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ABSTRACT. Toxoplasmosis is a widespread protozoan zoonosis. Since ingesting undercooked
meat harboring Toxoplasma gondii cyst is considered one of the major transmission routes to
humans, the screening of T. gondii in meat-producing animals can reduce the risk of food-borne
toxoplasmosis in humans. Among serological diagnostic methods, Luciferase-linked Antibody
Capture Assay (LACA) has been found to be a promising platform with high sensitivity and
specificity. In this study, we aimed to evaluate recombinant nanoluciferase fused-T. gondii antigens
(rNluc-GRA6, rNIuc-GRA7, rNIuc-GRA8 and rNIuc-BAGT1) for their potential use in LACA for pigs.

As a result, the sensitivity of GRA6-, GRA7-, GRA8- and BAG1-LACA were 70.0%, 80.0%, 80.0% and
30.0% with specificity 87.0%, 81.5%, 74.1% and 50.0%, respectively. The cocktail LACA using a
mixture of rNluc-GRA6, rNluc-GRA7 and rNluc-GRAS indicated higher sensitivity (90.0%) and a

J. Vet. Med. Sci. similar specificity (96.3%) in comparison with the commercial ELISA kit. Compared to the Dye-
84(7): 905-913, 2022 Test as a reference test, cocktail LACA showed strong agreement (kappa value=0.811) when we
assessed pig sera collected at the slaughterhouse. In addition, we also successfully established the
rapid LACA format for the detection of Toxoplasma infection in pigs (called Rapid-LACA) in which
the test could be performed within 30 min. In Rapid-LACA, the protein A pre-coated/blocked
plates could be preserved at —30°C, 4°C or room temperature conditions for at least two months
without compromising on the quality of assay.
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An estimated 30% of the global pig population has been exposed to toxoplasmosis, one of the most common parasitic zoonosis,
caused by the obligate intracellular protozoan Toxoplasma gondii [15]. Through the consumption of raw or undercooked pork
contaminated with 7. gondii tissue cysts, humans may get infected [21]. Immunodeficient patients, as well as pregnant women,
have been considered as a category at higher clinical risk. Particularly, 7 gondii infection may cause encephalitis, pneumonia,
and disseminated infection and generate severe problems with spontaneous abortion, fetal demise or neonatal malformations,
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neurological damage, blindness in newborns [39].

Since pork containing 7. gondii cysts can be a potential source of human infection, the diagnosis of toxoplasmosis in pigs
will continue to be very important for limiting the risk of transmission to humans. The detection of 7. gondii through direct
visualization is impossible by currently practiced meat inspection. However serological tests for specific antibody detection can be
useful to determine potentially contaminated pork as well as to monitor biosecurity measures in pig farms [36]. Therefore, reliable
serodiagnostic tests for 7. gondii infection in pigs are crucially required.

There are numerous serological tests routinely used for diagnosis of 7. gondii infection in pigs such as Dye-Test, modified
agglutination test (MAT), indirect hemagglutination (IHA), latex agglutination test (LAT), indirect fluorescent antibody test (IFAT)
and ELISA [11]. Some of them are commercially available, however, these kits used whole tachyzoite lysate as antigens that
require time and are labor-consuming to produce. Consequently, commercial kits are generally costly and available for research
purposes only. Moreover, using tachyzoite antigen may lead to inter-assay variation and difficulty in standardization of the tests [3,
5]

To overcome the disadvantages of using tachyzoite lysate antigens, several recombinant antigens were evaluated for their
potential use mostly in conventional ELISA for pigs. In these previous studies, the assessment of the sensitivity and specificity
of ELISA tests limited in comparison with MAT or LAT as reference tests [4, 15, 22, 31, 40], despite the fact that the sensitivity
and specificity were relatively low; 82.9% and 90.29% for MAT, 45.9% and 96.9% for LAT when compared to the isolation of the
viable T. gondii from the tissue of pigs [12, 35].

Previously, a novel Luciferase-linked Antibody Capture Assay (LACA) utilizing recombinant nanoluciferase fused 7. gondii
antigen was developed for the diagnosis of 7. gondii infection in chickens with unexpectedly high sensitivity and specificity [13].
As reported, LACA has been considered a promising diagnostic platform owing to its several advantages as compared to other
serological assays such as enzyme-linked immunosorbent assay (ELISA). In LACA, the nanoluciferase-fusion antigens are not
only used as bait to capture the target-specific antibodies, but also as ultrasensitive probes. Accordingly, luminescent signals are
directly reported from luciferase-fusion antigens as detectors without using the conjugated secondary antibodies that may lead to
cross-reaction and high background due to non-specific binding which is a common problem in conventional ELISA. The other
advantage of LACA over ELISA includes the fact that the lysates of plasmid-transfected cells can be directly applied without
purification procedures, thus, significantly reducing the time and effort required to produce the target antigens [13, 24].

As with other serological assays, both the sensitivity and specificity of LACA depend on the choice of candidate antigens. From
a diagnostic point of view, the 7. gondii dense granule proteins (GRAs), which are exocytosed into the parasitophorous vacuole
(PV) and integrated into the PV membrane (PVM) where they interact with host cell components, were generally thought of as
potential diagnostic markers [27]. Among them, GRA6, GRA7, and GRAS have been widely employed in ELISA for the detection
of anti-T. gondii antibodies in animals, including pigs [14]. In addition, the bradyzoite specific cytoplasmic antigen (BAG1) has
been found to induce humoral and cell-mediated immune responses early after infection [10].

Therefore, in this study we have evaluated the usefulness of recombinant nanoluciferase fused 7. gondii antigens such as rNluc-
GRAG6, rNluc-GRA7, rNIuc-GRAS8 and rNluc-BAG1 in the LACA platform. In addition, we aimed to establish a modified version
of LACA for rapid and simple practical application which was termed Rapid-LACA.

MATERIALS AND METHODS

Pig sera

Ten 5-month-old female micro-mini pigs purchased from Fuji Micra Inc. (Fujinomiya, Japan) were orally infected with 7. gondii
cysts or intraperitoneally injected with tachyzoites of strains TgCatJpGil/TaJ or TgCatlpOk4 [37, 38]. Briefly, TgCatlpGil/Tal
cysts were maintained by serial passage in C57BL/6 mice by brain cyst inoculation. After 14 days post infection, the brains of the
surviving mice were harvested and homogenized. The number of cysts in the brain emulsion was counted. Four micro mini-pigs
were given 900 TgCatJpGil/TaJ cysts mixed in with their food. On the other hand, TgCatJpOk4 tachyzoites were maintained in the
Vero cell cultures and collected through a 27 G needle then purified through a five-micrometer filter. The number of parasites was
counted using a cell counter, and 1 x 107 tachyzoites were injected intraperitoneally into each six micro-mini pigs. After infection,
symptoms and body temperature were observed and recorded periodically. The serum samples were collected within the time frame
of 10 to 140 days post infection (DPI) and stored at —30°C until the time of analysis. All sera were seropositive for tachyzoite
antigens in Western blotting [37]. Additionally, the sera from Darnish crossbred pigs experimentally innoculated with 10,000
Toxocara cati (n=T) or Ascaris suum (n=9) embryonated eggs using a stomach tube as well as the negative sera from uninfected
healthy pigs (n=38) were used to evaluate the specificity of the assay. Pigs were purchased from a specific pathogen free farm
in Denmark, and were tested negative for helminth eggs and oocysts in the feces before experimental infection. Blood samples
were collected 4 weeks after infection and sera were stored at —30°C until use. Animal experiments were approved by the ethics
committee of Gifu University (15078) and the Animal Experiments Inspectorate, Ministry of Justice, Denmark (2000/561-321) and
conducted in accordance with applicable guidelines.

Ninety-nine pig sera were collected from growing-finishing pigs aged over 6 months at two slaughterhouses located on Kyushu
Island, Japan from June to July 2014, which were kept in a laboratory, were also applied in this study [22].

Parasites and Dye-Test
T. gondii RH strain tachyzoites were maintained in vifro in confluent primary human foreskin fibroblasts (HFFs) grown in

J. Vet. Med. Sci. 84(7): 905-913, 2022 906



The Journal of

Veterinary

Medical

Science NOVEL SEROTEST FOR SWINE TOXOPLASMOSIS

Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% GibcoBRL fetal
bovine serum (FBS) (Life Technologies, Carlsbad, CA, USA) and Gibco™ Antibiotic-Antimycotic (100X) (Thermo Fisher,
Waltham, MA, USA) at 37°C with 5% CO,.

The tachyzoites were harvested, purified using 2 um Whatman™ filter (GE Healthcare, Chicago, IL, USA) then used for the
Sabin-Feldman Dye-Test, which has been refered to as a “gold standard” test for the detection of anti-7. gondii antibodies in
humans [29, 31] as well as a reliable serodiagnostic measure for toxoplasmosis in swine [17]. The Dye-Test was performed in
accordance with the protocol described previously [19]. The cut-off >4 U was defined as a positive for the Dye-Test in pigs [4].

Indirect enzyme-linked immunosorbent assay (Commercial ELISA)

The Porcine Toxoplasma ELISA kit (Nittobo Medical, Tokyo, Japan) was performed according to the manufacturer’s
instructions. Each serum sample was independently tested in duplicate at a dilution of 1:100. The optical density (OD) was
measured at 450 nm in xMark Spectrophotometer (Bio-Rad Laboratories, Inc., Hecules, CA, USA) and the results were interpreted
by calculating the ratio of the sample OD to the average of the positive control (S/P), (S/P=Sample OD—Negative control
OD/ Positive control OD—Negative control OD). A S/P ratio greater than 0.15 was regarded as positive as suggested by the
manufacturer.

Preparation of recombinant nanoluciferase-fused T. gondii antigens

Four recombinant nanoluciferase fused 7. gondii (RH strain) antigens (rNluc-GRAG6, rNIuc-GRA7, rNluc-GRAS8 and rNluc-
BAGT1) were used in this study. Each antigen encoding sequence was constructed and sub-cloned into the pET100/D-TOPO vector
(Invitrogen, Carlsbad, CA, USA), then expressed in Escherichia coli BL21 star cells (DE3) (Invitrogen). The recombinant antigens,
expressed as fusion proteins with a 6xHis tag, were purified using Ni-NTA (Wako Life Science, Osaka, Japan) as previously
described [2, 13]. The concentrations of the recovered proteins were determined using Qubit 4 Fluorometer (Invitrogen), and
aliquots were stored at —80°C.

Luciferase-linked antibody capture assay (LACA)

The LACA assays were performed as described by Duong ef al. (2020) with some modifications [13]. In brief, the protein A (2
pg/ml) (Funakoshi Co., Ltd., Tokyo, Japan) was immobilized onto the white OptiPlate-96 HB microplates (PerkinElmer, Waltham,
MA, USA) overnight at 4°C in coating buffer (0.05 M carbonate/bicarbonate buffer, pH 9.6). In order to block non-specific protein
binding, 200 pl of 1% Casein in phosphate-buffered saline (PBS)-Tween 20 (0.05%) was added to each well, and the plate was then
incubated for 2 hr at 37°C. After washing the plates three times with PBS-Tween 20 (0.05%) using Nunc-Immuno™ microplate
washer (Nunc, Roskilde, Denmark), the diluted serum samples (1:10) were loaded and incubated at 37°C for 1 hr. Next, the plates
were washed three times and incubated with 0.5 pg/ml of each recombinant antigens (rNluc-GRAG6, rNIuc-GRA7, rNluc-GRAS,
rNluc-BAG1) for 1 hr at 37°C. In addition, rNIuc-GRA6, rNluc-GRA7 and rNluc-GRAS8 were mixed together in equal proportion
to prepare a cocktail antigen, which was also applied at this step with a total concentration of 1.5 pg/ml. Thereafter, the plates
were washed four times before the diluated (1:1,000) Nano-Glo subtrate in 0.1% Bovine serum albumin (BSA)-PBS was added to
each well. Finally, the luciferase activity was measured using VICTOR? Multilabel Plate Reader (PerkinElmer) and the data were
presented as the ratio of luciferase activity of each sample to the luciferase activity of negative serum (S/N ratio). Each serum
sample was independently assayed in duplicate and the positive as well as negative controls from pooled sera of experimentally
infected and uninfected pigs were included on each plate to normalize the data of different LACA batches.

Rapid-LACA

The wells of 18 of the white OptiPlate-96 HB microplates (PerkinElmer) were coated with protein A (2 pg/ml) in coated buffer
solution at 4°C overnight. After washing, the plates were blocked with 200 pl of Blocking Reagent for ELISA- Chemically
Defined- (Cosmo Bio, Tokyo, Japan) and incubated at room temperature (RT) for 2 hr. Thereafter, the plates were completely
drained, air dried at 37°C for 4 hr and sealed. Lastly, all of the plates were subdivided into three groups comprising of six plates
each, and stored at RT, 4°C and —30°C.

Each diluted serum sample (1:10) and the above described cocktail antigen were mixed together in a final volume of 50 pl. Next,
the mixture was dispensed into each well of the protein A pre-coated/blocked plates, incubated for 30 min at 37°C and then washed
four times with PBS-Tween 20 (0.05%). Lastly, Nano-Glo subtrate was added to each well followed by measurement of luciferase
activity as mentioned above. Schematic diagram for procedure of LACA and Rapid-LACA was described in Fig. 1. Ninety pig
serum samples were applied for Rapid-LACA and standard LACA, then the results obtained from both tests were compared with
each other.

Validation of the stability of the protein A pre-coated/blocked plates stored at different conditions

The protein A pre-coated/blocked plates were subdivided into three groups of six plates, and kept at RT, 4°C and —30°C. The
stability of the plates used for Rapid-LACA was examined at different storage times (on day 0, day 10, day 20, day 30, day 40, and
day 60) with positive (n=5) and negative (n=5) serum samples. Each serum sample was independently performed in triplicate. The
resulting data of Rapid-LACA was compared and expressed as the ratio of luciferase activity of positive sample to the luciferase
activity of negative serum (P/N ratio).
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Fig. 1. Schematic representation of Luciferase-linked Antibody Capture Assay (LACA) and Rapid-LACA. For a LACA (A), a microplate is
coated overnight with protein A. After 1 hr blocking, serum samples are added and incubated for 1 hr at 37°C, follow then rNluc- antigens
are loaded to the microplate wells and incubated at 37°C. After washing, Nano-Glo substrates are added to detect the luminescent signals. For
a Rapid-LACA (B), a protein A pre-coated/blocked plate is used. The rNIuc-antigens and sera were co-incubated for 30 min at 37°C. After
washing and adding Nano-Glo substrate, the luminescent signals are measured by a luminometer.

— /23 Y Irrelevant 1I9G
‘ L YY Specific IgG to target antigens

Statistical analysis

All statistical calculations were carried out using GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA). Receiver
operator characteristic (ROC) analysis was used to optimize the cut-off values of LACA that maximize both diagnostic sensitivity
and specificity. The agreement between LACA, ELISA, and Dye-Test, which were applied for a set of pig sera collected from the
field, was estimated by kappa value with 95% confidence interval (95% CI). According to the interpretation of Cohen’s kappa, a
value of >0.75 represents excellent agreement, 0.40 to 0.75 represents fair to good agreement, and <0.40 represents poor agreement
[16]. In addition, the value of Rapid-LACA at each storage time point was defined by the mean value of ratio between luciferase
activity of positive sera and the luciferase activity of negative sera (P/N ratio) + 1 standard deviation. The statistical differences
between the groups were analyzed by Mann-Whitney test and considered significant at P-value <0.05. In order to ensure that the
results obtained from different pre-coated/blocked plates preserved at different conditions in Rapid-LACA were consistent after a
storage period of 60 days, Pearson’s rank correlation coefficient was calculated to determine the correlations between the plates
kept at RT, 4°C and —30°C and standard LACA. The value of Pearson’s rank correlation coefficient was interpreted regarding the
rule of Thumb [26].

RESULTS

Assessment of diagnostic performance of LACA in experimentally T. gondii infected pigs

The distribution of S/N ratios by LACA utilizing different recombinant nanoluciferase was shown in Fig. 2. The optimal cut-off
values by the ROC curves analysis demonstrated that S/N ratio of 1.161 for rNIuc-GRA®6, 1.142 for rNluc-GRA7, 1.128 for rNluc-
GRAS and 1.030 for rNluc-BAG1 were capable of distinguishing between the positive and negative signals with discrimination
capacity AUC of 0.83, 0.87, 0.78 and 0.57, respectively (Fig. 3, Table 1). Regarding our results, rNluc-BAG1 exhibited relatively
weak antibody responses whereas rNluc-GRA6, rNIluc-GRA7 and rNIuc-GRAS gave a better diagnostic perfomance. However,
the sensitivity and specificity of GRA6-LACA, GRA7-LACA and GRA8-LACA were limited at a range between 70.0-80.0% and
74.1-84.4% with the accuracy between 75.0-84.4%. At the recommended cut-off by the manufacturer, the commerical Porcine
Toxoplasma ELISA kit possessed the highest specificity of 98.2% (95% CI: 94.6-100.0%) in contrast to the lowest sensitivity,
when there were only three out of ten experimentally 7. gondii infected pigs that could be detected as positives. Expectedly, the

J. Vet. Med. Sci. 84(7): 905-913, 2022 908



The Journal of

Veterinary
Medical
Science NOVEL SEROTEST FOR SWINE TOXOPLASMOSIS
A - B. " c -
[ S e "
e
— 61 61
&
L]
4 Ly 4
o i)
2 = =
® £ * g .
z . z z
& )
24 : 24 2 .
L] L]
. o . v 'S . o v Baa
NG (TN : - A .4 See aadd
- vy O - 0 (] v v
P uggu B4 W 0 UDUDDD iy % e oo vvvvv :
& o«l\ 9'\ v;\ Q) o AN 5 o\ ) & £ AN 9 O\ & oD
IN & S <o O N A ) Q& o3 & W 4 o5
«Q\@” \o” \o" \30,'5 A \(\,, \‘{/ Ao & N & \o" & & S s
D E o F.
—_—
67 124 —_ 10
L]
o .
2 ] g
g [Lrs 3 054
z z 4 ¥
@ @ 8 .
24 .
.
a
. o0 v as a 2 Cee® s
'o:." 9aatt ¥ v':' @—- :‘ Voo, Angaﬂ '.: a.a
oA “opgoon T AggR e %opoon TTrewert @
0.0+
Y Y Y ' 3 S <A eh
N <O AN ) & R o <& A\ 2 o\ ) & N &¢ A ) <& o3
YTV RS GO AR A CRR

Fig. 2. Diagnostic performance of Luciferase-linked Antibody Capture Assay (LACA) using rNluc-fused Toxoplasma gondii antigens and com-
mercial enzyme-linked immunosorbent assay (ELISA). LACA ultilizing rNIuc-GRA6 (A), rNluc-GRA7 (B), rNluc-GRA8 (C), rNluc-BAG1
(D) or antigen mixture of rNluc-GRA6, 7, 8 (E) and ELISA (F) were perfomed by Toxoplasma gondii (Tg), Toxocara cati (Tc) and Ascaris
suum (As) infected and uninfected (Un) pig sera. The y-axis displayed the ratio of luciferase activity of each sample to the luciferase activity of
negative serum (S/N ratio) obtained from LACA or the absorbance (OD) value from ELISA. Broken lines denoted the cut-off value calculated
by receiver operating characteristic (ROC) analysis. Regarding Mann-Whiney’s test, the significant differences between each group were marked
by asterisks (*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001).

ROC curve of the LACA using the cocktail antigen that included rNIuc-GRAG6, rNluc-GRA7 and rNluc-GRAS together (Fig. 3),
further indicated the relatively high sensitivity (90.0%, 95% CI: 71.4-100.0%) and specificity (96.3%, 95% CI: 91.2-100.0%) with
the accuracy of 95.3% (Table 1).

Correlation of LACA with Dye-Test in naturally T. gondii exposed pigs

Ninety-nine pig sera collected from slaughterhouses were examined for 7. gondii using Dye-Test as a reference. Among them, 21
positive samples and 78 negative samples were determined. The same set of these sera was applied for both LACA and commercial
ELISA. The agreement between the “gold standard” Dye-Test and other assays was evaluated by inter-rater agreement (Kappa) test
(Table 2). The kappa values ranged between 0.024-0.415 for LACA using separately single antigens as well as commercial ELISA,
confirming the fairlypoor agreement with Dye-Test. Meanwhile, LACA using the cocktail antigen (Cocktail LACA) showed a
strong agreement with a kappa value of 0.811 (95% CI: 0.679-0.944).

Assessment of Rapid-LACA and stability of pre-coated/blocked plates

Since the combination of rNluc-GRAG6, 7, 8 antigens was shown as a potential diagnostic marker in standard LACA for T. gondii
infection in pigs, we used this cocktail antigen for further evaluatation of its applicability in Rapid LACA (Fig. 4). The values of
each individual serum samples obtained from Rapid LACA showed significantly positive correlations to standard LACA with the
Pearson correlation coefficient of 0.887 (95%CI: 0.834-0.925, P<0.001). In order to investigate the effects of protein A pre-coated/
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Fig. 3. Receiver operating characteristic (ROC) curves obtained from the analysis Luciferase-linked Antibody Capture Assay
(LACA) and enzyme-linked immunosorbent assay (ELISA) data from experimental pig serum samples. ROC curves were used
to determine the cut-off values and area under the curve (AUC) for LACA and ELISA. The non-discrimination border with
AUC of 0.5 is represented by a dotted line. The sensitivity (%) is displayed on the y-axis and 100-specificity (%) on the x-axis.

Table 1. Evaluation of different rNluc-fused Toxoplasma gondii antigens in Luciferase-linked Antibody Capture

Assay (LACA) in comparison with enzyme-linked immunosorbent assay (ELISA)

No.

No. positive (%)

tested LACA Commercial
GRA6 GRA7 GRAS BAGI Cocktail ELISA

Toxoplasma gondii 10 7 (70.0) 8 (80.0) 8 (80.0) 3(30.0) 9 (90.0) 3 (30.0)
Toxocara cati 7 1(14.3) 0(0.0) 2 (28.6) 7 (100.0) 0(0.0) 0(0.0)
Ascaris suum 9 1(14.3) 3(33.3) 2(22.2) 4 (44.4) 0(0.0) 0(0.0)
Uninfected 38 5(13.2) 7 (18.4) 10 (26.3) 16 (42.1) 2(5.3) 1(2.6)
Cut-off by ROC 1.161 1.142 1.128 1.03 1.412 0.150 *
(S/N ratio)
AUC + SEM 0.83+0.07 0.87+0.05 0.78+0.08 0.57+0.09 0.98+0.02 0.89 + 0.06
P value <0.01 <0.01 <0.01 0.47 <0.01 <0.01
Sensitivity (%) 70.0 80.0 80.0 30.0 90.0 30.0
Specificity (%) 87.0 81.5 74.1 50.0 96.3 98.2
Accuracy (%) 84.4 81.3 75.0 39.1 95.3 87.5

AUC, area under the receiver operating characteristic (ROC) curve; SEM, standard error; asterisk (*) indicated the cut-off value
(OD) recommended by the manufacturer.

blocked plates with different storage temperatures (RT, 4°C, —30°C) as well as different storage time (from day 0 to day 60) on
Rapid-LACA results, the data obtained from each assay plate were compared to each other and expressed as the ratio of luciferase
activity of positives to negatives (P/N ratio) (Fig. 5). The results indicated that stored plates at different temperatures could be used
in Rapid-LACA over time with a high consistency with each other. Even though the P/N ratios obtained at each time points might
be variable, the differences were not significant and the assay was still able to unequivocally discriminate between the positive and

negative signals during different storage periods.

DISCUSSION

In the present study, we validated the sensitivity of LACA more reliably when employing a set of serum samples from
experimentally 7. gondii infected and uninfected pigs as true positives and true negatives (Fig. 1, Table 1). To evaluate the
specificity of LACA, we used the set of experimentally infected pig sera with A. suum and T cati, which are well known as the
common roundworms found in pigs and cats, respectively. As previously reported, pigs are listed as a suitable paratenic host for
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Table 2. Kappa coefficient values of different rNluc-fused Toxoplasma gondii antigens
in Luciferase-linked Antibody Capture Assay (LACA) compared to Dye-Test as “gold
standard” using pig serum samples
Dye-Test
— - Kappa value 95% CI
Positive ~ Negative
GRA6-LACA Positive 13 2 0.230 0.044 t0 0.417
Negative 8 53
GRA7-LACA Positive 10 7 0.415 0.192 to 0.638
Negative 11 71
GRAS-LACA Positive 17 24 0.372 0.199 t0 0.545
Negative 4 54
Positive 4 11
BAGI-LACA Negative 17 67 0.055 —0.151 t0 0.261
Cocktail LACA Positive 21 / 0.811 0.679 to 0.944
Negative 0 71
Commercial ELISA L oS!tV 2 6 0024  —0.155100.203
Negative 19 72
Total 21 78
CI, confidence interval.
2.0+
4
o
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Fig. 4. Correlation plot comparing standard Luciferase-
linked Antibody Capture Assay (LACA) and Rapid-
LACA employing the set of individual pig serum
samples. The correlation was assessed by Spearman
analyses with listed r-value and linear regression. The
graph displays the correlation between Rapid-LACA
and standard LACA. The values obtained from each
test are expressed by S/N ratio. Black dots represent
individual pig serum samples (n=90).

Fig. 5. Long-term stability of storaged protein A pre-coated/blocked plates at
different temperatures. Protein A pre-coated/blocked plates were stored at room
temperature (RT), 4°C and —30°C until the time of analysis. The P/N ratios were
calculated from the mean value of ratio between luciferase activity of positive
sera and the luciferase activity of negative sera. For each storage time point and
temperature, the mean value of P/N ratio is shown.

this feline roundworm species [7, 23]. Therefore, cats are the source of both 7. gondii and T. cati infection for pigs on farms.
Unfortunately, cross-reactivity with antibodies for related parasites, such as Cystoisospora spp. and Sarcocystis spp., could not be
investigated due to the limitation of positive sera infected with these protozoa experimentally. The prevalence of Cystoisospora
spp. and Sarcocystis spp. in pigs has been reported to be 12.0-17.0% and 8.0-9.0% in Japan, respectivelly [32, 33]. Further study
is needed to assess diagnostic characteristics of our LACA. From our results, the combination of rNluc-GRA6, rNluc-GRA7 and
rNluc-GRAS antigens in cocktail LACA exhibited the best diagnostic performance compared to LACA using separately single
rNluc-GRAG6, rNluc-GRA7 or rNIuc-GRAS antigen as well as commercial ELISA. Conversely, rNluc-BAG1 showed fairly

weak immunoreactivity and had no discrimination capacity to distinguish between positive and negative signals. BAG1 has been
commonly referred to as a specific indicator for 7. gondii bradyzoite in in-vitro and in-vivo experiments because the BAG1 gene
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was upregulated during the stage differentiation and BAG1 antigen was found abundantly in the cytoplasm of bradyzoites [9, 34,
42]. Nevertheless, the relatively weak immunogenicity of BAG1 antigen that we observed in this study was in agreement with
results obtained from studies by Di Cristina (2004), Dautu (2007) and Nau (2017) [6, 10, 28]. Meanwhile, dense granule proteins
GRAs abundantly secreted by both 7. gondii tachyzoites and bradyzoites exhibit strong immunogenicity. These immunogenic
antigens could be detected throughout the 7. gondii infection process at both acute and chronic phases [20, 30]. Hence, the
prolonged expression of GRAs as well as their immunogenicity make them ideal diagnostic antigens [43]. Among them, GRAI,
GRA2, GRA3, GRA4, GRAS5, GRA6, GRA7, and GRAS have been evaluated for their potential as molecular markers with high
sensitivities for the detection of anti-Toxoplasma antibodies [43]. Particularly, GRA7 has been well recognized for its excellent
diagnostic ability for Toxoplasma infection in pigs [40].

Furthermore, it has been reported that the combination of several antigens as mixtures provided an improvement in ELISA for
human toxoplasmosis compared to each individual antigen, such as a combination of GRA7, GRA8 and Rhoptry 1, of GRA7,
GRAS and SAGI, or of GRA6, GRA8 and SAG2 [18]. In this study, the rNIuc-BAG1 showed poor diagnostic performance
[25], therefore it was not used in cocktail antigen. Meanwhile, combining rNluc-GRA6, rNIuc-GRA7 and rNluc-GRAS together
improved the sensitivity and specificity of LACA (Fig. 2, Table 1). It is likely that the obtained luminescent signal in LACA is
proportional to the number of recombinant nanoluciferase fussion antigens bound to target antibodies. Therefore, antigen mixture
could increase the number of bindings, thereby increasing the ability for signal detection and widening dynamic range that could
lead to both increased sensitivity and specificity in cocktail LACA when compared with the use of a single antigen. Additionally,
the strong agreement of cocktail LACA to “gold standard” Dye-Test in the pig serum samples collected from the field indicated that
the cocktail LACA could be a reliable and applicable serodiagnostic test for 7. gondii infection in pigs (Table 2).

In addition, we also successfully developed and optimized the new format of LACA as Rapid-LACA which showed promising
advantages in practical applications (Fig. 4). Compared to standard LACA or conventional ELISA which have many steps of
incubation and washing and usually takes approximately 3—4 hr to complete, Rapid-LACA with single co-incubation of sera and
antigen mixture could be done within 30 min. For Rapid LACA designed for pigs, we used protein A pre-coated/blocked plates.
Protein A here was used to capture IgG in examined pig serum samples. We assessed the effect of temperature and storage time
on long-term preserved protein A pre-coated/blocked plates. Unexpectedly, the coated plates could be kept at least 2 months even
at RT without any loss in their efficiency (Fig. 5). Our results indicated that the standard LACA could be replaced by the Rapid-
LACA with more convenient and simple procedure. Additionally, the storage temperature for protein A pre-coated/blocked plates
had no effect on the results of the tests. Instead of preparing fresh LACA plates each time when needed, the stock of pre-coated/
blocked plates used in Rapid-LACA would be more time efficient.

Besides, the antigenic strain variation in 7. gondii has been previously reported [1, 41]. However, the employment of antigens
from different Toxoplasma strains might not affect the serological diagnosis because of common antigenic epitopes [8]. To confirm
the applicability of our system for the diagnosis of Toxoplasma infection caused by different Toxoplasma strains or genotypes,
further studies should be addressed.

Altogether, the antigen mixture of rNluc-GRAG6, rNluc-GRA7 and rNluc-GRAS could improve the diagnostic accuracy of LACA
for the detection of 7. gondii infection in pigs. The novel Rapid-LACA format represents a simple diagnostic test that is effectively
time-saving and easy to perform.
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