using human cells indicate that 
further studies on TNF-a secretion during toxoplasmosis are necessary. More 
precisely. it is of major importance to understand why TNF-a secretion can 
be induced by T gondii in some models but not in others. TNF-a could. like 
IFN-y. be a key molecule in the pathophysiology of toxoplasmosis. particularly 
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in immunocompromised patients. It has been shown that endogenouslyse­
creted TNF-a can act on both T gondii multiplication and HIV replication (BALA 
et al. 1994, CHAO et al 1994). It is noteworthy that the results concerning 
TNF-a are contradictory not only in vitro in human cells, but also in mouse 
models (HUNTER and REMINGTON 1994). 

4 Other Cytokines 

4.1 Interleukin-1 

IL-1 is another monokine for which the results in the literature seem to differ. 
It is involved in the regulation of inflammation, and particularly in the acute 
phase response. IL-1 ß could not be detected in sera of T gondii-infected 
patients with or without AIDS (CANESSA et al. 1992). Interestingly, T gondii 
antigens stimulated IL-1 secretion in vitro by peripheral blood mononuclear 
cells and monocytes (KELLyet al. 1989; BALA et al. 1994). while viable tachyzoites 
of different strains of T gondii did not induce any IL-1 a production or over­
expression in human monocytes, macrophages, or astrocytoma-derived cells 
in another model (PELLOUX et al. 1994a,b,c). Taken together, these results could 
indicate that T gondii antigens may induce IL-1 secretion, whereas entire 
parasites may not. 

4.2 Interleukin-2 

Along with IFN-y, IL-2 is the second Th1 subset cytokine whose secretion has 
been studied during T gondii infection. IL-2 secretion was not noted in patients 
with acute toxoplasmosis or cerebral reactivation (CANESSA et al. 1992). In con­
trast. IL-2 was demonstrated to be secreted by C04+ clones in vitro, after 
stimulation with T gondii antigens. This secretion was shown to be associated 
with IFN-y production (CANESSA et al. 1988; PRIGIONE et al. 1995). The IFN-y 
production induced by T gondii is clearly dependent on IL-2 and IL-2 receptors, 
contrary to wh at happens with cytomegalovirus (KELLY et al. 1989). However, 
human T-cell clones were able to secrete IFN-y after specific antigen stimu­
lation. This stimulation was independent of IL-2, even if the presence of IL-2 
enhanced IFN-y production in most of the tested clones, or triggered it in 
others (SAAVEDRA and HERIoN 1991). Interestingly, only five T cell clones of 18 
secreted IL-2 after antigen stimulation. Of these five clones, four were shown 
to have a T gondii strain-dependent response in a proliferative assay. The 
response was weaker when the virulent Wiktor strain was used than with the 
RH strain, suggesting that the two phenomena are related. In contrast. C04+ 
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cytotoxic T Iymphocytes did not produce IL-2, nor IL4, after stimulation with 
T. gondii-infected melanoma cells (YANG et al. 1995). 

4.3 Interleukin-4 and Interleukin-5 

These two Th2-cytokines have recently been shown to be secreted in vitro 
by T. gondii-specific CD4+ T cell clones after mitogen and antigen stimulations 
(PRIGIONE et al. 1995). Since this Th2 secretion profile was associated with a 
Th1 profile of secretion (IFN-y and IL-2). these T. gondii-specific CD4+ clones 
were classified as ThO (PRIGIONE et al. 1995). 

4.4 Interleukin-6 

IL-6 is a cytokine that is involved in B cell and cytotoxic T cell activation. 
Studies on its production during T. gondii infection have shown that the results 
seem to depend on the model that has been used. No difference was found 
in vivo between IL-6 levels in sera of both AIDS and non-AIDS patients with 
toxoplasmosis (CANESSA et al. 1992). This monokine has been shown to be 
secreted by human peripheral blood mononuclear cells and monocytes after 
exposure to tachyzoite antigens (BALA et al. 1994). However, other studies did 
not show evidence of any increase in IL-6 secretion or expression after pha­
gocytosis of T. gondii tachyzoites by monocytic cells (FRIEDLAND et al. 1993) or 
infection of human monocytes, macrophages, or astrocytoma-derived cells 
(PELLOUX et al. 1994a,b,c). As for TNF-a, an increased secretion of IL-6 by 
human monocytes was demonstrated after stimulation with specific anti-T. 
gondii sera, but this was not observed in monocyte-derived macrophages 
(PELLOUX et al. 1994a). An interesting fact should be noted: by using mainly 
animal models, TNF-a and IL-6 have been described to have opposite influences 
on T. gondii growth (BEAMAN et al. 1992, 1994; HUNTER et al 1994). However, 
studies of human cells demonstrated that secretion of TNF-a and IL-6 seems 
to be induced by the same stimuli (BALA et al. 1994; PELLOUX et al. 1994a). 
These observations could indicate that not the presence or absence of cytokine 
secretion is important for the control of T. gondii infection, but rather the 
balance of cytokines with opposite influences on T. gondii. 

4.5 Interleukin-8 

In comparison with controls, monocytic THP1 cells, which have phagocytozed 
T. gondiitachyzoites in vitro, minimally expressed and secreted IL-8. This finding 
is in contrast to what has been observed after phagocytosis of M. tubercu/osis 
(FRIEDLAND et al. 1993). 
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4.6 Interleukin 10 

The Th2 cytokine IL-10 could not be found in serum nor in cerebral spinal 
fluid of five AIDS patients with cerebral toxoplasmosis, although increased 
levels of IL-lO could be detected in the cerebral spinal fluid from AIDS patients 
with Cryptococcus neo formans meningitis (GALLO et al. 1994). In vitro, IL-lO 
was secreted simultaneously with IFN-y and IL-2 by T. gondii-specific CD4+ 
T cell clones after mitogen and antigen stimulation (PRIGIONE et al. 1995). These 
results raise the same questions as the concomitant secretions of TNF-a and 
IL-6 do: under the same stimulations, human cells seem to be able to secrete 
cytokines, which have been described in other models to either potentiate 
the toxoplasmacidal activity of macrophages (IFN-y and TNF-a) or to inhibit 
or downregulate the anti-Toxop/asma immune response (IL-6 and IL-1 0) (BEAMAN 
et al. 1994; GAZZINELLI et al. 1992). 

4.7 Interleukin-12 

IL-12 was shown to be secreted in vitro by peripheral blood mononuclear 
cells and monocytes from both HIV-positive and HIV-negative individuals with 
T. gondii infection after stimulation with soluble tachyzoite antigens (BALA et 
al. 1994). 

5 Granulocyte/Macrophage Colony-Stimulating Factor 

Studies on granulocyte/macrophage colony-stimulating factor (GM-CSF) pro­
duction have been carried out in vive and in vitro. In vivo, no secretion of 
GM-CSF was noted after T. gondii infection or cerebral reactivation (CANESSA 
et al. 1992). In vitro, GM-CSF was secreted by peripheral blood mononuclear 
cells and monocytes after stimulation with soluble tachyzoite antigens (BALA 
et al. 1994). 

6 Conclusions 

In conclusion, it can be noted that IFN-y is the only cytokine in humans whose 
secretion after T. gondii infection has been clearly and undoubtedly demon­
strated. For the other cytokines, the results obtained differ widely from one 
study to another. These discrepancies may be explained by the differences 
which exist between the cell populations under study, the stimulation protocols, 
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the detection techniques, or perhaps the T. gondii strains used. This underlines 
the limits and difficulties of interpreting the results obtained with each model. 
On the one hand, in vivo measurement of cytokines in humans may give 
global information but insufficient details to understand why a cytokine is 
secreted and by which cell population, and which mechanisms are involved. 
Furthermore, since cytokines mainly act in an autocrine or a paracrine manner, 
they may not be detected in peripheral blood even if they are produced at 
the site of infection such as the brain. On the other hand, the results obtained 
in studies of cytokine production by human cells in vitro may be too restrictive, 
since the interactions with the entire immune system are left aside. These 
disadvantages may be avoided in mouse models, in which in vitro experiments 
can be performed following in vivo infection in order to mimick the situation 
in humans. However, the use of human in vivo or in vitro models can provide 
valuable informations about the behavior of any one of the precise human 
cell-populations after infection with T. gondii, the significant relationship which 
could exist between the presence or absence of a cytokine, and the presence 
of T. gondii cysts or tachyzoites, or the variations of the intercellular messages, 
which might depend on T. gondii infection. These informations could lead to 
a better understanding of the pathophysiology of toxoplasmosis, and therefore, 
to prevent and treat more efficiently congenital infection and reactivations in 
immunocompromised patients. 
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Toxop/asma gondii is a ubiquitous intracellular pathogen that infects all nu­
cleated cells (as reviewed by WONG and REMINGTON 1993). In the immunocom­
petent individual. a balanced interaction between the immune system and T. 
gondli" allows the pathogen to survive in the intracellular milieu without da­
maging the host. In the setting of defective cell-mediated immunity, uncon­
trolled multiplication of T. gondii tachyzoites may take place, leading to tox­
oplasmic encephalitis (LuFT and REMINGTON 1992). Detailed knowledge of the 
immune response to T. gondii is needed to unravel the subtle pathogenetic 
mechanisms of toxoplasmic infection. In this chapter, emphasis will be placed 
on antigen-specific cell-mediated responses to viable T. gondii tachyzoites, as 
assessed in chronically infected healthy humans. These studies provide a model 
for a better comprehension of altered T. gondii-specific cellular immunity in 
severely immunodeficient patients. 
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2 In Vitro Analysis 
of T. gondii-Specific Cellular Immunity 

A good way to investigate T cell-mediated immunity to T. gondii is to challenge 
peripheral blood mononuclear cells (PBMC) from infected individuals with viable 
T. gondii tachyzoites or their Iysates, and to determine cellular proliferation 
by [3Hlthymidine incorporation (CANESSA et al. 1988). T. gondii infection is doc­
umented by the detection of specific serum antibodies; in our experience, a 
close correlation exists between the presence of such antibodies and the 
ability of T Iymphocytes to mount a specific response to viable T. gondii 
tachyzoites (CANESSA et al. 1988). In contrast, when tachyzoite Iysates are used, 
T cell proliferation can occasionally take place in the absence of specific serum 
antibodies. 

Bulk cultures of antigen-specific T cells are comprised of a mixture of 
clones recognizing discrete peptides originating from the intracellular process­
ing and presentation of different antigens. Furthermore, the same cultures 
may contain a variable number of activated, nonspecifically recruited T Iym­
phocytes. For these reasons, clonal analysis is the only approach which allows 
to investigate at the single cell level fine specificity, human leukocyte antigen 
(HLA) restriction, patterns of cytokine production, and cytolytic activity of 
antigen-reactive T Iymphocytes. 

We have established the following experimental system to generate T. 
gondii-specific T cell clones (CANESSA et al. 1988). PBMC from healthy, latently 
infected individuals were cultured with T. gondii tachyzoites at a 20: 1 ratio. 
All of the experiments reported here were carried out using live tachyzoites. 
In detail, tachyzoites recovered from mouse peritoneum were repeatedly 
passed through Vero cells and then used for cell stimulation. Although tachy­
zoites were initially irradiated before being mixed with PBMC, this procedure 
was abandoned thereafter. Overgrowth of tachyzoites with complete disap­
pearance of PBMC was observed in sero negative, but not in seropositive 
individuals. 

After 7 days in culture, lymphoid blasts were purified on a Percoll density 
gradient and cloned by limiting dilution in the presence of autologous irradiated 
PBMC as antigen-presenting cells (APC). T. gondii tachyzoites and recombinant 
interleukin-2 (IL-2). Proliferating clones were expanded in medium containing 
IL-2 and tested for antigen specificity and HLA restriction before being used 
for further experiments (CANESSA et al. 1988). 

In this model system, viable T. gondii tachyzoites infect circulating PBMC 
and stimulate the emergence of specific T cell blasts, in analogy to the events 
occurring in vive upon T. gondii infection. 
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2.1 Characterization 
of T. gondii-Specific Human T Cell Clones 

All of the T cell clones raised by the aforementioned protocol had a C04 + 
immunophenotype, and their proliferative responses to T. gondii tachyzoites 
were restricted for HLA class II antigens (CANESSA et al. 1988). Since T cell­
dependent macrophage activation is instrumental for the clearing of T. gondii 
infection (NATHAN et al. 1983). we investigated whether supernatants from 
antigen-stimulated C04+ clones inhibited the intracellular replication of the 
parasite in monocyte-derived macrophages, as assessed by [3Hluracyl incor­
poration. All of the clone supernatants proved capable of suppressing the 
multiplication of T. gondii tachyzoites, and an IFN-y-specific neutralizing antise­
rum abolished this toxoplasmacidal activity (CANESSA et al. 1988). These findings 
confirmed, at the clonal level, previous pivotal observations pointing to IFN-y 
as the key mediator of the resistance to T. gondii infection (NATHAN et al. 1983; 
SUZUKI et al. 1988). 

Both murine (MosMANN et al. 1986) and human (OEL PRETE et al. 1991; 
HAANEN et al. 1991; SALGAME et al. 1991) C04+ T cell clones can be subdivided 
into three major groups, i.e., T hel per (Th) 1, Th2 or ThO, depending on the 
spectrum of cytokines they produce. Thus, human Th1 cell clones which can 
be raised in vitro by stimulation with mycobacterial antigens (OEL PRETE et al. 
1991; SALGAME et al. 1991) release large amounts of IFN-y and IL-2, but little 
or no IL-4 or IL-5. In contrast, Th2 cell clones that are derived by in vitro 
stimulation with allergens or helminthic antigens (OEL PRETE at al. 1991) display 
an opposite profile of cytokine secretion, i.e., they produce abundant IL-4 and 
IL-5 with little or no IFN-y or IL-2. Such polarized Th cell responses represent 
the ends of a spectrum in which the majority of antigen-specific C04 + T cell 
clones behave as ThO cells, i.e., they secrete the four cytokines (i.e. IL-2, 
IFN-y, IL-4 and IL-5) in variable but roughly comparable amounts. 

The Th1 or Th2 phenotype of antigen-specific T cell clones is acquired 
and can be manipulated in vitro by various stimuli, especially cytokines. For 
example, the addition of IFN-y (MAGGI et al. 1992) or IL-12 (MANETII et al. 1993) 
to allergen-specific bulk cultures favors the outgrowth of Th1 rather than Th2 
cell clones; conversely, IL-4 stimulates protein-purified derivative (PPO)-specific 
C04+ cells to give rise to Th2 rather Th1 clones (MAGGI et al. 1992). There is 
some experimental evidence supporting the concept that ThO cells represent 
precursors of Th 1 or Th2 Iymphocytes (STREET et al. 1990). 

It is assumed that Th1 Iymphocytes mediate immunity to various intra­
cellular microrganisms. This result can be achieved through numerous mech­
anisms such as: (i) release of IFN-y, which activates macrophages to inhibit 
pathogen replication (NATHAN et al. 1983; SUZUKI et al. 1988; CANESSA et al. 
1988); (ii) killing of infected cells including APC (CURIEL et al. 1993; PRIGIONE et 
al. 1995); and (iii) direct killing of extracellular pathogens (KHAN et al. 1990). 

Starting from these premises, we investigated the cytokine profiles of 20 
T. gondii-specific T cell clones raised from in vitro infected PBMC (see above) 
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(PRIGIONE et al. 1995). Cloned T Iymphocytes were stimulated with phytohe­
magglutinin (PHA) and phorbol myristate acetate (PMA) or with T gondii ta­
chyzoites in the presence of autologous APC. Supernatants were then tested 
for the presence of IL-2, IFN-y. IL-4 and IL-5 by bioassays or enzyme-linked 
immunosorbent assays (ELlSA). All of the clones displayed a ThO pattern of 
cytokine production independent of the nature of the stimuli, with an IL-4/IFN-y 
ratio ranging from 0.5 to 10 (PRIGIONE et al. 1995). Figure 1 shows the results 
obtained with eight representative T cell clones following nonspecific stimu­
lation with PHA and PMA. Notably, in four clones that had been incubated 
with autologous APC and viable tachyzoites, a trend towards an increased 
production of IFN-y was observed as compared with the results obtained 
following PHA-PMA stimulation (PRIGIONE et al. 1995). These findings were ex­
tended by the analysis of cytokine mRNAs by reverse transcription-polymerase 
chain reaction (RT-PCR). The ThO phenotype of T gondii-specific cell clones 
was unchanged by supplementing with r1L-4 or rIFN-y, the bulk cultures from 
which clones were subsequently derived (PRIGIONE et al. 1995). In further ex­
periments, it was found that all the T gondii-specific T cell clones tested 
produced IL-lO in culture supernatants upon stimulation (PRIGIONE et al. 1995). 

Finally, most of our clones Iysed the P 815 murine mastocytoma cell line 
in an assay which involves the triggering of the CD3-TcR complex by a CD3 
monoclonal antibody. More importantly, a minority of clones specifically killed 
T gondii-infected autologous Iymphoblastoid cell lines (LCLs) that had been 
raised by in vitro infection with Epstein-Barr virus (EBV) (PRIGIONE et al. 1995). 
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Fig. 1. Production of IFN-y and IL-4 by T gondii-specific CD4+ T cell clones. Clones were stimulated 
with phytohemagglutinin and phorbol myristate acetate as reported (pRIGIONE et al. 1995). and 
culture supernatants were subsequently tested for the presence of the two cytokines by enzyme­
linked immunosorbent assay (ELlSA). Results are in pg/ml 



Characterization of Human T Cell Clones Specific for Toxoplasma gondii 169 

MAGGI et al. (1994) have recently reported on the generation and charac­
terization of a large panel of T. gondii-specific C04+ T cell clones from healthy 
individuals and patients infected with human immunodeficiency virus (HIV). 
Based upon the patterns of cytokines secreted. 60% of C04+ cell clones 
from donors (seronegative for HIV) were classified as ThO. whereas the re­
mainder were defined as Th1. In contrast. in HIV-infected patients. all of the 
T. gondii-specific clones were ThO. Altogether. these results are consistent 
with our data. A major difference between the two studies is that MAGGI et 
al. (1994) employed a T. gondii extract as antigen for T cell clone generation. 
whereas we used live T. gondii tachyzoites. 

Such methodological differences may lead to the hypothesis that T. gondii 
tachyzoites drive the generation of C04 + cell clones with apredominant ThO 
pattern of cytokine secretion. On the other hand. PBMC from healthy. chroni­
cally infected individuals produced IL-2 and IFN-y. but not IL-4 or IL-5. following 
stimulation with T. gondii tachyzoite antigens in bulk cultures (GAZZINELLI et al. 
1995). 

2.2 A Model of the Immune Response 
to T. gondii During Chronic Human Infection 

Based upon our results and those from other laboratories. the sequence of 
events taking place during the course of chronic T. gondii infection in healthy 
individuals can be envisaged. As will be discussed below. certain antigens 
may be continuously released into the circulation by T. gondii bradyzoites (as 
weil as tachyzoites. see below). Furthermore. from time to time. bradyzoites 
can give rise to transient parasitemia due to the rupture of tissue cysts (WONG 
and REMINGTON 1993). It is conceivable that both mechanisms contribute to 
boast T. gondii-specific. T cell-mediated memory responses. In the chronically 
infected. healthy individual. it can be hypothesized that C04 + T cell clones 
with a ThO profile of cytokine secretion playa fundamental role in the anam­
nestic immune responses to the parasite. 

Such cells potentiate the toxoplasmacidal activity of macrophages through 
the release of I FN-y (NATHAN et al. 1983; SUZUKI et al. 1988; CANESSA et al. 1988). 
Under the influence of C04 + cell-derived IL-2. the clonal expansion of antigen­
specific C04+ and C08+ T Iymphocytes and the proliferation of Iymphokine 
activated killer (LAK) cells takes place. The latter Iymphocytes have been shown 
to Iyse T. gondii-infected cells in a major histocompatibility complex (MHC)­
unrestricted manner (SUBAUSTE et al. 1992). Both C08+ and. to a lesser extent 
C04+. T cells can hamper parasite multiplication by killing T. gondii infected 
APC or extracellular parasites. On the other hand. most of the clones release 
IL-lO upon in vitro stimulation (PRIGIONE et al. 1995). Since IL-lO has been 
shown to inhibit the IFN-y-mediated activation of murine macrophages against 
T. gondii (GAZZINELLI et al. 1992). IL-lO production might serve the function of 
limiting the magnitude of the immune response against the parasite. 
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IL-4 release by T. gondii-specific T cell clones may be aimed at stimulating 
antibody responses against the pathogen; in this respect, it is of note that T. 
gondii-specific immunoglobulin E (lgE) have been recently detected in acutely 
infected patients (PINON et al. 1995). Since eosinophilia is an unusual finding 
in acute or chronic T. gondii infection, the role of IL-5 in the host response 
to the parasite warrants further investigation. 

The situation is likely to be different in acute toxoplasmosis; there is 
evidence that circulating C08+ a/ß T cells increase in acutely infected patients 
(SKLENAR et al. 1986) and that also y/8 T cells contribute to the response against 
the pathogen (OE PAOLI et al. 1992; SUBAUSTE et al. 1995). Furthermore, in the 
earliest phase of acute murine infection, T. gondii tachyzoites trigger natural 
killer (NK) cells to release IFN-y through a pathway which involves the pro­
duction of TNF-a and IL-12 by macrophages (SHER et al. 1993; GAZZINELLI et al. 
1993). The NK cell-derived IFN-y, in turn, activates macrophages to inhibit the 
intracellular replication of T. gondii tachyzoites when specific T cell-mediated 
responses to T. gondii have not yet been developed. As far as chronic asymp­
tomatic toxoplasmosis is concerned, no information is available on the con­
tribution of NK cells to the protection from the parasite during reinfection 
episodes. Likewise, in human studies with healthy seropositive donors, the 
generation of T. gondii-specific C08+ T cell clones has usually been unsuc­
cessful (CANESSA et al. 1988; CURIEL at al. 1993; PRIGIONE et al. 1995); this finding 
makes it difficult to evaluate the actual role of such cells in the memory 
responses to the parasite. 

3 Initial Characterization of the Fine Specificity 
of CD4 + Human T Cell Clones Directed to T. gondii 

In arecent series of experiments, we have undertaken the characterization 
of the fine specificity of T. gondii-reactive T cell clones generated as described 
above. According to a working hypothesis formulated by CAPRON and OESSAINT, 
the so-ca lied excretory secretory antigens (ESAs) of T. gondii would be involved 
in the maintenance of the immunological memory against the parasite, since 
they are expressed both at the tachyzoite and the bradyzoite stages (CAPRON 
and OESSAINT 1988). More recently, ESAs were found to be comprised of dense 
granule proteins (GRAl. which have been partly purified and cloned (CESBRON­
OELAUW 1994). The main ESAs so far identified are the following: GRA-1 (23 
Kd), GRA-2 (28 Kd), GRA-3 (30 Kd), GRA-4 (40 Kd). GRA-5 (21 Kd) and GRA-6 
(32 Kd) (review in CESBRON-OELAUW 1994, and this volume). 

Based upon these considerations, we evaluated the reactivity of a panel 
of T. gondii-specific T cell clones against ESAs present in cell-free medium 
from T gondii tachyzoites. As shown in Fig. 2, which demonstrates the results 
obtained with eight representative clones of the 16 tested, all of the clones 
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Fig. 2. Proliferative responses of T. gondii-specific T cell clones to viable tachyzoites (TOXO) and 
to excretory secretory antigens (ESA; CTR, controls). Cells were cultured for 48 h with antigens 
or medium alone and pulsed with [3Hlthymidine for an additional 12 h. Results are in cpm/min 

proliferated in response to ESA stimulation, indicating that GRA antigens could 
conceivably be involved in the anamnestic response to T. gondii. These results 
are consistent with previous observations showing that ESAs are immunogenic 
during human and experimental infection and protect susceptible nu/nu rats 
from challenge with T. gondii (DARCY et al. 1988). Notably, in preliminary ex­
periments, we have found that some ESA-reactive T cell clones specifically 
recognize GRAl or GRA2 antigens of T. gondii (data not shown). 

4 Conclusions 

Our studies have shown that T. gondii-specific CD4+ T cell clones could be 
generated from the peripheral blood of chronically infected, healthy individuals. 
These clones have a ThO profile of cytokine secretion and could activate mac­
rophages to inhibit the intracellular replication of T. gondii tachyzoites by an 
IFN-y dependent mechanism; some T. gondii-specific T cell clones were able 
to Iyse tachyzoite-infected APC. T cell clones raised by in vitro infection with 
T. gondii tachyzoites recognize ESAs, supporting the hypothesis that these 
molecules are good stimulators of the long-term immunological memory 
against the parasite (CAPRON and DESSAINT 1988). It should be stressed that. 
due to the similarities between our experimental model and the events oc-
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curring during in vive infection, these preliminary observations may open new 
perspectives for the preparation of a T. gondii vaccine. 

However, a number of questions remains to be addressed. It is not clear 
what the functional properties and antigenic specificities of T cell clones raised 
from patients with acute toxoplasmosis are, and whether T cell clones raised 
by ESA stimulation display the same features as those generated by in vitro 
infection with T. gondti tachyzoites. In addition, the T cell receptor variable 
(V) region repertoire of T. gondii-specific T cell clones should be analyzed. 
Finally, it would be important to know what kind of dysregulation occurs in 
the immune response to T. gondii in immunodeficient patients who develop 
toxoplasmic encephalitis (CANESSA et al. 1992; MAGGI et al. 1994; GAZZINELLI et 
al. 1995). These issues are now under investigation in our laboratories. The 
answers to these and other fundamental questions will help to clarify how 
the host immune system copes with T. gondii in normal and immunodeficient 
subjects. 
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1 Introduction: 
T Cell Response Against T. gondii 

As an intracellular parasite, Toxop/asma gondii evades direct attack by the 
humoral immune response. Host defense reactions which efficiently strike 
the pathogen within the parasitophorous vacuole are cell-mediated and result 
either in lysis of the host cell or in its activation to inhibit intracellular parasite 
growth. Several populations of immune cells are crucially involved in both 
effector pathways: natural killer cells, C08+ T Iymphocytes and C04 + T cells 
of the helper 1 (Th1) subtype. Each of these cell types is able to produce 
interferon-y (IFN-y). the prerequisite mediator of protective immunity to T. gondii. 
IFN-y triggers antiparasitic activity in macrophages and other cells. The relev­
ance of immune-mediated host cell lysis for the control of acute or chronic 
infection still needs to be clarified. 

Evidence for the participation of both the C04+ and the C08+ T cell 
compartment in T. gondii-induced immunity has been obtained from depletion 
experiments in the murine system. Additional evidence comes from adoptive 
transfer experiments with isolated parasite-specific T cells. Furthermore, the 
detection of T cell cytokine expression directly proved that T cell activation 
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40225 Düsseldorf, Germany 
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occurs during the acute phase and also in the course of progressive toxo­
plasmic encephalitis. Whereas activation of Th2 cells apparently characterizes 
mucosal immune reaction and accompanies brain pathology, it is generally 
accepted that the induction of a Th1-polarized cellular immune response con­
fers resistance against T. gondii. 

2 Toxoplasma Proteins Known 
to Elicit T Cell-Dependent Immunity 

Antigen-directed T cell activation is major histocompatibility complex (MHC)­
restricted and based on the cognate cell surface interaction between an 
antigen-presenting cell and a T Iymphocyte whose receptor matches the 
presented antigen. As a rule, CD4+ T cells recognize MHC class 11. CD8+ T 
cells MHC class I molecules which bear the processed antigenic peptide within 
the binding groove. 

Several T. gondii proteins of both membraneous and cytoplasmic origin 
have been demonstrated to induce antigenic activation of T cells (Table 1). 
Interestingly, four of these five antigens which exhibit T cell stimulatory proper­
ties are secretory products of the parasite. Besides, a toxoplasmic superantigen 
has been detected in the mouse by the expansion of Vß5 T cell receptor-ex­
pressing CD8+ cells (DENKERS et al. 1994). 

2.1 Surface Antigen 1 (SAG1/P30) 

SAG1, probably the most immunogenic Toxop/asma antigen, induces strong 
T and B cell responses in infected animals, and also IFN-y production in cultured 
human Iymphocytes (KHAN et al. 1988). Successful vaccination of mice was 
achieved by using the purified antigen combined with the adjuvant QuilA or 
integrated into liposomes via the subcutaneous and intraperitoneal immuni­
zation route, respectively (KHAN et al. 1991; BÜLOW and BOOTHROYD 1991). A 
SAG1-specific CD8+ T cell clone from such animals exhibited cytolytic activity 
against target cells infected with T. gondii (KASPER et al. 1992) and was protective 
when transferred into nonimmune recipient mice (KHAN et al. 1994). In infected 
rats, most SAG 1-reactive T cells recognized peptide 238-256, which is distinct 
from the B cell epitopes mapped on this molecule (GODARD et al. 1994). 
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Table 1. Toxop/asma proteins recognized by T cells and mediating protective effects in vitro or in 
vivo 

Antigen Preparation used Antigen-specific T cell-dependent References 
T cells challenged protective effects 

SAG1 Affinity-purified Murine CDS+ Cytolytic activity for KASPER et al. 
SAG1/P30 splenocytes infected macrophages 1992 

or T cell clone 

Murine CDS+ Reduced mortality and KHAN et al. 
splenocytes brain cyst number 1991 
or T cell clone following vaccination KHAN et al. 

or adoptive transfer 1994 

SAG1/P30 peptides Rat Iymph node Prolonged survival and DARCY et al. 
and multiple and spleen cells induction of specific 1992 
peptide construct antibodies in nude rats 

following adoptive 
transfer 

Induction of specific GODARD et al. 
antibodies following 1994 
vaccination 

ROP2 Recombinant Human Th 1 clone Release of IFN-y SAAVEDRA and 
ROP2/P54 and IL-2 HERION 1991 

SAAVEDRA et al. 
1991 

GRA1 GRA1/P24 peptide Rat Iymph node Reduced mortality of DUQUESNE 
cells athymic rats following et al. 1991 

adoptive transfer 

GRA2 Affinity-purified Murine CD4+ Prolonged survival and BRINKMANN 
GRA2/P28 splenocytes induction of antibodies et al. 1993 

following vaccination 

GRA4 Purified GRA4/P4O, Murine mesenteric (Not determined) CHARDES et al. 
GRA4/P40 peptide and splenic T cells 1993 

2.2 Rhoptry Protein 2 (ROP2/P54) 

A panel of human Toxop/asma-specific T cell clones which produce interleukin-2 

(IL-2) and IFN-y has been isolated from a chronically infected donor. One of 

these CD4 + clones recognized recombinant P54 in context with human leu­

kocyte antigen (HLA)-DPw4 (SAAVEDRA and HERION 1991; SAAVEDRA et al. 1991). 

The antigen was identical with ROP2 based on its subcellular localization and 

immunoblot analyses (HERION et al. 1993). Besides the respective T cell epitope 

on the ROP2 peptide 197-215, two other epitopes have been defined on 

peptides 393-410 and 501-524, against which human T cell reactivity is directed 

(SAAVEDRA et al. 1995). 
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2.3 Dense Granule Proteins 

Several T. gondii dense granule antigens (GRA) display T cell immunogenicity 
in rodents. By using a panel of GRAl peptides to stimulate T Iymphocytes 
from infected rats, three T cell epitopes could be distinguished. The adoptive 
transfer of T cells specific for peptide 170-193 into athymic rats resulted in 
a long lasting immunity - meaning protection against twofold reinfection (Du­
QUESNE et al. 1991). 

Vaccination of mice with purified GRA2 induced complete protection 
against lethai Toxop/asma infection (SHARMA et al. 1984). In parallel, CD4+ T 
cells were preferentially activated and responded to restimulation with this 
antigen in vitro (BRINKMANN et al. 1993). The T cell immunogenicity of GRA2 
was further confirmed by the detection of primed antigen-specific T cells in 
Toxop/asma-infected animals. 

T cell antigenicity of GRA4, another dense granule protein, was shown 
in a similar way: Purified GRA4 as weil as peptide 229-242, which carries a 
predicted T cell epitope, proved to be stimulatory for mesenteric and splenic 
T Iymphocytes from infected mice (CHARDES et al. 1993). 

3 Experimental Strategies 
to Identify Toxoplasmic T Cell Antigens 

With regard to future vaccination studies, immunodominant T cell antigens 
are suitable candidates to be used as a vaccine subunit. Up to now, the 
identification of such T. gondii antigens was only achieved with the aid of 
defined monoclonal antibodies but alternative strategies have been employed 
recently (see Sects. 3.2-3.4). In particular, the development of a method for 
screening recombinant antigens from cDNA expression libraries with T cell 
clones (see Sect. 3.2) will allow a broad investigation of the parasite-specific 
T cell repertoire and, as a result. will facilitate the search for the target proteins. 

3.1 Use of Antibody-Prescreened Antigen Preparations 
in T Cell Assays 

Poly- or monoclonal antibodies represent an irreplaceable tool for the isolation 
and purification of the toxoplasmic T cell antigens identified so far. Antigenicity 
towards T cells has been overall determined by measuring the antigen-specific 
proliferative response or Iytic activity of isolated T cells in co-culture with 
appropriate antigen-presenting cells. Because the T and B cell repertoires do 
not necessarily overlap and T and B cell epitopes were often mapped to 
different sites of a given antigen, some T cell antigens are not detected by 
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antibodies.The failure of infected animals into which protective T cells of 
defined epitope specificity had been transferred to induce a GRA 1-directed 
antibody response may indicate such difference between the T and B cell 
repertoire concerned (DUQUESNE et al. 1991). Likewise, a preselection of rec­
ombinant antigenic fragments from DNA expression libraries with antibodies 
will limit the pool of antigens recognized in subsequent screening with T cells. 

3.2 Direct Screening of Recombinant Proteins 
with T Cell Clones 

Recently, a Leishmania antigen has been identified by using T cells as a primary 
probe to screen an epitope-tagged cDNA expression library (MOUGNEAU et al. 
1995). In this system, large pools of different recombinant antigens could be 
tested at once following purification. Furthermore, in subsequent T cell stimu­
lation assays, antigen uptake by the presenting cells was facilitated byadding 
a monoclonal antibody directed against the fusion partner protein. Although 
methodically extensive, this approach circumvents the antibody-caused restric­
tion for probing T cell responses. 

3.3 T Cell Blot Analysis 
of Electrophoretically Separated Proteins 

In order to distinguish separated antigenic fractions from complex protein 
mixtures, e.g., crude microbial Iysates, T cell blot techniques have been used. 
For example, T cell stimulatory activity has been detected on nitrocellulose 
particles bearing the P54 antigen (SAAVEDRA et al. 1991). Furthermore, testing 
of antigenie fractions electroeluted into soluble phase allowed us to determine 
the molecular weights of the antigens recognized by four distinct Toxop/asma­
specific Th1 clones (Table 2). Antigen preparations obtained by both proce­
dures must not impair the subsequent T cell bioassay. While T cell blotting 
has been applied so far as a step of antigen purification or characterization, 
the method by itself does not allow the identification of separated antigens. 
Two-dimensional gel electrophoresis of antigenic material prior to its electro­
elution results in maximum resolution (GULLE et al. 1990). which in combination 
with microsequencing technique may replace the monoclonal antibodies 
needed so far to define isolated antigens. 
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fable 2. Clonotypic specificities of Toxoplasma-reactive murine CD4 + Th 1 clones 

Clonea T cell receptor Characteristics of the T gondii antigen recognized 

Vaßb MHC class 11 StrainsC Stages MWd 

restriction element (kDa) 

3TxS Va2 I-AabAßk v,a tachyzoites, bradyzoites 26 

3Tx11 Vß14 I_Ab v tachyzoites 58 

3Tx14 Va11Nß6 I_Ek v,a tachyzoites, bradyzoites 55 

3Tx15 not I-Ek v,a tachyzoites, bradyzoites 40 
determined 

MHC, major histocompatibility complex; MW, molecular weight 
a All clones were isolated from (B10xC3H)F1 mice, and belong to the Th1 subtype due to their 

strong production of IFN-y, TNF-a and IL-2 activity, while lacking IL-4 or IL-lO synthesis. These 
T cells mediate toxoplasmastasis in co-culture with syngeneic macrophages and viable tachyzoites 
(cf. Sect. 4) 

b As detected with monoclonal antibodies directed against distinct V-elements of aß T cell receptor. 
C Mouse-virulent (v) and/or mouse-avirulent (a) T gondii strains, according to the classification in 

PARMLEY et al. (1994). provided the respective T cell antigen. 
dAs determined in T cell blot analyses of crude tachyzoite Iysate which had been fractionated 

after reducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis. 

3.4 Sequence Analysis of T Cell Stimulatory Peptides Isolated 
from MHC Moleeules 

An inverse approach to find toxoplasmic T cell antigens has been described 
recently. AOSAI and coworkers (1994) analyzed antigenic peptides from the 
MHC class I restriction element for a T. gondii-specific human CDS+ cytotoxic 
T cell line. Peptides with a length of up to nine amino acids were isolated 
from HLA-A2 molecules of the antigen-presenting infected target cell, checked 
for antigenicity and sequence analyzed. Whereas the determined sequences 
partially matched the predicted binding motif of the corresponding MHC mole­
cule, no homology to three selected toxoplasmic antigens, GRAl, GRA2 and 
SAG1, was found. Nevertheless, this procedure may lead to the identification 
of other, possibly unknown antigens for T. gondii-specific T Iymphocytes. 

4 Measurement of T Cell-Dependent Protective Effects 
In Vitro and in Animals 

An antigen-directed cooperation between T. gondii-specific human or murine 
T Iymphocytes and infected partner cells was studied in vitro by co-cultures, 
where CDS+ or CD4+ T cell clones mediated lysis of syngeneic infected target 
macrophages (CURIEL et al. 1993; KASPER et al. 1992; PRIGIONE et al. 1995). Fur-
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thermore, the MHC class II-restricted presentation of Toxop/asma antigen to 
murine CD4+ Th1 clones (cf. Table 2) was found to result in an inhibition of 
intracellular parasite growth which correlates to the degree of T cell activation 
(H.G. FISCHER et al., submitted). Such an in vitro system allows the detailed 
analysis of bidirectional cell-cell interaction and rapid testing of protective 
capacity of isolated T. gondti'-specific Th cells as weil. 

T cell-mediated protection in vivo was determined by a reduction of mor­
tality and/or brain cyst number following adoptive transfer of isolated T cells 
into infected animals. In the experiments reported, this classical test led to 
immune resistance. In comparison, the success of vaccination using T cell­
recognized antigens obviously varies with the immunization route and the 
adjuvant employed (KASPER et al. 1985; BÜLOW and BOOTHROYD 1991; KHAN et al. 
1991 ). 
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Toxop/asma gondii, by all conceivable ecological and epidemiological meas­
urements and analysis, has to be regarded as an extremely successful parasite. 
It has been found in high incidence in most warm blooded vertebrates and 
has a generally global distribution. Approximately 30% of the world's human 
population is infected, although the prevelance varies markedly from country 
to country (JACKSON and HUTCHISON 1989). 

Toxoplasmosis is of major clinical and veterinary importance, being a cause 
of congenital disease and abortion in humans and their domestic animals. 
Post-natally acquired infection, although normally mild to asymptomatic, can 
be severe to life-threatening in immunosuppressed individuals (LUFT and RE­
MINGTON 1992; AMBROISE-THOMAS and PELLOUX 1993). Generally, following recovery 
from an early mild to subclinical phase of infection, associated with the rapidly 
dividing tachyzoite stage, individuals are thought to harbour cysts containing 
bradyzoites, particularly within skeletal and heart muscle and the central nerv­
ous system (CNS). for life. This results in astate of premunition and immunity 
to reinfection which is presumed to be lifelong. This assumption of life-Iong 
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immunity to reinfection is reinforced by the remarkable clonality of T. gondii 
(DARDE et al. 1992; SIBLEY and BOOTHROYD 1992; SIBLEY et al. 1994; LD. SIBLEY 
and D.K. HowE, this volume). Thus, despite the existance of a meiotic phase 
of the life cycle in cats, only a few clonal lineages have been identified with 
little evidence of the recombination that would be expected if cats were to 
feed on hosts which had succumbed to more than one T. gondii infection. 

The challenge, therefore, for the immunologist is firstly to characterise 
the protective immune response generated initially by a primary acute infection 
and thereafter maintained by a chronic infection, secondly to identify those 
antigens from the various life-cycle stages to which the immune response is 
generated, and finally to use this knowledge to develop appropriate vaccine 
strategies. While vaccines to prevent foetal damage and abortion would be 
of the utmost medical and veterinary importance, those capable of limiting 
the number of cysts in meat products or reducing oocyst shedding by cats 
would also have significant beneficial public and veterinary health implications. 
The following review summarises the rapid progress that has been made in 
our understanding of the immunological control of T. gondii. Using this infor­
mation highlights the problems, as weil as indicating some solutions, in de­
signing suitable vaccines. 

2 The Immune Response 

2.1 Protective Immune Response 

Following oral ingestion of oocysts or cysts, T. gondii infection is characterised 
by an early acute phase of infection followed bya long-Iasting, probably lifelong 
chronic phase, each associated with a different life-cycle stage (DUBEY 1994). 
Thus, while tachyzoites comprise early infection, multiplying largely within 
mononuclear phagocytes in almost every tissue of the host, the later chronic 
stage consists of encysted bradyzoites predominantly found in muscle and 
the CNS. Studies, particularly in mice, indicate that immunity during the dif­
ferent phases of infection is under different genetic (McLEOD et al. 1989; BLACK· 
WELL et al. 1993) and changing immunoregulatory controls (GAZZINELLI et al. 
1993a). Thus there is little, if any, correlation between mortality during early 
infection and the eventual cyst burdens during chronic infection in the wide 
variety of mouse strains examined to date (McLEOD et al. 1989; BLACKWELL et 
al. 1993). Survival in the acute phase of infection has been shown to be under 
the influence of at least five different genes, one of which is located in the 
major histocompatibility complex (MHC). The innate immune response involv­
ing the interaction of natural killer (NK) cells and macrophages plays a vital 
role during this stage of infection (GAZZINELLI et al. 1993a; HUNTER and REMINGTON 
1994). The general consensus of opinion would suggest that T. gondii induces 
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tumour necrosis factor alpha (TNF-a) and interleukin 12 (IL-12) production by 
macrophages which together induce NK cells to release interferon gamma 
(IFN-y) (GAZZINELLI et al. 1993b). This cytokine, probably in synergy with mac­
rophage-produced TNF-a (SIBLEY et al. 1994). activates macrophages to kill 
parasites by a combination of oxygen-dependent and -independent mechan­
isms (PFEFFERKORN and GUYRE 1984; HUGHES 1988; LANGERMANS et al. 1992). Much 
of the information to date has been derived from in vivo and in vitro studies 
using recombinant cytokines and neutralising cytokine antibodies. However, 
the current availability of mice genetically depleted of cytokines or their re­
ceptors now allows clear confirmation of the contribution each cytokine makes 
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Fig. 1. The percentage survival 
of IFN-yR or TNF-aR 1 disrupted 
mice and their wild-type 
counterparts following infec­
tion orally with 20 Tgondii 
cysts (RRA strain). Top: Ageand 
sex-matched IFN-yR /- (e/osed 
eircles) and IFN-yR+1+ (open 
eircles) 129SV mice. Bottom: 
Age and sex-matched TNF-aR1-1-
(e/osed elfe/es) and TNF-aR1 +1+ 
(open eircles) 129 SVJ mice 
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to the development of immunity. The protective effects of IFN-y and TNF-a 
during the early stages of infection can be clearly seen in those mice lacking 
the IFN-yR (Fig. 1 a) and TNF-aR1 (Fig. 1 b). All gene-disrupted mice, but not 
the control mice, die very rapidly after infection. Significantly, virtually aIlIFN-yR 
"knockout" mice die before there are any deaths in TNF-aR1 "knockout" mice, 
indicating that a possible sequential importance in the production of these 
cytokines exists. 

The results appear to confirm the observations of ROTHE et al. (1993) that 
signalling through both TNF-aR1 and IFN-yR is essential for the non-specific 
effector phase against intracellular pathogens. Nevertheless, adetrimental role 
for TNF-a during T gondii infection has been suggested (GRAU et al. 1992). 
This poses the intriguing possibility that detrimental effects are a result of 
signalling through TNF-aR2. This is an area of future investigation in our la­
boratory. 

The pro-inflammatory cytokines IL-12 (HSIEH et al. 1993; SCOTT 1993) and 
IFN-y (GAJEWSKI and FITCH 1991) have also been clearly demonstrated as playing 
crucial co-stimulatory roles in the developing adaptive immune response. This 
is due to their triggering of the expansion of the Th 1 subset of CD4 + Iym­
phocytes which in turn produces IL-2 to drive the expansion of CD8+ Iym­
phocytes (DENKERS et al. 1993b). IL-12 has also been shown to promote type 
1 (IFN-y producing) cytolytic CD8+ T cell development (CROFT et al. 1994). 
further emphasising the potential role of the innate immune system in directing 
the evolution of the adaptive immune response. Adoptive transfer and in vivo 
depletion studies in various mouse strains confirm the paramount importance 
of CD8+ T cells in mediating immunity, not only during acute infection but 
also in preventing high cyst burdens and toxoplasmic encephalitis (BROWN and 
McLEOD 1990; GAZZINELLI et al. 1991; KHAN et al. 1991; PARKER et al. 1991; SUBAUSTE 
et al. 1991). In fact. consistent with the demonstration of the importance of 
CD8+ T cells in controlling the late cyst stage phase of infection, genetic 
control has been clearly mapped to the MHC genes at the L locus encoding 
the class I molecules (BLACKWELL et al. 1993; BROWN et al. 1995). It has been 
suggested that CD8+ T cells may mediate their effect through IFN-y production 
(GAZZINELLI et al. 1993a). This cytokine not only induces macrophage microbicidal 
activity (SUZUKI et al. 1988; LANGERMANS et al. 1992). but may promote the ex­
pression of bradyzoite antigens (BOHNE et al. 1993) as weil as preventing cyst 
rupture (MCCABE et al. 1984). A role for CD8+ T cells in class I restricted 
cytolytic responses has also been demonstrated in humans (YANO et al. 1989) 
and mice (DENKERS et al. 1993a,b). Furthermore, CD8+ T cells appear to have 
direct tachyzoite cytolytic activity (KHAN et al. 1988). However, a role for the 
CD4+ Iymphocyte population cannot be discounted as MHC-controlled cytolytic 
activity has also been demonstrated by human CD4+ T cell clones (CURIEL et 
al. 1993). and the Th 1 subset has been implicated as playing a synergistic 
role in CD8+ T cell-mediated protective immunity in mice (GAZZINELLI et al. 
1991; PARKER et al. 1991). 



Immunological Control of Toxop/asma gondii and Appropriate Vaccine Design 187 

2.2 Exacerbative Immune Response 

It is currently accepted and logical. given the information summarised above, 
that in general the Th2 subset of CD4 + T cells and their products such as 
IL-4 (HUNTER et al. 1992; VILLIARD et al. 1995), IL-lO (GAZZINELLI et al. 1992). and 
IL-6 (BEAMAN et al. 1994; SUZUKI et al. 1994) which downregulate Th1 cell re­
sponses and antagonize the effect of their products, may play disease-pro­
moting roles during T. gondii infection. Thus ILA and 1L-10, which are known 
to antagonize the production and effects of IFN-y such as the induction of 
nitric oxide (GAZZINELLI et al. 1992) and TNF-a production (ESSNER et al. 1989; 
GAUTUM et al. 1992). have been implicated as contributory factors leading to 
death in the acute phases of infection. IL-4 also favours the expansion of 
Type 2 or "Th2-like" CD8+ T cells, which are not cytolytic (CROFT et al. 1994). 
Consequently, in our laboratories we have demonstrated the early presence 
of mRNA transcripts for IL-4 (HUNTER et al. 1992) in the brains of mice with 
progressive toxoplasmic encephalitis while IL-1 0 has been shown to be present 
in higher concentrations in the Iymph nodes and CNS of mice susceptible to 
toxoplasmic encephalitis than their resistant counterparts (HUNTER et al. 1994). 

2.3 Immune Response - Unresolved Problems 

Several recent studies (McLEOD et al. 1989; BURKE et al. 1994; DENKERS et al. 
1994; ROBERTS et al. 1994) indicate that the dichotomy between a developing 
protective and a disease-promoting response may not be quite as polarized 
as suggested by the work summarised above. Overproduction or inappropriate 
production of certain pro-inflammatory mediators such as IFN-y (McLEOD et al. 
1989; DENKERS et al. 1994) and TNF-a (BLACK et al. 1990) may increase mortality 
and/or morbidity. Thus McLEOD et al. (1989) observed that splenocytes isolated 
from mouse strains genetically susceptible to acute mortality produced more 
IFN-y when stimulated with T. gondii antigen than splenocytes from resistant 
strains. Similarly, DENKERS and co-workers (1994) found that those mice most 
responsive to T. gondii superantigen-driven IFN-y production also had the high­
est mortality levels. Overproduction of IFN-y and TNF-a have also been asso­
ciated with mortality during murine malaria infection (TAVERNE 1993). These 
cytokines individually and collectively stimulate macrophages to produce re­
active oxygen and nitrogen intermediates (SIBLEY et al. 1991; LANGERMANS et al. 
1992) which, while important in killing parasites can also be toxic to the host 
if produced in large quantities (CLARK et al. 1991). Consequently, IL-4 and IL-lO 
production may not be completely detrimental to the host as these cytokines 
may act directly on the macrophage and play an important role in regulating 
potentially dangerous inflammatory responses. Thus, IL-10-deficient mice fail 
to survive the early phase of a T. gondii infection (GAzzINELLI et al. 1996) while 
significantly increased mortality du ring acute infection occurs in IL-4-deficient 
mice compared with their wild-type counterparts (Table 1) (ROBERTS et al. 1995). 
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Table 1. Comparison of percentage survival over 15 days of male or female IL-4-1- and IL-4+ I+ 
mice infected orally with 20 T gondii cysts (RRA strain) 

% Survival 
Experiment sex IL-4+1+ IL-4-1-

1 female 83.3 0 
2 female 50 23.1 
3 male 78.9 73.9 
4 male 66.6 66.6 
5 male 100 83.3 
6 male 87.5 80.0 

Survival significantly greater in the wild-type IL-4+1+ mice (p<0.025) using the Mantel Haenzal test. 

In addition. during the later stages of chronic infection and only following a 
massive reduction in brain cyst numbers in T. gondii infected B 10 mice. mRNA 
transcripts for IL-1 0 are found within the brain (BURKE et al. 1994). It is proposed 
that IL-10 downregulates inflammatory mediators and thus limits pathology 
in a similar manner to that described during the resolution of experimental 
autoimmune encephalitis (KENNEDY et al. 1992). 

The recent emphasis on cell-mediated immunological control of T. gondii 
has tended to ignore the' possibility that antibodies mayaiso influence the 
course of infection. There are several examples of immunity being passively 
transferred by antibodies or adoptively transferred by B cells (PAVIA et al. 1992). 
Immunoglobulin A (lgA) in particular may playa role in protecting mucosal 
surfaces from parasite invasion (CHARDES et al. 1993. McLEOD et al. 1993). Fur­
thermore. it has been clearly demonstrated that antibodies can influence in­
teractions between tachyzoites and macrophages; by binding to the parasite 
they have been shown under certain circumstances to inhibit uptake by the 
host cell (GRIMWOOD and SMITH 1992). but if ingestion takes place they have 
been shown to allow lysosomes to fuse to the parasitophorous vacuole (JONES 
et al. 1975) thus killing the intracellular parasites. 

3 Stage-Specific Antigens and Vaccination 

It is widely recognised that immunity to a disease such as malaria. in which 
more than one life-cycle stage is present within the host. is stage-specific 
(PHILLIPS 1994). Not only are different immunological mechanisms directed 
against different stages but these responses are directed against stage-specific 
immunodominant antigens. Is this also true for T. gondii infections? Certainly 
the immune responses protecting mice against early infection and mortality 
are not identical to those controlling cyst burdens (McLEOD et al. 1989). Fur-
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thermore, recent evidence from murine and human studies would indicate 
that the tachyzoite and bradyzoite cyst antigens recognised by serological 
techniques are largely stage-specific with little recognition of shared antigens 
(KAsPER 1989; ZHANG and SMITH 1995; ZHANG et al. 1995, J. E. SMITH et al., this 
volume). In fact. overall there is generally very little recognition of cyst antigens 
and much of the immunological activity is directed against tachyzoite antigens 
(ZHANG and SMITH 1995; ZHANG et al. 1995). 

Not surprisingly there is al ready strong evidence that stage-specific antigen 
recognition and stage-specific immunity can influence the success of vacci­
nation. For example, oral immunization and intraduodenal immunization with 
tissue cysts or bradyzoites of the non-oocyst forming mutant T-263 protected 
cats totally against oocyst shedding following challenge (FREYRE et al. 1993). 
Although vaccination by either route with T-263 tachyzoites induced serocon­
version, only partial protection against oocyst shedding was provided. The 
route of vaccine administration mayaiso be crucial in mice. Thus, McLEOD et 
al. (1988) found that intraintestinal immunization of mice with the tempera­
tu re-sensitive mutant TS-4, but not subcutaneous immunization, was effective 
in reducing the incidence of congenital transmission. A number of studies 
further demonstrated the limitations of using one life-cycle stage as a basis 
of a vaccine. For example, a live, attenuated tachyzoite vacccine used in sheep 
(BUXTON et al. 1991) and a soluble tachyzoite vaccine in mice (ROBERTS et al. 
1994). while preventing abortion following challenge during pregnancy, did 
not prevent vertical disease transmission and cyst formation. In addition, a 
further study immunizing mice with tachyzoite antigens mostly P30 (SAG1) 
and P22 (SAG2). in immunostimulatory complexes (ISCOMs) (LUNDEN et al. 
1993) protected against challenge with this life-cycle stage and also against 
oocysts but was not protective against challenge with tissue cysts. Conse­
quently, we compared the protective ability of vaccines comprising equal quan­
tities of either killed tachyzoites or cysts or both to protect mice from develo­
ping large cyst burdens following challenge. Only the cyst and the 
cyst/tachyzoite antigen mix significantly reduced brain cyst burdens (Fig. 2). 
Preliminary results from western blot analysis of plasma sampled from the 
mice in these experiments indicate that vaccination with different life-cycle 
stages or mixes of different life-cycle stages alters the hierarchy of antigen 
recognition during active infection (H. JEBBARI et al., unpublished). This will 
undoubtedly modify the outcome of disease. 

Apart from the results reported here, all vaccine studies to date against 
toxoplasmosis in the intermediate host have utilised attenuated T gondii ta­
chyzoites or antigens and subunits derived from this life-cycle stage. While 
foetal death and abortion have been attributed to rapidly dividing tachyzoites, 
the CNS lesions and chorioretinitis observed as a result of congenital infection 
are caused directly by the cysts containing bradyzoites or by reactivation of 
the disease trom this so-called dormant stage (reviewed in JACKSON and HUT­
CHISON 1989). In a similar manner, fatal toxoplasmic encephalitis often occurs 
in transplant and AIDS patients also as a result of reactivation from this dormant 
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Fig. 2. The brain cyst burdens 
(± standard error) in female 
BALB/K mice on day 28 post­
infection with 20 T. gondii cysts 
orally. Mice were vaccinated 
su bcutaneously 4 weeks and 
2 weeks before infection with 
either killed 5x105 RH tachy­
zoites or 1000 killed cysts or a 
mixture of 2.5x105 tachyzoites 
and 500 cysts. Antigen was 
emulsified with Freund's Com­
plete Adjuvant followed by 
Freund's Incomplete Adjuvant 
for the first and second vacci­
nations, respectively. Vaccina­
tion with cyst antigen and com­
bined cyst/tachyzoite antigen 
resulted in significantly re­
duced cyst burdens following 
infection (p <0.05 and P <0.01 
respectively by Mann-Whitney 
U test) 

stage (LUFT and REMINGTON 1992; AMBROISE-THOMAS and PELLOUX 1993). A vaccine 
capable of inducing immunity to the cyst stage is, therefore. worthy of serious 
investigation. 

4 Appropriate Vaccine Design 

A live. attenuated tachyzoite vaccine which successfully prevents abortion 
(BUXTON 1993) is commercially available for sheep and a similar vaccine has 
proved reasonably successful experimentally in limiting infection in pigs (DuBEY 
1994; DUBEY et al. 1994). Vaccination with live organisms in humans is unlikely. 
In addition. these vaccines. while perhaps reducing cyst burdens following 
challenge or natural infection. do not completely prevent this life-cycle stage 
from being established. In humans. vaccines comprising sub-unit or recom­
binant antigens or synthetic peptides are more likely to be approved for use. 

Two tachyzoite antigens. the major immunodominant membrane antigen P30 
(SAG1; BÜLOW and BOOTHROYD 1991; KHAN et al. 1991; GODARD et al. 1994) and 

the secretory antigen P24 (DuQUESNE et al. 1991). but as yet no cyst antigens. 
have been identified as likely vaccine candidates. Vaccinating rats with P24 

or synthetic peptides derived from the primary sequence. reduced mortality 
in these animals infected with the virulent RH strain (DuQUESNE et al. 1991). 
Similarly. vaccination with liposomal entrapped P30 (SAG1) or synthetic multi-
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antigenic peptides derived from it have been shown to increase the survival 
of mice and rats following challenge infection (BÜLOW and BOOTHROYD 1991; 
OARCY et al. 1992). However, vaccination with the P30 antigen as weil as other 
antigen preparations can exacerbate infection and increase mortality if used 
in conjunction with Freund's Complete Adjuvant (FCA; KASPER et al. 1985; ALEX 
ANDER et al. 1993). Nevertheless, there is evidence from the present study that 
a vaccine regime using FCA can be used successfully in a cyst antigen based 
preparation. Vaccination with unadjuvanted soluble tachyzoite antigen (STAg) 
mayaiso be detrimental, as it resulted in increased foetal death in a murine 
model of congenital infection (ROBERTS et al. 1994). However, vaccination with 
STAg entrapped in lipid vesicles reduced T gondti'-induced abortion in the 
same study. Thus, antigens may not necessarily be inherently protective or 
exacerbative, but rather it is how they are presented to the immune system 
that influences the development of a protective response. Unfortunately, the 
only adjuvants licensed for use in humans are the aluminium gels which polarize 
the immune response towards Th2 cell activation (GRUN and MAURER 1989) and 
do not stimulate cytotoxic T Iymphocytes (CTL) responses (LINDBLAD 1995). 
This adjuvant would, therefore, be totally inappropriate for Toxop/asma vac­
cines. However, FCA does not necessarily promote protective immunity against 
T gondii (KASPER et al. 1985; ALEXANDER et al. 1993) and yet this adjuvant stimu­
lates Th1 cell activation (GRUN and MAURER 1989). wh ich intuitively should induce 
protection against Toxop/asma infection. Why then have lipoidal vesicles and 
ISCOMs been continuously more successful as adjuvants in experimental vac­
cines than FCA? Lipid vesicles (LOPES and CHAIN 1992; REDDY et al. 1992; ZHOU 
et al. 1992) and ISCOMs (HEEG et al. 1991) have been shown to stimulate 
C08+ T cell responses, perhaps by targeting entrapped antigen to macro­
phages which have been implicated as accessory cells in the generation of 
C08+ cytolytic T cells to exogenous antigen (OEBRICK et al. 1991; ZHOU et al. 
1992). In contrast there is little evidence that emulsion systems such as FCA 
are capable of inducing a similar response (ROBERTS et al. 1994). \ 

The activation of C08+ T cells as weil as Th1 cells may, therefore, be 
pivotal to the successful control of T gondti' infection following vaccination. 
It has often been suggested that recombinant cytokines such as IL-12 could 
provide the adjuvant activity in new generation vaccines, and, indeed, this 
cytokine has proved tremendously successful in vaccination studies on Leish­
mania major (SCOTT 1993). However, protection against this organism is entirely 
Th1 Iymphocyte mediated. Whether IL-12 on its own, given its ability to direct 
both Th 1 and type 1 C08+ T cell development (CROFT et al. 1994). could suc­
cessfully adjuvant a vaccine against T gondti', is an intriguing question. Perhaps 
a boosting vaccine containing IL-2 would be needed to further drive C08+ T 
cell expansion? In addition, the antigen may have to be targeted to the ap­
propriate antigen presenting cell, the most likely target being the macrophage. 
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5 Conclusions 

The prospects for the development of successful vaccines against T. gondii 
are extremely encouraging. Live, attenuated vaccines have proved successful 
in limiting infection in the cat and domestic livestock and several "potentially" 
protective antigens have been identified. However, future vaccination devel­
opment will not only have to take account of all the life-cycle stages that 
need to be targeted but will have to consider which immune responses need 
to be generated and in which tissue sites. These problems can probably be 
overcome by delivering by the appropriate route or routes of inoculation, a 
suitably adjuvanted vaccine containing a cocktail of life-cycle stage-specific 
antigens. 
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Toxoplasmosis, a ubiquitous protozoan infection, is caused by an intracellular 
parasite, Toxop/asma gondii. Generally benign for healthy people, it can be 
serious in the context of immunodeficiency, especially in the case of acquired 
immunodeficiency syndrome (AIDS) and of bone marrow or heart transplant 
patients or in children infected in utero. 

Early diagnosis of acute Toxop/asma infection in pregnant women is of 
utmost importance for better management of an efficient anti-toxoplasmic 
therapy. The diagnosis of acquired infection is based on serological tests 
which detect immunoglobulin M (lgM) and IgG antibodies, and many tech­
niques have been used to attempt to distinguish between recently acute or 
chronic toxoplasmosis (DESMONTS et al. 1981; SHARMA et al. 1983; SANTORO et 
al. 1985; CESBRON et al. 1986; HEDMAN et al. 1989; DANNEMAN et al. 1990). The 
use of very sensitive methods to detect IgM antibodies has complicated the 
interpretation of serological results, because the specific IgM antibodies, classi­
cally considered to be characteristic of acute toxoplasmosis, can be detected 
by these methods long after onset of disease (LE FICHOUX et al. 1984). 

The diagnosis of congenital infection at birth or in utero is based on the 
same serological tests and may be performed in conjunction with polymerase 
chain reaction (PCR). cell culture, and intraperitoneal inoculation of mice with 
umbilical cord blood, amniotic fluid or placenta by intraperitoneal inoculation 
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of mice in order to directly detect the parasite (DESMONTS et al. 1985; DEROUIN 
et al. 1988; BURG et al. 1989). Conventional tests to detect antibodies against 
Toxop/asma are not immediately helpful for serodiagnosis of congenital infec­
tion, because the children's IgG Toxop/asma antibodies cannot be distinguished 
from maternal IgG antibodies acquired across the placenta during pregnancy. 
The maternally-transmitted IgG antibodies persist for months in the child. A 
specific immune response of the infant. which indicates infection, is deter­
mined by the presence of antibodies which do not cross the placenta, such 
as IgM or IgA antibodies. A number of techniques have been applied to detect 
IgA antibodies in Toxop/asma infection, including the enzyme-linked immuno­
sorbent assay (TURUNEN et al. 1983; VAN LOON et al. 1983; FAVRE et al. 1984). 
the immunosorbent agglutination assay (PINON et al. 1986; LE FICHOUX et al. 
1987; BESSIERES et al. 1992; PATEL et al. 1993), western blotting (PARTANEN et al. 
1984; HusKINsoN et al. 1990; GROSS et al. 1992) and enzyme-linked immunofil­
tration assay (PINON et al. 1985). Anti-Toxop/asma IgA antibodies were shown 
to be useful human markers in congenital and acute toxoplasmosis. The ana­
lysis of a wider range of sera collected from fetuses, newborns and pregnant 
women allowed us to confirm in all cases the value and reliability of the 
detection of IgA antibodies directed against P30, the major T. gondii surface 
protein (DECOSTER et al. 1988b, 1991, 1992, 1995). 

2 P30 or SAG1: Major T. gondii Surface Antigen 

The role of various excreted/secreted (ESA) and surface (SAG) antigens in the 
immunogenicity of T. gondii or pathogenesis of toxoplasmosis is currently 
being explored in a number of laboratories (reviewed in JOHNSON 1985; DARCY 
et al. 1986). Because of their direct accessibility to the immune system, SAG 
probably represent the candidate targets for the killing of the extracellular 
parasites, especially the major radio-iodinated surface membrane protein of 
T. gondii. This protein, termed P30 or SAG 1 (SIBLEY et al. 1991) has a molecular 
weight of 30 kDa (KASPER et al. 1983). It is a stage-specific antigen, since it 
can be detected only in rapidly dividing and invasive tachyzoites and not in 
the bradyzoites of tissue cysts or sporozoites from oocysts (KAsPER 1989). and 
it appears to have an important role in both immune and pathogenic mech­
anisms of the parasite (KAsPER and KHAN 1993). 

It was demonstrated that immunizations with P30 induced nearly total 
protection of mice infected with moderately virulent T. gondii strains (BÜLOW 
and BOOTHROYD 1991; KHAN et al. 1991). In support of the importance of P30 
in immunity, it was reported that the passive transfer of a monoclonal antibody 
directed against P30 significantly protected nude rats against T. gondii RH 
strain infection (SANTORO et al. 1987). and that total protection was observed 
after immunization with P30, which was either incorporated into liposomes 
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(BÜLOW and BOOTHROYD 1991) or used in conjunction with QuilA (KHAN et al. 
1991). Protection of mice and nude rats against toxoplasmosis by a multiple 
antigenic peptide construction, which was derived from T. gondii P30 antigen, 
was also reported (DARCY et al. 1992). 

3 IgA Antibody Response Against T. gondii 

Infection with T. gondii most commonly occurs via the oral route (FRENKEL et 
al. 1969). Ingested organisms are released from cysts or oocysts within the 
gastrointestinal tract. invade the intestinal epithelium, and divide as tachyzoites. 
The local tissues underlying this intestinal epithelium are heavily populated 
with lymphoid cells from the mucosal immune system, which could rapidly 
come into contact with the parasites during their intestinal penetration. This 
mucosal immune system is now well-known as a protective barrier against 
various agents, and an efficient stimulation of the mucosal response could 
be highly valuable in controlling infection by T. gondii via the oral route. IgA 
antibodies constitute more than 80% of all antibodies in mucosa-associated 
tissues (CHARDES and BOUT 1993). Preliminary work was required to screen T. 
gondii antigens as effective inducers of a mucosal immune response. Using 
a murine model, McLEoD and colleagues (1988) showed that P30 is a major 
antigen recognized by IgA antibodies in the milk of acutely infected mothers, 
and it has been suggested that mucosal anti-P30 IgA antibodies may playa 
protective role against toxoplasmosis. Mice infected perorally develop intestinal 
IgA antibodies to the major 30-kDa antigen of T. gondii. Thus, P30 (SAG1) has 
an important functional role in infection and elicits an intestinal antibody re­
sponse following peroral infection (KAsPER and KHAN 1993). Therefore, the role 
of secretory IgA to P30 appears to be of both clinical and biological importance 
in host mucosal immunity. 

Consequently, the study of the IgA response has been of particular interest 
in toxoplasmosis. Several authors have reported aserum IgA response fol­
lowing T. gondii infection using mouse (CHARDES et al. 1990; GODARD et al. 
1990) and rat models (GODARD et al. 1990) as weil as in humans (TURUNEN et 
al. 1983; VAN LOON et al. 1983; FAVRE et al. 1984; PARTANEN et al. 1984; PINON 
et al. 1985; LE FICHOUX et al. 1987; HUSKINSON et al. 1990; STEPICK-BIEK et al. 
1990; BESSIERES et al. 1992; PATEL et al. 1993). These studies mainly focused 
on the detection of anti-P30 IgA antibodies (DECOSTER et al. 1988b, 1991, 1992, 
1995; GROSS et al. 1992). 
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4 IgA Antibody Response Against P30 

As demonstrated by immunoblotting, IgA antibodies are present to a variety 
of antigens during the various stages of toxoplasmosis. The predominant 
antigens recognized have molecular weights of 5, 30, and 35 kDa. Interestingly, 
only the antigens of 35 and 30 kDa molecular weight (P30 or SAG1) were 
recognized by the IgA antibodies from congenitally infected infants (PARTANEN 
et al. 1984; POTASMAN et al. 1987; HUSKINSON et al. 1990; STEPICK-BIEK et al. 1990). 

Our first studies have confirmed the value of measuring the IgA antibody 
response directed against P30 in congenital and acute acquired toxoplasmosis 
(DECOSTER at al. 1988b, 1991). Using an immunocapture assay, an anti-P30 IgA 
antibody response could be observed in the fetuses infected with T. gondii, 
suggesting that this test is additionally useful in the prenatal diagnosis of 
congenital toxoplasmosis (DEcosTER et al. 1992). 

In congenital toxoplasmosis, anti-P30 IgA antibodies are found more fre­
quently in infected fetuses and newborns than anti-P30 IgM (DEcosTER et al. 
1991, 1992). The presence of specific IgA proves the presence of congenital 
infection since IgA. like IgM, does not cross the placental barrier. In relation 
to the progressive development of a functioning fetal immune system during 
pregnancy, anti-P30 IgM humoral fetal response seems to be weaker than 
the anti-P30 IgA response, which is more intense and persisting. The serological 
profile at birth is dependent on the date of infection in utero (DEcosTER et al. 
1991, 1992). When infection occurred during the third trimester of gestation, 
the infant had, either at birth or in the following weeks, specific IgA and IgM 
antibodies simultaneously. In contrast. when infection occurred in the first 
term, the infant was at the end of the acute phase of fetal infection at birth, 
characterized by the absence of Ig M antibodies (wh ich probably appeared 
during fetallife for a short time and disappeared before birth) and the presence 
of IgA antibodies. This explains the detection of both IgM and IgA more 
frequently in the ca se of a late infection, unless infection occurred very late 
in the last month of pregnancy. In this case, anti-P30 IgA antibodies were 
detected later than anti-P30 IgM antibodies, as observed in the onset of an 
acute acquired toxoplasmosis. This indicates that additional serodiagnosis for 
toxoplasmosis must be performed after 1 month of life in seronegative new­
borns, if maternal serodiagnosis suggests a possible infection (MARx-CHEMLA 
et al. 1990). As observed in some cases of congenitally infected children, the 
late detection of anti-P30 IgA antibodies (particularly if neither anti-P30 IgA 
nor anti-P30 IgM were detected at birth) can constitute an additive criterion 
of infection. 

Interestingly, anti-P30 IgA can be detected in fetuses as early as the second 
term of pregnancy, provided that maternal infection was acquired soon after 
conception. This observation is fascinating from the immunological point of 
view. In the absence of antigenic stimulation, the production of all isotypes 
of immunoglobulins is non-existent in the human fetus; in particular, the level 
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of IgA in 1-year old children is only 20% of that observed for adults (HAYWARD 
and LAWTON 1977). Although the specific IgA response is generally weaker in 
fetuses than in newborns, these data demonstrate that Taxap/asma infection 
can evoke production of specific IgA by the fetal immune system. 

The anti-P30 IgA response can disappear before birth, showing the im­
portance of the prenatal diagnosis. Fetal blood sampies must be collected in 
the second term of pregnancy (when the fetal immune system is functional) 
by experienced obstetrical teams (DAFFOS et al. 1985). Several biological tests 
must be performed to verify that fetus sampies are not contaminated with 
maternal blood, which would interfere with diagnosis of congenital infection 
on the basis of parasitological and serological results (CEDERQVIST et al. 1977; 
DESMONTS et al. 1985; DAFFOS et al. 1988). 

In the case of negative results, the fetal infection cannot be excluded; in 
particular, it could be possible that the cord blood was collected before the 
infection of the fetus has happened. The classical survey and treatment by 
spiramycin of the pregnant women must be continued until delivery. 

In the case of positive results, clinical and ultrasound survey must be 
intensified, and the termination of pregnancy has to be discussed if clinical 
signs of congenital infection are observed (hydro- or microcephaly). If the 
continuation of pregnancy has been decided, the administration of spiramycin 
must be replaced by a combination of pyrimethamine plus sulfadiazine plus 
folinic acid in the third term of pregnancy in order to effect greater inhibition 
of Taxap/asma proliferation in the fetal tissues (FORESTIER et al. 1985; COUVREUR 
et al. 1988; HOHFELD et al. 1989). 

During the acute phase of toxoplasmosis, we detected IgA antibodies 
directed against P30 in sera of all patients, sometimes later than specific IgM 
but always earlier than specific IgG. In the majority of cases, when IgG con­
tinued to rise and IgM antibodies persisted ("residual" IgM). IgA antibodies 
disappeared earlier (between 6-12 months) and were not detected in the 
chronic phase of toxoplasmosis, as described in other studies focused on the 
anti-Taxop/asma IgA response (TURUNEN et al. 1983; VAN LOON et al. 1983; FAVRE 
et al. 1984; PARTANEN et al. 1984; PI NON et al. 1985; LE FlcHoux et al. 1987; 
HUSKINSON et al. 1990; STEPICK-BIEK et al. 1990; PATEL et al. 1993). We observed 
only a few exceptions corresponding to untreated patients, suggesting that 
the treatment decreasing the antigenic stimulation could influence the antibody 
kinetics. Thus, simultaneous detection of the three isotypes, IgG, IgM, and 
IgA. is of major value in determining the phase of infection, especially during 
pregnancy. If specific IgM alone is detected, the analysis of a second sam pie 
3 weeks later will confirm (with presence of IgA) or disprove (in the absence 
of IgA) the possibility of arecent infection, and when specific IgM and IgA 
are simultaneously detected, the patient must be considered to be in the 
course of acute toxoplasmosis. As shown by the number of studies focused 
on the subject. the early diagnosis of acute toxoplasmosis in pregnancy is of 
utmost importance. Indeed, pregnancy and fetal management are very different 
depending on whether the acute phase occurred after the date of conception 
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(when the risk of fetal infection exists) or before the date of conception (DES 
MONTS et al. 1985; DAFFOS et al. 1988). In the latter case, there is no risk of 
congenital infection, except in exceptio na I cases or when the woman is im­
munocompromised (DESMONTS et al. 1990; FORTIER et al., 1991). 

As previously noticed (STEPICK-BIEK et al. 1990; DARCY et al. 1991; PATEL et 
al. 1993). patients with AI DS-associated primary toxoplasmosis consistently 
were shown to produce specific IgM and IgA. However, there were no sig­
nificant differences in the frequency of detectable IgA between AIDS patients 
with chronic toxoplasmosis and those with secondary reactivation resulting 
in cerebral or ocular disease. 

The method used to detect anti-P30 IgA antibodies is a double-sandwich 
enzyme-linked immunosorbent assay (ELlSA) (DECOSTER et al. 1991). which is 
known to be more sensitive than direct ELiSA (DESMONTS et al. 1981; VAN LOON 
et al. 1983). The enhanced sensitivity is probably due to use of a monoclonal 
antibody directed against P30, which is known to elicit a very early and intense 
antibody response (TURUNEN et al. 1983; SANTORO et al. 1985; CESBRON et al. 
1986; DECOSTER et al. 1988a,b; STEPICK-BIEK et al. 1990; GROSS et al. 1992). Detailed 
studies have shown that the early immune response in which IgM and IgA 
are involved is primarly directed against membrane antigens of the parasite, 
whereas antibodies recognizing cytoplasmic antigens are formed as the im­
mune response matures (PARTANEN et al. 1984; HUSKINSON et al. 1990). Therefore, 
we recommend this method for estimating the time of Toxop/asma infection, 
because of the shorter antibody response that is detected. Due to the enhanced 
sensitivity of this assay compared with methods which detect IgA antibodies 
directed against various Toxop/asma antigens, we also recommend this assay 
to be used for the investigation of congenital toxoplasmosis (DECOSTER et al. 
1995). 

5 Conclusion 

The clinical value of the detection of specific anti-Toxop/asma IgA antibodies 
for early diagnosis of acute acquired and congenital Toxop/asma infection has 
been evaluated during the past few years and is now well-established. In 
acquired toxoplasmosis, the majority of patients are positive for anti-P30 IgA 
and specific IgM antibodies during the acute phase of infection, whereas no 
anti-P30 IgA antibodies are detected in the chronic phase, when patients could 
still be positive for specific IgM ("residual" IgM). Thus, the testing of both IgM 
and IgA antibodies has proven reliable and of great help to diagnose recently 
acquired toxoplasmosis during pregnancy. In congenital toxoplasmosis, anti­
P30 IgA antibodies were found in fetuses and infected newborns more fre­
quently than anti-P30 IgM antibodies. It appears from our data that the com-
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bined testing of both IgM and IgA in the fetus and the newborn is essential 
for a more efficient diagnosis of congenital infection. 
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Toxoplasmie eneephalitis (TE) is one of the major opportunistie infeetions of 
the eentral nervous system (CNS) and the most frequent eause of foeal brain 
lesions (FBL) in patients with aequired immunodefieieney syndrome (AIDS) 
(LUFT et al. 1993). CNS toxoplasmosis is rapidly progressive and fatal without 
treatment and has been reported to be the AIDS index diagnosis in 22%-51 % 
of patients infeeted with human immunodefieieney virus (HIV) (LEPORT et al. 
1988; COHN et al. 1989; DANNEMANN et al. 1991; ZANGERLE et al. 1991; PORTER 
and SANDE 1992). 

The oeeurrenee of TE in HIV-positive patients eorrelates with the prevalenee 
of Toxop/asma antibodies among the general population, whieh largely varies 
aeeording to geographie loealizations and ethnie groups (e.g., 10%-32% in 
the United States, and 46%-73% in the European eountries) (GRANT et al. 
1990; DANNEMANN et al. 1991; ZANGERLE et al. 1991; ISRAELSKI et al. 1993; WALLACE 
et al. 1993; OKSENHENDLER et al. 1994). Observational studies showed that the 
1-year estimated rates of TE were 21 % in patients with latent Toxop/asma 
gondti' infeetion, but 0% in sero negative individuals (OKSENHENDLER et al. 1994). 
In a randomized trial, 91 % of patients who developed TE were seropositive 
for Tgondii antibodies (OPRAVIL et al. 1995). Therefore, the finding of a negative 
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Toxop/asma-specific serology does not completely exclude the possibility of 
TE (DANNEMANN et al. 1991; ZANGERLE et al. 1991; PORTER and SANDE 1992). 

Besides positive Toxop/asma serology, the magnitude of immunodeficiency 
further enhances the risk of TE in patients with HIV infection (BACELLAR et al. 
1994; JACOBSON et al. 1994). After 18 months, the probability of TE for patients 
with a CD4 cell count below 100/111 was 35%-40% (GIRARD et al. 1993; OPRAVIL 
et al. 1995). The risk of TE in patients with a low CD4 cell count was 2.3 
times greater than in those with a high level of CD4 cells. Patients presenting 
positive Toxop/asma serology, as weil as a CD4 cell count below 100/111. had 
a 34.4% risk of TE within 1 year (95% Confidence Interval, C.I., 25.5-43.3) 
(OKSENHENDLER et al. 1994). 

Based on the results of prospective clinical trials, it is likely that the ex­
tensive use of systemic prophylaxis with agents that are simultaneously active 
against T.gondii and Pneumocystis carinii will cause a reduction of the incidence 
of TE in the next few years (GIRARD et al. 1993; OKSENHENDLER et al. 1994; 
ANTINORI et al. 1995). Depending on prophylaxis, significantly different incidence 
rates of TE were shown for patients with < 1 00 CD4 cells/111 (1.6 per 100 
person-years with prophylaxis versus 3.7 per 100 person-years without pro­
phylaxis) (BACELLAR et al. 1994). A longitudinal study performed on consecutive 
patients with enhanced FBL showed a progressive reduction of the probability 
of TE during the years 1991-1995 (chi square test for linear trend p =0.03) 
(AMMASSARI et al. 1995). This trend correlated with an increased use of simul­
taneous prophylaxis against P. carinii and T. gondii (p=0.04). The positive 
predictive value of presumptive diagnosis of TE, defined as the presence of 
positive Toxop/asma serology and contrast-enhancing lesions with computed 
tomography (CT) or magnetic resonance imaging (MRI) (CENTERS FOR DISEASE 
CONTROL 1993). decreased from 86% in 1991 to 66% in the years 1994 and 
1995. This reduction in the incidence of TE as weil as the probable increase 
in primary central nervous system lymphoma (PCNSL) incidence (AMMASSARI et 
al. 1995) makes accurate diagnostic criteria for patients with FBL necessary. 

2 Diagnosis 

2.1 Clinical and Neuroradiological Features 

Clinical findings of TE, a disease which usually has a subacute or acute onset, 
are extremely heterogeneous and include: headache (10%-56%). focal neu­
rologie deficits, such as hemiparesis and cranial-nerve palsy (58%-89%). dis­
orientation (15%-37%). fever (10%-78%). and seizures (15%-35%) (NAVIA et 

al. 1986; HAVERKOS 1987; COHN et al. 1989). Focal hypodense mass lesions with 
contrast enhancement in up to 91 % of cases and localized most frequently 
in the basal ganglia and in the corticomedullary junction of cerebra I hemis-
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pheres are found by using Cr. The presence of multiple lesions is highly 
suggestive of TE (ORILLO and ROSENBLUM 1991; STEINMETZ et al. 1995). 

In order to assess the value of clinical and neuroradiological variables 
predictive of TE or PCNSL, we conducted a validation cohort study including 
all patients showing at least one first-ever FBL with CT or MRI observed from 
1991 to 1995. Out of the 101 patients, 78 were considered as eligible for the 
analysis because a definitive diagnosis based on histopathologic examination 
or presumptive diagnosis of TE (CENTERS FOR DISEASE CONTROL 1993) was available. 
Thirty-seven presumptive cases of TE, 23 PCNSL, 13 progressive multifocal 
leukoencephalopathies (PML). three tuberculomas, and two mycotic abscesses 
were observed. The risk of TE or PCNSL according to the presence or absence 
of different clinical, immunological. and neuroradiological variables calculated 
at univariate analysis is shown in Table 1. Logistic regression analysis con­
firmed a highly increased probability of having TE in the presence of contrast 
enhancement (odds ratio, O.R., 26.1; 95% c.1. 2.4-273.5; p=0.006) and positive 
Toxop/asma serology (O.R. 46.8; 95% C.I. 7.7-286.3; p<0.001); whereas Tox­
op/asma-specific prophylaxis had a strong protective effect on the occurrence 
of TE (O.R. 0.14; 95% C.I. 0.03-0.6; p=0.01). On the contrary, presence of 
PCNSL was inversely associated with positive Toxop/asma serology (O.R. 0.11 ; 

Table 1. Risk of toxoplasmic encephalitis (TE) and primary central nervous system lymphoma 
(PCNSU, according to different variables 

TE PCNSL 
O.R. (95% CI) p O.R. (95% CI) p 

Age >35 years 0.46 (0 16-1.26) NS 1.75 (059-529) NS 

Sex (female) 0.57 (016-1.83) NS 1.56 (0.44-5.26) NS 

Intravenous drug use 0.92 (034-247) NS 0.52 (017-1.53) NS 

CD4 cell count ~50/JlI 1.12 (0.37-341) NS 2.29 (063-106) NS 

Previous AIDS diagnosis 0.39 (013-1.10) NS 3.72 (122-12.0) 0.02 

Antiretroviral therapy 0.61 (0.22-1.67) NS 3.18 (0.96-12.6) 0.04 

Anti-Tgondii praphylaxis 0.22 (007-062) 0.003 3.93 (127-133) 0.01 

Positive Tgondii serology 28.8 (6.02-281.5) <0.001 0.17 (005-054) 0.001 

Clinical features 
at presentation 
- > 15 Days fram onset 1.36 (051-365) NS 0.42 (0.13-126) NS 
- Focal signs 1.25 (0.42-378) NS 0.71 (0.22-234) NS 
- Abnormal level 

of consciousness 6.12 (0.64-3028) NS 0.46 (001-4.45) NS 

Radiographie findings 
- Contrast enhancement 20.1 (277-8979) <0.001 3.54 (071-34.9) NS 
- Multiple lesions 1.75 (064-4.85) NS 0.73 (0.24-2.19) NS 
- Basal ganglia 

site localization 4.92 (174-148) <0.001 1.30 (044-3.90) NS 

NS, not significant 
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95% C.I. 0.04-0.3; p<O.OOl) and Toxop/asma-specific prophylaxis (O.R. 2.7; 
95% c.1. 1.1-6.8; p=0.03). 

2.2 Amplification of T. gondii DNA 

In recent years, polymerase chain reaction (PCR) has been developed to detect 
T.gondii DNA from several biological fluids (GROVER et al. 1990; BRETAGNE et ai. 
1995; WEISS et al. 1991). Moreover, the detection of T.gondii DNA in cere­
brospinal fluid (CSF) by PCR has been shown to be a reliable diagnostic tool 
for the diagnosis of TE in AIDS patients (LEBECH et al. 1992; SCHOONDERMARK-VAN 
DE VEN et al. 1993; NOVATI et al. 1994; DUPON et ai. 1995; EGGERS et ai. 1995). 
Sensitivity ranges from 11 % (EGGERS et al. 1995) to 100% (LEBECH et ai. 1992). 
depending on two important variables: (i) the set of primers used, and (ii) the 
time elapsing from the starting of Toxop/asma-specific therapy and the co 1-
lection of CSF by lumbar puncture. In arecent study, an overall sensitivity of 
46% was obtained in patients with TE diagnosed presumptively or by histology 
(NOVATI et ai. 1994). This value rose to 100% in patients who had been receiving 
therapy for less than one week at the time of lumbar puncture. 

We have developed a nested-PCR to detect T. gondii DNA for the early 
diagnosis of TE in patients with HIV infection and FBL. We prospectively 
evaluated 46 HIV-infected patients with FBL detected by CT or MRi. According 
to presumptive criteria (CENTERS FOR DISEASE CONTROL 1993). 17 patients were 
affected by TE, and 16 of them improved after Toxop/asma-specific therapy. 
Among the 29 control patients, definite diagnoses consisted of PCNSL (15). 
PML (8). and brain vasculitis (1). Lumbar puncture was performed after written 
informed consent had been obtained, and DNA was amplified from 10 /ll of 
unextracted heated CSF. We used this rapid sampie preparation method be­
cause no difference in DNA amplification has been observed with it in com­
parison to standard techniques (AURELIUS et al. 1990). Primers were derived 
from the 35-fold repetitive region B1 (BuRG et al. 1989; NOVATI et al. 1994). 
Amplification products of 97 bp were detected after 2% agarose gel electro­
phoresis and ethidium bromide staining. Nested-PCR, with a detection limit 
of ten tachyzoites, identified T. gondii DNA in CSF from five out of the 17 
patients with proven TE and in none of the 29 negative controls, showing an 
overall sensitivity of 29.4% (95% C.I. 11.4-56.0). a specificity of 100% (95% 
C.I. 85.4-100). a positive predictive value of 100% (95% C.i. 46.3-100). and 
a negative predictive value of 70.7% (95% C.i. 54.3-83.4). We demonstrated 
that, if the CSF sampie is collected during the first week of therapy, diagnostic 
sensitivity rises to 44% (95% c.i. 15.3-77.3). while if lumbar puncture is de­
layed, the sensitivity falls to 12.5% (95% C.i. 0.7-53.3). These results confirm 
that Toxop/asma-specific therapy rapidly induces the clearance of the parasite 
from CSF (NOVATI et ai. 1994). The only case of T. gondii DNA detected in CSF 
after the first week of therapy was a patient with autopsy-confirmed relapse 
of TE, who did not improve during treatment. This ca se and the favorable 
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response to therapy in seven TE patients with negative T.gondii PCR results 
in CSF after the first week of treatment suggest a correlation between detection 
of T.gondii DNA in CSF and clinical response. 

Among other diagnostic techniques, histologie demonstration of tachy­
zoites in tissue sections remains the standard of definitive diagnosis (CENTERS 
FOR DISEASE CONTROL 1993). However, the sensitivity of the currently available 
immunohistological techniques which use labeled antibodies in immunofluo­
rescence or the peroxidase-anti peroxidase test is moderately low. T. gondii 
can also be isolated by inoculation of brain specimens into the peritoneal 
cavities of mice or by tissue cell culture techniques. 

2.3 Management of Patients with Suspected TE 

The differential diagnosis between (i) TE, which responds weil to empirie ther­
apy (COHN et al. 1989). and (ii) PCNSL, which still needs to be diagnosed 
histologically (BAUMGARTNER et al. 1990), represents the most challenging ques­
tion in the management of HIV-infected patients with contrast-enhancing FBL. 
As an indication of good response to therapy, radiological improvement of 
TE has been observed in 86% of patients by day 7 and in 91 % of cases by 
day 14 (LUFT and REMINGTON 1988; LUFT et al. 1993). No difference in response 
rates was seen between patients treated empirically and those who had bio­
psy-proven TE (COHN et al. 1989). Consequently, based on the high prevalence 
of TE and the predictive value of contrast enhancement and positive Toxo­
plasma serology (OMINO et al. 1991). the first choice in the management of 
FBL until now was to treat all patients empirically with Toxoplasma-specific 
drugs and to perform brain biopsy in the absence of a clinical or radiological 
response (HAVERKOS 1987; COHN et al. 1989). 

Arecent study found that the stage of HIV disease is a useful criterion 
in the differential diagnosis and treatment of contrast-enhancing FBL. Patients 
developing FBL early after HIV infection should be treated with empirie Tox­
oplasma-specific therapy, whereas those showing intracerebral lesions later 
in the course of AIDS should be directly selected for brain biopsy, due to an 
increased risk of PCNSL at this later stage (CHAPPELL et al. 1992). Other inves­
tigators base diagnosis of TE on the presence of multiple FBL, arguing that 
multifocal PCNSL is an im probable event (ORILLO and ROSENBLUM 1991; ANSON 
et al. 1992; LEVY et al. 1992). Nonetheless, PCNSL has been shown to be 
multifocal in up to 80%-100% of cases at autopsy (MORGELLO et al. 1990). 
Reliability of the different clinical predictive factors strongly depends on the 
relative frequency of TE and PCNSL among the particular FBL population. In 
the different studies, this prevalence ratio varies greatly, with such differing 
results as 0.54 (OMINO et al. 1991). 0.75 (COHN et al. 1989). 1.6 (ORILLO and 
ROSENBLUM 1991). 4.5 (LEVY et al. 1992). and 47.0 (STEINMETZ et al. 1995) being 
obtained. 
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An algorithm suggested to improve the clinical management of patients 
with HIV-related contrast-enhancing FBL is shown in Fig. 1. It is based on 
published results and personal data, summarizing clinical variables found to 
be significantly associated with TE and PCNSL such as contrast enhancement. 

Contrast-enhancing FBL 
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Fig. 1. Aigorithm suggested for the management of contrast-enhancing AIDS-related focal brain 
lesions. (Ab, Toxoplasma serology; PR, anti-Toxoplasma prophylaxis; LP, lumbar puncture; EBV, 
Epstein-Barr virus; RT, radiotherapy) 
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Toxop/asma serology, biomolecular tests performed on CSF, and Toxop/asma­
specific prophylaxis. Personal data have been obtained from the prospective 
study on FBL in AIDS patients (see above). employing Bayes' theorem to 
calculate posterior probabilities of TE and PCNSL based on their prior probability 
(0.47 for TE, 0.30 for PCNSL) and conditional to the outcome of predictive 
variables. 

Our data suggest that the major predictive clinical variables employed for 
the presumptive diagnosis of TE in the past years, such as the presence of 
contrast enhancement and positive Toxop/asma serology (CiMINO et al. 1991; 
CENTERS FOR DISEASE CONTROL 1993). are now insufficient to allow an accurate 
identification of patients who need an empiric Toxop/asma-specific treatment. 
In fact, the probability of TE rises to 0.92 in patients who, besides the two 
predictive variables, do not take Toxop/asma-specific prophylaxis, and falls to 
only 0.62 in those who receive a prophylactic regimen. At the moment. empiric 
Toxop/asma-specific therapy is mandatory in patients with enhancing FBL. posi­
tive Toxop/asma serology, and without prophylactic treatment. Moreover, a 
short empiric treatment trial should be administered also in patients who, 
despite being on Toxop/asma-specific prophylaxis, show multiple CNS lesions 
on CT/MRI associated with a neurologically stable picture (CiRILLO and ROSENBLUM 
1991; ANSON et al. 1992; LEVY et al. 1992). 

If a solitary lesion is detected on neuroradiological investigation, the possi­
bility of a safe lumbar puncture should be evaluated. Furthermore, the evalu­
ation of feasibility of lumbar puncture represents also the initial approach to 
patients with negative Toxop/asma serology. Considering that the probability 
of TE among these sero negative patients is extremely low and that they may 
be affected by PCNSL and by other treatable disorders, biomolecular tests 
performed on CSF represent the crucial point in the differential diagnosis of 
FBL in these patients. Amplification of T. gondii DNA from CSF is of limited 
diagnostic value because of its low sensitivity; but due to the high specificity 
of this test it is recommended that empiric Toxop/asma-specific treatment 
should be started in the ca se of a positive result. PCR investigation of Ep­
stein-Barr virus (EBV) DNA in CSF has a high sensitivity (88%-100%) and 
specificity (98%) for PCNSL (CiNQUE et al. 1993; CiNGOLANI et al. 1995; DE LUCA 
et al. 1995). Moreover, amplification of EBV DNA in CSF has a higher sensitivity 
and needs smaller sampies than those required for cytology, which has been 
proposed by other investigators (FORSYTH et al. 1994). On the contrary, in patients 
who do not show EBV DNA in CSF, initial management with empirie Toxo­
p/asma-specific treatment is reasonable. 

Brain biopsy appears to be safe and effective in AIDS patients since it 
has a morbidity of less than 5% and provides a definitive diagnosis in more 
than 95% of FBL cases (PELL et al. 1991; CHAPPELL et al. 1992; LEVY et al. 1992; 
ZIMMER et al. 1992; ANTINORI et al. 1993; IACOANGELI et al. 1994). We found that 
variables related to HIV infection stage, such as CD4 cell counts or previous 
AIDS diagnosis (CHAPPELL et al. 1992). are useless for discriminating between 
PCNSL and TE. In fact. applying to our study the presence of a previous 
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AIDS-defining event as selection criterion to brain biopsy, nearly 30% of pa­
tients who had TE and only 60% of those with PCNSL would have been 
diagnosed if brain biopsy had been immediately performed. In addition, the 
mean CD4 cell counts were comparable in patients suffering from these two 
CNS disorders (Table 1). Brain biopsy should be considered in patients who 
showa clinical and/or radiological progression after 10-14 days of Toxop/asma­
specific therapy, in those with positive EBV DNA-amplification from CSF, and 
in cases of negative Toxop/asma serology. 

3 Therapy and Prophylaxis 

3.1 Acute/Primary Therapy 

The combination of pyrimethamine plus sulfadiazine is generally considered 
as the first-line treatment for acute therapy of TE in AIDS patients, whereas 
pyrimethamine combined with clindamycin represents a reliable alternative. 
In two randomized studies performed to compare pyrimethamine (100-200 mg 
loading dose followed by 50-75 mg/daily) plus sulfadiazine (4 g/daily) to pyri­
methamine (100 mg loading dose followed by 50 mg/daily) plus clindamycin 
(2.4-4.8 g/daily) for primary therapy of TE showed no statistically significant 
difference in the response rate between the two treatment groups (DANNEMANN 
et al. 1991; KATLAMA ET AL. 1994). These clinical trials documented a complete 
or partial response in 77%-79% of patients randomized to receive pyrimeth­
amine-sulfadiazine and 68%-77% in those assigned to pyrimethamine-clinda­
mycin therapy. However, several factors, such as small sampie size (DANNEMANN 
et al. 1991) or a high number of transfers to the other therapy group (KATLAMA 
ET AL. 1994) might have influenced these results. In fact, in the European 
multicenter study (KATLAMA ET AL. 1994). even if the number of patients who 
were transferred to the other regimen was similiar in the two treatment groups 
(37 in the pyrimethamine-clindamycin group and 45 in the pyrimethamine-sul­
fadiazine group). reasons for the change of therapy were clearly different. A 
change of therapy due to absence of clinical response at day 7 was more 
frequent in patients assigned to pyrimethamine-clindamycin than in those as­
signed to pyrimethamine-sulfadiazine (p<O.OOOl). Based on this fact. the com­
bination therapy with pyrimethamine-sulfadiazine has been defined as the treat­
ment of choice for TE in HIV-infected patients. On the other hand, in patients 
randomized to this last regimen, the incidence of adverse reactions requiring 
treatment discontinuation was significantly higher than that observed for pyri­
methamine-clindamycin (p=O.OOOl) (DEWIT ET AL. 1994). Overall occurrence of 
adverse reactions was similiar in the two treatment groups. Cutaneous rash 
was frequently observed in patients treated with pyrimethamine combined 
with either sulfadiazine (39%-60%) or clindamycin (29%-43%). A sulfadiazine 
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dose-desensitization protocol has been proposed, allowing 62% of patients 
with a known intolerance to sulfa compounds to continue first-line therapy 
(TENANT-FLOWERS et al. 1991). Hematologic toxicity, although frequently observed 
in both treatment groups, was rarely the reason for discontinuation. Admin­
istration of folinic acid at 10-20 mg/daily is useful in order to prevent myelo­
toxicity due to pyrimethamine. Gastrointestinal disturbances like diarrhea, 
sometimes due to Clostridium diffici/e colitis, occurred more commonly in 
patients treated with pyrimethamine-clindamycin. Furthermore, crystal-induced 
nephrotoxicity represents a well-recognized adverse reaction during sulfadia­
zine administration. Probability of survival was comparable in the two treatment 
groups, even though a trend towards an increased survival time in patients 
randomized to pyrimethamine plus sulfadiazine therapy was observed in one 
of the studies (DANNEMANN et al. 1991). 

When therapy is initiated, it should be continued for 6 weeks followed 
by lifelong suppressive maintenance treatment. Anticonvulsants and a short 
course of corticosteroids should be added to the therapeutic regimen if 
seizures have occurred and CT/MRI show mass effects of FBL causing cerebral 
edema. Further drugs scheduled for the treatment of acute TE are under 
investigation at the moment. Atovaquone (3 g/daily) has been employed as 
salvage therapy in prospective noncomparative studies; a clinical improvement 
or stability was documented in 54%-88% after 6 weeks of treatment (KOVACS 
1992; TORRES et al. 1993). However, an extremely high reccurrence rate of TE 
in patients treated with atovaquone as induction therapy has been shown 
(KATLAMA ET AL. 1994). 

3.2 Maintenance Therapy 

If treatment after primary therapy is discontinued, relapse of TE occurs in 
53%-100% of patients (HAVERKOS 1987; COHN et al. 1989; PEDROL et al. 1990; 
DE GANS et al. 1992; PORTER and SANDE 1992). The time until TE recurs ranges 
between a few days and several months (COHN et al. 1989; PORTER and SANDE 
1992). Therefore, in order to prevent relapse of TE, it is necessary that patients 
receive lifelong suppressive treatment with Toxop/asma-specific drugs. Recur­
rence of TE has been reported in up to 20%-30% of patients, who receive 
maintenance therapy and is often related to low compliance. Combination 
treatment with pyrimethamine and sulfadiazine showed a lower incidence rate 
of relapses compared with pyrimethamine combined with clindamycin (PEDROL 
et al. 1990; LEPORT et al. 1991; PORTER and SANDE 1992). A large, randomized, 
multicenter clinical trial showed a relapse rate of 7% in patients treated with 
pyrimethamine (25 mg/daily) plus sulfadiazine (2 g/daily) and of 28% in those 
receiving pyrimethamine combined with clindamycin (1.2 g/daily) (p=0.0007) 
(KATLAMA ET AL. 1994). Consequently, the most commonly used regimens are 
25-50 mg/daily of pyrimethamine combined with 2 g/daily of sulfadiazine or 
1.2-2.4 g/daily of clindamycin in patients intolerant to sulfa compounds. Daily 
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administrations are recommended, since a twice-weekly schedule of pyrimeth­
amine-sulfadiazine showed a significantly higher rate of TE recrudescence (POD­
ZAMCZER et al. 1995). As in acute therapy, cutaneous rash represents the most 
common drug-limiting adverse reaction in patients treated with sulfadiazine, 
whereas diarrhea is frequently observed in those receiving clindamycin (KATLAMA 
ET AL. 1994). Administration of folinic acid is essential in patients who are 
treated with pyrimethamine in order to prevent hematologic toxicity (DE GANS 
et al. 1992). Although a decreased risk of P. carinii pneumonia was observed 
in patients on suppressive therapy consisting of pyrimethamine and sulfadiazine 
(HEALD et al. 1991; PODZAMCZER et al. 1995), inhalation of pentamidine, which 
does not have a systemic toxicity, should also be administered. 

Both pyrimethamine alone and pyrimethamine-sulfadoxine showed some 
protective effect on TE relapse. However, breakthrough episodes have been 
observed, especially when pyrimethamine was administered at a low dose 
(PEDROL et al. 1990; DE GANS et al. 1992; RUF et al. 1993). In a small, open, 
uncontrolled study, a relapse rate of 25% was observed in patients who re­
ceived atovaquone for maintenance therapy. This rate increased to 50% in 
those patients, who also had received atovaquone for initial acute therapy. 
Atovaquone, possibly combined with pyrimethamine, appears to be an alter­
native maintenance therapy in patients with severe intolerance to first-line 
treatments only (KATLAMA ET AL. 1994; MOUTHON et al. 1994). The long-term ef­
ficacies of combination therapies which use pyrimethamine with macrolides, 
such as azithromycin or clarithromycin, or with dapsone are currently under 
study. 

3.3 Primary Prophylaxis 

Cotrimoxazole has been shown to be effective in preventing TE in HIV-infected 
patients in retrospective as weil as in prospective evaluations. In a retrospective 
study, none of the 60 patients taking cotrimoxazole as prophylaxis for P. carinii 
pneumonia developed toxoplasmosis when compared with 13% of those who 
received aerosolized pentamidine (CARR et al. 1992). Furthermore, in a trial 
that investigated secondary prophylaxis of P. carinii pneumonia (HARDY et al. 
1992), nine out of the ten patients who developed TE were receiving aerosolized 
pentamidine and only one was taking cotrimoxazole at the time of diagnosis. 
Prospective observational studies found that the risk of developing TE ranged 
from 0.16 to 0.22 in patients who were treated with cotrimoxazole (JACOBSON 
et al. 1994; OKSENHENDLER et al. 1994). Dapsone, when combined with pyri­
methamine, also showed a highly protective effect on the occurrence of TE. 
In a large randomized trial comparing dapsone-pyrimethamine (50 mg daily 
and 50 mg weekly, respectively) with aerosolized pentamidine for the com­
bined primary prophylaxis of P. carinii pneumonia and TE, the adjusted relative 
risk of toxoplasmosis in the pentamidine group was 2.3-5.4 times higher than 
that observed in the dapsone-pyrimethamine group (GIRARD et al. 1993). In 
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another trial, the adjusted relative risk of developing TE was 0.14 for patients 
who received dapsone-pyrimethamine once weekly (200 mg and 75 mg, re­
spectively) (OPRAVIL et al. 1995). 

We conducted a randomized, open-Iabeled trial to investigate the efficacy 
of dapsone-pyrimethamine at a low dosage of 100 mg weekly and 25 mg 
biweekly, cotrimoxazole (1 double-strength tablet every other day). and monthly 
aerosolized pentamidine as primary prophylactic regimens for P. carinii pneu­
monia and TE in HIV-infected patients with a CD4 cell count <200111 (ANTINORI 
et al. 1995). Compared with the pentamidine group, the incidence of TE was 
significantly lower in patients who were assigned to cotrimoxazole or dap­
sone-pyrimethamine, even though in this last treatment group a significantly 
higher risk of P. carinii pneumonia and mortality was observed than in patients 
receiving cotrimoxazole (ANTINORI et al. 1992). Almost equal effectiveness was 
confirmed in another trial for dapsone-pyrimethamine (100 mg and 50 mg 
twice weekly, respectively) and cotrimoxazole (1 double-strength tablet twice 
daily or three times weekly, respectively) (PODZAMCZER et al. 1995). 

Pyrimethamine (25 mg three times weekly) as a single agent has been 
shown to be ineffective in the prevention of TE (MORLAT et al. 1993; JACOBSON 
et al. 1994). In one study, a significantly higher death rate was observed 
among patients who received pyrimethamine (JACOBSON et al. 1994). Since folinic 
acid was not simultaneously given in this trial, pyrimethamine-induced hema­
tologic toxicity appears as a plausible explanation for the negative effect on 
survival. Several other agents, such as pyrimethamine plus sulfadiazine, ato­
vaquone, azithromycin, and clarithromycin, which all have an activity against 
T. gondii, should be further investigated in order to evaluate their ability to 
protect against TE in humans with AIDS. 

Based on these results and on the superior efficacy of cotrimoxazole in 
prevention of P. carinii pneumonia, the Centers for Disease Control (CENTERS 
FOR DISEASE CONTROL 1995) presently advises this drug as the first choice for 
the combined prophylaxis for P. carinii pneumonia and TE in HIV-positive in­
dividuals, who are characterized by positive Toxop/asma serology and CD4 
cell counts < 1 00111. A regimen including dapsone-pyrimethamine should be 
administered in patients, who are intolerant to cotrimoxazole. Seronegative 
patients should be advised not to eat raw or undercooked meat. to wash 
fruits and vegetable weil, and to wash their hands after touching meat. cats, 
or soil. In order to assess the future risk of TE and to facilitate diagnostic 
approach to patients with FBL, it appears useful to screen all newly observed 
HIV-infected persons for T. gondii antibodies. Seronegative subjects should 
be retested for T. gondii antibodies when their CD4 cell count falls to below 
100/111 and afterwards every 3 months in order to detect seroconverted pa­
tients. 
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Toxop/asma gondii is a protozoan parasite that is normally controlled by the 
host immune system and results in an asymptomatic chronic infection main­
tained by dormant cysts. Actually, animals and humans are simultaneously 
infected with T gondii and by various micro-organisms during their life, and 
raise a specific protective immune response against each pathogen. The advent 
of immunosuppression related to concurrent viral infection such as human 
immunodeficiency virus (HIV) in humans or to the use of intensive immuno­
suppressive therapies is responsible for a profound alteration of protective 
immunity, and this often results in the recurrence of latent infections. Cerebral 
toxoplasmosis is one of the most common infections occurring in AIDS pa­
tients, especially in countries where T gondii is highly endemie. However, 
other opportunistic infections due to protozoa, bacteria, and fungi are also 
commonly observed in these patients. Thus, co-infection with various pa­
thogens is usual in patients with acquired immunodefiency syndrome (AIDS). 
and several lines of evidence suggest that interactions between the immune 
responses generated by each pathogen, due to cross-regulation of Th 1- and 
Th2-activated CD4+ T Iymphocytes, macrophages, neutrophils and natural killer 
(NK) cells can result in an aggravation of one or more infections (MOSIER 1994). 
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Furthermore. several of the pathogens infecting AIDS patients are intracellular 
(including HIV. T. gondii, Mycobacterium avium-intrace//u/are. MAI. and cyto­
megalovirus. CMV). giving rise to the hypothesis that possible interactions 
between these pathogens within the cell may occur and result in alterations 
of cell functions. 

Experimental studies in vitro or in vive remain indispensable tools for 
analyzing such interactions. which may affect not only the replication of each 
pathogen but also the immune response of the host. In addition. a better 
understanding of the consequences of co-infections in immunocompromised 
hosts also represents a base for pharmacological studies. since new ap­
proaches for therapy and prophylaxis with broad spectrum activities are criti­
cally needed. 

This review will focus on animal models of concurrent infections with T. 
gondii and several immunosuppressive viruses: murine cytomegalovirus 
(MCMV). feline immunodeficiency virus (FIV) and LP-BM5 murine leukemia 
virus (LP-BM5). and two of the most frequent opportunistic agents in AIDS 
patients: Pneumocystis carinii and MAI complex. 

2 Co-infections with Toxoplasma gondii 
and Immunosuppressive Viruses 

In vitro experiments with T. gondii and viruses show that co-infection may 
lead to modifications of T. gondii intracellular replication. Qualitative changes 
have been reported with CMV (GELDERMAN et al. 1968). and significantly en­
hanced replication of T. gondii is seen in HIV-infected cells (IKUTA et al. 1989; 
BIGGS et al. 1995). Although WELKER and collaborators (1993) did not find any 
interaction between T. gondii and HIV in concurrently infected monocytoid 
cells. BALA and coworkers (1994) showed that a soluble antigen of T. gondii 
can enhance HIV replication through induction of cytokine production. How­
ever. HIV-1 infection of human macrophages does not render macrophages 
unresponsive to cytokine activation for microbicidal activity against T. gondii 
(REED et al. 1992). Despite the limitations and drawbacks of in vitro studies. 
these results clearly indicate that significant alterations of cell functions occur 
in the dually infected cells. with possible consequences in vivo. 

Thus. animal models of co-infection with T. gondii and an immunosup­
pressive virus have been developed to understand the pathogenesis of tox­
oplasmosis in HIV-infected hosts and provide a model of Toxop/asma reacti­
vation (Tables 1 and 2). The aim of these models would also be to study new 
therapies with either antiparasitic. antiviral or immunomodulating drugs. 

Since reactivation of T. gondii infection often occurs concurrently with 
active CMV disease in immunocompromised patients. and since CMV infection 
is known to increase immunosuppression. POMEROY et al. (1989) developed a 
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Table 1. Animal models of concurrent T gondii and virus infections 

Model 

Cytomegalovirus (MCMV) 
POMEROY et al. 1992 

Mice 

Strain of T gondii Viral strain 

C56 Smith strain 
6x104 tachyzoites 5x104 PFU 
ip ip 

Symptoms and pathology 

Pulmonary reactivation. 
Influx of C08+ Iymphocytes 
with suppressor function 

Feline immunodeficiency virus (FIV) 
LAPPIN et al. 1992, 1993 

Cats 
Germ free 

LlN et al. 1992 
Kittens 
Germ free 

OAVIDSON et al. 1993 
Cats 
Germ free 

ME 49 
103 cysts 
po 

T264 
103 cysts 
po 

ME 49 
104 tachyzoites 
intra-ca rotid 

Petaluma Absence of clinical 
0.5 ml blood reactivation. Oepressed 
iv Iymphocyte response to 

antigen 

Augusta 
2 ml plasma 
iv 

FIV-NCSU1 
6x10s TCI050 

iv 

Increase of parasitic burdens 
(brain and Iymph nodes) 
during primary infection 

Oisseminated toxoplasmosis 
(primary infection). Oefective 
Iymphocyte response to 
antigen 

PFU, plaque-forming units; TCIOso, 50% tissue culture infecting dose; po, peroral; ip, intraperito­
neal; iv, intravenous 

mouse model to study the effect of acute MCMV disease on latent T. gondli 
infection (Table 1). Mice were chronically infected with T. gondii, then chal­
lenged by MCMV. Toxoplasmosis reactivated and manifested as pneumonia. 
It is important to note that the severity of pneumonia was dependent on the 
infecting dose of MCMV. Although the mechanism of reactivation is still un­
known, this model allowed a better understanding of the pathogenesis of 
Toxoplasma pneumonia. Ouring reactivation, no change in macrophage func­
tions has been noted, and the study of lung Iymphocyte phenotypes has 
shown that the initial fall in the number of lung C04 + cells observed in MCMV 
infection may have induced the T. gondii reactivation. Furthermore, pneumonia 
appears to be related to a massive influx of C08+ T Iymphocytes into the 
lungs (POMEROY et al. 1992). Interestingly, mice with latent toxoplasmosis were 
able to survive doses of MCMV that were lethai to control mice. The second 
major application of this model was in the study of the effect of antiviral 
agents on the occurrence of the pneumonia due to reactivation of toxoplas­
mosis, and in demonstrating the preventive efficacy of ganciclovir (BANISTER 

and POMEROY 1993). This drug could attenuate, but not eliminate, MCMV-induced 
reactivation of T. gondii pneumonia, but only when administered before or 
early after the viral challenge. Finally, this model of reactivation induced by 
the immunosuppressive virus MCMV revealed the major role of pulmonary 
infection in Toxoplasma pathogenesis, and demonstrated that the two pa-
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thogens interact with each other, since antiviral therapy can influence the 
intensity of Toxop/asma reactivation. 

HIV infection is one of the major causes of T gondii reactivation, thus 
animal models for human AIDS have been proposed to study the interaction 
of the two pathogens. Macaques infected with simian immunodeficiency virus 
(SIV) would represent the best animal model to investigate AIDS pathogenesis, 
but experimental co-infection with T gondii has not been completed. So me 
rare cases of spontaneous reactivation of toxoplasmosis have been reported 
in SIV-infected macaques (LowENsTINE et al. 1992). due probably to the low 
prevalence of T gondii (SASSEVILLE et al. 1995). and no conclusion can be drawn 
from these individual reports. Belonging to the same family as HIV and SIV 
(Ientiviridae). the FIV has been used to develop a model of AIDS in cats. Since 
cats are definitive hosts of T gondi/~ such a model could be especially ap­
propriate to investigate the effects of co-infection with T gondii. The first 
retrospective epidemiological study on cats allowed the influence of FIV on 
T gondii infection to be assessed (O'NEIL et al. 1991). Among cats with a 
positive serology for FIV, 57.1 % had serological evidence of co-infection with 
T gondii, which is not significantly different from the overall seroprevalence 
of T gondii in cats. The most common clinical manifestation of toxoplasmosis 
in co-infected animals was ocular disease (77.7%). similar to that reported in 
FIV-naive cats, and no cat had central nervous system disease. However, 
while initial signs of disease were responsive to anti-Toxop/asma drugs, re­
currences of symptoms were common. Finally, this report shows that under 
natural conditions of infection, it remains uncertain whether immunosup­
pression resulting from FIV infection predisposes cats to clinical toxoplasmosis. 
There are a few experimental studies of co-infection with FIV and T gondii 
in cats which attempt to obtain a parasitic reactivation, or to study the effect 
of a previous FIV infection on the resistance to a primary infection with T 
gondii (Table 1). In one study, LAPPIN et al. (1992) used cats which had been 
infected perorally with T. gondii cysts and had developed an asymptomatic 
infection. These animals were challenged 6 months later with FIV; after viral 
infection, the follow-up consisted in clinical examination, count of oocyst ex­
cretion and T. gondii serology. This co-infection did not result in any significant 
change, except for an increase in anti-T gondii specific immunoglobulin M 
(lgM). which could be suggestive of an active toxoplasmosis, and a decrease 
of antigen-induced Iymphocyte transformation. Two other studies examined 
the impact of a prior FIV-induced immunosuppression on the course of a 
primary infection with T. gondii (LIN et al. 1992; DAVIDSON et al. 1993). and 
concluded that FIV infection could favor the establishment of toxoplasmosis. 
In one study, FIV-infected cats were challenged perorally with cysts of T. 
gondii and co-infection resulted in a mild increase in parasite burdens in the 
brain and mesenteric Iymph nodes of co-infected cats. In the second study, 
cats were challenged with T. gondii by intra-carotid injection of tachyzoites. 
Toxop/asma infection in the FIV-infected cats caused an acute systemic disease 
in all animals, with 75% mortality, even in those receiving a specific antitox-
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oplasmic therapy administered from the onset of symptoms. The predominant 
lesions responsible for death were interstitial pneumonitis, hepatic necrosis, 
and meningoencephalitis. All animals developed ocular lesions. Co-infection 
with T. gondii had apparently no effect on FIV-induced alterations of the mac­
rophage activity, and the Iymphocyte response to T. gondii antigen was not 
affected by FIV infection (LIN and BOWMAN 1992a). On the other hand, LIN and 
BOWMAN (1992b) noted that through an increased production of tumor necrosis 
factor (TNF). infection with T. gondii could increase immune dysfunctions 
caused by FIV in co-infected cats and thus favors a more rapid progression 
of the viral disease. However, this observation needs to be confirmed by 
quantification of the viral burden and assessment of immune functions during 
co-infection. Finally, under the experimental conditions that were used, these 
models of co-infection with T. gondii and FIV were not relevant to the study 
of toxoplasmic reactivation, confirming the observations that were made under 
natural conditions of co-infection. However, these models revealed significant 
interactions between the two pathogens, and the possible enhancing role of 
T. gondii on the course of the viral disease. 

The murine model of AIDS (MAIOS) has been extensively used to study 
the pathogenesis of virus-induced immunosuppression. This model is based 
on infection of mice with the LP-BM5 MuLv mixture resulting, within 6-20 
weeks, in a progressive immunodepression and an increased susceptibility to 
infection. Although this model is open to criticism, the induced syndrome is 
considered similar to that observed in AIDS (MORSE et al. 1992). This model 
has thus been used to examine dual infections of LP-BM5 with the most 
frequent AIDS-associated pathogens, i.e., Cryptosporidium (DARBAN et al. 1991). 
Mycobacterium avium (ORME et al. 1992). Candida albicans (COlE et al. 1992). 
Plasmodium berghei (ECKWAlANGA et al. 1994). Leishmania major and L. ama­
zonensis (BARRAl-NETIO et al. 1995; DOHERTY et al. 1995). Trypanosoma cruzi 
(SllVA et al. 1993). and T. gondii (GAZZINElLi et al. 1992; WATANABE et al. 1993; 
LACROIX et al. 1994). 

The results obtained in three studies of co-infection with T. gondii markedly 
va ried according to the experimental conditions, the strain and inoculum size 
of T. gondii and LP-BM5 (Table 2). Although WATANABE et al. (1993) could induce 
toxoplasmic reactivation which manifested as encephalitis in 100% of co-in­
fected mice, GAZZINElLi et al. (1992) found reactivation of the parasitic infection, 
but only 30%-40% of mortality was seen. In this second study, in spite of 
an impaired production of interferon gamma (IFN-y) in co-infected animals, 
additional administration of antibodies against IFN-y or CD8+ T cells was 
necessary to induce a reactivation in all animals. In the same way, LACROIX et 
al. (1994) observed only a weak increase in pulmonary parasitic loads in co­
infected mice, but no difference in mortality compared with mice solely infected 
with T. gondii or LP-BM5. In the two latter studies, the susceptibility of LP­
BM5-infected mice to T. gondii infection was also examined. In both studies, 
mice infected with the viral complex were more susceptible to T. gondii, clinical 
manifestations were a disseminated and fatal toxoplasmosis (GAZZINElLi et al. 
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Table 2. T gondii and LP-BM5 infection in mice (murine AIDS) 

Mice 

GAZZINELLI et al. 1992 
C57BI/6 

WATANABE et al. 1993 
C57BI/6 

LACROIX et al. 1994 
C57BI/6 

Strain of T gondti' Viral dose 

C56 105 tachyzoites 1032 PFU 
ME49 20 cysts ip 
ip 

Fukaya 3.8x104 PFU 
10 cysts ip 
ip 

C 10 cysts 4x103 PFU 
po iv 

(retro-orbital) 

mAb, monoclonal antibody; for other abbreviations see Table 1. 

Symptoms and pathology 

Inconstant cerebral reactivation 
(30% of ca ses. 5-16 weeks 
post infection with LP-BM5. 
Decrease of IFN-y production. 
Increased mortality if injection 
of anti-CD4 + or anti-IFN-y mAb 

Cerebral reactivation (100%) 
9-14 weeks post LP-BM5 
infection. Focal lesions. 
Depressed Iymphocyte 
response to antigen 

Pulmonary reactivation during 
acute infection. No reactivation 
of chronic infection 

1992) or pulmonary toxoplasmosis assessed by a re-increase of pulmonary 
parasitic burdens after an initial clearance of the parasites (LACROIX et al. 1994). 
This enhanced susceptibility was associated with decreased IFN-y production 
and a failure to activate CD4 + and CDS+ T cells (GAZZINELLI et al. 1992). These 
studies also showed that T gondii infection could influence the natural course 
of MAIDS (GAZZINELLI et al. 1992; LACROIX et al. 1994). Indeed, while LP-BM5 
infection induces progressive splenomegaly and Iymphadenopathy, the weight 
of spleens and Iymph nodes of co-infected mice was significantly lower than 
that of mice infected with the virus alone. These changes were associated 
with a reduced expression of the murine retrovirus (GAZZINELLI et al. 1992). 
Thus, T gondii infection could interact with progression of the viral disease 
in dually infected mice. Mechanisms of interaction remain hypothetical, but 
possibly involve cross-regulation between the Th1 cytokines, that are largely 
predominant during T gondii infection and the Th2 cytokines that are mainly 
involved in the progression of the viral disease. 

Although these models of co-infection with LP-BM5 and T gondii have 
proved to be of great interest in studying the pathogenesis of T gondii reac­
tivation and the in vivo interaction of parasitic infection on the course of a 
viral disease, no pharmacological applications have been developed to examine 
the preventive efficacy of antiviral or antiparasitic drugs on the occurrence of 
reactivated toxoplasmosis. This is due in part to the complexity of these models 
which are dependant on multiple factors and thus may lack reproducibility for 
large-scale studies of antimicrobial agents. 
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3 Co-infection with Toxoplasma gondii 
and Other Opportunistic Agents 

Among the opportunistic infections that predominantly occur in patients with 
AIDS, pneumocystosis and disseminated MAI infection are the most frequent, 
and are almost invariably encountered at a late stage of the viral disease. As 
with toxoplasmosis, these infections are contained by immunity and remain 
latent for several years, with subsequent clinical manifestation as virus-induced 
immusuppression progresses. Since co-infection with these three pathogens 
is a common feature in AIDS patients, factors responsible for their reactivation 
or dissemination need to be studied concurrently in models of double or tripie 
infection. For obvious technical reasons, such in vitro or in vivo models are 
difficult to establish and have mainly been developed for pharmacological 
studies, in an attempt to identify drugs or drug combinations which would 
be effective for treatment and prophylaxis of at least two opportunistic infec­
tions. Two animal models of co-infection, one with P. carinii and one with 
MAI have been developed in our laboratory and are currently being used for 
this purpose. 

3.1 Co-infection with Toxoplasma gondii 
and Pneumoeystis eaTinii 

Because P. carinii cannot be maintained and grown in vitro, experimental 
studies of co-infection with this pathogen have only been performed in vivo. 
A model of concurrent infection has been developed in immunocompromised 
rats, associating a P. carinii pneumonia and an acute toxoplasmosis (BRUN-PA­
SCAUD et al. 1994). Für many years, rats have been extensively used for ex­
perimental pneumocystosis, but their use for studying toxoplasmosis has been 
limited because of their "natural" resistance to the T gondii strains that are 
usually highly virulent in mice. The administration of corticosteroids during 
5-7 weeks can induce a reactivation of the naturally acquired P. carinii infection, 
causing a progressive pneumonia, and also makes the rats susceptible to T 
gondii infection. Thus, challenge with tachyzoites of the virulent RH strain of 
T gondii can result in an acute toxoplasmosis which develops concurrently 
with P. carinii pneumonia. Without treatment or prophylaxis, rats die within 
5 days of challenge with T gondii and present typical P. carinii interstitial 
pneumonia associated with disseminated toxoplasmosis, involving spleen, 
lungs, liver, and brain. This model, in which a partially resistant host becomes 
susceptible to infection because of immunosuppression is closely comparable 
to the situation observed in humans. This model was found relevant for clinical 
treatment since it offers the unique opportunity to assess the effects of anti­
microbial agents against two pathogens infecting an immunocompromised 
host. It has been used to confirm the efficacy of the combinations trimethoprim 



230 C. Lacroix et al. 

plus sulfamethoxazole and pyrimethamine plus dapsone against P. carinii and 
T. gondii and to show that other drugs like atovaquone and roxithromycin 
administered alone offer only a partial protection against P. carinii and T. gondii, 
respectively (BRUN-PASCAUD et al. 1994). 

3.2 Co-infection with Toxoplasma gondii 
and Mycobacterium avium-intracellulare Complex 

Both T. gondii and MAI are obligate intracellular pathogens which may interact 
within the same cell. BLACK et al. (1990) observed that in macrophages co-in­
fected with T. gondii and MAI in vitro, the inhibition of intracellular growth of 
MAI that is usually observed within TNF-treated macrophages was abrogated 
by the presence of the parasite despite successful phagolysosomal fusion. 
This suggests that at a cellular level. co-infection could result in an exacerbation 
of one infection by the other. Such interaction has not been observed in vivo 
in a mouse model of concurrent chronic Toxop/asma and MAI infection (MAsLo 
et al. 1995). On the contrary, co-infected mice showed less clinical symptoms 
than those infected by each agent alone, despite the fact that the kinetics of 
parasite burdens in brain and lungs and bacterial loads in lungs and spleen 
showed no difference between singly or dually infected mice (c. MAsLo, un­
published). This was especially noted within 2-4 weeks post infection, aperiod 
at which T. gondii is predominantly found in the lungs, suggesting a possible 
interaction between the two pathogens on local pulmonary immune or inflam­
matory responses. Characterization of cytokines and cells involved in this re­
sponse are in progress. The murine model of chronic co-infection with T. 
gondii and MAI has also been used for pharmacological studies, mainly to 
identify drugs that could be used for primary prophylaxis of both infections. 
The efficacy of rifabutin (which is effective against MAI and T. gondii) alone 
or in combination with atovaquone (which is effective against T. gondii cysts 
and tachyzoites) has been examined. These studies showed a synergistic effect 
of both drugs on T. gondii brain cysts, with a greater reduction of parasitic 
burdens in concurrently infected mice, compared to mice infected with T. 
gondii alone. Furthermore, a reduction of pulmonary MAI loads was observed 
in mice infected with MAI alone, and this reduction was more pronounced 
and prolonged in co-infected mice. These results imply that interactions be­
tween the two infections could markedly interfere with the mode of action 
and efficacy of drugs. These models of concurrent infection with T. gondii 
and other opportunistic agents are of real interest in the development of new 
strategies for combined prophylaxis or therapy. Our future objective will be 
to extend these models to a tripie infection, by associating a MAI infection 
to the model of co-infection with toxoplasmosis and pneumocystosis. 
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4 Conclusions 

The pathogenesis of reactivation of latent T gondii infection in hosts with 
viral-induced immunosuppression remains poorly understood. Animal models 
of concurrent infection with T gondii and a virus appear difficult to standardize 
because of the number of factors involved in the model, and are anyway 
distant from the human disease. Nevertheless, they are of major interest for 
studying the interactions between T gondii and viral infections, and have 
highlighted the important regulatory role of the lungs in acute toxoplasmosis. 
In addition, these studies have revealed that T gondii may influence the pro­
gression of viral disease, either in exacerbating the course of FIV infection or 
in reducing MAIDS progression. Additional studies are needed to assess the 
role of cytokines and different cell types of the immune system, as weil as 
to quantify viral loads in infected animals. In the model of concurrent T gondii 
and MAI infection, such interactions have also been seen to have significant 
effects on the efficacy of drugs. Taken together, these observations show 
that the pathogenesis and therapy of toxoplasmosis cannot be considered as 
an individual problem and should be examined within the context of multiple 
infections and combined therapies, a situation occurring in most patients and 
especially during AIDS. The models of co-infection which have been developed 
represent a first approach for such studies. Despite their drawbacks and limi­
tations, these models offer a unique opportunity to analyze the individual 
response to each pathogen and to identify new combined therapies against 
toxoplasmosis and other common opportunistic infections. 
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1 Introduction 

As yet. only a few drugs are available that are frequently used for the treatment 
of human toxoplasmosis. Pyrimethamine and sulfadiazine are regularly used 
in combination and are the first choice for most clinical conditions. However, 
due to severe side effects that are observed especially with sulfadiazine, other 
drugs, such as clindamycin, have successfully been used as alternative treat­
ment. Since pyrimethamine might be teratogenic when used in the first weeks 
of pregnancy, spiramycin has been introduced as first-choice treatment during 
the first 16-20 weeks of pregnancy. In addition to these four well-established 
drugs, others such as tetracycline or cotrimoxazole have been studied as 
therapeutics against toxoplasmosis. Although their effectiveness has been 
demonstrated to some extent. they have not been accepted as general treat­
ment (Joss 1992). None of these drugs has been shown to completely eliminate 
the parasite in the human host. Since persistent infection with cysts is the 
source of reactivated toxoplasmosis, new drugs have been developed that 
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might even be more effective against the cyst stage. The hydroxynaphtho­
quinone atovaquone and macrolides such as azithromycin, clarithromycin, and 
roxithromycin are thought to inhibit the tachyzoite and the cyst stage as weil, 
as has been shown in vitro or/and in vivo (ARAUJO et al. 1991, 1992a, 1992b; 
BLAIS et al. 1993a, HUSKINSON-MARK et al. 1991). 

2 Mode of Action of Chemotherapeutics 
Against Toxoplasma gondii 

2.1 Pyrimethamine 

Pyrimethamine inhibits the enzyme dihydrofolate reductase, which is an im­
portant key enzyme in the folic acid metabolism, and acts by converting di­
hydrofolate to tetrahydrofolate. This reaction occurs in both mammalian and 
protozoan cells. Since there is little homology between this enzyme in both 
cell types, dihydrofolate reductase of the parasite possesses a significant higher 
affinity for pyrimethamine than the enzyme of the host cells, resulting in a 
toxicity for the parasite that is more than 1000 times greater than for the 
human Gell. The combination of pyrimethamine with sulfadiazine, which acts 
synergistically, is currently the most effective therapy against the tachyzoite 
stage of T. gondli (Joss 1992). 

2.2 Sulfadiazine 

Sulfadiazine, which is a chemically synthesized analog of para-aminobenzoic 
acid, competitively inhibits de novo synthesis of folic acid. Like pyrimethamine, 
sulfadiazine inhibits nucleic acid synthesis in T. gondii. Whereas the effect of 
pyrimethamine is thought to be parasiticidal, sulfadiazine is thought to inhibit 
replication rather than kill the parasite (DEROUIN and CHASTANG 1989). It has been 
shown that sulfadiazine induces more adverse side effects than any other 
drug routinely used for toxoplasmosis, and hypersensitivity results most often 
from long-term treatment (Joss 1992). 

2.3 Clindamycin 

Long-term exposure to clindamycin seems to be important for the effectiveness 
of this drug against T. gondii (DEROUIN et al. 1988). This lincosamide inhibits 
protein synthesis of the parasite by binding to ribosomes, but has no effect 
on RNA synthesis of free tachyzoites (BLAIS et al. 1993b). In addition to reducing 
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the level of replication of T gondii, clindamycin impairs the ability of tachyzoites 
to infect host cells (BLAIS et al. 1993b). However, it is not understood why it 
presents selective toxicity to parasitic cells. It is possible that clindamycin 
acts on the multimembranous organelle that has recently been discovered in 
T gondii. This organelle, which is located near the Golgi apparatus and the 
nucleus, harbors the 35-kb extrachromosomal element containing prokaryotic­
type ribosomal genes. These genes might be the target for clindamycin and 
would thus explain the selectiveness of this drug (BECKERS et al. 1995). Since 
clindamycin is highly lipid-soluble and readily penetrates the eye, it is the drug 
of choice for treatment of ocular toxoplasmosis (TABBARA and O'CONNOR 1980). 
In combination with pyrimethamine, clindamycin has recently received more 
attention with treatment of cerebral toxoplasmosis in immunosuppressed pa­
tients, such as those suffering from the acquired immunodeficieney syndrome 
(AIDS) (HAVERKOS 1987). 

2.4 Spiramycin 

Spiramyein, a maerolide antibiotic, also aets by inhibiting protein synthesis of 
T gondii. Although its antiparasitic aetivity seems to be rather low, the in vivo 
effeet of spiramyein is explained by its exeeptional persistence in tissues, 
espeeially in the plaeenta (SCHOONDERMARK-VAN DE VEN et al. 1994). Therefore, 
spiramyein is primarily used in the treatment of women in their first months 
of pregnancy. It is thought that spiramyein prevents spread of infection to 
the fetus by inhibiting the proliferation of parasites released from eysts whieh 
reside in the plaeenta (SCHOONDERMARK-VAN DE VEN et al. 1994). 

2.5 Hydroxynaphthoquinones 

Hydroxynaphthoquinones, such as atovaquone (566C80). target the parasite's 
mitochondrial bel eomplex, in whieh electrons are transferred from ubiquinone 
to eytochrome c (HUDSON 1993). Investigations using T gondii mutants resistant 
to atovaquone suggested that de novo pyrimidine synthesis is not the major 
biochemical target of this drug (PFEFFERKORN et al. 1993). Atovaquone seems 
to have a parasiticidal effect not only on tachyzoites, but also on bradyzoites. 
However, the drug is not able to totally eliminate the parasite from its infeeted 
host (FERGUSON et al. 1994) 

2.6 New Macrolides 

The new maerolides azithromycin, clarithromyein and roxithromyein are eur­
rently being evaluated for their effeet on T gondii (CHANG and PECHERE 1988). 
Azithromycin and clarithromycin seem to be parasitostatic (DERouIN and CHASTANG 
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1990). Azithromycin, which concentrates inside infected host cells, specifically 
inhibits protein synthesis of T. gondii, without affecting RNA synthesis (BLAIS 
et al. 1993a). 

3 Evaluation of the Effect of Drugs 
in Animal Experiments 

In a murine model where mice were previously infected intraperitoneally with 
104 tachyzoites of the RH strain, a dose which leads to early lung involvement 
and subsequent death in untreated control animals, sulfadiazine was shown 
to be the most effective therapy. All sulfadiazine-treated mice survived the 
period of treatment, and parasitic load significantly decreased after treatment. 
Pyrimethamine alone was less effective, protecting only 36.4% of mice. When 
sulfadiazine was combined with pyrimethamine, 100% of mice survived and 
parasites were undetectable during and after treatment. However, when the 
start of treatment was delayed 4 days after infection, mice were protected, 
with a complete clearance of parasites from blood and organs during treatment, 
but relapses were observed after cessation of therapy (PIKEnY et al. 1990). 
The efficacy of the combination of pyrimethamin and sulfadiazine was also 
confirmed for treatment of congenital toxoplasmosis in a rhesus monkey 
model. Following intravenous infection at day 90 of pregnancy (resembling 
the second trimester of organogenetic development in humans) with 5x106 

RH tachyzoites, the monkeys with infected fetuses were treated throughout 
pregnancy with pyrimethamin, sulfadiazine, and folinic acid. No parasites could 
be detected in the newborns whose mothers were treated, whereas 75% of 
newborns whose mothers were untreated were T. gondii positive. The drugs, 
which were well-tolerated, crossed the placenta very efficiently (SCHOONOER­
MARK-VAN OE VEN et al. 1995). In a similar study, spiramycin was evaluated with 
congenital toxoplasmosis in rhesus monkeys, also resulting in the absence 
of parasites in neonatal organs. Spiramycin accumulated mainly in maternal 
tissue, and in contrast to pyrimethamine, it could not be detected in the brains 
of fetuses (SCHOONOERMARK-VAN OE VEN et al. 1994). 

Clindamycin was not protective in a murine model, where mice were 
previously infected intraperitoneally with 104 tachyzoites of the RH strain (PIKEnY 
et al. 1990). 

The hydroxynaphthoquinone atovaquone (566C80) has been shown to sig­
nificantly reduce the number of brain tissue cysts in mice that were intraperi­
toneally infected with 10-20 cysts of T. gondii strain ME49. Since a marked 
increase in the number of Iysed or degenerate bradyzoites was observed 
upon treatment, it was postulated that atovaquone is more directed against 
the metabolically active immature bradyzoites than the mature cyst-stage para­
sites. In addition, the inflammatory response was significantly reduced in ato-
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vaquone-treated animals compared with untreated control animals (ARAUJO et 
al. 1992a; FERGUSON et al. 1994). When atovaquone was combined either with 
pyrimethamine, sulfadiazine, or clarithromycin, the survival rate of mice that 
had previously been infected intraperitoneally with 104 RH tachyzoites could 
be improved, whereas parasite load was not affected in comparison to mice 
treated with any of the agents alone (ROMAND et al. 1993). 

Macrolide antibiotics affect acute toxoplasmosis differently in the murine 
animal model. Azithromycin protected 100% of mice which were intraperito­
neally infected with 2.5x1 03 RH strain tachyzoites, compared to 70% protection 
with roxithromycin and 30% protection with clarithromycin. All untreated, in­
fected mice and all mice that were treated with spiramycin died (ARAUJO et 
al. 1991, 1992b). No cysts could be detected in the brains of azithromycin­
treated mice, indicating that this drug might be a promising alternative to 
agents currently in use. The effectiveness of clarithromycin can be improved 
by combining it with either pyrimethamine, sulfadiazine, or minocycline (ARAUJO 
et al. 1992b; DEROUIN et al. 1992). Like atovaquone, clarithromycin alone or in 
combination with minocycline reduced the total number of cysts within the 
brains of infected animals. However, a wide variation in the effectiveness 
against different T gondii strains with either clarithromycin or azithromycin 
alone was observed (ARAUJO et al. 1991, 1992b). Therefore, Toxoplasma strain­
dependent efficacy of antibiotics should always be considered when che­
motherapeutics are under evaluation. 

Doxycycline has been shown to protect 100% of mice from death. These 
animals had been previously infected intraperitoneally with 105 tachyzoites of 
the RH strain. However, although the mice were clinically asymptomatic, autop­
sies performed at termination of the experiments revealed the presence of 
the parasites in the brains of all animals, indicating that none of the animals 
were cured from T gondii. When pyrimethamine was combined with doxycy­
cline, a eure rate of 60% was achieved (CHANG et al. 1990). 

4 Methods for Analyzing the Effect of Drugs 
on Parasite Replication in Cell Cultures 

As with animal models, a method of standardization for analyzing in vitro drug 
activity with T gondii does not exist. Although most studies used the same 
T gondii strain, different types of host cells were used, as weil as different 
methods for determining the rate of replication and different incubation periods. 
In a study performed by MACK and McLEOD (1984). murine peritoneal macro­
phages infected with RH strain parasites were incubated for 20 h in the 
presence of several drugs. The replication rate was determined by measuring 
uptake of [3H]uracil. This incorporation is highly specific for T gondJi' parasites 
because the eukaryotic host cells lack the required salvage enzyme, uracil 
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phosphoribosyltransferase (PFEFFERKORN 1978). In this study, sulfadoxine 
(100 Ilg/ml) alone had no significant effect on parasite replication, whereas 
sulfadiazine (100 Ilg/ml) significantly inhibited parasite growth. The most ef­
fective monotherapy was with pyrimethamine (0.2 Ilg/ml). This effect could 
be enhanced by combining pyrimethamine (0.1 Ilg/ml) with sulfadiazine 
(100 Ilg/ml). Clindamycin had no effect on replication of either intracellular or 
extracellular parasites under these experimental conditions (MACK and McLEOD 
1984). Using a similar experimental design, different macrolides and T. gondii 
RH tachyzoites added to monolayers of bovine turbinate cells were incubated 
for 20 h, and replication was determined by [3H]uracil uptake (CHAMBERLAND et 
al. 1991). Whereas roxithromycin had no detectable activity and spiramycin 
showed only limited activity, with 20.16 Ilg/ml as the 50% inhibitory concen­
tration (IC50). erythromycin and azithromycin demonstrated better anti-Toxo­
plasma activity, with IC50 of 14.38 and 8.61 Ilg/ml. respectively. Azithromycin 
was the only macrolide demonstrating inhibitory activity on the replication of 
intracellular tachyzoites, an effect that could be enhanced when combined 
with pyrimethamine (CANTIN and CHAMBERLAND 1993). 

Recently performed studies indicate that onset of inhibition of replication 
is delayed when clindamycin and macrolide antibiotics, such as azithromycin 
or spiramycin, are used. It has been shown that clindamycin has little effect 
on parasite multiplication until many cell divisions have occurred (PFEFFERKORN 
and BOROTZ 1994). This might explain why clindamycin failed to demonstrate 
any effect in the short-term study performed by MACK and McLEOD (1984). 
When RH strain-infected human fibroblasts were incubated with clindamycin 
for at least 3 days, parasite growth could be reduced by 50% at 1 ng/ml 
clindamycin. At 6 ng/ml. this drug is even parasiticidal (PFEFFERKORN et al. 1992). 
A very recently performed study utilizing RH strain-infected human foreskin 
fibroblasts, demonstrated that clindamycin-treated parasites establish intracel­
lular vacuoles in which they divide every 7 h, and the replication rate is not 
inhibited while they are in the first-cycle parasitophorous vacuole. When their 
clonal progeny ultimately rupture the host cell after 48-56 h, drug-treated 
parasites establish parasitophorous vacuoles inside new host cells as efficiently 
as untreated controls. However, replication in this second-cycle vacuole is 
significantly inhibited, and seems to be be dependent solelyon the concen­
tration and duration of drug treatment in the first (previous) vacuole. Efficient 
concentrations of clindamycin cause the parasites to emerge from the second 
vacuole, eventually leading to parasite death. Those treated less extensively, 
however, may infect a third cell where they might revert to normal replication 
rates (FICHERA et al. 1995). This peculiar kinetics of drug action differs from 
other drugs such as pyrimethamine, which inhibits parasite replication within 
the first parasitophorous vacuole. 

An enzyme-linked immunosorbent assay (ELlSA). utilizing a monoclonal 
antibody directed against the tachyzoite surface antigen SAG 1, was used as 
another approach for determing replication rates of T. gondii (RoMAND et al. 
1993). In this assay, MRC5 fibroblasts were infected with tachyzoites of the 
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RH strain for 4 h, followed by incubation with antibiotics for 72 h. The hy­
droxynaphthoquinone atovaquone was shown to be effective, with an IC50 of 
23 ng/ml. Atovaquone has only limited absorption rates when administered 
perorally, demonstrated by the fact that this hydroxynaphthoquinone has re­
markable in vitro activity at a very low concentration compared to necessity 
of high-dose treatment in vivo. The combination of atovaquone with either 
sulfadiazine, clarithromycin, or minocycline had no synergistic effect. Surpris­
ingly, a significant antagonistic effect was observed with the combination of 
atovaquone and pyrimethamine (RoMAND et al. 1993). Since immunosuppressed 
patients might experience reactivation of latent T. gondii cysts, the effect of 
atovaquone against this parasite stage has also been evaluated. ME49 strain 
cysts isolated from the brains of infected mice were treated in vitro with 
100 Ilg atovaquone per ml for 72 h, resulting in loss of viability of the cysts, 
which was determined by staining with either acridine orange and ethidium 
bromide or by survival of mice inoculated with treated cysts (ARAUJO et al. 
1992a). In a similar study, in which cysts were incubated for 4-8 days in the 
presence of antibiotics, atovaquone and azithromycin separately, both at a 
concentration of 100 Ilg/ml, proved to be active against the cyst stage, whereas 
the same concentration of sulfadiazine had only limited effect. In contrast, 
clindamycin at 100 Ilg/ml and pyrimethamine at 5 Ilg/ml showed no activity 
against the cyst stage in vitro (HusKINsoN-MARK et al. 1991). 

Other drugs that are currently not in routine therapeutic use against human 
toxoplasmosis were also evaluated in vitro. Doxycycline, but not tetracycline, 
has been shown to be active, with an IC50 of 6.4 Ilg/ml, when used to treat 
RH strain-infected monolayers of murine peritoneal macrophages (CHANG et 
al. 1990). At least 0.5 Ilg/ml of the antimalarial compound quinghaosu (arte­
misinin) was determined, by [3H]uracil uptake, to inhibit parasite replication in 
vitro, when enterozytes or murine peritoneal macrophages were infected with 
RH strain tachyzoites. No inhibitory effect on intracellular T. gondii parasites 
has been observed with primaquine, mefloquine, or quinine in this experimental 
design (HoLFELS et al. 1994). Pentamidine, another antimalarial drug, has also 
been shown to be active against RH tachyzoites in vitro at a concentration 
of 10 or 25 Ilg/ml. However, in this assay where Vero cells were the host 
cells, pyrimethamine was superior at a concentration of 10 Ilg/ml (LINDSAY et 
al. 1991). 

These studies demonstrate that a broad range of antibiotics have anti­
Toxop/asma activity in vitro, some of which are only rarely used or not routinely 
used as anti-Toxop/asma therapeutics, such as clindamycin, atovaquone, or 
artemisinin. However, it should be noted that the effect of all these antibiotics 
was primarily evaluated with RH strain tachyzoites of T. gondii. Since it is not 
clear whether strain-specific differences exist for the action of certain drugs, 
other strains of T. gondii should be further examined. 
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5 Induction of Bradyzoite-Specific Antigen Expression 
of T. gondii by Antibiotics 

Nearly all studies that have analyzed the activity of antibiotics in vitro have 
been restricted to determing their effect on replication, rather than on stage 
conversion. However, since the dormant cyst stage is the cause of reactivation 
in immunocompromised patients, it is postulated that optimal drug therapy 
should not only inhibit replication, but should also prevent stage differentiation 
from tachyzoites to bradyzoites. 

Stress factors such as alkaline cell culture medium conditions, heat shock, 
or nitric oxide (NO) have been shown to induce the expression of bradyzoite­
specific antigens (BOHNE et al. 1994; GROSS et al. 1996; SOETE et al. 1994). 
However, inhibition of parasite replication does not always correlate with stage 
differentiation, as was demonstrated with tachyzoite-infected and interferon­
gamma (IFN-y)-activated human fibroblasts, in which parasite replication was 
inhibited, but no induction of bradyzoite-specific antigens occurred (GROSS and 
BOHNE 1994). 

The importance of NO as a molecule which inhibits the mitochondrial 
respiratory chain of both the host cell and the parasite could be confirmed 
in human fibroblasts and an isogenic mutant host ceilline lacking mitochondrial 
DNA. Treatment with either the NO donor sodium nitroprusside or with the 
respiratory chain inhibitor oligomycin resulted in a lower growth rate of T. 
gondii and induction of bradyzoite-specific antigen expression in both host 
cell types (BOHNE et al. 1994). Since physical or chemical stress seems to be 
equally effective in inducing stage differentiation, the effect of several anti­
biotics on induction of bradyzoite-specific antigens was analyzed in vitro (U. 
GROSS and F. POHL, unpublished). Monolayers of murine bone marrow-derived 
macrophages were infected with tachyzoites from strains RH, NTE, or C56. 
These strains represent each of the three groups of a T. gondii classification 
system that has been recently proposed by PARMLEY et al. (1994). Following 
incubation with several antibiotics at different concentrations for 96 h, the 
amount of parasitophorous vacuoles expressing bradyzoite-specific antigens 
was determined by their reactivity with a stage-specific monoclonal antibody 
in an immunofluorescence assay. Simultaneously, the replication rate of the 
parasites was semiquantitatively determined by counting the average number 
of parasites per parasitophorous vacuole. Pyrimethamine, sulfadiazine, and 
atovaquone each significantly reduced replication of T. gondii, whereas no 
effect was observed with spiramycin and clindamycin under these experimental 
conditions. By determining [3H]uracil uptake, atovaquone was shown to be 
superior in inhibiting parasite replication. In addition, pyrimethamine, sulfadia­
zine, and atovaquone also significantly induced differentiation towards the 
bradyzoite stage (Fig. 1). Strain-specific differences, with respect to the efficacy 
of the antibiotics, were not observed in this study. The antibiotics that were 
analyzed in this study did not significantly reduce replication without inducing 
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Fig. 1. Representative experiment demonstrating the in vitro activity 01 antibiotics on replication 
and tachyzoite-bradyzoite differentiation 01 T gondii. Murine bone-marrow derived macrophages 
were inlected with NTE-strain tachyzoites and incubated with antibiotics lor 96 h. The ratio 01 
parasitophorous vacuoles (PV) expressing bradyzoite-specilic antigens (bsa) as an early indicator 
01 tachyzoite-bradyzoite differentiation was analysed by using the bradyzoite-specilic monoclonal 
antibody 4F8 (BOHNE et al. 1993) in an immunolluorescence assay. The parasite replication rate 
was determined by the absolute numbers 01 parasites per PV. Only the most efficient concentrations 
01 antibiotics are compared. Numbers on y axis indicate percentage 01 bsa-positive PV and also 
absolute numbers 01 parasites per PV 

stage differentiation. Therefore, under the conditions of this experimental de­
sign, no drug has been shown to fulfill the criteria of an optimal therapy to 
definitely eliminate the parasite. 

6 Summary and Outlook 

The combination of pyrimethamine and sulfadiazine, which is routinely used 
for therapy of human toxoplasmosis, has been shown to be most efficient in 
reducing tachyzoite replication in T. gondii infected animal models and cell 
culture. It has been demonstrated in vivo and in vitro that the recently developed 
antibiotics azithromycin and atovaquone are also active against the cyst stage 
of this protozoan parasite. Although significantly inhibiting tachyzoite replica­
tion, pyrimethamine, sulfadiazine, and atovaquone each induce the expression 
of bradyzoite-specific antigens and thereby probably initiate the persistence 
of T. gondii. Since optimal Toxop/asma-specific treatment should inhibit both 
replication and tachyzoite-bradyzoite stage conversion, new developments of 
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therapeutics are necessary. One future approach could be the use of antisense 
oligonucleotides that specifically inhibit translation of essential and parasite­
specific genes (SARTORIUS and FRANKLIN 1991). for example, genes encoding 
rhoptry antigens or ribosomal genes of the 35-kb extrachromosomal element 
(BECKERS et al. 1995). Alternatively, modulation of cytokine production which 
selectively inhibits parasite replication and tachyzoite-bradyzoite differentiation, 
could be another promising therapeutical approach killing the parasite within 
the host. 
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Chemotherapy for aeute toxoplasmosis has elassieally relied on inhibitors of 
the folate metabolie pathw,ay (BROOKS et al. 1987), typieally a synergistie eom­
bination of sulfonamides (inhibitors of dihydropteroate synthase, whieh pro­
duees folie aeid) and inhibitors of dihydrofolate reduetase (e.g., pyrimethamine). 
Unfortunately, the eombination of pyrimethamine and sulfonamides has been 
less sueeessful against toxoplasmie eneephalitis assoeiated with aequired im­
munodefieieney syndrome (AIDS) (LUFT and REMINGTON 1992). Chronie treatment 
must be maintained to guard against the re-emergenee of parasites from 
latent tissue eysts, as the bradyzoite forms are insensitive to most metabolie 

inhibitors. Long-term sulfonamide administration often produees a severe 
hypersensitivity response, however, and pyrimethamine alone is usually insuf­
fieient to prevent relapse; prolonged pyrimethamine therapy mayaiso result 
in bone marrow depression (HAVERKOS 1987; LEPORT et al. 1988; TENANT-FLOWERS 
et al. 1991). Moreover, relianee on ehronie treatment raises the fear that drug-

Department of Biology. University of Pennsylvania, 415 S. University Avenue, Philadelphia PA 19104-
6018. USA 
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resistant parasites may emerge. These concerns have lent renewed impetus 
to the development of improved treatment protocols, the identification of novel 
parasiticidal agents, and studies on the metabolism of the parasite, with an 
eye toward more effective drug therapy (LAUGHON et al. 1991). 

Several alternatives to antifolate therapy have been reported in recent 
years, but no generally applicable treatment for AIDS-associated toxoplasmosis 
has yet been developed (ARAUJO and REMINGTON 1992). In conjunction with pyri­
methamine, antibiotics of the macrolide/lincosamide/azalide class (such as clin­
damycin and azithromycin) have been used successfully for initial and main­
tenance therapy of toxoplasmic encephalitis (KATLAMA 1991; DANNEMAN et al. 
1992). Although these compounds are well-characterized as inhibitors of protein 
synthesis in prokaryotic systems (STEIGBIGEL 1990). they appear not to target 
the cytoplasmic ribosomes of Toxoplasma (BECKERS et al. 1995). and their mech­
anism of action against Toxoplasma gondii remains unclear (PFEFFERKORN and 
BOROTZ 1994; FICHERA et al. 1995). Other compounds have been identified which 
exhibit clear activity against T. gondii in vitro, including atovaquone (ARAUJO 
and REMINGTON 1992). cyclosporins (HIGH et al. 1994). and various suspected 
cytoskeletal inhibitors (STOKKERMANS et al. 1996). but the precise targets of these 
drugs are also unknown. A further source of potential anti-Toxoplasma agents 
are inhibitors known to be active against Plasmodium and other Apicomplexan 
parasites; agents developed for veterinary coccidiosis provide a particularly 
rich literature (RICKETTS and PFEFFERKORN 1993). Once again, however, develop­
ment and optimization of these compounds for use in toxoplasmosis is com­
promised by the lack of known targets. This brief review explores the potential 
of recently developed molecular genetic technology for the elucidation of drug 
targets and resistance mechanisms in T. gondii. 

2 Genetic T ools 

Quite aside from its importance as a human pathogen, T. gondii has received 
considerable attention as a practical system for experimental manipulation 
(PFEFFERKORN 1990; Roos et al. 1994; BOOTHROYD et al. 1995). The parasite is an 
obligate intracellular pathogen, but can be grown in vitro in a wide range of 
host cells and readily forms plaques, facilitating quantitation and clonal isola­
tion. Its wide host range permits experiments conceptually similar to somatic 
cell genetic studies, taking advantage of mammalian cell mutants to ask wh at 
the parasite can do for itself and what it requires from its host (Pfefferkorn 
1990). T. gondii parasites undergo a sexual cycle in cats, making classical 
genetic crosses feasible (PFEFFERKORN and PFEFFERKORN 1980) and permitting 
classical genetic mapping (SIBLEY et al. 1992). 

Until recently, no molecular genetic system has been available for the 
investigation of Toxoplasma (or any other Apicomplexan parasite, for that mat-
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ter), but the parasite's relatively undistinguished genetic structure - typical 
eukaryotic gene organization, codon usage, etc. (Roos 1993; ELLIs et al. 1993) 
- and smalI, haploid genome suggested that such an approach might be 
possible. Through the combined efforts of several laboratories, various trans­
formation systems have now been developed (reviewed in Roos et al. 1994; 
BOOTHROYD et al. 1995). Explorations into the molecular genetics of Taxop/asma 
can now take advantage of the following strategies (among others): 

- Transient expression of recombinant genes in parasite tachyzoites (with a 
choice of several promoters). Bradyzoite-specific expression may soon be 
possible as weil (PARMLEY et al. 1994; BOHNE et al. 1995) 

- Functional mapping of regulatory domains, using several reporter genes 
- Stable transformation of parasites with recombinant material. using various 

selectable markers either linked to the selectable marker or co-transfected 
as distinct plasmids 

- Overexpression of transgenes via amplification of co-integrated selectable 
markers 

- Complementation cloning via introduction of DNA from mutant strains into 
wild-type parasites (or vice-versa) 

- Insertional inactivation, using high-frequency transformation vectors which 
integrate into the genome by nonhomologous recombination 

- 'Pseudodiploid' production (duplication of an endogenous locus in the haploid 
tachyzoite form). facilitating the study of essential genes as heterozygotes 

- Genetic deletions (gene knockouts). by homologous recombination 
- Allelic replacement, facilitating analysis of mutant alleles by removing the 

endogenous wild-type allele. 

Of these many tools, complementation cloning and insertional mutagenesis 
are probably the most useful with respect to identification of drug-resistance 
genes. The former approach is more generally applicable, as it permits iden­
tification of the dominant mutations (positive selectable markers). which may 
be responsible for drug resistance. The latter approach permits identification 
of negative selectable markers (targets which can be selected against). Other 
tools on the above list provide assistance in validating the function of drug­
resistance alleles once cloned, via gene knockouts and allelic replacements, 
transgenic expression of wild-type, mutant, and experimentally altered genes. 

3 Identification of Drug Targets 

In cases where a putative drug target has been identified and homologs are 
available from other organisms, it may be possible to identify the gene of 
interest using a variety of molecular genetic techniques (i.e., cross-hybridization 
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with DNA or antibody probes, polymerase chain reaction (peR) amplification 
based on primers designed from conserved sequences). Genes targeted by 
antifolate chemotherapy have been identified in this way (Roos 1993; PASHLEY 
et al. 1995). Unfortunately, however, targets for many of the more recently 
developed drugs which show activity against Toxop/asma are unknown, as 
noted above (ARAUJO and REMINGTON 1992; RICKETIS and PFEFFERKORN 1993). Direct 
identification of drug targets typically involves careful biochemical and meta­
bolie studies - often a laborious process, and one which genetic techniques 
cannot necessarily expedite (although molecular approaches can facilitate the 
validation of drug targets; see below). Molecular genetic techniques are well­
suited to the identification of drug resistance mechanisms, however, as re­
sistance mutations provide a powertul genetic selection. In some cases, mu­
tations conferring resistance may arise within the gene encoding the drug 
target itself, but even where other resistance mechanisms are involved (e.g., 
transport mutations or detoxification mechanisms). identification of these 
genes is critical to the development of treatment strategies. 

3.1 Complementation Cloning 

Starting with a drug-resistant mutant (or any other identifiable phenotype) 
produced by chemical mutagenesis (PFEFFERKORN and PFEFFERKORN 1979) or other 
techniques, the high frequency of transformation reported for Toxop/asma (DON­
ALD and Roos 1993, 1994) should permit identification of the responsible gene 
by complementation. Electroporation of 107 extracellular T gondii tachyzoites 
typically leaves about 106 viable parasites. If 5% of these transformants stably 
integrate transfected DNA (DONALD and Roos 1994). this yields about 5x104 

transgenie parasites. Assuming transfected DNA fragments of 40 kb in size 
(i.e., the size of cosmid inserts). the total amount of transgenie DNA in a 
single transfeetion would be 2x109 bp, or approximately 25 genome-equiva­
lents. These calculations suggest that it should be possible to clone any domi­
nant single-Iocus drug-resistance gene in a single electroporation. 

To date, this approach has only been put to the test for mutations which 
confer resistance to pyrimethamine. In the case of known dihydrofolate re­
ductase (DHFR) mutations, the transfer of drug-resistant alleles occurs at about 
five- to ten-fold lower frequency than predicted (i.e., 2-5 pyrimethamine-re­
sistant parasites per transfeetion) - a frequency, which is still sufficient to 
clone this single copy gene by complementation (R.G. DONALD and D.S.Roos, 
unpublished). Taking advantage of detailed maps available for the DHFR-TS 
locus, it has been possible to demonstrate that complementation cloning is 
independent of (i) the size of DNA fragments transfected (as long as the 
fragments are sufficiently large that they contain the entire resistance gene). 
(ii) the method used to generate DNA fragments (shearing versus partial or 
complete digestion with various different restrietion enzymes). and (iii) the 
position of the resistance gene within the transfected fragment. Experience 
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with transfection of cloned plasmid DNA suggests comparable frequencies 
of transformation using circular versus linear DNA, although this has not been 
confirmed under conditions suitable for complementation. 

The generality of this approach remains untested, but two arguments 
suggest that experience with pyrimethamine-resistant DHFR genes will prove 
broadly applicable. First. mutant DHFR genes integrated at various different 
sites throughout the genome (by nonhomologous recombination) are as easily 
rescued as mutant genes at the endogenous DHFR locus. Second, preliminary 
results suggest that it is possible to rescue non-DHFR-based pyrimethamine­
resistance genes (unpublished work in progress). 

Having demonstrated the feasibility of transferring a drug-resistance (or 
other) gene into wild-type parasites by transfecting total DNA from a mutant 
strain, it is then necessary to identify the resistance locus. Several strategies 
have been used in other genetic systems. Perhaps the easiest approach is 
to co-transfect a plasmid containing a bacterial origin of replication and drug­
resistance marker, and to hope that this plasmid will integrate at the same 
site as the transfected parasite DNA. Bacterial sequences then serve as a 
marker for plasmid rescue (see below). or for screening genomic libraries 
prepared from drug-resistant transgenic parasites. Recent experiments have 
shown that co-transfection is indeed feasible in Toxop/asma (BLACK et al. 1995). 

Alternatively, a library can be prepared from drug-resistant transgenic para­
sites, introducing genomic sequences into a bacterial plasmid vector (which 
might also be engineered to include a parasite selectable marker). This method 
may prove more efficient in the long run, as it minimizes concerns about the 
linkage between bacterial sequences and the drug-resistance locus, and should 
facilitate plasmid rescue. Better still, a library could be prepared in a shuttle 
vector, which remains episomal in transfected parasites (PARENT et al. 1985). 
This method would make plasmid rescue a trivial matter, but awaits the de­
velopment of stable episomal vectors for Toxop/asma. Ideally, both single-copy 
and high-copy episomal vectors could be used to identify both strong and 
weak resistance alleles, and to permit identification of high copy-number re­
sistance genes or suppressor genes (COTRIM et al. 1994). 

3.2 Insertional Mutagenesis 

Using vectors which integrate throughout the parasite genome - apparently 
at random - by nonhomologous recombination (DONALD and Roos 1993, 1995). 
it is also possible to produce insertional mutants in Toxop/asma. In contrast 
to transfeetion with total parasite DNA for complementation cloning (as outlined 
above). insertional mutagenesis employs a single cloned plasmid containing 
a fully functional pyrimethamine-resistant DHFR-TS allele (DONALD and Roos 
1993, 1995; DONALD et al. 1996). As for complementation strategies, however, 
the feasibility of insertional mutagenesis relies on high-frequency transforma­
tion of parasite tachyzoites (DONALD and Roos 1993, 1994; BLACK et al. 1995). 
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Assuming that integration is indeed random throughout the parasite's 8x107 

bp genome, the 5x104 transgenic parasites produced (see above) should rep­
resent an average of one insertion every 1.6 kb within the population of trans­
fected parasites. In practice, targeting three independent loci has yielded fre­
quencies of approximately one insertional mutant per transformation (DONALD 
and Roos 1995, and unpublished observations). It is not clear how closely this 
frequency corresponds to predictions, as gene target size is difficult to deter­
mine. The few insertion sites precisely identified to date all map to coding 
sequences, conserved splice junctions, or putative promoter domains, sug­
gesting that insertion within introns or downstream of the coding sequence 
may not disrupt expression. Thus, while the uracil phosphoribosyl transferase 
(UPRT) locus (for example) spans about 6 kb, the effective target size for 
insertional mutagenesis is probably < 2 kb. Regardless, it is clear that the 
frequency and randomness of non-homologous recombination using insertional 
mutagenesis vectors is sufficiently close to predictions for practical application. 

It is important to note that insertional mutagenesis is a rather blunt tool 
compared with chemical mutagenesis, as the technique is most likely to in­
activate genes rather than to more subtly modify their function (in rare cases, 
however, insertion may alter gene/protein expression or stability). As a result, 
essential genes are not generally identifiable by insertional mutagenesis; the 
best targets for insertional mutagenesis are negative selectable markers, where 
the loss of genes produces a detectable phenotype. With respect to drug-re­
sistance mechanisms, this means that insertional mutagenesis is only capable 
of identifying the enzymatic target for subversive or suicide substrates, and 
only in nonessential genes. While this bodes ill for the identification of drug 
targets themselves (for example, integration into the pyrimethamine target 
DHFR is expected to produce a dead cell, rather than a drug-resistant mutant). 
other resistance mechanisms are potentially accessible, such as transporters 
or detoxifying enzymes which interact with the drug in question (but whose 
action is not essential for the native substrate or other cellular functions). 
Despite its disadvantages, the ease of insertional mutagenesis (and identifi­
cation of the tagged gene) makes this an appealing, if not guaranteed, ap­
proach. 

Once a drug-resistant mutant has been identified by insertional mutagen­
esis and clonally rederived (by limiting dilution, plaque purification, or flow 
cytometry). identification of the tagged locus is greatly facilitated by the 
presence of bacterial sequences on the mutagenesis plasmid. Genomic DNA 
from the mutant, digested so as to produce a fragment containing both the 
bacterial vector and adjacent parasite gene, is recircularized by ligation at low 
concentration and rescued by transformation in Eseheriehia eoli under ampicillin 
selection. Initial attempts at rescuing insertional mutants were complicated 
by disruption of essential bacterial sequences during the integration of circular 
plasmids, and by difficulties inherent in mapping and rescueing large DNA 
fragments including the entire transfected plasmid plus flanking DNA. These 
problems have now been solved by transfection with a linearized plasmid, 
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producing transgene integrations of defined organization. This permits separ­
ation of the pyrimethamine-resistance marker from the bacterial sequences 
and rescue of the intact bacterial plasmid (DONALD and Roos 1995; DONALD et 
al. 1996). Surprisingly little exonuclease activity has been observed when li­
nearized plasmids are transfected into T. gondii parasites, and rearrangement 
of single plasmid insertions is often minimal (DoNALD et al. 1996). 

To minimize difficulties associated with the integration of multiple trans­
genes, it is important not to transfect with excess plasmid (optimum conditions 
have not yet been established, but transfecting >50 /1g plasmid is clearly 
detrimental). A new generation of insertional mutagenesis vectors incorporating 
rare restriction sites has been designed to prevent rescue of the intact trans­
fecting plasmid from tandem head-to-tail insertions (W.J. SULLIVAN and D.S. 
Roos, unpublished). Perhaps the most important strategy for insertional mut­
agenesis is to generate multiple independent mutants which can be probed 
with rescued genomic fragments. Disruption of the same locus in independent 
mutants confirms the target prior to the more laborious work of cD NA and 
genomic cloning, targeted knockout. and retransformation (DONALD and Roos 
1995; DONALD et al. 1996). In our laboratory, approximately 50% of insertional 
tags have proved rescuable, although library construction provides an alter­
native approach for the identification of tagged loci (as discussed in Sect. 3.1, 
above). 

4 Validation of Drug Targets 

The ability to express recombinant material in transgenic parasites, coupled 
with techniques for generating targeted gene knockouts, provides the means 
to test putative drug-resistance genes identified by either complementation 
cloning or insertional mutagenesis. In the ca se of dominant mutations cloned 
by complementation, direct expression of the mutant gene is likely to confer 
drug resistance to mutant parasites. For further analysis, perfect allelic re­
placement of the wild-type locus with the mutant provides the ultimate proof; 
gene targeting can also be employed to determine whether the gene in ques­
tion is essential. For negative selectable markers identified by insertional mut­
agenesis, this schedule is reversed: targeted gene knockouts provide validation 
of the candidate gene, and gene function can be assessed by the expression 
of wild-type or mutant transgenes in the knockout background. 

4.1 Transgene Expression 

Various transgenic expression systems are currently available for Toxop/asma, 
including vectors employing 5' and 3' flanking sequences derived from genes 
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encoding the parasite's major surface antigen P30 (SAG 1), ROP1 (a rhoptry 
antigen), ß-tubulin, DHFR-TS, and hypoxanthine-guanine phosphoribosyl trans­
ferase (HXGPRT) (SOLDATI and BOOTHROYD 1993; DONALD and Roos 1993, DONALD 
et al. 1996). Although limited deletion-mapping has been carried out for several 
genes (SOLDATI and BOOTHROYD 1995; A.D. SAGAR et al., unpublished), promoter 
sequences remain poorly defined in Toxop/asma. Sequences of the 3' flanking 
site appear to be essential for certain promoters but not for others (A.L.e. 
MOULTON and D.S. Roos, unpublished). 

Transient transformation frequencies in Toxop/asma are sufficiently high 
that for many applications it is possible to assay function without isolating 
stable transformants. Expression of a chloramphenicol acetyltransferase (CAT) 
reporter gene under control of DHFR-TS 5' and 3' regulatory sequences is 
evident in at least 50% of transfected parasites, for example (and indirect 
evidence suggests that this may be a significant underestimate; unpublished 
observations). Populations of UPRT - or HXGPRT - knockout mutants trans­
fected with transient expression vectors harboring wild-type UPRT or HXGPRT 
genes (respectively) express up to 50% of the enzyme activity observed in 
wild-type parasites (DONALD and Roos 1995; DONALD et al. 1996). Stable parasite 
transformants expressing genes of interest can be produced by co-transfection 
with a variety of linked selectable markers (DONALD and Roos 1993; KIM et al. 
1993; SIBLEY et al. 1994). Alternatively, drug-resistance genes of interest can 
be used as selectable markers themselves. 

4.2 Gene Knockouts and Allelic Replacements 

In order to confirm that putative drug-resistance loci identified by insertional 
mutagenesis are indeed responsible for the observed phenotype, it is necessary 
to prepare a defined knockout mutant, deleting the genomic locus in question. 
Similarly, knockouts are also useful in characterizing targets identified by chemi­
cal mutagenesis techniques. Several strategies have been employed for gener­
ating gene knockouts in T. gondii, all of which rely on cloned fragments of 
the endogenous locus obtained from genomic libraries (KIM et al. 1993; DONALD 
and Roos 1994, 1995). Although the mechanism by which long stretches of 
homologous DNA enhance the frequency of homologous recombination is 
not weil understood (and frequencies appear to differ at different loci), ex­
perience with several genes suggests that homologous recombination occurs 
more frequently than nonhomologous recombination when ::::8 kb of genomic 
sequence is available, and less frequently when smaller fragments are used 
(DONALD and Roos 1994, 1995, unpublished observations). 

The most straightforward approach for gene targeting is a direct, single­
step knockout, in which essential sequences are deleted from a cloned frag­
ment of genomic DNA. which is then transfected into wild-type parasites and 
screened (or selected, when possible) to identify deletion mutants. Successful 
implementation of this approach relies on a high-efficiency screen/selection. 
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This is most easily accomplished for negative selectable markers, which provide 
direct selection for loss of the endogenous locus (DONALD and Roos 1995). For 
loci whose loss cannot be directly selected, a marker may be introduced into 
the cloned genomic DNA derived from the locus in question, preferably in 
such a way as to delete essential sequences from the target locus (thereby 
preventing any possibility of reversion to wild-type). In this case, positive se­
lection for the introduced marker identifies transgenic parasites, which are 
further screened to distinguish recombinants (which have altered the target 
locus) from nonhomologous recombinants (in which the targeted locus remains 
intact). This approach has been employed successfully at some loci (KIM et 
al. 1993; W. BOHNE, unpublished; S. TOMAVO, personal communication). but has 
been difficult at others, for reasons which remain unclear. 

One strategy to minimize nonhomologous recombination is to introduce 
a negative selectable marker adjacent to the cloned genomic fragment. in 
addition to the positive selectable marker at an internat site (MORTENSEN 1993). 
In this case, simultaneous positive/negative selection might be expected to 
eliminate transgenics which integrate the entire construct at a single site (by 
either homologous or nonhomologous recombination). leaving only recombi­
nants which integrated by double cross-over (removing the flanking negative 
selectable marker). Experience has shown that double cross-overs occur pre­
dominantly by homologous recombination. The identification of negative se­
lectable markers by insertional mutagenesis (DONALD and Roos 1995) makes 
this strategy (and others described below) feasible. 

Perhaps the most elegant approach for generating targetted gene knock­
outs is a sequential positive/negative selection procedure (MORTENSEN 1993). 
in which positive and negative selectable markers are both introduced adjacent 
to (not within) the cloned (and suitably mutated) locus. This construct is trans­
fected as a circular plasmid, and positive selection applied to yield a single-site 
homologous recombinant. In the resulting 'pseudodiploid', wild-type and mu­
tant alleles flank the selectable marker and other vector sequences (DONALD 
and Roos 1994). In the second step, parasites are removed from positive 
selection, permitting recombination between the duplicated loci, an event 
which appears to occur at a frequency of about 2x10-6 per cell generation 
(R.G. DONALD and D.S. Roos, unpublished). These recombinants are then isolated 
under negative selection, and screened to distinguish those which have re­
combined so as to delete the mutant locus (yielding a wild-type revertant) 
from those which deleted the wild-type gene to leave a perfect allelic replacement. 

This 'hit-and-run' approach, although somewhat time-consuming, offers 
several distinct advantages over other gene knockout strategies. First. because 
gene replacement occurs by two sequential single cross-overs instead of one 
double cross-over (a very rare event). it is more likely to be successful. Second, 
because selectable marker(s) are situated outside of the targeted gene itself, 
experiments are not limited to gene knockouts - - a variety of more subtile 
point mutations may be introduced as allelic replacements. Third, this strategy 
provides a means of distinguishing essential genes from those which cannot 
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be deleted for purely technical reasons: if the 'hit-and-run' mutagenesis pro­
cedure yields only wild-type revertants instead of the expected 1: 1 ratio of 
wild-type:mutant. this provides positive evidence that the locus in question 
is essential. Finally, because the introduced plasmid sequences and selectable 
markers are removed in the final product. the same selectable markers can 
be re-used for targeting a second gene (or for other applications in the same 
parasite). Moreover, the elimination of vector sequences is helpful for regulatory 
reasons (e.g., production of vaccine strains). 

5 Parasite Reagents and Safety Considerations 

The Toxop/asma field has proved remarkably congenial, and reagents are widely 
shared between laboratories. In most cases, parasites, libraries, and vectors 
cited in this review may be obtained directly from the investigators responsible 
for their development. To facilitate distribution, our laboratory has recently 
made a variety of reagents available through the AIDS Research and Reference 
Reagent program (operated by Ogden BioServices Corporation for the US 
National Institutes of Health, 685 Lofstrand Land, Rockville, MD 20850, USA. 
phone: + 1-301-340-0245, Fax: + 1-301-340-9245, Internet: obcaids@ix.net­
com.com). Useful reagents that are currently available to all investigators free 
of charge (except for shipping costs) from this program include the following: 

5.1 Libraries 

- RH strain cD NA library in AZAPII (Stratagene). 0.4-2.2 kb inserts, 2x106 in­
dependent recombinants. Catalog number 1896. 

- RH strain genomic library in ADASHII (Stratagene). Partial Mbo I digest. 
average insert size approximately 15 kb, 6x105 independent recombinants. 
Cat. no. 2862. 

- RH strain genomic library in SuperCos (Stratagene). Partial Mbo I digest. 
average insert size approximately 40 kb, 3x104 independent recombinants. 
Cat. no. 2864. 

- P(LK} strain genomic library in ADASHII. Partial Sau 3A digest. average insert 
size approximately 15 kb, 6x105 independent recombinants. Cat. no. 2863. 

5.2 Plasmids 

- pminCAT/HXGPRT +. Transformation vector suitable for transient or stable 
expression of chloramphenicol acetyltransferase (CAT) in transfected T. gon­
dii parasites, under control of 5' and 3' flan king sequences derived fram 
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the parasite's DHFR-TS gene. The CAT reporter may be replaced with other 
genes of interest. Stable transgenic parasites may be selected in HXGPRT­
deficient mutants (see below) using mycophenolic acid. Cat. no. 2850. 

- pminiHXGPRT. Contains T. gondii HXGPRT gene under control of DHFR-TS 
5' and 3' flan king sequences. Functions as either positive or negative se­
lectable marker (using 6-thioxanthine or mycophenolic acid, respectively) in 
suitable host strains. Cat. no. 2855. 

- pRHi\HXGPRT. HXGPRT targeting plasmid, suitable for generating HXGPRT­
deficient mutants in any T. gondii host strain of interest. Cat. no. 2856. 

- pDHTR-TSc3/M3. Low level pyrimethamine-resistance vector, suitable for 
amplification of linked genes under pyrimethamine selection (but see note 
on safety, below). Cat. no. 2853. 

- pDHTR-TSc3/M2M3. High level pyrimethamine-resistance vector expressing 
mutant DHFR-TS enzyme; suitable for insertional mutagenesis or as a se­
lectable marker for co-transformation (but see note on safety, below). Cat. 
no. 2854. 

5.3 Parasite Strains 

- RH(EP}. Wild-type host strain RH (highly pathogenic in mice). Cat. no. 2859. 
- RH(EP}i\HXGPRT. HXGPRT knockout mutant of RH strain (above). Suitable 

for use with HXGPRT-containing vectors. Cat. no. 2857. 
- P(LK}. Wild-type host strain P, (clonal isolate of strain ME49; produces brain 

cysts in mice). Cat. no. 2858. 
- P(LK}HXGPRT-. HXGPRT-deficient mutant of P strain (above). Suitable for 

use with HXGPRT-containing vectors. Cat. no. 2860. 

5.4 Safety Issues 

It should be noted that reagents containing mutant DHFR genes render trans­
fected T. gondli parasites completely resistant to pyrimethamine therapy. Pyri­
methamine-resistant parasites should therefore be used with extreme caution, 
and only when absolutely necessary (such as for insertional mutagenesis, or 
studies on pyrimethamine-resistance). Genes initially identified using pyrimeth­
amine-resistance markers should be deleted (or otherwise altered) using al­
ternative markers prior to distribution. Any possibility of infection with pyri­
methamine-resistant T. gondii should be treated immediately, using an alter­
native therapy (such as clindamycin and sulfadiazine). In both in vitro assays 
and in vivo studies in mice, pyrimethamine-resistant parasites are hypersen­
sitive to sulfonamides, and remain sensitive to clindamycin, azithromycin, ato­
vaquone, or arprinocid (B.J. LUFT and D.S. Roos, unpublished). 
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In the prevention of Toxop/asma gondii infection in man and animals, the 
inactivation of the parasite's cysts in animal tissues and its oocysts in envi­
ronment is essential. The objective of our studies was to extend our knowledge 
of the effects of various physical and chemical treatments on the viability of 
two stages of T. gondii. In several separate studies, we examined the effects 
of freezing, heating, and irradiation on the viability of tissue cysts, as weil as 
the effects of freezing, heating, drying, four disinfectants [Aldesol. tincture of 
Hibisept, lzosan-G (all manufactured by PLiVA. Zagreb, Croatia) and Virkon-S 
(KRKA, Novo Mesto, Siovenia)]. two alcohols, and 10% formalin on the viability 
of oocysts. In all our experiments, the viability of the treated and control 
tissue cysts and oocysts was assessed by bioassays on cats and/or mice. 
The cats were inoculated following the principles described by DUBEY and 
STREITEL (1976) and the mice were inoculated according to a protocol by DUBEY 
at al. (1984). 

lDepartment of Parasitology and Parasitic Diseases, Faculty of Veterinary Medicine, University of 
Zagreb, 10000 Zagreb, P.O.Box 190, Croatia 

2Croatian Academy of Sciences and Arts, Zrinski Trg 11, 10000 Zag.r-eb, Croatia 
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2 Tissue Cysts 

For the production of tissue cysts, specific pathogen free (SPF) mice were 
subcutaneously infected with approximately 100 sporulated oocysts per mouse 
and young pigs were inoculated orally with 1000, 5000 or 10 000 sporulated 
oocysts per pig. Mice were killed 4-6 weeks after infection, and their brains 
were examined microscopically for the presence of tissue cysts. Pigs were 
killed 6-9 weeks after oral infection and the presence of cysts in their tissues 
was demonstrated by bioassays in subsequent trials. 

2.1 Freezing and Heating 

To study the effects of various treatments on the viability of tissue cysts, 
minced and pooled tissues of infected pigs (skeletal muscles, heart and brain), 
and pooled brains of infected mice were used. Porcine sampies were divided 
into 50 9 sampies. Infected murine brains were added to the 50 9 porcine 
sampies to ensure sufficient numbers of tissue cysts in each sampie. The 
sampies were placed in plastic jars and frozen at -7°C and -12°C. Control 
sam pies were kept at 4°C. Four days later, the frozen sampies were thawed 
and, as with the controls, homogenized by means of HCI-pepsin (DUBEY et al. 
1984), and subcutaneously injected into mice. Each sampie was divided among 
six mice. Six weeks later, the mice were killed, and their brains examined for 
the presence of T. gondii tissue cysts. The results indicated that the parasites 
did not survive a 4-day freezing at -7°C or -12°C (KuTICIc 1992). These results 
are in accordance with earlier reports of JACOBS et al. (1960) and DUBEY (1974), 
in which a relatively poor resistance of tissue cysts to freezing was demon­
strated. However, DUBEY and FRENKEL (1973) observed that tissue cysts survived 
for 16 days at -16°C, which indicates the possibility of the existence of freeze­
resistant strains of T. gondii. 

In order to analyze the effect of heating on viability of T. gondii cysts, 
infected murine brains were pooled, diluted with saline and immersed in water 
at 50°C and 58°C for 15 and 30 min, respectively. The heated and control 
sampies were bioassayed on mice, each sampie being divided among six 
mice. According to examinations of the latter the parasites survived heating 
at 50°C for 30 min; however, there was no evidence of parasites when heated 
at 58°C (KUTICIC and WIKERHAUSER 1994). In an earlier study by DUBEY et al. (1970) 
tissue cysts were destroyed at 55°C in 30 min. 

2.2 Irradiation 

Tissue cysts were produced in murine brains and in edible porcine tissues 
by inoculation with oocysts isolated in Croatia, in America and in China. Cysts 
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harbouring tissues were irradiated with X-rays or y-rays at doses ranging from 
0.3 to 1.0 kGy (30-100 krad). The source of irradiation was either Philips X-ray 
equipment (Philips 250/30, Philips, The Netherlands) or 60Co (Institute Rudjer 
Boskovic, Zagreb, Croatia). The results were assessed by bioassays using cats 
and/or mice. Each irradiated and control sampie was fed to one or two cats 
and/or injected in 6-12 mice. According to the results of bioassays, some 
slight differences in radiosensitivity of geographically different isolates were 
observed. Thus, a complete inactivation of the Croatian isolate was achieved 
only after irradiation with 0.7 kGy; however for the same effect on the American 
and Chinese isolates, 0.4 and 0.5 kGy, respectively, were sufficient. At sublethai 
doses, a sharp decrease of infectivity was observed (WIKERHAUSER et al. 1993). 
In an earlier study, DUBEY et al. (1986) reported that cysts in murine brains 
irradiated with 0.5 kGy (50 krad) were no longer infective to mice, and those 
in porcine tissues irradiated with 0.25 or 0.3 kGy (25 or 30 krad) were no 
longer infective to mice and cats. 

3 Oocysts 

Previously uninfected cats were fed porcine diaphragms and, when they started 
to shed oocysts, the parasites were collected from the feces by sedimentation 
and filtration, followed by multiple washings in water (DuBEY et al. 1970). After 
sporulation in 2% potassium bichromate, the oocysts were stored at 4°C until 
used. 

3.1 Freezing and Heating 

The oocysts, suspended in water, were maintained at -20°C. After weeks 2 
and 3, their viability was bioassayed in mice, as was that of the unfrozen 
controls. According to the results, aperiod of 2 weeks was ineffective, whereas 
that of 3 weeks at -20°C resulted in complete inactivation of all oocysts (KUTICIC 

and WIKERHAUSER 1994). In an earlier study by FR ENKEL and DUBEY (1973). the 
oocysts proved more resistant to low temperatures. 

In order to analyze the effect of heating on viability, the oocysts, suspended 
in water, were maintained at 58°C for 15 min and for 30 min and then bio­
assayed in mice, as were the untreated controls. The results showed that 
15 min at 58°C was sufficient to inactivate all oocysts (KUTICIC and WIKERHAUSER 

1994). These results are in accordance with an earlier observation of DUBEY 

et al. (1970). 
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3.2 Drying 

A few drops of a concentrated watery suspension of oocysts were poured 
onto strips of filter paper and left in uncovered Petri dishes at room tempera­
ture, in the range of 21-23°C, with the relative humidity in the range of 30%-
68%. At weekly intervals, between weeks 3 and 7, the strips were immersed 
in saline to wash off the oocysts. The oocysts' viability, and that of the 
untreated controls, was bioassayed in mice. The results showed that at the 
end of the experiment (7 weeks). the viability of the dried oocysts remained 
comparable with that of the untreated controls (KUTICIC and WIKERHAUSER 1994). 
In an earlier study by FRENKEL and DUBEY (1972). dried oocysts had a shorter 
duration of viability. 

3.3 Disinfectants 

The effect of the following four disinfectants was studied: 33% watery solution 
of Aldesol (5 9 benzalkonium chloride, 6 9 glutaraldehyde, and 8 9 glioxal in 
100 9 solution). tincture of Hibisept (0.5 9 of chlorhexidine gluconate in 70% 
ethanol per 100 ml of tincture). 0.02% and 0.04% watery solutions of Izosan-G 
(sodium dichloroisocyanurate-dihydrate; CI2Na/NC03.H20), and 1 % and 2% 
watery solutions of Virkon-S (potassium peroxisulfate 50%). The sporulated 
oocysts were kept at room temperature for 2 h in Aldesol and for 1, 2, 4 and 
24 h in all other disinfectants. After four washings in sterile saline, the treated 
oocysts and the untreated controls were bioassayed in mice. After examination 
of the mouse tissue, cysts of T. gondii were demonstrated in all groups of 
mice, regardless of whether they had been injected with the treated or with 
the control oocysts (KUTICIC and WIKERHAUSER 1993a, 1994). Thus, the tested 
disinfectants failed to inactivate the oocysts. These results are in accordance 
with reports on the high resistance of oocysts against chemicals, such as 6% 
sodium hydroxide (DUBEY et al. 1970). 3% carbolic acid, 0.1 % sublimate solution 
and 0.5% Hibitane solution in 70% ethanol (lTO et al. 1975). 

3.4 Alcohols and Formalin 

The effect of 95% and 75% ethanol, 100% methanol. and 10% formalin was 
studied. The sporulated oocysts were treated at room temperature for 1, 2, 
4 and 24 h. After the treatment, the oocysts were repeatedly washed in sterile 
saline and subcutaneously injected into mice for bioassay. The results of the 
treated oocysts were comparable with those of the untreated controls (KUTICIC 

and WIKERHAUSER 1993b). Thus, the tested chemicals failed to inactivate all 
oocysts. Our results using formalin are in accordance with earlier reports by 
DUBEY et al. (1970). FRENKEL and DUBEY (1972). and ITO et al. (1975); however, 
our result did not concur with the results of ITO at al. (1975). who reported 
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that 99% ethanol killed oocysts after 24 hand concentrated methanol killed 
oocysts after 12 h. 

4 Conclusions 

Complete inactivation of T gondii tissue cysts was achieved by freezing at 
-7°C for 4 days, by heating at 58°C for 15 min or by irradiation with a dose 
of 0.7 kGy, whereas sporulated oocysts were completely inactivated by freez­
ing at -20°C for 3 weeks or by heating at 58°C for 15 min. Drying of oocysts 
at room temperature for 7 weeks and separate treatments with disinfectants, 
alcohols, or formalin failed to kill all oocysts. 
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