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Toxoplasma gondii Recombinant Antigens as Tools for Serodiagnosis
of Human Toxoplasmosis: Current Status of Studies
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Toxoplasma gondii is a parasitic protozoan which is the cause of toxoplasmosis. Although human toxoplasmosis in healthy
adults is usually asymptomatic, serious disease can occur in the case of congenital infections and immunocompromised individ-
uals. Furthermore, despite the exact recognition of its etiologyj, it still presents a diagnostic problem. Diagnosis of toxoplasmosis
is mainly based on the results of serological tests detecting anti-T. gondii-specific antibodies in the patient’s serum sample. The
specificities and sensitivities of serology tests depend mostly on the diagnostic antigen(s) used. Most of the commercial serologi-
cal kits currently available are based on Toxoplasma lysate antigens (TLAs). In recent years, many studies showed that recombi-
nant antigenic proteins of T. gondii may be an alternative source of antigens which are very useful for the serodiagnosis of toxo-
plasmosis. This article presents a review of current studies on the application and usefulness of different T. gondii recombinant
antigens in serological tests for the diagnosis of human toxoplasmosis.

Toxoplasmosis is a parasitic disease caused by the intercellular
protozoan parasite Toxoplasma gondii, which can infect hu-
mans and warm-blooded animals (1). In healthy individuals, a
primary infection with T. gondii usually causes relatively mild flu-
like symptoms, whereas in immunocompromised patients, it can
cause opportunistic life-threatening infections. Moreover, in
pregnant women, toxoplasmosis may cause serious problems be-
cause transplacental transmission can occur and lead to abortion,
stillbirth, or neonatal malformations (2). Overall, about a third of
mothers with primary infection give birth to an infant with toxo-
plasmosis (2). These facts emphasize the importance of being able
to make an accurate distinction between primary and chronic in-
fection or reactivation, especially during pregnancy.

A diagnosis of toxoplasmosis can be established by the isola-
tion of T. gondii from blood or body fluids, demonstration of the
parasite in tissues, detection of specific nucleic acids with DNA
probes, or by carrying out serologic tests in order to detect T.
gondii-specific immunoglobulins synthesized by the host in re-
sponse to infection. Currently, routine diagnosis of toxoplasmosis
relies mainly on the use of various serological tests to detect spe-
cific antibodies in the serum samples of infected patients. The
presence of a recent infection can be determined by detecting se-
roconversion of immunoglobulin M (IgM) or IgG antibodies, a
substantial increase in IgG antibody titer, or a Toxoplasma sero-
logic profile compatible with acute infection (using Toxoplasma
serodiagnostic tests, including an IgG avidity test) in sequential
serum samples of infected individuals (3, 4). However, this pro-
cedure bears limitations in estimating the time of T. gondii infec-
tion due to the fact that, in most cases, low IgM titers persist long
after the acute phase of disease (5). Most commercial serological
kits use native antigens prepared from tachyzoites grown in mice
and/or tissue culture. The methods of producing these antigens
may also vary significantly between laboratories. It is important to
know that the antigen(s) obtained from tachyzoites may contain
various nonparasitic materials from culture media and eukaryotic
host cells. Serological tests based on tachyzoite antigenic extracts
are thus difficult to standardize and frequently provide insuffi-
cient specificity and results which are too inconsistent for accurate
differentiation between newly acquired infections and those ac-
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quired long before conception (6—8). One approach to improving
these tests is to replace the native antigens with recombinant pro-
teins. The major advantages of recombinant antigens for the di-
agnosis of T. gondii infections are as follows: (i) the precise antigen
composition of the test is known, (ii) more than one defined an-
tigen can be used, and (iii) the method can easily be standardized.
In addition, selected antigens that are characteristic for the acute
or chronic stages of the infection could serve as a tool to discrim-
inate between the two stages. Moreover, obtaining homogenic
recombinant specimens of antigenic proteins by molecular biol-
ogy methods makes it possible to solve not only the biohazard
problem but also the issue of time and labor consumption, all of
which accompany the production of native antigen.

This article presents the current status of the application of T.
gondii recombinant antigens in the diagnosis of human toxoplas-
mosis, focusing on the use of specific molecular markers, mixtures
of proteins, and the new generation of diagnostic tools, which is to
say, chimeric antigens, in serological tests.

T. GONDII RECOMBINANT ANTIGENS

In the past 35 years, several dozen genes encoding T. gondii pro-
teins have been cloned into bacterial and eukaryotic expression
systems, as follows: the surface antigens SAG1 (P30) (9-12), SAG2
(P22) (12-15), SAG3 (P43) (16), and P35 (15); the dense granule
antigens GRA1 (P24) (11, 17), GRA2 (P28) (18-22), GRA4 (23,
24), GRA5 (25), GRA6 (P32) (15, 26, 27), and GRA7 (P29) (11,
28-31); the rhoptry antigens ROP1 (P66) (20) and ROP2 (P54)
(32-34); and B10 (P41) (35), MAGI (36), and MIC1 (37). Many
of these recombinant antigens have been used for the detection of
T. gondii-specific antibodies in human serum samples (38). Fur-
thermore, several previous studies have found that recombinant
antigens improve the serological diagnosis of toxoplasmosis (15,
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TABLE 1 Recombinant antigens of T. gondii as molecular markers of the toxoplasmosis phase

No., source, and toxoplasmosis

Expression phase? of seropositive sera
Antigen  system/protein” Diagnostic test tested Results Reference
GRA6 Recombinant protein with  IgG ELISA 193 total, 61 acute, 132 chronic  Sensitivity, 86% for acute-phase sera; specificity 27
GST domain between presence and absence of acute
infection, 99.6%
P35 Recombinant protein with ~ IgM ELISA 53 total, 20 acute, 33 chronic Sensitivity, 90% for acute-phase sera; no 49
GST domain chronic sera were positive
P35 Recombinant protein with  IgG ELISA 91 total from 80 pregnant Sensitivity, 85.3% for acute-phase sera, 8% for 50
CKS* women, 41 acute, 50 chronic chronic sera
GRA4 Recombinant protein with  IgG ELISA 36 total, 12 acute, 22 chronic Sensitivity, 58.3% for acute-phase sera, 18.2% 51
His tag domain for chronic sera
GRA7 Sensitivity, 75% for acute-phase sera, 36.3% for
chronic sera
MIC3 Recombinant protein with  IgG avidity 121 total from 80 pregnant Low avidity of IgG antibodies in sera collected 52
GST domain women with seroconversion within 2 mo after infection
GRA7 Recombinant protein with  IgG ELISA 117 total, 45 acute, 72 chronic Sensitivity, 95.9% for acute-phase sera, 68.9% 43
His tag domain for chronic sera
GRA6 Recombinant protein with ~ IgG ELISA 90 total, 33 acute, 57 chronic Sensitivity, 93.9% for acute-phase sera, 63.1% 15
His tag domain for chronic sera
P35 Sensitivity, 86.7% for acute-phase sera, 54.5%
for chronic sera
MAGI1 Recombinant protein with  IgG ELISA 117 total, 37 acute, 80 chronic Sensitivity, 97.3% for acute-phase sera, 7.5% 36
His tag domain for chronic sera
GRA2 Recombinant protein with ~ IgG ELISA 59 total from pregnant women  Sensitivity, 95.8% for acute-phase sera, 67.7 % 53
TRX and His tag in France, 24 acute, 35 for chronic sera
domains chronic
46 total from pregnant women  Sensitivity, 100% for acute-phase sera, 71.4%
in Iran, 18 acute, 28 chronic for chronic sera
SAG2A  Recombinant protein with ~ IgG ELISA 60 total, 30 acute, 30 chronic Sensitivity, 90% for acute-phase sera, 67% for 54
His tag domain chronic sera
GRA6 Recombinant protein with  IgG ELISA 58 total, 24 acute For cutoff value? of mean + 2 SD, sensitivity 55
His tag domain (seroconversion during 4 was 95.8% for acute-phase sera, 44.1% for
mo prior to sampling), 34 chronic sera; for cutoff value? of mean + 3
chronic SD, sensitivity was 87.5% for acute-phase
sera, 5.9% for chronic sera
ROP1 Recombinant protein with  IgG ELISA 127 total, 37 acute, 90 chronic Sensitivity, 94.6% for acute-phase sera, 15.5% 20
His tag domain for chronic sera
GRA2 Sensitivity, 100% for acute-phase sera, 22.5%
for chronic sera
GRA7 Recombinant protein with  IgG immunoblot 40 total, 20 acute, 20 chronic Sensitivity, 100% for acute-phase sera, 40% for 12

His tag domain

chronic sera

@ All recombinant proteins were produced in E. coli.
b Sera were grouped according to toxoplasmosis phase (acute or chronic).

€ CKS, CTP:CMP-3-deoxy-p-manno-octulosonate cytidylyl transferase.

@ The cutoff values were set on the mean absorbency readings of sera from seronegative individuals.

25, 34, 39-48). However, it is not only the improvement of T.
gondii diagnosis with the use of recombinant antigens that is very
important but, also, improvement in differentiating between the
acute and chronic phase of toxoplasmosis. The determination of
the stage of T. gondii infection is important for pregnant women
because primary infection during pregnancy can put the child at
risk of serious medical problems. The accurate diagnosis of acute
infection in pregnant women is thus critical for the clinical man-
agement of both the mother and her fetus. For these reasons, it is
vitally important to investigate better diagnostic methods for dis-
tinguishing between recently acquired infections and those that
occurred prior to conception.

A new possibility in T. gondii serodiagnosis is the selection and
use of molecular markers, which is to say, proteins characteristic
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of the parasite’s tachyzoite or bradyzoite stage that are able to
recognize the specific antibodies from acute or chronic human
sera (Table 1). In recent years, many papers have reported very
promising results, showing that, in many cases, the use of a specific
recombinant protein identifies the phase of the disease during the
testing of a single sample of serum. Table 1 presents different T.
gondii recombinant proteins that have shown stronger reactions
with sera from patients with acute toxoplasmosis. Thus, these re-
sults indicate that properly selected recombinant antigens are suit-
able for the investigation of the acute phase of disease. Moreover,
in the diagnosis of acute infection versus chronic infection, deter-
mining the avidity index of IgG antibodies is very important (56—
59). The application of T. gondii recombinant antigens in an IgG
avidity assay presents completely new possibilities. Against se-
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lected recombinant proteins, IgG avidity matures at a different
rate than the Toxoplasma native antigens. As a result, it is possible
to improve IgG avidity assays by better discrimination of the sera
on the basis of the length of time that the T. gondii infection has
been present. In 2000, Marcolino et al. (60) selected proteins P16,
P32, P38, P40, P43, P54, P60, P66, and P97 as potentially useful in
an avidity assay to discriminate between phases of toxoplasmosis,
while in 2003, Beghetto et al. (52) showed that MIC3 may be used
as a molecular marker that discriminates on the basis of avidity
results between sera from patients infected with T. gondii more
and less than 2 months previously (Table 1). Moreover, in 2005,
Pfrepper et al. (45) constructed an avidity test in which GRA7,
MAGT, and SAG1 antigens were applied. In this study, the recom-
Line Toxoplasma IgG strip test (Mikrogen GmbH, Germany)
showed low avidity for recombinant GRA7 within the first month
of infection, while low avidity for MAG1 and SAGI1 was found
within a postinfection period of 3 months. In 2008, Sickinger et al.
(61) developed the ARCHITECT toxo IgG and IgG avidity assays
as a fully automated panel for immune status determination and
acute infection exclusion. In these tests, the tachyzoite-specific
surface antigen P30 (SAG1) and P35 (GRAS8) proteins were used.
The IgG avidity assay detected 100% (124/124) of acute-phase
specimens (<4 months after infection) as low avidity, whereas the
commercially available Vidas toxo IgG avidity assay (bioMérieux,
France) detected 98.9% (89/90) as low avidity. ROP1 recombinant
antigen was also applied in an IgG avidity test (62), where specific
low-avidity antibodies were detected in most of the sera from
individuals with acute toxoplasmosis, while the absence of specific
antibodies or high-avidity antibodies was detected in sera from
patients with chronic infection. Furthermore, in 2010, Elyasi et al.
(63) showed better clinical usefulness for an IgG avidity assay
based on recombinant GRA6 than for the Euroimmun avidity test
(Euroimmun, Litbeck, Germany) for the exclusion of recent in-
fection, occurring less 4 months previously, in pregnant women.
Results for a selected mixture of recombinant proteins, namely,
GRA7, SAGI, and GRA1, were also published (64), showing that
IgG avidity maturation against this mixture is different from that
received against Toxoplasma lysate antigen (TLA). Therefore, the
use of recombinant proteins in IgG avidity assays has great poten-
tial and offers new opportunities for the diagnosis of toxoplasmo-
sis. Avidity assays based on whole-cell T. gondii antigen detect
low- or borderline-avidity antibodies in many patients with the
chronic phase of disease (59, 65, 66), whereas affinity maturation
of antibodies against single epitopes represented by properly se-
lected recombinant antigens might follow a different pattern and,
thus, distinguish better between acute and chronic toxoplasmosis.
Recombinant antigens could therefore enhance the clinical use-
fulness of avidity assays in order to determine more accurately
when T. gondii infection occurred. In addition, the standardiza-
tion of an avidity test based on recombinant antigens, which have
a more-constant quality than TLAs prepared from parasites
grown either in a cell culture or in the peritoneal cavities of mice,
should be easier.

In summarizing the information presented in this section, it
must be concluded that recombinant immunoassays using spe-
cific molecular markers appear to be a useful addition to the cur-
rent methods used for the serodiagnosis of acute toxoplasmosis.
Moreover, Redlich and Miiller (27) reported that an assay using a
recombinant product in the form of the glutathione S-transferase
(GST)-GRAG6 antigen can provide important additional informa-
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tion about the stage of T. gondii infection in patients with IgM
persistence.

THE MIXTURE OF RECOMBINANT PROTEINS

In most studies, recombinant antigens were coated on enzyme-
linked immunosorbent assay (ELISA) plates alone. However, in
some cases, they were coated in various combinations consisting
of two or three proteins. The diagnostic utility of two recombinant
T. gondii proteins, H4/GST and H11/GST, mixed together as an
antigen preparation in an ELISA for the detection of T. gondii-
specific IgM was shown for the first time by Johnson et al. (67) in
1992. Their results revealed higher sensitivity (81.3%) of the IgM
ELISA with a combination of the two proteins than was previously
obtained with H4/GST and H11/GST separately (54% and 61%,
respectively) (68). A mixture of GRA7, GRAS8, and ROP1 recom-
binant proteins was subsequently reported as an antigen prepara-
tion for the detection of IgM antibodies in human sera (Table 2)
(41). Another interesting combination for the detection of IgG-
specific antibodies, based on recombinant GRA7 together with
Tg34AR (ROP2 C-terminal fragment), was reported by Jacobs et
al. (40). In this particular case, while each separate ELISA had a
sensitivity of 81% and 88%, respectively, the combination of the
two proteins increased the sensitivity to 96%. Taken together,
these data demonstrated the potential of using two or three com-
plementary recombinant antigens in order to reach a sensitivity
comparable to that obtained with a crude antigen preparation. In
2000, Lecordier et al. (42) showed that the sensitivity of IgG
ELISAs with the single recombinant antigens GRA1 and GRA6-Nt
was low (68% and 96%, respectively). They also found that com-
parison of the optical density values for each serum sample re-
vealed that GRA1 may complement GRA6-Nt to reach an overall
sensitivity of 98%. Hence, these proteins could be used together as
a mixture of antigens for the serodiagnosis of toxoplasmosis. Fur-
thermore, several mixtures of recombinant proteins were pro-
posed for the detection of IgG antibodies against T. gondii. They
were GRA7, GRAS, and SAG1 (41); GRA7, GRA8, SAG2, and H4
(69); SAG1, GRAI1, and GRA7 (43); P35 (GRAS), SAG2, and
GRA6 and MIClex2, MAGI, and MIC3 (37); and SAGI and
GRAS5 mixed with MAGI1 or GRA2 or ROP1 (25) (Table 2). The
results presented in the studies cited above are consistent in that all
the researchers found that combining complementary recombi-
nant T. gondii antigens in the same immunoassay improves the
relative sensitivity of the test. Moreover, the above-mentioned
combinations of recombinant antigens include one consisting of
GRA7, GRAS, SAG2, and H4 proteins that was suggested as being
useful for differentiating between a recently acquired infection
and one acquired in the distant past (69). Most of the cocktails
under discussion were found to be antigenic preparations which
can detect specific IgG in the sera of infected individuals with a
sensitivity that is the same or similar to the native antigen of T.
gondii. These combinations of recombinant proteins can there-
fore replace the tachyzoite soluble extract in serologic tests. How-
ever, the detection of IgG antibodies from different stages of the
disease requires an optimum combination of well-proportioned
antigens that are highly reactive, such as SAG1, and which are
specific molecular markers for different phases of toxoplasmosis,
for example, MAG1, GRA2, or ROP1 for the acute stage or GRA5
for the chronic (25). Thus, a well-advised and precise selection of
mixture components is crucial to obtaining a preparation useful
for diagnostic application.
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TABLE 2 Combinations of T. gondii recombinant antigens for the diagnosis of toxoplasmosis

No., source, and
toxoplasmosis phase” of

Antigen mixture Expression system/protein”  Diagnostic test

seropositive sera tested

Results Reference

P29 (GRA7), P30 (SAG1), Recombinant proteins with IgG ELISA
P35 (GRAS) CKS‘ domain
P29 (GRA7), P35 (GRAS), IgM ELISA
P66 (ROP1)
P22 (SAG2), P25, P29 Recombinant proteins with  IgG ELISA
(GRA7), P35 (GRAS) MBP domain (P22, P25,
P29) and GST domain
(P35)
SAG1, GRA1, GRA7 Recombinant proteins with  IgG ELISA
His tag domain
P35 (GRAS8), SAG2, GRA6 Recombinant proteins with IgG ELISA
His tag domain
MIClex2, MAG1, MIC3
MAGI, SAG1, GRA5 Recombinant proteins with 1gG ELISA

His tag domain
GRA2, SAGI, GRA5
ROP1, SAG1, GRA5

247 total, 92 chronic, 88 acute,
53 seroconverted

142 total, 88 acute, 53
seroconverted

90 total from pregnant
women, 20 acute, 70
chronic

241 total, 117 acute, 124
chronic
72 chronic sera

189 total, 27 acute, 18
postacute, 144 chronic

Sensitivity, 98.4%; specificity, 95.7% 41
Sensitivity, 93.1%; specificity, 95.0%

Sensitivity, 90% for acute-phase 68
sera, 1.4% for chronic sera;
specificity, 97% for acute-phase
sera; useful for differentiation of
acute- from chronic-phase
toxoplasmosis

Sensitivity, 100% for acute-phase 43
sera, 91.1% for chronic sera

Sensitivity, 88.9%; specificity, 100% 37

Sensitivity, 94.4%; specificity, 100%
Sensitivity, 92.6%; specificity, 100% 25

Sensitivity, 93.1%; specificity, 100%
Sensitivity, 94.2%; specificity, 100%

@ All recombinant proteins were produced in E. coli.
b Sera were grouped according to toxoplasmosis phase (acute, postacute, or chronic).
¢ CKS, CTP:CMP-3-deoxy-p-manno-octulosonate cytidylyl transferase.

In view of the information set out in this section, it seems that
the development of appropriate mixtures of recombinant proteins
is a good approach in the diagnosis of toxoplasmosis. In some
cases, single antigens may have low sensitivity in the detection of
specific antibodies in serum samples from infected individuals.
This may be due to the lack of specific antibodies against a given
protein in the patient’s serum. Therefore, the use of a mixture of
recombinant antigens is better for identification purposes than a
single protein because the application of two or several recombi-
nant antigens could improve the sensitivity of ELISAs.

CHIMERIC ANTIGENS AND MULTIEPITOPE PEPTIDES

Chimeric products are a new kind of diagnostic tool for the detec-
tion of anti-T. gondii-specific antibodies in human serum sam-
ples. A single recombinant chimera contains different immunore-
active epitopes from various T. gondii antigens which have been
properly selected. Generally, these immunoreactive epitopes are
hydrophobic segments of antigen, and very often, they are frag-
ments that are well exposed on the protein surface. In the past, a
variety of computing methods for the prediction of epitopes have
been developed (70). Most of them utilize the physical and chem-
ical properties of individual amino acids to predict structural and
functional properties of peptide chains suggesting the localization
of epitopes. Moreover, in recent years, new tools have been devel-
oped to predict immunoreactive protein fragments. In 2012,
Maksimov et al. (71) showed that the use of a bioinformatic pre-
diction method in combination with a peptide microarray is a
powerful tool for the selection and analysis of T. gondii epitopes as
candidate antigens for serological diagnosis. Furthermore, several
experimental approaches may be used to identify epitopes, includ-
ing phage display of cDNA libraries, epitope mapping, and reac-
tivity with monoclonal antibodies (72-74). The combination of
carefully selected epitopes from proteins of different stages of the
T. gondii life cycle is an optimal strategy for overcoming the anti-
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gen complexity of the parasite. Thus, the chimeric protein may be
a more immunodominant antigen than the original antigens.
Moreover, a major advantage of using a chimeric antigen for an-
tibody detection rather than the existing commercial assays and
tests based on a combination of recombinant products would be a
more standardized antigen. Chimeric antigens are a new genera-
tion of recombinant products which have the potential to replace
the native antigen(s) received from lysed whole parasites. To date,
only a few studies have shown the usefulness of this kind of pro-
teins for the serological diagnosis of T. gondii infection (Table 3).
In 2006, Beghetto et al. (46) found that two chimeric antigens,
GST-EC2 and GST-EC3, improve the serological diagnosis of tox-
oplasmosis both in adults with an acquired infection and in in-
fants born to mothers with a primary T. gondii infection (Table 3).
In addition, those authors showed that, compared with the ability
to diagnose congenital infection by using standard assays, [gM
ELISAs with recombinant antigens (Rec-ELISAs) based on GST-
EC2 and GST-EC3 proteins improve the ability to diagnose con-
genital toxoplasmosis postnatally. Their research demonstrated
that the IgM Rec-ELISA found 70% of serum samples from infants
with congenital toxoplasmosis to be positive, whereas the com-
mercially available assays used (ELFA-IgM [bioMérieux, France]
or ETI-TOXOK-M [DiaSorin, Italy]) found positive results for
only 35% of the infected infants (46). Furthermore, different chi-
meric proteins have also been shown to be very effective in detect-
ing specific anti-T. gondii antibodies in human serum samples
(Table 3) (75-79). In 2012, Holec-Gasior et al. (76) showed that
the sensitivity of the IgG ELISA for the MIC1-MAG1 chimeric
protein was almost as high as that for the Toxoplasma lysate anti-
gen (TLA), 90.9% and 91.8%, respectively, whereas the sensitivi-
ties of IgG ELISAs for the mixture of two recombinant proteins
(rMAGT1 and rMIClex2) or for single recombinant antigens were
definitely lower, 69.1% for the mixture, 75.5% for rMIClex2, and
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TABLE 3 T. gondii recombinant chimeric antigens and multiepitope peptides for the serodiagnosis of toxoplasmosis

Chimeric antigen(s)/

Expression system and

No., source, and
toxoplasmosis phase” of

multiepitope peptide(s)  Antigenic regions (aa) recombinant protein Diagnostic test seropositive sera tested Results Reference
GST-EC2 and GST-EC3  157-235 of MIC2, 234-307 of MIC3, = Recombinant proteins with ~ IgM ELISA or 50 from adults with acquired ~ IgM ELISA, sensitivity, 98% (49/50) for 46
182-312 of SAG1 and 36-134 of GST domain produced IgG ELISA T. gondii infection GST-EC2 antigen, 84% (42/50) for
GRA3, 24-102 of GRA7, 37-263 in E. coli GST-EC3 antigen
of M2AP
20 from infants born to IgM ELISA, sensitivity, 70% (14/20) for
mothers with primary GST-EC2 antigen, 50% (10/20) for
toxoplasmosis GST-EC3 antigen
100 from adults with IgG ELISA for GST-EC2 and GST-EC3
acquired T. gondii antigens, sensitivity and specificity,
infection 100%
SAG1/2 1-336 of SAG1, 1-186 of SAG2 Recombinant protein with ~ IgG/IgM Western 110 total, 20 early acute, 20 Sensitivity and specificity, 100% 75
(whole proteins) His tag domain blotting acute, 20 chronic
produced in P. pastoris
MIC1-MAG1 25-182 of MIC1, 30-222 of MAGL1 Recombinant protein with ~ IgG ELISA 110 total, 26 acute, 17 Sensitivity, 100% for acute-phase and 76
His tag domain postacute, 67 chronic postacute-phase sera, 85.1% for
produced in E. coli chronic sera, 90.9% overall;
specificity, 100%
MIC1-MAG1-SAG1 25-182 of MIC1, 30-222 of MAG1, Recombinant protein with IgG ELISA 162 total, 47 acute, 19 Sensitivity, 100% for acute-phase and 77
49-198 of SAG1 His tag domain postacute, 96 chronic postacute-phase sera, 96.9% for
produced in E. coli chronic sera, 98.1% overall; 100%
specificity
MEP 239-318 of SAGI1, 109-118 of SAG2,  Recombinant protein with IgG ELISA 108 total, 32 acute, 76 Sensitivity, 87.5% for acute-phase sera, 78
347-356 of SAG3 His tag and Trx tag chronic 97.4% for chronic sera, 94.4%
domains produced in E. overall; 100% specificity
coli
IgM ELISA 32 Sensitivity, 96.9%
IgG ELISA 126 total from pregnant Sensitivity, 25.9% for acute-phase sera, 79
women, 58 acute, 68 97.1% for chronic sera, 96.6%
chronic overall
IgM ELISA 58 from pregnant women Sensitivity, 96.6%; specificity, 100%

@ Sera were grouped according to toxoplasmosis phase (acute, postacute, or chronic).
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60% for rMAG1. Thus, the MIC1-MAG1 recombinant chimeric
antigen has the potential to replace the TLA in the IgG ELISA.
Furthermore, the same research team also developed the MIC1-
MAG1-SAGI chimeric protein containing immunodominant re-
gions from three T. gondii antigens (77), which yielded better re-
sults than the chimeric antigen containing only two fragments
from the MIC1 and MAGI proteins (76) (Table 3). The results of
this study showed that, in the case of antigen construction for
diagnostic utility, the rational selection of protein fragments is of
great importance. The addition of the fragment of surface antigen
(SAGL1), one of the parasite’s most-immunogenic proteins, to the
chimeric antigen resulted in an increase in the reactivity with spe-
cific IgG antibodies from the sera of patients with chronic toxo-
plasmosis. Another diagnostic approach, applied by Daietal. (78),
was related to the identification of immunodominant B-cell
epitopes within the six T. gondii proteins SAG1, SAG2, SAG3,
GRAS5, GRAG6, and P35. Three recombinant epitopes, which were
cloned from SAG1, SAG2, and SAG3, were strongly recognized by
T. gondii-positive human sera. For this reason, the authors devel-
oped a recombinant multiepitope fusion peptide (rMEP) com-
posed of these three antigenic determinants, which was tested with
diverse groups of human sera in IgG and IgM ELISAs (78, 79). The
results showed that the rMEP was effective in discriminating be-
tween recent and past infection (Table 3). The authors also
showed that the rMEP-based assay, when compared with two
commercially available ELISA kits (ELISA classic T. gondii 1gG
and IgM tests; Serion, Wiirzburg, Germany), has similar detection
efficiencies (93.2% and 95.7% for the detection of IgG and IgM
antibodies, respectively). These results suggest that rMEP recom-
binant multiepitope peptide antigens may be useful for the sero-
logic diagnosis of toxoplasmosis in pregnant women.

To summarize, the use of chimeric antigens and multiepitope
peptides in the serodiagnosis of T. gondii infection reveals new
diagnostic possibilities. These recombinant products may not
only facilitate the development of more-reliable and more-consis-
tent test systems but may also allow the development of new tests
capable of discriminating recently acquired infections from those
acquired in the more-distant past. However, an antigenic prepa-
ration useful for differentiation of the acute and chronic phases of
disease should contain various immunodominant regions from
specific molecular markers recognizing early or late anti-T. gondii
antibodies in human sera.

CONCLUSION

In the quest for suitable diagnostic tools for the detection of T.
gondii infection and differentiation between the phases of toxo-
plasmosis, numerous recombinant antigens of the parasite have
been reported and a number of them have already been evaluated
in ELISA and Western blot tests for the recognition of anti-T.
gondii 1gG, IgM, or IgA antibodies. Furthermore, the diagnostic
usefulness of some recombinant antigens in IgG avidity assays
have been estimated. Many studies have shown that the nonstan-
dardized whole-cell lysates of T. gondii used as antigens for the
recognition of specific antibodies in diagnostic tests may be re-
placed in the future with single recombinant proteins or their
various mixtures or chimeric antigens. However, an analysis of the
results reported in those publications has shown that different
cloning strategies and variations in the recombinant protein pu-
rification methods resulted in different levels of sensitivity and
specificity being obtained in the diagnostic tests conducted in var-
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ious laboratories working with the same antigens, for example, the
results obtained by Holec et al. (36) and Pfrepper et al. (45) for a
recombinant MAGI antigen. Furthermore, it is difficult to com-
pare the results of some of the studies relating to the application of
the same recombinant antigens in the serodiagnosis of toxoplas-
mosis because the criteria for acute and chronic infection vary
among researchers. This should therefore be taken into account
when interpreting the results of various studies.

A large number of different recombinant antigens have been
produced in the Escherichia coli expression system. However, it is
known that recombinant proteins produced in E. coli often loses
their antigenic value due to incorrect folding. Moreover, one of
the difficulties in using these recombinant antigens for serodiag-
nosis in humans is that of E. coli antigen contamination in the
partially purified recombinant protein preparation. One solution
to these problems is the production of new recombinant proteins
in eukaryotic expression systems which possesses the entire post-
translational modification mechanism and allow the production
of recombinant proteins with a conformation that is almost iden-
tical to that of the native proteins. In addition, these proteins do
not contain contaminants derived from the bacterial cells and,
therefore, do not give cross-reactions with human sera. In recent
years, the Pichia expression system in particular has been used
successfully to produced numerous T. gondii recombinant anti-
gens (22, 24, 75, 80-83). Thus, there is a need to obtain the new
recombinant antigens in different eukaryotic expression systems.

One problem in the field of serologic diagnosis of toxoplasmo-
sis is the lack of a unique and easy-to-use reference test. The ref-
erence Sabin-Feldman dye test (84) is performed in only a few
clinical laboratories worldwide because it not only requires live
parasites but is also expensive and difficult to standardize. Conse-
quently, the development of a standard test based on a combina-
tion of recombinant antigens or chimeric proteins remains a ma-
jor goal for future research work in this area. Moreover, extensive
screening of recombinant antigen panels that are representative of
the genetic diversity of Toxoplasma strains should be undertaken.
The search for new, more-effective antigenic proteins of the par-
asite that can be used as diagnostic tools in the future is also im-
portant. Bioinformatics have become very helpful in this, being
widely used to predict protein structures, functions, and other
biological characteristics (85). Furthermore, the application of re-
combinant antigenic proteins in other diagnostic assays, such as
the rapid lateral flow test based on the immunochromatographic
method (86) or the latex agglutination test (87) currently used for
the detection of T. gondii infection in animals, provides new diag-
nostic opportunities for researchers.

Certainly, the use of recombinant proteins in the serodiagnosis
of toxoplasmosis would be highly beneficial in improving stan-
dardization of the tests and reducing their production costs. Fur-
thermore, combining several recombinant antigens that present
multiple different epitopes as either a mixture or a chimeric prod-
uct strongly increases the probability of detecting T. gondii anti-
bodies during different stages of the infection. The discovery of
markers of new infections and the development of new diagnostic
assays which can be used to confirm the acute phase of toxoplas-
mosis, especially in pregnant women, is also required. Neverthe-
less, although the diagnostic tests discussed in this article are
promising, further work is needed before an immunoassay with
recombinant products will be available for clinical purposes.
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