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ABSTRACT

Although several commercial serological kits exist for Toxoplasma serodiagnosis, the

unambiguous diagnosis of Many clinically important Toxoplasma infections remains

problematic. This is particularly true in establishing the timing of infection in

pregnant women and in demonstrating reactivation of disease in

immunocompromised hosts. The wide tissue tropism and distinct life-cycle stages of

toxoplasmosis raise the possibility that the detection ofcirculating tachyzoite antigens

may he of use in these situations. We have developed a series of antigen capture

Enzyme Linked Immunosorbent Assays (ELISAs) using a panel ofnovel monoclonal

antibodies (mAbs) directed against T. gondii tachyzoite antigens. Using a pool of

these mAbs to capture whole tachyzoite lysate antigen in 'spiked' negative serum, the

detection limit of our ELISA was 1-2J.lg/ml of protein. The sensitivity of this ELISA

was 52% (n=412). We postulated that our low sensitivity was mainly due to

circulating immune complexes. This was confirmed by the disappearance of 'spiked'

tachyzoite lysate antigen in antibody positive samples followed by the reappearance

of antigen upon 12% trichloroacetic acid (TCA) treatment. Furthermore, the use of

12% ICA significantly increased antigen detection (p=O.OOOO 1). Preliminary results

suggested that assay sensitivity was 96% (0=254) while assay specificity was 97%

(n=253). Early reports suggest that Toxop/asma antigen levels in serum are transient.

The magnitude and kinetics of antigenemia with the specifie Toxoplasma products

recognized by our panel of mAbs remain to be detennined. This optimized assay can

now be used to test sera from otherwise healthy and immunocompromised subjects to

determine its clinical utility.
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RÉSUMÉ

Plusieurs tests commerciaux existent pour le sérodiagnostic de la toxoplasmose. Mais,

l'ambiguité du diagnostic de certaines infections cliniquement importantes restent

problématiques, en particulier chez les femmes enceintes et les hôtes

immunodéficients. La diversité du tropisme tissulaire et les différents stages du cycle

du parasite évoquent la possibilité que la détection des antigènes tachyzoites (An
peut être utiles dans ces situations. Nous avons développé des séries de test

immunoenzymatique (ELISA) à détection d'antigènes utilisant des nouveaux

anticorps monoclonaux (aCm) dirigés contre les AI du parasite. Utilisant tous ces

aCm pour détecter les '''ajouts'' de lysats entiers d'AI dans les sérums non-infectés, la

limite de détection de l'ELISA a été de 1-2flg/ml de protéine. La sensibilité de

l'ELISA a été de 52% (n=412). Nous avons postulé que notre seuil de sensibilité est

principalement dû à la circulation des complexes immuns. Ceci a été confirmé par la

disparition des ""ajouts" de lysats d'AI au niveau des échantillons positifs suivi par

une réapparition des AT avec un traitement de 12% d'acide trichloroacétique (AIC).

De plus, l'utilisation de 12% d'ATC a augmenté significativement la détection

d'antigène (p=O.OOOOI). Les résultats préliminaires ont suggéré que la sensibilité de

ressai était de 96% (n=254) et la sPécificité a été de 97% (n=253). Les rapports

suggèrent que les niveaux d'antigène de T. gondii dans le sérum sont éphémères. La

grandeur et la cinétique de l'antigénémie avec les produits spécifiques reconnus par

notre liste d'aCm restent à être déterminer. Cet essai peut être maintenant utiliser pour

tester les sérums provenant aussi bien de patients sains que de patients

immunodéficients pour détenniner leur utilité clinique.
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INTRODUCTION & RATIONALE

Toxoplasma gondii is one of the principal protozoan parasites of man (1). T. gond;; is

classified as a heteroxenous or two-host coccidian parasite of cats (primary host) and

mammals (secondary host), forming tissue eysts. It is grouped in the subfamily

Toxop/asmatinae, family Sarcocystidae, suborder Eimeriorinia, order Eucoccidiida,

subclass Coccidiasina, and class Sporozoasida, within the protozoan phylum

Apicomp/exa (1, 2). Toxop/asma gondii infects a wide range of vertebrate hosts. In

humans, toxoplasmosis May be aeute or ehronic, symptomatic or asymptomatic.

Typically, infection is asymptomatie in immunocompetent hosts. When symptoms

develop, they are usually short-lived and self-limited in most individuals (1, 2, 3).

Acute infection poses greatest hazard to the infant in IItero and to the

immunocompromised patient (l, 2, 3). Human toxoplasmosis is acquired primarily

through the ingestion of raw or undercooked infected Meat products containing tissue

cysts or from contact with soil contaminated with eat feces (l, 2, 3). The diagnostic

tests currently available for the detection of toxoplasmosis rely solely on antibody

detection and are often inadequate for the diagnosis of congenital infection (e.g.:

establishing the timing of infection in pregnant women) and reactivated disease in the

immunocompromised host. The distinct life-cycle stages and broad tissue tropism of

T. gondii mises the possibility that the detection of circulating tachyzoite antigens

May be of use in these situations (4, 5). To date, experience with antigen detection

techniques in human Toxoplasma infections is limited (4, 5). Thus, the aim of this

study was to design a highly sensitive and specifie Toxop/asma antigen detection

assay that couJd significantly advance the current diagnostic strategies.
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1.1 - HISTORICAL BACKGROUND

Toxoplasma gondii was originally described in animais by Nicolle and Manceaux (in

a desert rodent - the gondi) (6) and by Splendore (in rabbits) (7) in 1908 and was

given its name the following year (6). Wolf, Cowen and Paige first observed human

congenital infection between 1937 and 1939 (8). ln 1939, acquired infection was

described by Sabin in children (9) and by Pinkerton and Weinman in adults (lO). In

1948, Sabin and Feldman introduced the first serological test that led to the

recognition of asymptomatic infection in human and animal populations throughout

the world (11). Remington and collaborators would later create IgG and IgM antibody

detection ELISAs in the 1970s and 1980s. These tools have become the standard

diagnostic tests worldwide (12, 13, 14). Of great importance, Frenkel, Dubey and

Miller described the life cycle of T. gondii, its coccidian nature and the role of cats

between 1969 and 1970 (15, 16).

1.2 - LIFE CYCLE

1.2.1- Genera/Introduction

The definitive hosts of T. gondii are members of the feline family. There are two

distinct "Ioops" in the life cycle of T. gondii (15). For example, in the domestic cat,

the organism undergoes the complete life cycle, including both an enteroepithelial

loop and an extraintestinal loop (15). The enteroepithelial cycle of development is

similar to that of other coccidians such as Cystoisospora, Hammondia, Besnoitia,

Sarcocystis, and Frenkelia (1, 3). In other mammalian and avian hosts, the organism

exhibits only the extaintestinal phase of development. The enteroepithelial loop
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results in the production of oocysts, whereas in the extraintestinal loop, only

tachyzoites and tissue cysts are present (15).

Definitive and secondary hosts can be infected by eating meat containing bradyzoites

or taebyzoites or through the ingestion of sporulated oocysts. Sporozoites released

from the cysts infect a wide variety of tissues and rapidly undergo endodyogeny to

form taebyzoites. These can infect other tissues in the body, such as muscles,

fibroblasts~ the liver and nerves. Asexual reproduction in these tissues is much slower

than at the original site and the parasite develops large cystlike accumulations of

tachyzoites that are now called bradyzoites. The cyst itself is called a zoitocyst~ or

simply a tissue cyst.

l.2.2 - Oocvst Production

After a feline (e.g.: domestic or wild cat) ingests either tissue cysts or oocysts, T.

gondii sporozoites are released and invade the epithelial ceUs of the small intestine

where they enter the enteroepithelialloop. The organism undergoes sequential stages

of development and multiplication, resulting in the formation of oocysts.

Gametocytes are found throughout the small intestine. Each male gametocyte

produces approximately 12 microgametes, which escape and fertilize macrogametes.

Following fertilization, an oocystic wall surrounds the zygote and the oocysts are

discharged into the lumen, exiting the host with the feces. Sporogony occurs outside

the body and requires 2-21 days (15). The zygote further develops by dividing ioto

two sporoblasts. Each sporoblast develops a wall and thereby becomes a sporocyst.
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Within each sporocyst there are two further divisions, producing four sporozoites.

Therefore, each oocyst contains eight sporozoites. The prepatent period to oocyst

production varies between 3-24 days depending on the fonn of the organism ingested

(15, 16). The sporulated oocysts are infectious and an infected cat cao excrete

millions of oocysts each day for approximately 2-3 weeks. Ovoid in shape and 10­

12f.lrn in diameter, oocysts have been found only in members of the feline family (15,

16).

1.1.3 - Tllchvzoite Production

The extraintestinal cycle begins after ingestion of oocysts by either felines or

secondary hosts, in which viable organisrns (sporozoites) are released and invade the

epithelial ceUs of the intestine (1, 3). In feHnes, sorne of the sporozoites enter

epithelial ceUs and rernain to initiate the enteroepithelial cycle, whereas others

penetrate through the mucosa to begin development in the lamina propri~ mesenteric

lymph nodes, other distant organs and white blood ceUs (extraintestinal cycle). In

hosts other than feHnes, only the extraintestinal cycle exists; and sporozoite entry into

host ceUs results only in asexual endodyogeny with the production of tachyzoites

(15). After entry into a host cell, there is a variable and parasite dependant lag period

before the parasite begins to divide (15). The tachyzoites proHferate within vacuoles

of the host cell and continue to proliferate until 8-16 organisms accumulate after

which cell lysis occurs (15, 18). The tachyzoite is often crescent shaped with a

pointed anterior end and a rounded posterior end (approximately 3J.lm X 7f.Lm).

Ultrastructural studies have shown the tachyzoite to he rather complex consisting of
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various organelles (e.g.: nucleus, ribosomes, golgi apparatus, mitochoodri~ etc.) and

inclusion bodies (1 7). The efficiency of invasion and growth vary with both the strain

of T. gondii and the type of host ceIls that are infected. Tachyzoites are present in the

acute stage of infection and during recrudescence of a chronic infection. Tachyzoites

may accumulate in host cells for a prolonged period of time without fonning true

cysts. As immunity develops in the host, tachyzoite multiplication slows down and

bradyzoites are fonned in tissue cysts, which are infectious to ail mammals.

/.2.4 - Tissue CyS' Formation

Tissue cysts vary considerably in size (10-1 OOf.1m) and contain up to 3000 bradyzoites

(15, 17). Bradyzoites multiply slowly by endodyogeny primarily in the skeletal

muscle, the myocardium and the brain and co-exist within these host cells for long

periods of time. They can also be found to a lesser extent in visceral organs such as

the lungs, liver and kidneys. Intact tissue cysts do not cause any serious harm to the

host and can persist for the life of the host without causing an inflammatory response

(15). The cyst is characteristic of chronie infection but can be isolated as early as 6-12

days after infection. In immunodepressed mammals, tissue eysts ean rupture resulting

in unrestricted tachyzoite proliferation that can overwhelm and kill the host.

1.3 - EPIDEMIOLOGY

Toxoplasma infection is a worldwide zoonosis occurring wherever felioes are present

(l, 19, 20). Il is estimated that up to 1~o of cats worldwide are infected (l). The

organism has the capacity to infect ail orders of mammals including herbivores,
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omnivores and carnivores. The presence of tissue cysts in meat for human

consumption is high (e.g.: lamb, beef) (1, 19, 20). Since T. gondii organisms are

rarely isolated or directly demonstrated in humans suffering from toxoplasmosis,

serological tests are usually needed to confinn the presence of infection. In many

populations such as French Canada, El Salvador, Tahiti and France, seropositivity can

exceed 90% by the fourth decade of life (20). High prevalence of infection in France

and French Canada (85%) have been linked to a preference for eating raw or

undercooked meat, while high prevalence in Central America has been linked to the

presence of large numbers of stray cats in a climate favoring the survival of oocysts

(1). The incidence of infection is not signjficantly different between sexes (19, 20).

Infection is more common in warm c1imates and at lower altitudes than in coId

climates and mountainous regions (19, 20). This is Iikely due to the number of ferai

cats and the relative intolerance ofoocysts to extreme environmental conditions. The

overall seroprevalence in the United States determined by the third National Health

and Nutritional Assessment Survey (NHANES III) between 1988 and 1994 was

found to be 22%. The seroprevalence among wornen of childbearing age (15 to 45

years) was 10% to 15%.

1.4 - CLINICAL PRESENTATION

How Toxoplasma presents Iikely involves a critical balance between the development

of a protective immune response (21-25) and the down regulation or suppression of

the immune response (26-40). This balance is clearly influenced by age, pregnancy

and irnrnunosuppression. Toxoplasmosis bas five primary clinical presentations: (A)
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acute acquired illness in the immunoeompetent patient., (8) chronie illness., (C) aeute

or reaetivated illness in the immunocompromised patient., (0) congenital infection

and (E) ocular infection ( 19).

1.4.1-Acute Infection in 'he IIIUIIunocoWlpetent Patient

Acute Toxoplasma infection is aequired by eating tissue cysts in meat or ingesting

oocysts from soil contaminated with feline feces. Organisms entering the intestinal

wall are disseminated via lymphaties and hematogenously and multiply in a variety of

tissues (40). The degree of tissue damage that occurs depends on the duration and

intensity of this unrestricted multiplication stage. The development of immunity

eventually stops the multiplication of tachyzoites (40). A relatively brief period of

multiplication results in subclinieal infection or mild illness. Prolonged multiplication

from large inocula and/or with the slow development of immunity, can lead to

moderate or severe illness and death (19).

In the majority of humans, acute infection is an asymptomatic and mis-diagnosed

infection. Only 10-20% of cases of Toxop/asma infections in adults are symptomatic

(20). When symptoms develop, toxoplasmosis most often presents itself as a mild to

moderate cervical lymphadenopathy, but any or ail lymph node groups may be

enlarged. The clinical picture may resemble infectious mononucleosis or

cytomegalovirus infection, but acute toxoplasmosis is probably responsible for no

more than 1% of mononucleosis syndromes (19). Fever, malaise, myaglia, fatigue,

headache, sore throat, maculopapular rash sparing palms and soles,
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hepatosplenomegaly., atypical lymphocytes and hilar mediastinal lymphadenopathy

May be present (19).

If poorly controlled., acute acquired toxoplasmosis may be associated with central

nervous system (eNS) disease., with or without concomitant involvement of the Jung,

heart., liver and muscle (40). When this occurs., patients present with non-specific

neurological symptoms such as confusion., seizures., disorientation and lethargy.

Patients may also complain of symptoms including fever., arthralgia, myaglia and

maculopapular rash (40). Cardiac involvement may be associated with congestive

heart failure and electrocardiographic abnonnalities due to arrhythmias (40).

Toxopiasma has also been implicated as a cause of diffuse interstitial pneumonitis in

previously healthy adults. Other complications include acute acquired toxoplasmic

retinochoroditis and localized brain infection (40).

Cases of acute T. gondii infection from common-source outbreaks (e.g.: water-borne

outbreak in Victoria B.C., Canada, 1995) (41) and experimental infections in animaIs

provide insight into both the pathogenesis of this disease and the development of

immunity. The major pathogenic factor is the proliferation of tachyzoites that destroy

host cells more quickly than they can be repaired and regenerated. Based upon

observations in animaIs (42), it is likely that inoculum size and Toxoplasma virulence

factors influence pathogenicity in humans (42). The appearance of variable microbial

pathogenicity might also be explained on the basis of variations in the host immune

response.
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/.4.2 - Chronic Infection

In immunocompetent individuals, T. gond;; is ordinarily kept at bay by cell-mediated­

immuoity (31). However, once introduced, this organism is rarely if ever eradicated.

Chromc Toxop/asma infection results when immunity builds up sufficiently to

depress tachyzoite proliferation. This coincides with the formation of tissue cysts that

rernain intact for years and produce no obvious clinical etTect. Evasion of host

immunity and the ability to live inside ceUs without destroying them, for periods of

months to years, are the biological halimarks of bradyzoites within cysts. The number

of bradyzoites within large cysts may be as high as a thousand. When syndromes do

occur in chronic toxoplasmosis they are usually due to very high cyst densities within

host tissues. OccasionaIly, a cyst wall breaks down releasing bradyzoites. Most

released bradyzoites are destroyed by the host's immune response, however sorne of

them evade immune-mediated killing and form new cysts. Bradyzoite rupture or

destruction elicits an intense hypersensitivity reaction that in the brain, for example,

can gradually be replaced by glial cell nodules. If Many such nodules are formed, the

host May develop symptoms of chromc encephalitis, with spastic paralysis in sorne

cases (40). Sporadically, lesions may also develop in the eye, related circumstantially

to tissue cyst rupture. The release of antigenic materials can lead to local intense

inflammation in the retina causing fibrosis and blind spots. Extensive infection of the

central macular area, can lead to complete blindness (32-36). Myocarditis, associated

with permanent heart damage, can also occur as a result of chronic toxoplasmosis.
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ln most cases, chronic toxoplasmosis lesions are self-limited due a protective immune

response. The persistence of immunity is demonstrated by the fact that the majority of

bradyzoites released from a ruptured tissue cyst are killed extracellularly and that few

or no new satellite lesions arise (37, 38). Immunosuppressive agents (e.g.: high-dose

corticosteroids) and progressive irnmunocompromising illness (e.g.: HIV) can permit

tachyzoite proliferation to resume (39).

/.4.3 - Acute 0' Reactivated Illness in the Immunocomp,omised Patient

Acute or reactivated disease can cause fatal illness in immunocompromised hosts

such as those infected with HIV and post-transplant patients (1-3, 19). Recrudescence

of active toxoplasmosis occurs in approximately 25% of Toxoplasma-infected AIDS

patients and in patients receiving immunosuppressive therapies (39).

A hallmark of reactivated toxoplasmosis is CNS involvement including

retinochoroditis and toxoplasmic encephalitis. The manifestations of toxoplasmic

encephalitis vary widely from a subtle and subacute process that evolves over weeks­

to-months to an acute confusional state with or without focal neurologicaI deficits

accompanied by headache. The clinical manifestations of toxoplasmic encephalitis

are generally classified as one of two patterns: focal versus diffuse (43). In the former

group, focal abnormalities such as focal seizures, hemiparesis, hemiplegia,

hemisensory loss, cerebellar tremor, homonymous hemianopsia, cranial nerve palsies,

diplopia, blindness, personality changes and severe headaches are found (43). More

diffuse signs of CNS dysfunction in the second group include weakness, myoclonus,
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confusion, lethargy, disorientation, headache and coma. As diffuse disease

progresses. sorne patients cao develop focal signs (44). Focal neurological defects

may arise as a result of outright tissue destruction (e.g.: necrotizing lesions) or as a

result ofaccompanying edema or vasculitis (44).

Toxoplasma cao infect any cell in the brain but specifie focal neurological symptoms

vary depending on the areas of the brain affected. However, there is a tendency for

Toxoplasma to cause disease in the brain stem, basal ganglia and the pituitary gland

(45). Brain stem involvement causes a spectrum of neurological symptoms that

includes ataxia, limb dysmetria and cranial nerve palsies (46). Choreifonn

movements and choreoathetosis have been found in patients with basal ganglia

infection. Acquired hydrocephalus and blindness may also develop.

l.4.4 - Congenital Infection

Congenital toxoplasmosis is the result of maternal infection (usually asymptomatic)

acquired, during or just prior to pregnancy (1-3, 19, 47, 48). More specifically,

congenital disease occurs when organisms infect the placenta, and after a lag period,

the unborn ferus. The incidence and severity of infection caused by T. gondii is

directly related to the trimester during which the organism is acquired. Primary

infection in the tirst three months of pregnancy carries a 15% risk that the fetus will

be infected. The probability increases to 59% for primary infection during the third

trimester (49). However, the severity of congenital disease is the highest in the tirst

trimester and decreases progressively with gestational age. The risk of fetaI infection
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is highest in the third trimester due to the fact that the placenta has attained its

maximum size~ facilitating passage of parasites to the fetus~ while the risk of

congenital disease is highest in the tirst trimester when the fetus ~ vital organs are

developing (47~ 48). Detection of maternai infection early in pregnancy allows

prospective mothers to consider abortion of the fetus to avoid the substantial risk of

spontaneous abortion~ stillbirth and mental retardation of the child (19~ 47-49). In

order to assess accurately the risk of transmission of T. gondii to the fetus~ it is

imperative to detennine when the pregnant woman acquired the infection with respect

to the date of conception. If acquisition of T. gondii predates conception by more than

three to four weeks~ the incidence of congenital toxoplasmosis is extremely low (19,

47-49). The recognition of congenital infection in children is usually quite difficult

because the vast majority of infections in immunocompetent hosts (including

pregnant wornen) are asYmptornatic. Furthennore, the sequelae of congenital

infection may only become apparent Many years after birth. Most of the signs and

symptoms of congenital toxoplasmosis are non-specifie and May mimic the

syndromes caused by congenital infection with herpes simplex virus (HSV),

cytomegalovirus (CMV) and rubella virus (19, 47-49).

/.4.5 - Ocular Infection

Ocular Toxoplasma infection is an important cause of chorioretinitis that usually

results from congenital infection. Patients are often asYmptomatic until the second or

third decade of life, when lesions develop in the eye due to cyst rupture and

subsequent release of tachyzoites and bradyzoites. Chorioretinitis is characteristically
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bilateral in patients with congenital infection but is usually unilateral in people who

acquired Toxoplasma infection after birth (32, 33).

J.4.6 -Standard ThertlDV

The standard treatment for toxoplasmosis involves the use of a sulphonamide (e.g.:

sulphadiazine, sulphamethoxazole) and a diaminopryimidine (e.g.: pyrimethamine,

trimethoprim). Each drug has a significant individual inhibitory effect and they act

synergistically to deter parasite growth and propagation. Sulphonamides act against

the inCOrPOration ofp-aminobenzoic acid into pteroyglutamic acid (folie acid) and the

diaminopyrimidines work against dihydrofolic reductase, reducing the transfonnation

of dihydrofolic into tetrahydrofolic (folinic) acid (39). This chemotherapy can be

highly effective even in congenitally infected babies. These standard chemotheraputic

regimes, whether sulphadiazine with pyrimethamine or sulphamethoxazole with

trimethoprim, radically reduce the number of organisrns associated with lesions, so

that after 3 weeks of treatment, only tissue cysts rernain. After several months of

treatment, lesions rnay be undetectable by histological rnethods (39).

1.S - TOXOPLASMA DIAGNOSTIC TECHNIOUES

The diagnosis of toxoplasmosis is currently based primarily on serology, but

techniques for the detection of parasite nucleic acids or antigens are gaining in

popularity (50-52).
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1.5.I-Parasite Isolation

Only rarely can the diagnosis of toxoplasmosis be confirmed by the isolation of

parasites from patient specimens or by histological identification. Isolation from

biopsy specimens is occasionally possible by intraperitoneal inoculation into

infection-free mice. However., defmitive results may not he available for 6-8 weeks.

Inoculation of cell lines (e.g.: human embryonic lung cell line) that are subsquently

examined by immunofluorescence can produce more rapid results, but this technique

is less sensitive (53, 54). Although these methods cannot reliably differentiate

between active and chronic infection, they have been used in the investigation of

reactivated toxoplasmosis in AlOS patients (55) and in fetuses at risk of acquiring

congenital toxoplasmosis (56). Interpretation of culture results from Toxoplasma

tachyzoites isolated from AlOS patients may he particularly problematic when

prophylactic antimicrobial agents with activity against T. gondii are used (e.g.:

Septra,g) (57).

1.5.2 -Serological Techniques

/.5.2./ - The Sabin and Feldman dye test

The test was developed in 1948 by Sabin and Feldman and is the accepted reference

assay for the detection of Toxoplasma specifie antibodies (11). In this assay, living

tachyzoites are incubated with serum eontaining Toxoplasma antibody and

complement. If T. gondii specifie antibodies are present, the organism will lyse and

fail to stain with alkaline methylene blue. The titre is defined as the serum dilution at

whieh half of the organisms are lysed. This titre ean be eonverted ioto international

uoits (lU) by comparison to a reference serum. Unlike other assays, the dye test can
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simultaneously detect both complement-fixing IgG and IgM. Patients become dye test

positive within 1-2 weeks of exposure to the parasite and titres reach a peak by 8

weeks. Low titres commonly persist for life. Although il is difficult to perform, the

Sabin and Feldman dye test is both highly sensitive and specifie. There are however

certain limitations to this assay. First, reference laboratories have reported cases of

false-negatives with the use of this test (58). Second, the titres of the dye test do not

correlate with the clinical stage of disease and thus cannot differentiate between acute

and chronic infection. Finally, since the test requires live organisms.. it is considered a

safety hazard. This laboratory consideration has contributed to the replacement of the

dye test with less hazardous tests (19).

/.5.2.2 - The Indirect Hemagglutination Test

ln 1957, Jacobs and Lunde described an indirect hemagglutination test (IHAn for

toxoplasmosis (59). In this test, patient serum is incubated with red blood cells

(RBCs) previously sensitized with a soluble Toxoplasma antigen preparation. If the

patient has antibodies to Toxoplasma, the RBCs will agglutinate. The IHAT is simple

to perform, inexpensive, applicable for both humans and animais and practical for

testing large numbers of serum samples. Technical disadvantages of the assay include

variability in RBC and antigen quality (19). Furthermore, the IHAT detects antibodies

later than the Sabin and Feldman dye test and frequently does not detect infection in

pregnant wornen and newbom children (19, 60, 61). The IHAT has mainly been used

for survey purposes to determine either the incidence or prevalence of infection in

populations (62). When directly compared with other assays in veterinary studies, the
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IHAT does not perform as weil as the ELISA, the direct agglutination test (DAn or

the latex agglutination tests (LAn (63, 64).

/.5.2.3 - The Direct Agglutination Test

Although the DAT was first described in 1959 by Fulton and Turk (65), the test

lacked sensitivity and specificity until modifications developed by Desmonts and

Remington were incorporated in 1980 (66). This test uses fonnalin-fixed intact

tachyzoites and agglutination of parasites occW'S if Toxoplasma antibodies are present

in the test sample. The test should only he used for detection of IgG antibodies. This

assay has proved to he sensitive and inexpensive as a sereening test (67). Although,

naturally occurring IgM antibodies can induce non-specifie agglutination, this

problem ean he overcome by the use of 2-mercaptoethanol in the serum diluent (66).

However, in direct comparison with other tests such as the IHAT, the ELISA, the

LAT and the immunofluorescent antibody test (IFAT) (67), the DAT does not

perfonn weil enough to he used as a screening test on its owo. False positive results

are a particular problem in congenital infection (68), toxoplasmic lymphadenopathy

(69) and toxoplasmie encephalitis (70).

/.5.2.4 - The Latex Agglutination Test

In the LAT, antigens derived from disrupted tachyzoites are fixed to latex beads.

When beads and patient serum containing specifie IgG antibody are mixed, visible

agglutination occurs (71). This test is easy to perform, inexpensive and can he used in

both animais and humans. However, low sensitivity and speeificity have been
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observed when testing immunocompromised patients (72, 73). Also, false positive

reactions can occur when compared to the Sabin and Feldman dye test (72, 73). These

false positives have been attributed to non-specifie IgM reactions (74-76). Although

at least one commercial kit is available (Toxolatex Fumouze), latex agglutination

testing in pregnancy, AlDS patients and immunosuppressed patients is plagued by

both false negative (77, 78) and false positive results (79, 80). Although the LAT cao

detect T. gondii infection much earHer in the infection than the ELISA, the ELISA

technique is more useful in detecting prior infections (79, 80).

/.5.2.5 - The Indirect Fluorescent Antibody Test

The IFAT for toxoplasmosis uses whole fonnalin-fixed tachyzoites that are air-dried

on microscope slides as antigen (81). These slides are incubated with seriai dilutions

of the patient's serum and a specifie antigen-antibody interaction is detected by a

fluorescein-conjugated secondary antibody against serum IgG or IgM isotypes or total

immunoglobuline Since ilS introduction, the IFAT bas been widely used by public

health laboratories in both Canada and the United States as an alternative to the Sabin

and Feldman dye test~ eliminating the need for live parasites (19). Though the IFAT is

more widely available, the dye test is quantitatively more reliable and the ELISA is

more sensitive (79,82). Antibodies in the IgM-IFAT appear as early as 5 days after

infection, rise rapidly and then fall to low titres, usually disappearing within a few

weeks or months. However, low titres May persist for over one year in sorne patients.

The IFAT is negative in sorne immunocompromised patients, most patients with

ocular toxoplasmosis and approximately 75% of infants with congenitally acquired
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infection (81). [n some patients with acute acquired toxoplasmosis, high levels of [gG

anti-Toxoplasma antibodies interfere with the IgM-IFAT and cause false-negative

results (83). False-positives May occur in patients with antinuclear antibodies (83,

84). Direct comparison studies suggest that the IFAT is a good predictor of infection

but cannot replace ELISA testing (67, 79).

1.5.2.6 - Enzyme lmmunoassays

Enzyme immunoassays (EIAs) or enzyme-linked immunosorbent assays (ELISAs)

have become the most widely used tests for toxoplasmosis screening by public health

laboratories. SeveraI commercial kits are available for the detection of IgM (IgM kits:

the Palo Alto Medical Foundation double sandwich IgM ELISA, the Centers for

Disease Control and Prevention ElA IgM, the Abbott IMx Toxo IgM version 1, the

Abbott [Mx Toxo IgM version 2, the Abbott Toxo-M ElA, the BioMerieux Vitek

VIDAS Toxo IgM, the BioWhittaker Toxocap-M, the Gull Toxo IgM and the Sanofi

Diagnostics Pasteur Platelia Toxo IgM) and [gG (IgG kits: Cordia-T-lgG, Toxo Bio­

EnzaBead-IgG, Tozoelisa-IgG, Platelia Toxo IgO) (4, 85). In these assays, soluble T.

gond;; antigen is absorbed onto a matrix. Patient serum is then incubated with the

antigen, followed by an enzyme-Iabelled antihuman conjugate and then substrate. The

resulting colour change is read spectrophotometrcially, allowing ELISA tests to he

both qualitative and semi-quantitative. There are many variations on this simple

method. The sensitivity of conventional ELISA methods can be improved by the use

of the double-sandwich fonnat.
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Although the IgM tests generally have a high degree of accuracy, false-positive

results certainJy occur (4, 29). These false-positive results are most probably due to

the presence of rheumatoid factor in serum (83, 86). False-negative results are also

common due to competitive inhibition by Toxop/asma-specific [gO (87).

Preabsorption of serum with a Staphy/ococcus/Streptococcus preparation removes

[gO and [gA and eliminates many, but not ail, of these false negative reactions (87).

Recently, several ELISA tests for avidity of Toxoplasma [gO antibodies have been

described to facilitate discrimination between recentIy acquired and distant infections

(88-90). To date the only commercial avidity test is available in Europe (88, 89).

Results are based on the measurement of functional affinity of specific [gO

antibodies. [gO affinity is initially low after primary antigenic challenge~ but

increases during subsequent weeks and months by antigen-driven B cell selection.

1.5.2.7- Western Blot

The western blot (WB) is a variation of EIAs. Antigen is electrophoresed through an

acrylamide gel and the proteins are separated according to their size. [t is

electrophoresed again to allow the transfer of the proteins to a nitrocellulose matrix

that is processed to visualize the reaction. The WB can he used to detect antibodies

directed against individual parasite antigens/proteins but has failed as a routine

diagnostic test (91-95). WB bas also been used to demonstrate different antibody

profiles at different stages of T. gondii infection in congenital infection. Two major

studies recentIy conducted in France concluded that WB could he used as a

complimentary test but could not replace the more sensitive serologie assays
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(described above) (96, 97). Unfortunately, interpretation of WB is complicated by

naturally occurring antibodies in non-immune sera that are reactive with Toxoplasma

antigens (98). The technique is not quantitative and accurate measurement of antigen

molecular weights can he a problem (99-103).

1.5•.J-PCR

Numerous PCR assays have been developed that target predominantly four genes.

These assays have typically been tested with small numbers of human specimens

obtained from various body sites including cerebrospinal fluid, bronchoalveolar

lavage fluid, brain, liver, amniotic fluid, ocular sections, lymph nodes, heart and

muscle tissues (104-126). PCR-based assays are theoretically very sensitive and

specifie.

The first application of PCR to the detection of T. gondii followed the identification

of BI, a gene with more than 35 copies in the T. gondii genome (127). Several groups

have subsequently targeted this gene using primers located at different sites (106,

109, 112, 115) or primer pairs (113). The gene encoding the major surface antigen,

P30, has been the target of two independent PCR-based assays (128, 129), one of

which used nested PCR ta increase assay sensitivity (129). The small-subunit rRNA

gene sequence (-11 0 copies/parasite) has been used for several other PCR assays

(109, 121, 130, 131). Another repetitive DNA sequence, TGRIE, has also been

targeted (132). Ta differentiate T. gondii from closely related coccidians with similar

host ranges, riboprinting (restriction enzyme analysis of PCR-amplified small subunit
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rRNA gene sequences) has also been used (133). Compared with the histologie

detection of cysts in cardiac tissue, PCR is more sensitive, although this test cannot

distinguish between quiescient cysts and free tachyzoites resulting from active

infection (126). Although high sensitivity and specificity can be achieved with PCR,

these assays are limited by tissue distribution of parasites in sorne clinieaI situations.

PCR-based assays clearly work best with tissue samples. Sensitivity can drop

signifieantly when readily accessible tissues (e.g.: blood, CSF) are used, as is the case

for toxoplasmosis.

1.6 - ANTIGEN DETECTION AS A DIAGNOSTIC ApPROACH

1.6.1 -Introduction

Historieally, the diagnosis of most human parasitic diseases has been based on the

direct demonstration of the organisms in tissues, body fluids or fecal specimens (134,

135). 8uch investigations are limited in Many diseases by the difficult accessibility of

the parasite and the need for highly skilled microscopists or pathologists. Direct

demonstration techniques can he highly specifie but almost always have very low

sensitivity because the parasites can he of a low number. As a result, both antibody

and antigen detection tests have been investigated as alternatives. These serologie

methods are particularly appropriate if invasive procedures would otherwise be

needed to obtain specimens for examination such as in toxoplasmosis, cysticercosis,

echinococcosis, toxocariasis and trichinosis (134, 135, 136). The limits of many of

the eurrently used antibody-based serologie assays have aIready been descrihed.
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1.6.2 - Anti,en Detection Assllvs

Antigen detection assays offer an alternative solution to many of the problems

associated with antibody-based diagnostics. The detection of parasite antigens should

be a direct indication of active infection and should he useful to demonstrate response

to therapy. These assays can he highly specifie and can use either polyclonal or

monoclonal antibody cocktails in a simple immunoassay fonnat that cao he quickly

performed by relatively unskilled laboratory personnel.

[n theory, a wide range of parasite antigens might he of use in antigen detection

assays including membrane surface molecules, molecules associated with internai

structures/organelles or secretory/excretory products. The ··ideal" antigen for

diagnostic purposes would he one that is stage specifie, present in large amounts in

body fluids and non-immunogenic. This last feature would he desirable to prevent

rapid immune clearance and to simplify detection (i.e.: avoid the complexities of

dealing with circulating immune complexes). Unfortunately, all antigen detection

assays are currently based uPOn either monoclonal or polyclonal antibodies, which

have to be generated in vivo. As a result, the antigens targeted by these assays are

immunogenic by definition.

There is a large body of literature that deals with the development of antigen

detection assays for parasitic infections (reviewed in table 1). Much work has been

accomplished during the course of the last 10 years resulting in the release of several

commercial kits (136, 137) that now replace or complement morphologic and
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serodiagnostic tests for organisms such as Cryptosporidium, Entamoeba, Fi/aria,

Giardia, Plasmodium, Schistosoma and Trypanosoma species.
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1.6.3 - Toxoplasmll Antigen Detection ASSlll's

Soluble T. gondii antigens have been detected in the urine and serum of acutely

infected mice (263-266). The successful detection of antigen in human serum was

tirst recorded in 1977 (262). Since that time, Many groups have attempted to exploit

the potential of this approach with highly variable success. Although T. gondii

specific antigens cao he found mainly in serum (52, 91-100, 106, 117, 119,262,267­

270) and CSF (108-111) in humans, the overall sensitivity of these assays has ranged

from 4-75% (versus reference tests such as the Sabin-Feldman dye test, 90-100%). To

date, more than 20 antigens have been described raoging in size from 4-115 kDa (91­

95). Several have been proposed as markers for acute (97 k.Da) or chronic infection

(22 kOa, 30 kDa, 35 kDa, 43 kDa) (92). However, the ability to detect these aotigens

with high sensitivity is low for diagnostic purposes. Furthermore, the large majority

of the assays derived so far are based upon polyclonal sera. Our study uses

monoclonal antibodies, which will allow us to dramatically increase assay sensitivity

while still achieving a high degree of specificity. Ultimately, an assay capable of

discriminating between acute and chronic infection will be ofgreat diagnostic value.
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2.1 - ANTIBODIES

2.1.1 - Monoclonal Anlibodies

A panel of five novel mAbs against Toxop/asma tachyzoite antigens were provided

by Dr. Gary E. Ward, University of Vermont (Burlington, Vennont, USA) (Table 2).

Table 2: Anti-ToxoplllSIIIII Mouse Monoclonal Antibodies

( Il)"\1 l '-.j Il \ "1 \ "\ 1 l", l " 1 \1 11\/1>1111 IH \11('"

45.15 IgG2a (K) 70kOa Inner Membrane Complex

A3.2 IgG 1, 2a, 3 (K) 34kDa Dense Granules

17.9 IgG2b, IgG 1 (K) 31 kDa Dense Granules (GRA6)

C8.4 IgG 1 (Je) 57kOa Surface/Externat Antigens

83-90 IgG2a (K) 60kOa Internai Antigen of Apical Complex

2.1.2 - Specimens

Serum samples used in these studies were obtained from the National Centre of

Parasite Serology (NCPS - Dr. Bouchra Serhir - Montreal, Quebec, Canada), the

Ontario Public Health Lab (OPHL - Dr. Neal DenHollander - Toronto, Ontario,

Canada) and the Laboratoire de Santé Publique du Québec (LSPQ - Dr. Michel

Couillard - Montreal, Quebec, Canada). Samples from children in St. John's,

Newfoundland that were T. gondii IgG negative were used as negative controls

(n=103). The great majority of the samples had been stored at -2üoC for less than 2

years. The remainder of the samples had been at -2üoC for a period of 3-10 years.

The serological tests performed by the sample providers were: the IgM

immunofluorescence antibody test (IgM-IFAT: Toxo-lgM [FAT, Gen Bio, San
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Diego, Califomia, USA) and the direct [gG ELISA (lgG-ELISA: Platelia-TOXO-IgG

Solid Phase ElA, Bio-Rad, Mississauga, Ontario, Canada). The results of the IgM­

IFAT and (gG-ELISA tests were used to group sera into four serologie ··profiles" for

purpose of comparison: G+~ (n=211), G+/M- (n=166), G-~ (n=35), G-IM­

(n=Il0). IgM titres ranged from 1:4 to 1:2048 and IgG titres ranged from 1:256 to

1:16384. Only limited information regarding gender, age or reason for original

Toxoplasma testing was available for most of these subjects.

Additional samples used to perfonn an initial assessment of assay specificity (n=50)

were obtained from the NCPS ··Gold Standard" reference serum banlc These samples

included sera from subjects with: amebiasis (n=5), cysticercosis (n=6), filariasis

(n=10), hydatid disease (n=IO), malaria (n=6), schistosomiasis (n=9) and trichinosis

(n=4).

2.2 - ANTIGENS

2.2.1 - Anti,en Preparation

Toxoplasma tachyzoites (RH lab strain) were kindly provided by Dr. Gary E. Ward

(University of Vennont) and grown in human foreskin fibroblast (HFF) cell

monolayers (ATCC, Manassas, Virgini~ USA). Following cell lysis, the supematant

was discarded and parasites were pelleted by centrifugation (1 O,OOOxg for 10

minutes). The taehyzoite pellet was resuspended in sterile phosphate buffered saline

(PBS; 3mM KH2P04, 12 mM Na2P04, O.l16M NaCl, pH 7.2) and sonicated on ice

(Kontes High Intensity Ultrasonic Processor 40-Watt model) (Vineland, New Jersey,
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USA) to produce a crude whole tachyzoite antigen preparation. Briefly, 5 rounds of

ten 3-second bursts with an output of lOOmHz were needed to fully solubilize the

pellet. Antigen preparation protein concentration was quantitied by a moditied

Bradford Assay (Bio-Rad, Mississauga, Ontario, Canada).

2.3 - DIRECT ANTI-TOXOPLASMA IGG ELISA

We tirst investigated whether or not sera known to contain anti-Toxoplasma

antibodies would recognize the Toxoplasma antigen preparation. Round-bottomed,

96-well polystyrene microtitre plates (Oreiner, Longwood, Florida, USA) were coated

with 100fll per weil of the antigen preparation al concentrations ofOflg/ml, 0.5 flg/ml,

1.0 flglml and 2.0 flg/ml in O.IM carbonatelbicarbonate buffer (pH 9.6) ovemight at

4°C. Following ovemight incubation, the microtitte plates were washed 4 times in

PBS/0.05% Tween-20 (PBS-T, pH 7.2) and blocked with 100fll per weIl of 2%

bovine serum albumin (BSA) in PBS-T (BSA, Cohn fraction V powder in PBS;

Sigma, Oakville, Ontario, Canada) and incubated at 37°C for 1 hour. Microtitre plates

were then washed 4 times and IOOfll of diluted Toxoplasma sera in 2% BSAlPBS-T

(1: 100, 1:200, 1:400) was applied to the appropriate wells and the plates were

incubated al 37°C for 1 hour. After 4 washes, 100fll of peroxidase conjugated

affinity-purified goat anti-human [gO (1 :5000 in blocking solution, Kirkegaard &

Perry Labs Inc., Gaithersburg, Maryland, USA) was added to each weil and the plates

were incubated at 37°C for 1 hour. Microtitre plates were washed an additional 4

times and freshly prepared ABTS solution (ABTS solution: Sml 10X ABTS

concentrate, 4SmI ddH20, ABTS SOmg pellet, 2f.11 of30% hydrogen peroxide per Sml
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of ABTS solution; Sigma) was added to each weil. The ABTS kit was used according

to the manufacturer's instructions. The optical density values were measured at a

wavelength of 40Snm (OD405) with an automatic ELISA plate reader (Titertek

Multiskan MCC/340) (Titertek, Huntsville, Alabama, USA) after 15 minutes of

incubation at room temperature.

2.4 - ANTIGENEMIA ASSA\'s

2.4.1 - Fint Generation T. gondii Anti,en Detection ELISA

96-well microtitre plates (Greiner) were coated with either 50 ,.tI of a pool of the S

mAbs (2 Ilg/ml of each mAb) (Table 2) or 50 ,.11 of an individual mAb at a

concentration of 10 Ilg/ml in 0.1 M carbonate/bicarbonate buffer (pH 9.6) overnight at

4°C. Following ovemight incubation, the microtitre plates were washed 4 times in

PBS/O.OS% Tween-20 (pBS-T, pH 7.2) and blocked with 100lli per weil of2% BSA

blocking solution in PBS-T and incubated at 37°C for 1.5 hours. Microtitre plates

were then washed 4 times and SOfll ofTCA treated serum (see below) was applied to

the appropriate wells and the plates were incubated at 37°C for 2 hours. After 4

washes, SOIlI of purified IgG (see below) at a concentration of 20Ilg/ml in 2% BSA

was added to the wells and incubated at 37°C for 2 hours. Following another 4

washes, 50fll of peroxidase conjugated AffiniPure donkey anti·goat IgG (H+L)

(Jackson ImmunoResearch Laboratories, Inc., West Grove, Pennsylvania, USA) was

added to each weil at a final dilution of 1:5000 in 2% OSA and incubated at 37°C for

2 hours. After 4 washes, S0J,11 of ABTS solution (prepared as previously described)

was added to each weIl and microtitre plates were incubated at room temperature.
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OD405 values were measured with an automatic ELISA plate reader (Titertek) after 30

minutes and 60 minutes of incubation at room temperature.

2.4.2 - Second Generation T. gondii Anti,en Detection ELISA

The first five steps of the first generation ELISA were used to design the second

generation ELISA. Following the fifth step, microtitre plates were washed 4 limes

and 50J.lI of biotinylated AffiniPure F(ab')z fragment donkey anti-goat antibody

(Jackson IrnmunoResearch Laboratories Inc.) was added to each weil at a final

dilution of 1:20000 in 2% BSA and incubated at 31'C for 2 hours. After 4 washes,

50J.lI of streptavidin-horseradish peroxidase conjugate (Gibco BRL, Burlington,

Ontario, Canada) was added to each weil at a final dilution of 1:1000 in 2% BSA and

incubated at 37°C for 2 hours. Spectrophotometric development was performed as

described in the first generation assay.

2.4.3 - TCA Treatment o'Serum Samples

A solution of 30% (w/v) trichloroacetic acid (TCA) (30g of TCA (lCN Laboratories'l

Costa Mesa, California, USA) in 100n11 of ddH20) was prepared. For example, 40J.l1

of 30% TCA was added to 60 J.lI of sera (12% TCA final concentration). ICA treated

sera was incubated at room temperature for 20 minutes then centrifuged for 3 minutes

al 10,000xg. The supernatant was then collected and applied to the wells of the

microtitre plates.
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2.4.4 - Antibodv Purificatioll on Protein A CO/II",ns

A Protein A column (Phannaci~ Peapack, New Jersey, USA) was used to purify IgG

from goat anti-Toxoplasma gondii polyclonal antiserum (VMRD, Inc., Pullman,

Washington, USA). The column was tirst washed with 2M urea (Gibco BRL), lM

Liel (Gibco BRL) and 100mM glycine (pH 2.5) (Gibco BRL) and then antiserum

was applied. IgG was eluted using 100mM glycine (pH 3.0) (Gibco BRL). Puritied

IgG concentration was quantified by a modified Bradford Assay (Bio-Rad).

2.5 - T. GONDIIIGG AVIDITY ELISA

96-well microtitre plates (Greiner) were coated with 50J.11 of T. gondii antigen

preparation (as previously described) at a concentration of 2 J.1g/ml in 0.1 M

carbonatelbicarbonate buffer (pH 9.6) overnight at 4°C. Following overnight

incubation, the microtitre plates were washed 4 times in PBS/0.05% Tween-20 (PBS­

T, pH 7.2) and blocked with I00J.11 per weil of 5% goat serum (Gibco BRL) blocking

solution in PBS-T and incubated at 37°C for 2 hours. Microtitre plates were then

washed 4 times and 50J.11 of diluted serum (1 :200 in PBS-T) was applied to the

appropriate wells in duplicate and the plates were incubated at 4°C overnight. After 4

washes, 200J.11 of urea (Oibco BRL) was added to the wells at different concentration

(OM, 2M, 6M in PBS-T) and incubated at room temperature for 1.5 hours. Following

another 4 washes, 50J.11 of mouse anti-human IgO (Sigma) at a final dilution of

1:10000 in PBS-T was added to each weil and the microtitre plates were incubated al

room temperature for 2 hours. After 4 washes, 50J.11 of sheep anti-mouse F(ab'h

(Jackson ImmunoResearch Laboratories Inc.) at a final dilution of 1:500 was added to
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each weil and the microtitre plates were incubated at room temperature for 1 hour.

Following another 4 washes, SOfll of streptavidin-horseradish peroxidase conjugate

(Gibco BRL) was added to each weil at a final dilution of 1:1000 in PBS-T and

incubated at room temperature for 30 minutes. After 4 more washes, 50JlI of ABTS

solution (prepared as previously described) was added to each weil and microtitre

plates were incubated at room temperature. OD40s values were measured with an

automatic ELISA plate reader (Titertek) after 10 minutes and 25 minutes of

incubation at room temperature. The avidity of each sample was defined as the

concentration of urea needed to dislodge 50% of the antibodies from the antigen in a

given serum sample based upon extrapolation from a curve compared for each sample

(versus OD405 of no urea treatment).

2.6 - STATISTICAL ANALYSIS

[n the text, mean OD40s values are expressed as the mean ± the standard deviation. In

the figures, error bars are expressed as standard error ([standard deviation]/square

root [number of samples]). P-values are calculated using the Student's 2-tailed T-test.

A p-value of 0.05 or lower was considered significant. Correlation coefficients (r) are

detennined by using the Pearson product moment coefficient calculation.
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3.1 - ELISA OPTIMIZATION EXPERIMENTS

J.1.1 - Direct Anti-ToxopltlSma IgG ELISA

Optimization of the direct IgG ELISA was accomplished with the specifie aim of

demonstrating that the antigen preparation contained epitoPes recognized by human

serum. Positive and negative control sera (NCPS) were tested at seriai dilutions using

different concentrations of antigens. Figures 1A and 1B show that at optimal

concentrations of antigen (l J.1g1ml) and serum (11400) this assay could detect

antibodies against Toxop/asma. The mean OD405 for Toxoplasma positive sera was

0.961 ± 0.159. The mean 00405 for Toxoplasma negative sera was 0.119 ± 0.038. In a

modified version of this ELISA, the mAbs were shown to react with the crude whole

tachyzoite antigen preparation (data not shown).

J.1.2 - Determination o'Detection Limi' for Anti,en Capture ELlSAs

Toxoplasma positive serum was simulated by spiking negative serum obtained from a

healthy individual (IgM-lIgGl with crude whole tachyzoite antigen at concentrations

ranging from 01.1g1ml to 64flg/ml (two-fold seriai dilutions). Spiked sera were then

evaluated in both the first and second generation antigen detection ELISAs. The first

generation assay detected a minimum of 8 flg/ml of T. gond;; whole tachyzoite lysate

(Figure 2A), while the second generation assay detected a minimum of 1..2 Jlglml of

T. gondii whole tachyzoite Iysate (Figure 2B).
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3.2 - FIRST GENERATION ASSAY

J.1.1-Determinalion o,Assay "Cut-OfC Value

Sera obtained from 103 healthy Newfoundland adolescents round to he Toxoplasma

IgG-were used (13-17 years old, 1:1 gender ratio). The Mean OD40S value in the tirst

generation antigen detection assay was 0.08 ± 0.06. As a r~sult, we established a cut­

offvalue at an OD40S equal to 0.200 (mean plus 2 standard deviations).

J.1.2 - Sensit;v;tv o'Assav

A preliminary evaluation of assay sensitivity used 19 specimens obtained from the

NCPS serum archive (Figure 3). These specimens had been sent to the NCPS between

1985 and 1992 and were known to he IgG+ (n=19) and/or [g~ (n=12) by "home

grown" and poody standardized NCPS ELISAs. No other infonnation was available

for these specimens. Using a 0.200 OD405 eut-off value, 12/19 (63%) of these

specimens were found to have circulating Toxoplasma antigen (mean OD405: 0.528 ±

0.452) (Figure 3). Note that an OD405 value of 0.200 in this assay corresponds

roughly with the detection limit detennined in the antigen-spiked serum (Figure 2A).

By extrapolation from the spiked serum curve, it was possible to estimate the

approximate concentrations of circulating antigen in these samples (Table 3). Upon

expanded testing of this assay with a larger panel ofbetter-eharacterized sera from the

NCPS (n=100, 57 IgG+IIgM+' 24 IgG+IIgM-, 19 IgG-lIgM), its sensitivity fell to

43%.
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J.2.J - Contribution o'lndividu.1 Monoclon.1 Antibot/ies

A preliminary evaluation of 7 antigen positive sera (patients #1, 4, 9, 10, 15, 17, 19)

using our antigen capture EIAs based upon individual mAbs revealed considerable

heterogeneity (Figure 4). In sorne samples (patients #4, 10, 17), clone 45.15 appeared

to contribute most of the reactivity observed. In other specimens, several other mAbs

contributed signiticantly to the total observed reactivity (e.g.: clone 17.9 in patients

#1 and #15). The contribution of the mAb (83-90) directed against a 60 kDa internai

antigen of the apical complex was consistently very low.

3.3 - SECOND GENERATION ANTIGEN DETECTION ELISA

3.3.1 - Determination o'Assav "Cut-Off' Value

Sera obtained from healthy adults (OPHL, n=IOO) and from Newfoundland

adolescents (n=103) found to he IgG- were used. The mean 00405 value for these sera

in the second generation assay was 0.07 ± 0.05 for negative samples (n=203). As a

result, we established a cut-off lower than the tirst generation assay at an OD405 of

0.170 (mean ofnegative population plus 2 standard deviations).

1.3.2 - Assav Sensitivitv

Sensitivity of the second geoeratioo assay was determined using 412 specimens

obtained from the NCPS (0=124), LSPQ (0=7) and OPHL (n=28 1). These specimens

(Table 4) were collected hetween 1988-1989 (0=114) and 1998-2000 (n=298) and

were known to he IgG+ (0=269) and/or Ig~ (0=163) by the Platelia-IgG (OPHL,

LSPQ) and the Toxo-IgM assays (OPHL, LSPQ) or by "home grown" IgM and (gG
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ELISAs (NCPS). Using a 0.170 00405 cut--off value, 52% of these specimens

(positives and equivocals: 213/412) were found to have circulating Toxoplasma

antigen (mean 00405: 0.612 ± 0.338 in 52% of the samples vs. 0.177 ± 0.319 for ail

412 samples).

3.4 - EFFECT OF CIRCULATING IMMUNE COMPLEXES IN SERUM SAMPLES ON

ANTIGEN DETECTION

1.4.1 - Circu/ating Immune Complexes

We hypothesized that circulating immune complexes (CIC) interfered with our ability

to detect antigen. To test this hypothesis, we spiked 21 Toxoplasma antibody positive

serum (7 IgG+/IgW samples, 7 IgG+lIg~ samples, 7 IgG-lIg~ samples) and 8

Toxoplasma antibody negative sera with 16 J.lg/ml of whole Toxoplasma tachyzoite

lysate. The mean OD405 in the spiked negative sera was 1.017 ± 0.069 suggesting

good '-recovery" of spiked antigen (Figure 5). In contrast, the formation of interfering

CIC was readily observed in Toxoplasma antibody positive sera (Figure 6A-6C).

Compared with a mean 00405 change of 0.921 ± 0.068 in the antibody negative sera,

the mean 00405 change in the antibody positive sera was only 0.182 ± 0.061. Among

the antibody positive specimens, significant increases in 00405 were ooly observed in

the IgG+/IgM· subgroup (0.320 ± 0.098 vs. 0.182 ± 0.061; p=0.003).

3.4.2 - Disruption D'Immune Co".,,/exes using TCA

Severa! techniques have been described for the dissociation of immune complexes

(lC) formed in vitro or in vivo so that bound antigen cao he detected. Using 8% or

12% TCA to dissociate the IC formed in vitro in the spiked samples, we were able to
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release and detect otherwise cryptic antigen. A representative experiment is shown in

figure 7. Although 8% TCA-treatment revealed bound antigen successfully in sorne

samples, 12% TCA-treatment permitted at least partial recovery of spiked antigen in

aimost all specimens.

3.5 -INFLUENCE OF ANYIBODY TITRE ON CAPACITY TO DETEeT ANTIGEN

We proposed that antibody titre might also significantly influence our ability to detect

circulating antigen. A total of 50 specimens were identified with IgM titres of 1:256

that differed widely in IgG titre (IgO = 1:1024, n=25 and IgG = 1:4096, n=25). As

can he seen in figure 8, increasing IgG aotibody titre was inversely related to antigen

detection. Furthennore, (12%) TCA treatment resulted in much larger changes in

00405 in the sera with low IgO titres compared to those with high titres (0.175 ±

0.022 vs. 0.056 ± 0.021; ~0.05).

3.6 -INFLUENCE OF ANTIBODY AVIDITY ON CAPACITY TO DEYECT ANTIGEN

We demonstrated that IgG avidity also impeded our ability to detect antigen. IgO

avidity was measured in 281 IgG+ sera obtained from the OPHL; 155 (55%) were

also Ig~. Samples were not stratified according to IgM or IgO titre because this

infonnation was only available for a subset of sera. As cao he seen from figure 9,

there was a striking inverse relationship hetween IgG avidity and the change in 00405

observed with TCA treatment (r=0.57, p=O.OOOl).
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3.7- ApPLICATION OF TCA TO SECOND GENERATION ANTIGEN DETECTION AsSAV

Specimens from the OPHL were re-tested using either 8% ICA (n=245) or 12% TCA

(n=254) to break C[C (Table SA). The overall assay sensitivity increased to 96%. [t is

interesting tha4 if anytbing, ICA treatment lowered OD405 values for IgM-lIgG­

samples (e.g.: No TCA: 0.075 ± 0.048, vs. 8% ICA: 0.050 ± 0.033 or 12% ICA:

0.055 ± 0.053; p=0.0001 and p=0.05 respectively). [n Toxoplasma antibody positive

sera however, both 8% and 12% rCA significantly increased both the Mean OD405

and proportion of positives (e.g.: No ICA: 0.177 ± 0.319 vs. 8% ICA: 0.245 ± 0.139

or 12% rCA: 0.331 ± 0.287; p=O.0052 and p=0.0001 respectively) (Figure (0).

3.8 - ASSAV SPECIFICITV

The specificity of the 12% rCA-based assay was detennined using 239 sera; 203

[gG-lIgM- samples from the OPHL and Newfoundland serum banks and 36 (out of

50) specimens from subjects with other parasitic diseases obtained from the NCPS

gold standard serum bank (36 Toxoplasma IgG-~ 14 Toxoplasma IgG) (Table SB).

The 12% rCA-based second generation assay was negative in aIl but 3/203 of the

healthy [gG-lIgM- controls for a specificity of 98.5%. [n the subjects with other

parasitic diseases, the specificity was slightly lower overall (90%) and lowest in

specimens from subjects with malaria (n=6), a closer related apicomplexan parasite

(40% positive).
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3.9 - FIGURES & TABLES FOR RESULYS SECTION

Figure 1: Direct Anti-Toxoplasma IgG ELISA
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Figure 1: Direct IgG C.pture Asuy. The following antigen concentrations were measured: 2.01lg/ml (x),
1.01lg/ml (â), 0.51lg/ml (.) and Ollg/ml (t). [AI Rises in absorbance readings positively correlate with increasing
antigen concentrations and decreasing serum dilutions (r=O.96. mean OD405: 0.961 ± 0.159). [B[ Absorbance
readings were lower with the negative sera (mean OD405: 0.119 ± 0.038).
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Figure 2: Detennination ofAntigen Detection Limit
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Figure 2: Determination of Antigen Detection Limit for Fint and Second Generation ELISAs.
Negative sera spiked (.) with varying antigen concentrations were tested for the presence ofantigens. The pool of
monoclonal antibodies was used to coat the plates. (AI Detection of a minimum of 8IJglmi of antigen was
observcd for the lirst generation assay. A signal ta noise ratio of36:1 was observed. (B( Detection ofa minimum
of 1-2J.lglml ofantigen was observed for the second generation assay. A signalto noise ratio of22: 1 was observed.
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Figure 3: Preliminary Sensitivity Evaluation of First Generation Assay
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Figure J: Preliminary Sensitivity Evaluation of First Generation Assay. 19 Toxoplasma positive sera
were tested for circulating antigen using our antigen capture ELISA. ln 63% of the samples. circulating antigens
were detected (mean OD405 : 0.528 ± 0.452). The cut-offvalue. an OD405 of 0.200. based on the negative control
(n=103. mean plus 2 standard deviations). was used as the basis ofcomparison with the positive sera.
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Table 3: Approximate Antigen Concentration in Patient Samples

," 1 1 \ Il '\ \ \ 1 l' l '\ , ",\ 1 1 \ 1 l, \ 1 1" '\

Patient 1 40J.l8/ml

Patient 2 25J.l8/mI

Patient 4 50J.l8/ml

Patient 5 12J.l8/ml

Patient 9 42J.l8/ml

Patient 10 80~ml

Patient 13 10~ml

Patient 15 64~ml

Patient 16 18~ml

Patient 17 46~ml

Patient 18 32~ml

Patient 19 60~ml

Table J: Approdmate Antigen Concentration in Patient Samples. OD40S values from sera were compared to
those ofstandard curve to extrapolate antigen concentration.
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Table 4: Sensitivity Evaluation ofSecond Generation Assay

G+/M+ G+/.· G-IM+ G-IM·
Total 57 48 19 10

(+) 29 24 10 1
(-) 17 22 6 8
(E) 11 2 3 1

·':·Sf+i;~ j~;"";: ~~~"""~f~?-'
• • G+/M+ G+/M- G-IM+ G-IM·

Total 3 0 4 0
(+) 1 0 2 0
(-) 1 0 2 0
(E) 1 0 0 0

(-) 97 48 6 83
(E) 34 40 1 14_'=' '.:;1=~:':L

Total 0 0 0 103
(+) 0 0 a 0
(-) 0 0 a 103
(E) 0 0 a 0

.. G+o:.~ "":~:':~ft~~1\;%~~,:
Total 211 166 35 213

(+) 50 54 17 4
(-) 115 70 14 194
(E) 46 42 4 15

Table 4: Sensitivity Evaluation of Second Generation Assay. 412 Toxoplasma positive sera were tested for
circulating antigen using our antigen capture ELISA. (+) refers to antigen positive samples. (.) refers ta antigen
negative samples. (E) refers ta antigen equivocal samples. In 52% (213/412) orthe samples. circulating antigens
werc detected (mean OD405: 0.612 ± 0.338 in 52% of the samples vs. 0.177 ± 0.319 for ail 412 samples). The eut·
off value. an OD405 of 0.170. based on the pool of negative sera (n=213. mean plus 2 standard deviations). was
used as the basis ofcomparison with the positive sera.



•
45

Figure 5: Spiking oflgG-/lgM- Specimens
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Figure 5: Spiking of IgG-/lgM- Specimens. Each sample was spiked with 161!g/ml of Toxop/asma gond;;
whole tachyzaite Iysate (black bars) and compared ta its unspiked counterpart (white bars). CIC were not formed
in the IgGïlgM- serological grouping. The mean OO.ms in the spiked negative sera was 1.017 .: 0.069.
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Figure 6: Fonnation ofCircuJating Immune Complexes in vitro

(AI Spiked Sera (lgG""lgM)

2.500

2.000

ê
c 1.500ta

!
Q
0 1.000

0.500

0.000 l........Io _

41012 44176 14799 14n5 14699 73138 VI98
122592

sampi.

(BI Spiked Sera (lgG-'lgM,

2.000 r----------------------.,
1.800

1.600
_ 1.400

1 1.200
ta
~ 1.000

ë 0.800
o 0.600

0.400

0.200

0.000 !-..I.------&,-

46

•

52065 1785 1786 1470

Sampi•

1549 1646 41234



•
47

(CI Spiked Sera (lgG+/lgMl
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Figure 6: Formation of Circulating Immune Complexes in vitro. Samples (OPHL) wcre groupcd according to
serological status. lAI IgG-/IgM'". IBI IgG·/I~. ICI IgG-/IgM-. Each sample was spiked wilh 16~g/ml of
To:coplasma gondii whale tachyzoite Iysate (black bars) and compared to its unspiked counterpart (while bars).
CIC were obscrved when black bars and white bars were al similar levels.
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Figure 7: ln vitro Dissociation of Circulating Immune Complues. Samples in which CIC were formed were
trcated with 8% TCA (grey gradient bars) and 12% TCA (white bars). OD405 readings were compared to unspiked
(black bars) and spiked (doncd bars) (16J.lglml of Toxop/asma gond;; whole taehyzoite lysate) versions of the
same sample. The use ofTCA clearly dissociales cie as seen byan increase in 0040S values in all samples.
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Figure 8: Effect ofAntibody Titre on Antigen Detection and Destruction ofCirculating Immune
Complexes in unspiked sera
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Figure 8: Elfect of Antibody Titre on Antigen Detection and Destruction ofCirculating Immune Complexes
in Unspiked Sera. In a representative experiment (n=50). samples were grouped according to serological status.
With IgM titre held constant (1 :256). samples were then divided according to IgG titres: higher (1:4096. n=25)
and lower (1: 1024. n=25). With Increasing [gG titre. antigen detection dropped. Upon the use of either 12% TCA
lAI or 8 % TCA IBI (black bars). the level of antigen detection increased by 3 times with the same trend
remaining.
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Figure 9: Effeet ofAntibody Avidity on Antigen Detection
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Figure 9: EtTect of Antibody Avidity on Antigen Detection. 281 samples were tested for IgG antibody avidity.
An arbitrary range of avidity units (0-19.9) was established. High avidity antibodies ranged from 9.0 to 19.9
avidity units (n=75), medium avidity antibodies ranged from 4.0 to 8.9 avidity units (n=124) low avidity
antibodies rangcd from 0.1 to 3.9 avidity units (n=6l) and no avidity antibodies located at 0 avidity units (n=21 ).
Increasing IgG antibody avidity correlated with decreasing ability to detect antigens (r=O.57. p=O.OOO 1).
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Figure 10: The Use ofTCA to Improve Assay Sensitivity

Antigen Detection vs. TCA Treatment
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Figure 10: The Use of TCA to Improve Assay Sensitivity. Samples (OPHL) were grouped according to
scrological status. White bars indicale serologically positive samples and black bars indicale serologically negative
samples. The use of 8% TCA was significant in incrcasing antigen detection sensitivity (p=O.OO5. n:::;245) and in
decreasing background noise in negative samples (p=O.OOOI. n=117). The use of 12% TCA was also significant in
increasing antigen detection sensitivity «(FO.OOO 1. n=254) and in decreasing background noise in negalive
samples (p:::;Q.OS. n= 117).
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Table 5: Summary ofSamples Tested

(A1Assay Sensitivity

""~(ll ()L' Il' 1 ( \ '" 1 ( \ l' 1 ( \

G+/M+ 13-36% 83-85% 89-95%
(n=151) (n=123) (n=132)

G+/M- 25-60% 97-1 ()()OJ'o 100%
(n=118) (n=114) (n=114)

G-/M+ 42-50% 100% 100%
(n=12) (0=8) (n=8)

1 ( 1 1 \ 1 ~ Il ~ f. 'Jil 'l, ') ~ 'II.' ,

III ~ .... 1 1 III ~ F- 1 1 Il ~.:; ~ 1

(BI Assay Specificity

Newfouodlaod 0=103 100·J'o 100°J'o
OPHL 0=100 100°J'o 97°J'o

Other Parasitie Amebiasis (0=5) 800J'o 80%
Diseases Cysticercosis (0=6) 100°J'o 100%
(NCPS) Filariasis (0=10) 900J'o 100%

Hydatid Disease (0=10) 50% 100~0

Malaria (0=6) 1'°f.J 60°J'o• Schistosomiasis (0=9) 89°J'o 89°J'o
Trichinosis n=4 75°J'o 100°;'0

Table 5: (AI Assay Sensitivity. Ali sarnples tested (OPHL) to detennine assay sensitivity are summarized.
Optimal assay conditions suggest the use of 12% TCA (sensitiviI)=96%. n=254). [BI Assay Specificity.
Specimens \Vcre collected from the Newfoundland and OPHL serum banks and from the NCPS gold-standard
serum bank. Specimens were assayed for anti-Toxoplasma antibodies using the direct anti-Toxoplasma IgG
ELISA (85% of the specimens were IgG-). Assay specificity was measured using the 12% TCA-based antigen
capture assay. 97% of specimens were antigen negative. Note that only 36 samples (lgG') from the 50 specimens
collected from other parasitic diseases were used to calculate actuaJ assay specificity.
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Toxoplasma gond;; causes a wide range of clinical presentations in humans;

manifestations range from asymptomatie illness to death, with the latter heing

observed mainly in a small subset of newbom children and in immunoeompromised

patients (1, 2, 3). [n the majority of cases, the diagnosis of acute toxoplasmosis is

confirmed by serology (4, 19). However, the production of specifie antibodies may he

delayed or impaired, especially in immunodeficient patients (275). Furthermore,

serologie tests are not always able to diseriminate hetween recent and past infection,

as is needed in the cases of suspected congenital toxoplasmosis (4, 19, 275). An

alternative to serology is the detection of parasite sPeCifie antigens, which may be

present in the blood stream or body fluids during active infection.

The detection of cireulating T. gondii antigens in human serum was flfSt reported in

1977 (262). Although several investigators initially suggested that the simultaneous

detection of Toxoplasma-specific IgM antibodies and cireulating antigens would be a

better indication of acute infection than the detection of IgM antibodies alone, the

antigen detection efforts reported to date have not demonstrated reasonable sensitivity

in human samples (61-83, 262-275).

Before entering into a detailed discussion of our findings, it would he appropriate to

review the strengths and weaknesses of the elinical specimens that we used to test our

assay. These specimens have two major strengths. Ficst, we used a large number of

samples (0=675) as compared with the other published studies (61-83, 262-275).

Second, most of the samples that we used were characterized by state-of-the-art
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standardized ElAs in public health laboratories (OPHL, LSPQ, NCPS).

Unfortunately, there are four obvious weaknesses associated with these sera. First,

ooly limited clinical and demographic information was available for these specimens.

With respect to the OPHL, LSPQ and NCPS samples, these were originally tested in

routine screening protocols or in the context ofsuspected clinical illness. Therefore, it

can be assumed that the majority of these samples were obtained from asymptomatic

pregnant women, immunocompromised subjects with possible reactivated infection

(e.g.: HIV patients and patients receiving immunosuppressive drugs) and

immunocompetent subjects with symptomatic toxoplasmosis (e.g.: flu- or

mononucleosis-Iike symptoms). Second, although the vast majority of the samples

were stored undisturbed at -20°C for less than two years in the OPHL, LSPQ and

NCPS, the storage conditions and period of storage varied for the remaining samples.

Third, the sera from St. John's, Newfoundland were obtained from asymptomatic

adolescents and were tested in a "home-grown" NCPS Toxoplasma IgO-ELISA (all

negative). These samples are not "ideal negative controls" but were most useful with

respect to testing the assay's specificity. Gold-standard negative control sera (e.g.:

pregnant women and other adults) will need to be tested in order to further evaluate

assay sensitivity. Finally, the NepS samples used to detennine the specificity of the

assay (i.e.: samples from other parasitic diseases, n=50) were not fully characterized

(Le.: positive only for known parasitic disease but not exhaustively tested for other

parasitic diseases). Despite the inherent weaknesses in this serum bank and although

false positives and negatives cao occur in ElA testing, the large number of samples
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we tested should pennit us to make a cautious first estimate of both assay sensitivity

and specificity with reasonable confidence.

The most striking observation of the data presented is the overall high sensitivity of

the assay (96%, n=254) (Table 5A). In previous reports, no study has demonstrated an

overall sensitivity above 75%. To date, there have been no major clinical studies

examining the potential use of antigen detection in toxoplasmosis as in HIV, EBV

and CMV infections, where information about circulating antigens is more useful

than antibody data with regard to the diagnosis of these infections. The biology of the

parasite, the nature of the specimens and the nove1 aspects of our assay (i.e.:

dissociation ofCIC) are factors that can explain our results.

Once T. gondii infects its host (i.e.: humans), sporozoites released from the cysts

infect a wide variety of tissues and rapidly undergo endodyogeny to forro tachyzoites.

The acute phase of toxoplasmosis is characterized by the production of IgM (and

IgA) antibodies. During this period of high parasite burden, the tachyzoites can

disseminate to other tissues in the body and infect muscles, fibroblasts, the liver and

nerves. As the infection is increasingly controlled by the host's cell-mediated immune

response, tachyzoite proliferation slows, causing a chronic infection (i.e.: the parasite

is never eliminated). Asexual reproduction in these tissues is much slower than at the

original site and the parasite develops into bradyzoites and tissue cysts. This chronic

phase is characterized by the presence of specifie IgG antibodies. With respect to

humans, T. gondii causes a life long infection. Although circulating antibodies are
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used as evidence of infection~ the humoral response plays a minor role in the control

of toxoplasmosis. As for most intracellular parasites~ cell-mediated immunity and

particularly interferon-gamma ([FN-y)~ produced by Thl ceIls~ is crucial for an

effective defense against this infection: mice treated by anti-IFN-y or deficient for the

IFN-y gene are highly susceptible to toxoplasmosis (300~ 301). Furthermore~ it has

been demonstrated in mouse models that Th2 cytokines tend to promote parasite

growth (302). The activity of parasite replication is likely to he inversely proportional

to this cell-mediated immune response and as such~ the infection is never truly

quiescient. This daim is supported in HIV patients by the fact that there is a high

incidence of Toxoplasma infections associated with these immunodeficient

individuals. We can anticipate that the likelihood that parasite antigens will be

detectable in the circulation would he greatest during acute toxoplasmosis (Le.: IgG­

IIgW infections). However~ the biology of the parasite and its relationship with the

host's immune response make it plausible that [gG+IIgM- patients have detectable

levels of circulating antigen. This May be particularly true in pregnant women and in

cases of reactivated disease in immunocompromised patients.

In our work, we were not studying sera from immunologically "nonnar' human

specimens. The majority of the specimens that we tested was obtained from pregnant

women~ subjects with reactivated disease (e.g.: HIV patients~ patients receiving

immunosuppressive therapy) and acutely infected individuals. Each of these groups

would be predicted to have less control of Toxoplasma. First, in pregnant women~ a

pregnancy that is successful represents a relatively immunocompromised state (303).
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Maternai acceptance of the fetal-allograft is in part due to suppression of cell­

mediated cytotoxicity (304). This IS accomplished by the release of

immunosuppressive cytokines such as IL-4, IL-6 and IL-IO (305). This pattern of

cytokine secretion, characteristic of a relative increase in Th2-associated immunity

and decreased Th1 immunity, could facilitate the rupture of tissue cysts and the

dissemination of the parasite in the prospective mother (305). Second, in

immunocompromised patients, concomitant infection (e.g.: with HIV) or

administration of immunosuppressive drugs (e.g.: used in organ transplant

procedures) suppresses the immune response's ability to control the parasite, aIlowing

for rapid parasite multiplication. Finally, with regard to acutely infected individuals,

they would have less control of a Toxoplasma infection for a number of reasons: [1]

during acute infection there is a high parasite burden, [2] the immune response has

not successfully inhibited parasite propagation to the point where tachyzoites encyst

into bradyzoites, and [3] ooly low affmity IgM antibodies are present to bind with the

parasite. Since it is unJikely that patients remain Toxoplasma antigen positive for life

(due to cell-mediated control of T. gondii), a state of immunosuppression in a large

number of samples could have dramaticaIly increased our ability to detect antigen.

Therefore, the apparent high sensitivity of our assay may be an artifact of our

samples. However, when studying samples from other parasitic diseases not

originally collected for Toxoplasma screening or diagnosis (n=50), 14 sera were

antibody positive, while 35% of these sera were antigen positive. This sensitivity falls

weil within the range of previous studies. Further evaluation of immunologically

~'normar' samples, will provide more insight iota the true sensitivity of the assay.
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The third and final reason why our sensitivity is 50 high can he explained by the

dissociation ofCIC (Le.: the circulating antigen was a1ready complexed with antibody

and was therefore not detectable in our assay). Previous studies that dealt with antigen

detection (e.g.: Schistosoma mansoni, Onchocerca vo/vu/us, Wucheria bancrofti,

Brugia malayi), have resolved low sensitivities by dissociating CIC in sera with the

use of agents such as TCA (260,307) and EDTA (173,187). We tirst demonstrated

conclusively the formation of CIC by spiking Toxop/asma antibody positive and

negative specimens. Most of the Toxoplasma antibody positive sera had the capacity

to make the spiked antigen "disappear" (Figure 6). The mean OD40S change in

Toxoplasma antigen spiked negative sera (L\OD40s: 0.921 ± 0.068) was more than 4­

fold higher than that in Toxoplasma antigen spiked antibody positive sera (d0040S:

0.182 ± 0.061). Overall, these data strongly suggest: [1] that antibody/antigen

complexes could be fonned in vitro with "excess" antibody, [2] that antibody/antigen

complexes interfered with our antigen detection assay, and [3] that the presence of the

antibody/antigen complexes in our sPecimens was virtually certain.

These results allowed us to further optimize our assay. Following the in vitro

demonstrations of immune complex fonnation with spiked serum samples, we used

TCA to dissociate the CIC. Without CIC dissociation, the sensitivity of the assay was

52% (n=412), comparable to other studies conducted using animal and human

sPecimens. However, the use of 12% TCA increased the assay sensitivity to 96%

(n=254).
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Using these serum samples and the novel dissociation of CIC, we have designed a

qualitative and semi-quantitative antigen capture ELISA (the second generation

assay). The quantitative nature of the assay can he improved by running seriai

dilutions of samples in order to establish an antigen titre. Although our assay is only

semi-quantative, when we compared the mean OD405 change between acute infections

(IgG-lIgM) and chronie infections (lgO+/IgM1 after 12% TCA treatment (Le.: after

CIC dissociation), we observed that the mean OD405 change was greater in the acute

infections (dOD405: 0.250 ± 0.06 vs. 0.185 ± 0.123; p=0.001). This could he

attributed to the immunosuppressed state of the patient and/or the constant "'ticking­

over" of the parasite. Previous studies that examined antigen detection in these

patients failed to report high sensitivities (52, 55, 57, 94, 98, 105, 108-111, 114, 117).

In these patients, the suppressed immune response would cause tachyzoite

proliferation to commence, allowing for an increase of parasite burden in the host.

This would theoretically enhance the ability to detect circulating antigen with a higher

sensitivity. The inability to detect antigen at high levels in these previous studies may

be due to the fact that the authors did not attempt to dissociate CIC. Had we used

specimens obtained solely from immunocompetent males, asymptomatic cases or

from banks of serum that were not originally collected for screening purposes, then

the sensitivity ofour assay might have been lower.

Previous studies have described CIC in toxoplasmosis (308, 309) but only one other

study in humans, eonducted by Lindenschmidt, has significantly dealt with the

dissociation ofCIC (310). However after dissociation of the CIC, circulating antigens
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were isolated in ooly 30% (n=42) of patients in this study (310). This low sensitivity

may be due to the following: [1] the CIC were dissociated using 3M NaSCN and not

12% TCA, [2] the samples were poorly characterized (Le.: the samples were obtained

from patients with lymphadenopathy, presumed to he due to acute-phase

toxoplasmosis), [3] the IgM titres were determined by using an IgM-IFAT and not an

IgM-ELISA and [4] the antigen detection ELISA did not use mAbs and was not

performed in a sandwich format. It was then proposed that CIC should be measured

in conjunction with serological testing, rather than circulating antigens, as the CIC

test provides more useful information about the activity of a Toxoplasma infection

(308~ 309). However, the major flaw with this proposai is that CIC may be found in a

relatively high proportion of clinically healthy individuals with or without

Toxoplasma infection. We believe that the detection of circuiating antigens (not CIC)

provides the most useful information with regard to the activity of a Toxoplasma

infection. We demonstrated that 12% TCA-treatment pennitted at least partial

recovery of spiked antigen in aImost ail Toxoplasma antibody positive specimens

(Figure 7). Furtbermore, the use of TCA not oruy had a significant impact on

increasing antigen detection (p=O.OOO 1), it was also able to significantly decrease the

number of faIse positives and the background noise in negative samples (p=O.OS)

(Figure 10). However, the true sensitivity of our assay will eventuaIly he determined

by: [1] testing large numbers of samples with defined clinical sera, [2] longitudinal

studies conducted on IgG+!lgM- samples from pregnant wornen and/or

immunocompromised hosts (e.g.: pre and post immune suppression therapy) and [3]

longitudinal studies conducted on samples from Toxoplasma outbreaks (e.g.: Victoria,
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British Columbi~ Canada) (41). These peculiarities of our sera and our novel

dissociation of CIe might explain why previous studies have failed in the past to

detect comparable levels ofcirculating antigens.

To date., our limited specificity testing has been conducted using 103 Newfoundland

adolescents., 100 IgGïIgM- sPecimens from the OPHL and 36 individuals with

various parasitic diseases. Assay specificity was 97% (n=239). Based on the samples

used in this study., this high sPecificity indicates that there are minimal numbers of

false-positives with the use of our assay and low amounts of cross-reactions with

other parasitic diseases (Table SB). Assay specificity was lower with samples from

other parasitic diseases (especially a related apicomplexan parasite - Plasmodium

spp.) for a number ofreasons: [1] False positives: other related-parasitic diseases may

contain cross-reacting epitopes and test positive., [2] Age of infection: these samples

were obtained most probably from patients in endemic areas and may have been

exposed to Toxoplasma at a young age, [3] Antibody Titre: patients who were

Toxoplasma antibody positive may not necessarily be infected. Further studies will

need to be conducted on samples known to cross-react in antibody detection EIAs

causing false positives (e.g.: samples obtained from cancer, lupus and arthritis

patients). However., unIike antibody detection EIAs., we do not expect that the nature

of these samples will influence the result of the antigen detection assay. This might

prove to be a major strength ofour antigen detection assay.
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During the development of our assay, our data raised the POssibility that both

antibody titre and avidity might influence our results. Although only qualitative

antibody data were available for most of the serum sampies, IgM and IgG titres were

recorded for sorne. A subset of these latter specimens was used to test the hypothesis

that antibody titres influenced our ability to detect antigen ex-vivo. In Toxoplasma

infection, IgO antibodies are produced slowly after IgM production. The IgO titres

increase with time until the infection becomes quiescient. At this point, there is a

basal amount of tachyzoites being produced and the majority of the parasites are

encysted in tissue as bradyzoites. This suggests that with increasing antibody titre,

there is a lower amount of circulating parasite and the ability to successfully detect

antigen should decrease. We demonstrated that increasing antibody titres were

inversely related to our ability to detect antigen (Figure 8). Furthermore, a strong

association was observed between antibody titre and the Mean OD40S change upon

12% TCA treatment in the sera with low IgG titres as compared to those with high

titres (~OD40S: 0.175 ± 0.022 vs. 0.056 ± 0.021; p=O.05) suggesting that we were able

to detect more antigen in the samples with lower antibody titres (Le.: higher amount

of parasite production) after CIC dissociation. In the lower titre samples, there will be

fewer host-serum derived antibodies to interfere with the antigen detection ELISA

than in the higher titre samples, which May also expIain the difference in OD405

changes.

IgO avidity was then studied as a possible confounder in our ability to detect

circulating antigens. Severa! investigators have shown that the avidity of anti-
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Toxoplasma antibodies increased quite slowly over a period of 34 months (88-90).

Our prediction was that sera with lower avidity antibodies would he obtained earlier

in infection (hence more likely to have circulating antigen) and that these low avidity

antibodies might also he more likely to release bound antigen in response to TCA

treatment. We observed a striking correlation between IgG avidity and the mean

change in OD405 observed with TCA treatment (r=0.57, p=O.OOOI) (Figure 9), which

suggests that antigen is more readily detectable upon TCA treatment in samples with

lower antibody avidity (Le.: lower antibody titre and higher amounts of parasite

production). However, the nature of our SPeCimens precludes any final conclusions

because Ig~ and low avidity sera are likely to be observed earlier in infection.

Currently, the presence of Toxoplasma-specific IgG antibodies indicates infection at

sorne point, but the level of IgG reactivity is not indicative of how recently the

individual was infected. Determining the timing of infection in pregnant women and

whether or not the infection has reactivated in immunocompromised patients are

extremely important so that the appropriate measures can he taken to limit the risk of

damage to the fetus and patient respectively. Currently the sole non-invasive method

capable of discriminating between pregnancies at high versus low risk is IgM testing

(l, 4, 19, 275, 306). Unfortunately, problerns with the specificity of commercial tests

have resulted in the presentation of erroneous information to the physician and his or

her patient, which have interfered with decisions related to clinical management (l, 4,

19, 275, 306). Furthermore, IgM antibodies have been detected as long as 2 years

after the initial infection in sorne people (2). Standard serologie tests are of Iittle value
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in the recognition of reactivated disease. In designing our Toxop/asma antigen

detection assay, we had hoped that we could discriminate between acute and chronic

infections. This proved not to he the case however since our assay was 95% sensitive

in IgG+/lgM- sera and 100% in Ig~ sera. Therefore, in the assay's present state, it

cannot replace the current serological diagnostic tests.

ln order to use this assay for the diagnosis of reactivated disease in

immunocompromised patients and in congenital infection, strain (42, 50) and/or stage

(311, 312) specifie antigens May need to he recognized. These antigens could

potentially have great diagnostic use in the differentiation between acute and chronic

infections based on their appearance in the biological life-cycle of the parasite. For

example, in immunocompromised patients, a drop in the overall immune response to

infection would tend to correlate with increasing multiplication of parasites (i.e.:

increasing levels of parasite burden) and release of tachyzoites from tissue cysts. The

use of a tachyzoite specifie antigen May aIlow for the rapid diagnosis of this

reactivated infection. Previous studies have shown that T. gondii comprises three

clonai lineages, types 1, Il and III (50) and that the majority of human infections

(66%) are caused by type II (50). Congenital infections seem to be caused mainly by

type 1 and tyPe lI, while type III is observed mainly in animais (50). Furthermore, it

has been demonstrated that there are major antigenic differences between these

strains, detectable by Western blotting and parasite plaque reduction assays (3 Il,

312). The possibility that the parasite genotype influences the severity of human

disease is supported by differences in the pathogenicity of parasite strains in animal
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models. Type II strains produee high eyst burdens in miee (313-315) and are prone to

reaetivate in experimentally immunocompromised mice (316). These traits may

increase the risk of reaetivation of chronie infection, leading to toxoplasmic

eneephalitis in immunoeompromised humans (e.g.: AIDS patients). Type 1 strains

(e.g.: RH strain) are extremely virulent in mice and cause significantly higher levels

of parasitemia (317, 318). It has been observed in humans that sueh high parasitemia

(eaused by types 1 and II) may increase the risk of transplacental transmission or

severity of infection in the developing fetus. Toxop/asma stage sPecifie antigens have

been demonstrated for ail three major morphologie life-cycle stages: tachyzoite (311,

312), bradyzoite (311, 312) and oocyst (311, 312, 319, 320). The antigens located in

the P30 cluster of the immunoreactive proteins between molecular weights of 24 to

34 kDa (311) may be of partieular interest since the rhAbs 17.9 and A3.2, used in our

assay, were raised against 31 kDa and 34 kOa dense granule proteins respectively.

For example, the identification of a tyPe II strain-specific taehyzoite antigen in a

pregnant woman could plausibly be of real value in evaluating the risk of congenital

infection.

Although we have designed a highly sensitive and specifie assay, what remains to he

done is the following: [1] increased testing with immunologically "normal" samples

and longitudinal serum samples (e.g.: patients pre and post immunosuppressive

therapy) to determine the true sensitivity and specificity of the assay, [2] further

studies using individuai mAbs (as opposed to a pool of mAbs) with fully

eharacterized specimens will he required to understand the heterogeneity revealed by



•

•

•

66

the mAbs in our preliminary data (Figure 4) and [3] the use of individual mAbs

should he investigated to see if particular antigens are associated with one of the three

T. gond;; genotypes and to see if they are associated with particular clinical profiles

(e.g.: pregnant women, immunocompromised hosts, acutely infected patients).

Depending on the results of this expanded work, Toxoplasma antigen testing may yet

prove to he valuable in the clinical situations of particular interest. However, our

sensitivity and specificity data to date suggest that Toxoplasma antigen detection may

have sorne significant advantage over routine antibody ElAs in sorne clinical settings

(e.g.: acutely infected patients). In conclusion, although this study was conducted

using samples based solely on serological status, the data suggests that further

evaluation with more defined sera is warranted to continn the usefulness of our

antigen detection test as a diagnostic tool for monitoring T. gondii infection.
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