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Five Neospora potential diagnostic antigens were compared by iELISA.

Higher levels of NcSAG1 and NcGRA?7 antibodies were detected in aborting cows.

Higher antibody levels against NcSAG1 and NcGRAY at the delivery time were observed.
No marked differences in antibody levels were noted in paralytic form of calves.

A higher level of anti-NcSAGT1 antibodies was associated with Neospora abortion.
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ABSTRACT

Abortion and reproductive failure caused by Neospora caninum infection has a dramatic
negative economic impact on the cattle industry. To date, no definitive serodiagnostic tool for
assessing N. caninum abortion has been reported. In this study, we evaluated the diagnostic
performance of numerous N. caninum antigens in relation to abortion in cattle. Five
recombinant proteins with potential as diagnostic antigens (NcGRAG6, NcGRA7, NcGRA14,
NcCyP, and NcSAG1) were compared by indirect enzyme-linked immunosorbent assay
(IELISA) using sera from mice and cattle experimentally infected with N. caninum. The best-
performing three antigens (NCSAG1, NcGRA7, and NcGRAG6) were evaluated by 1gG-
IELISAS to assess their utility in diagnosing Neospora abortion using sera from confirmed N.
caninum-aborted dams based on immunohistochemical assays (IHC). Additionally, all samples
were tested using a commercial N. caninum antibody competitive ELISA (CELISA). The
IELISAs against both NcSAG1 and NcGRA7 could efficiently distinguish IHC positive and
negative samples compared with iIELISAs against NcGRAG6 and the cELISA. Furthermore,
antibody levels against NcSAG1 and NcGRA7 were significantly higher in aborting cows
comparing with infected but non-aborted dams in a herd experiencing a Neospora abortion
outbreak. Tracking the dynamics of antibody levels during pregnancy revealed a marked
increase in NcSAG1- and NcGRAT7-specific antibodies at the last trimester of pregnancy. In
contrast, no marked differences in antibody levels against either antigen were noted in
neurologically symptomatic calves compared with non-symptomatic infected calves. Our data

suggests NcSAG1 and NcGRAY as indicators for Neospora abortion.
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1. Introduction

Neospora caninum is a protozoan parasite with a wide host range. Members of the
family Canidae are the definitive hosts in which the parasite replicates sexually, while many
species of domestic and wild animals can act as intermediate hosts. Abortion is the most
significant sign of the disease in cattle. Other symptoms including neurological disorders,
inability to rise, and below average birth weight of newborn calves. Unlike the definitive host,
vertical transmission of the parasite from infected dams to their progeny is the main route of
infection [1]. Congenitally infected calves can pass the infection onto their progeny and
perpetuate the vertical transmission cycle of the parasite in herds [2]. By contrast, horizontal
infection via ingestion of contaminated food or water containing fecal oocysts from infected
dogs is primary route of epidemic transmission [3,4]. The annual economic burden of Neospora
infection is estimated at US $1.1 million in New Zealand beef farms and US $546.3 million in
US dairy cattle [5].

Despite extensive efforts to develop effective vaccines or pharmacological treatments
for neosporosis [6], progress has been slow. Improved diagnostic methods represent an
effective and accessible means to control neosporosis. Control measures based on diagnosis
aim to minimize vertical transmission by selective breeding and limiting horizontal
transmission through application of hygienic disposal procedures for aborted fetal and maternal
tissue. Cases of Neospora abortion can be confirmed through detection of N. caninum
tachyzoites in fetal or maternal lesions, while demonstration of specific antibodies in maternal
sera or fetal fluids provides strong evidence that abortion might be associated with N. caninum.
The immunohistochemistry assay (IHC) is a routine diagnostic test for detecting N. caninum
antigens in infected tissue [7,8]. However, low sensitivity of IHC, especially in autolyzed

tissue, has been reported [9].
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Detection of N. caninum antibodies can be achieved through many serological tests
including immunofluorescence antibody test (IFAT) and indirect enzyme-linked
immunosorbent assay (iIELISA). Although IFAT using whole fixed tachyzoites is the most
reliable serological test for detection of Neospora antibodies, high cost and the need for
specialized equipment and expertise have limited its use [10]. The iELISA against recombinant
antigens is a common serological test for detection of Neospora infection in large-scale
surveillance studies. In the last 5 years, many recombinant antigens with good diagnostic
agreement and high performance have been identified [11].

N. caninum surface antigen 1 (NcSAGL1) is an immunodominant antigen expressed in
tachyzoites and downregulated during the tachyzoite-to-bradyzoite conversion [12].
Recombinant NcSAG1 based-iELISA is an effective serodiagnostic tool for detection of N.
caninum infection in cattle and dogs [13, 14]. Dense granule protein 7 (NcCGRA7) is one of the
best-studied N. caninum antigens. NcGRAY7 is expressed in both the tachyzoite and bradyzoite
stages of N. caninum and exhibited good performance for detection of specific antibodies in
infected animals [15, 16,17]. The role of NcGRA7 in regulation of N. caninum pathogenesis
through modulation of host immune responses was recently clarified [18]. The diagnostic
performance of dense granule protein 6 (NCGRAG) was reported for cattle sera [19]. The
rNcGRAG protein is an efficient immunomodulator and potential vaccine candidate for N.
caninum infection in mouse models [20]. N. caninum cyclophilin antigen (NcCyP) is a
secretory protein which triggers production of host interferon-gamma (IFN- y), contributes to
host cell migration [21,22], and induces potent protection against N. caninum infection in mice
in a Toll-like receptor 2-dependent manner [23]. Dense granule protein 14 (NcGRA14) is a
recently-described N. caninum protein and no reports have examined its antigenic performance

[24].
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A limited number of previous studies have been conducted to evaluate the diagnostic
performance of recombinant antigen iELISAs for serological confirmation of N. caninum as a
causative agent of abortion in cattle [25,15]. Accordingly, we conducted this study to compare
the serodiagnostic performance of numerous N. caninum antigens (NCSAG1, NcGRAG,
NcGRA7, NcGRA14 and cyclophilin), and to investigate the diagnostic utility of selected

antigens for Neospora-induced abortion in cattle.
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2. Materials and Methods
2.1. Ethics statement

All animal experiments strictly followed the recommendations of the Guide for the Care
and Use of Laboratory Animals of the Ministry of Education, Culture, Sports, Science and
Technology, Japan. The study protocol was approved by the Committee on the Ethics of
Animal Experiments at the Obihiro University of Agriculture and Veterinary Medicine
(permission numbers: 29-58, 8-15, 18-40, 119-3, 19-51). For mice, general anesthesia with

isoflurane was applied prior to painful experimental procedures.

2.2. Parasites and host cell cultures

The N. caninum (Nc-1) strain was propagated in Vero cells (African green monkey
kidney epithelial cells) cultured in Eagle’s minimum essential medium (Sigma, St Louis, MO,
USA) supplemented with 8% heat-inactivated fetal bovine serum (FBS; Nichirei Biosciences,
Tokyo, Japan) and 1% streptomycin—penicillin (Sigma). For tachyzoite purification, sterile
phosphate-buffered saline (PBS) was used to wash parasites in host cell debris, and then the
infected cell monolayer was separated using a cell scraper (BD Bioscience, San Jose, CA,
USA). The cell pellet was resuspended in RPMI 1640 medium (Sigma) using a 27-gauge needle

and passed through a 5 um filter (Millipore, Bedford, MA, USA).

2.3. Preparation of recombinant antigens

This study used five N. caninum recombinant antigens: NcSAG1, NcGRA7, NcGRAG,
NcGRA14, and NcCyP. Specific primers containing suitable restriction enzyme sites were
designed to amplify target genes, and the target proteins were expressed as described
previously (Table S1) with slight modifications. In brief, PCRs were performed using N.

caninum cDNA (Nc-1 strain) as a template. The digested PCR products were purified from



127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

agarose gels and cloned into pGEX-4T-1 or pGEX-4T3 expression vectors treated with the
same restriction enzymes. Successful insertion was confirmed by sequencing. All recombinant
proteins were expressed in Escherichia coli BL21 (DE3) cells as glutathione S-transferase
(GST) fusions (New England BioLabs Inc., Ipswich, MA, USA). Expression was induced using
1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) (Wako Inc., Osaka, Japan) for 6 h at
37°C (NcSAG1, NcGRAY7, and NcCyP), using 0.1 mM IPTG at 37°C (NcGRAG®), or using 0.1
mM IPTG at 27°C (NcGRA14). Bacterial cells were harvested and the pellets were suspended
in sonication buffer (50 mM Tris-HCI, pH 8, 50 mM NaCl, 1 mM ethylenediaminetetraacetic
acid (EDTA) and 1 mM dithiothreitol) then centrifuged at 7,180xg at 4°C for 10-15 min.
Lysozyme (final concentration of 500 pug/mL) and Triton X-100 (10%) in PBS were added
followed by incubation on ice for 1 h. The lysate was applied to Glutathione Sepharose 4B
beads (GE Healthcare Life Sciences, Buckinghamshire, England) according to the
manufacturer’s instructions. Briefly, the supernatant was incubated with washed beads
overnight at 4°C (NcSAG1, NcGRA7, and NcCyP) or for 30 min at room temperature
(NcGRA14 and NcCyP) with gentle rotation. GST fusion proteins were eluted with elution
buffer (100 mM Tris-HCI, pH 8.0, containing 100 mM NaCl, 5 mM EDTA, and 25 mM
reduced glutathione powder; Wako Inc). In the case of NcCyP, the GST tag was removed with
thrombin protease (GE Healthcare) according to the manufacturer's instructions. The quantity
and purity of each protein were determined by SDS-PAGE followed by staining with
Coomassie Brilliant Blue R250 (MP Biomedicals Inc., Illkirch-Graffenstaden, France). The
protein concentrations were assayed with a bicinchoninic acid protein assay kit (Thermo Fisher
Scientific, Inc., Rockford, IL, USA). The recombinant proteins (NcCSAG1-GST, NcGRAG-
GST, NcGRA7-GST, NcGRA14-GST, NcCyP and GST) had apparent molecular weights (55,
43.7, 54, 50, 20.5, and 26 kDa, respectively), consistent with the expected molecular weights

(S1 Fig).
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2.4. Serum samples
2.4.1. Sera from experimentally-infected animals

Antigens (NCGRAG6, NcGRA7, NcGRA14, NcCyP, and NcSAG1) were evaluated using
sera from experimentally-infected mouse and cattle. For the preparation of mouse sera, female
BALB/c mice (8 weeks old, n = 4 for each group) were purchased from Clea Japan. Mice were
intraperitoneally inoculated with N. caninum or T. gondii tachyzoites (1x10° and 1x103
tachyzoites, respectively) 1 week later. Serum samples were harvested from mouse blood
samples collected at 0 and 7 weeks post-infection. Four male Holstein calves at 2-4 months of
age were inoculated intravenously with 1x107 N. caninum (Nc-1 strain) tachyzoites. Blood was
collected 13 days prior to and 28 days after infection and used as a negative and positive
control, respectively. The reactivity of all sera was confirmed using commercial IFAT slides

(VMRD, Pullman, WA, USA) and iELISA against NcCSAG1 [26].

2.4.2. Field serum samples

The antigenic properties of highly diagnostic antigens (NcSAG1, NcGRA7 and
NcGRAG) were validated by iELISA using field cattle sera (n = 164) collected from aborted
dams in different herds in the Tokachi subprefecture of Japan from 2010 to 2018. Fetal tissues
from aborted dams were collected by Tokachi Livestock Hygiene Service Center and tested for
N. caninum antigens using IHC. In addition, their mother’s sera were tested for seropositivity
to N. caninum by IFAT (VMRD, Pullman, WA, USA).

Outbreak of an abortion epidemic on a dairy cattle farm located in Shihoro town,
Hokkaido, Japan was monitored by sampling sera from 277 cattle of different physiological

status (2010). About 171 cows were lactating, 74 were at the dry stage, and 32 animals were
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pregnant for the first time. A total of 57 dams of all stages aborted, while the remainder did not
abort. The samples were collected within one month of the beginning of the abortion outbreak.

To track the dynamic levels of NcSAG1 and NcGRAT7-specific antibodies during
pregnancy, blood samples were collected from pregnant dams (n = 36) on the same farm in
Shihoro everyl00 days for 400 days (2012 to 2013). The first sampling was conducted
simultaneously for all cattle in spite of different pregnancy date of each case, which ranged
from day 14 before pregnancy to day 135 of pregnancy. Collected sera from first sampling
were tested by rNcSAG1- and rNcGRA7-based IELISAs for detection of specific antibodies
against N. caninum. According to the results, dams were grouped into N. caninum-seropositive
and seronegative animals. Additionally, the dams were divided into three groups according to
their history of abortion (see Fig. 4): (i) Group A, negative to Neospora infection and abortion;
(i) group B, with N. caninum infection confirmed at first sampling and no history of abortion;
and (iii) group C, infected with N. caninum with a history of abortion. Notably, all aborted
dams (n = 5) were positive for N. caninum. We did not detect any animals with a history of
abortion that were seronegative against N. caninum (data not shown).

Additionally, sera of neurologically symptomatic (n = 41) and non-symptomatic (n = 16)
calves younger than 6 months of age were obtained from animal hospitals at the Obihiro
University of Agriculture and Veterinary Medicine, Japan (2006 to 2011). The sera were used
to evaluate levels of specific anti-NcSAG1 and anti-NcGRAY antibodies and their association

with neurological disorders.

2.5. iIELISA
IELISAs were performed as reported previously [26] with slight modifications. In brief,
a uniform amount of all recombinant proteins and GST (50 pL of 0.1 uM) was added to each

well of a 96-well microtiter plate (Nunc, Denmark). Antigens were prepared in coating buffer
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(50 mM carbonate-bicarbonate buffer, pH 9.6) and incubated overnight at 4°C in the plate. The
following day, the plates were washed once with PBST (0.05% Tween-20 in PBS) and blocked
with 100 pL of 3% skim milk dissolved in PBS (PBS-SM) for 1 h at 37 °C. After another wash,
50 pL of the test sera (experimental mouse sera, 1:600; experimental cattle sera, 1:300; field
cattle sera, 1:300) were diluted with PBS-SM and added to duplicate wells. The plates were
incubated again for 1 h at 37°C. After six washes with PBST, 50 pL of horseradish peroxidase-
conjugated goat anti-mouse IgG1 or 1gG2a or rabbit anti-bovine 19gG1, IgG2 or IgG antibodies
were added to plates (Bethyl Laboratories, Montgomery, TX, USA). The secondary antibodies
were diluted 1:15,000 in PBS-SM for mouse sera, 1:10,000 for experimentally-infected cattle
sera or 1:5,000 for field cattle sera and incubated in the plates at 37°C for 1 h. The plates were
washed again six times with PBST before addition of substrate [0.1 M citric acid, 0.2 M sodium
phosphate, 0.003% H.O>, and 0.3 mg/mL 2, 2-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid); Sigma—Aldrich, St. Louis, MO, USA] to each well. After incubating at room temperature
for 1 h, absorbance at 415 nm was measured using a microplate reader (MTP-120; Corona,
Tokyo, Japan). Absorbance values for rNcSAG1, rNcGRAG, rNcGRA7, and rNcGRA14
antigens were determined after subtraction of the optical density for GST at 415 nm (ODA415).
Cutoff values for iIELISA were estimated using negative control N. caninum cattle sera (n = 9)
kept in our laboratory. To overcome plate to plate variation, we distributed the negative control
samples among all used plates simultaneously for the calculation of a representative cutoff
value. The standard positive and negative sera were confirmed with a commercial IFAT
(VMRD Inc., Pullman, WA, USA). The commercial N. caninum antibody competitive ELISA

(CELISA) antibody test kit was purchased from VMRD Inc.

2.6. Statistical analysis

10
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Unless described, data were analyzed using GraphPad Prism 5 software (GraphPad
Software Inc., La Jolla, CA, USA). For statistical analysis, one-way analysis of variance
(ANOVA) followed by the Tukey—Kramer test or unpaired two-tailed t test was performed. A
P value < 0.05 was considered statistically significant. Degrees of statistical significance are

shown as different letters or as asterisks (*) defined in each figure legend.
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3. Results
3.1. Assessment of recombinant antigens using sera from experimentally-infected animals
First, the diagnostic performance of antigens such as NcGRAG6, NcGRA7, NcCGRA14,
NcCyP and NcSAG1 was evaluated using control mouse and cattle sera in IELISAs against
each recombinant antigen. The highest reactivity was observed against NcSAG1 followed by
NcGRA7 and NcGRAG6 in N. caninum-infected mouse sera (IgG1l and 1gG2a). No cross-
reactivity was observed for sera of T. gondii-infected animals (Fig. 1A). Using sera from
experimentally-infected cattle, the three antigens mentioned above were recognized by IgG1l
antibody while binding by 1gG2 was only observed for NcSAG1 (Fig. 1B). This result reflect
the ability of NcSAGL1 to induce both humoral and cellular immunity in cattle. No reactivity of
mice or cattle sera was observed against NcGRA14 and NcCyP (Fig. 1). These results indicated
the high efficacy of NcSAG1, NcGRA7 and NcGRAG6 recombinant antigens for detection of

N. caninum infection in mice and cattle.

3.2. Antigen validation using sera from aborted cattle

Aborted cattle sera (n=164) were collected from different farms in Tokachi subprefecture,
Japan. Neosporosis was confirmed in aborted fetal tissue samples (n = 9) by IHC. We used the
maternal sera to validate the performance of three highly diagnostic Neospora antigens
(NcSAG1, NcGRAT7 and NcGRAG) using iIELISA, and compared these results against cCELISA
as a reference test. The three aforementioned antigens were differentially recognized in IgG-
based IELISAs (S2 Fig.). From a total of 164 sera, 46 sera (28.1%) were positive against
NcSAGL, 14 sera (8.5%) were positive against NcGRA7, and 12 sera (7.3%) were positive
against NcGRAG. Specific N. caninum antibodies were detected in 22 samples (13.4%) using
CELISA (S2 Table). Comparing the results of recombinant antigen-based iELISAs with the

results of IHC (n = 9), NcSAG1 and NcGRAT7-based iELISAs showed high agreement with

12
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Neospora abortion-confirmed samples [9/9 (100%) and 8/9 (88.9%), respectively], while
NcGRAG6-based iIELISA agreed for only 5/9 (55.6%) samples (S2 Table). Moreover, antibody
levels against NcCSAG1 and NcGRA7Y antigens were significantly higher in the IHC- and
IELISA-positive samples compared with samples positive by iIELISA alone (Fig. 2). This result
suggested that high levels of anti-NcSAG1 and anti-NcGRA?7 antibodies were associated with
bovine neosporosis. By contrast, CELISA was only able to detect 77.8% of neosporosis cases

confirmed based on IHC (S2 Table).

3.3. Estimation of Neospora abortion prevalence

On a farm with an ongoing abortion outbreak, samples were collected from cattle of
different physiological status (n = 277). Estimation of antibody levels against NcCSAG1 and
NcGRAT revealed significantly higher levels of specific antibodies against both antigens in the
sera of aborted cows comparing with non-aborted animals, in particular during the lactation
period and in primiparous cows (Fig. 3). These results indicated the usefulness of both antigens

as serological tools for estimation of Neospora abortion in cattle during abortion outbreaks.

3. 4. Dynamics of antibody levels in pregnant cattle

In order to investigate the potential role of the tested antigens in Neospora-induced
abortion, antibody levels against NcSAG1 and NcGRA7 were tracked using serum samples
collected from three groups of pregnant cattle with different serostatus to N. caninum infection
and different histories of abortion (Fig. 4). All tested groups showed elevated antibody levels
against NcSAG1 and NcGRA7 at the last trimester of pregnancy (188 to 283 days of
pregnancy). In group A (n = 12), five animals (41.7%) showed marked changes in antibody
levels against NcSAG1 (2.1-12.2-fold) compared with the first sampling, while three (25%)

animals showed similar degrees of change in antibodies against NcGRA7 (2.2-8.3-fold).
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Changes in antibody levels were apparent in group B (n = 19) in eight animals (42.1%) against
NcSAGL and in five animals (26.3%) against NCGRA7. The highest changes in antibody levels
were observed in group C (n = 5): three animals (60%) had fold changes in antibody levels up
to 33.0-fold against NcSAGL1 and 11.2-fold against NcCGRA7. The highest number of animals
with marked increases in antibody levels occurred for NcSAGL1, particularly in groups B and
C in which N. caninum seropositivity were confirmed at first sampling. Higher levels of
specific N. caninum antibodies in Neospora seropositive groups (B and C) indicated
reactivation of N. caninum at this time (last trimester of pregnancy). These results suggested
NcSAGL as a marker for Neospora reactivation and subsequent prediction of Neospora

abortion.

3.5. Antibody levels in calves with neurological symptoms

Further investigations of anti-NcSAG1 and anti-NCGRA7 antibody profiles in relation to
another common clinical form of neosporosis were conducted. Serum samples were collected
from neurologically symptomatic and asymptomatic calves. Fifty seven samples were tested
by iIELISA to measure 1gG levels. High seropositive rate in neurologically symptomatic calves
was detected against both antigens in comparison to non-neurologically cases, with no apparent
differences in levels of anti-NcSAG1 and anti-NcGRA7 antibodies between the two groups
(Fig. 5). Our results indicated that high levels of anti-NcSAG1 and anti-NcGRA?7 antibodies

were specifically associated with Neospora abortion rather than neurological symptoms.
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4. Discussion

Estimation of Neospora abortion rates in cattle is required for the application of proper
hygienic interventions against neosporosis. High seroprevalence rates estimated at 100% in
some herds of dairy cattle have been reported [8]. Accordingly, specific antibodies can be
detected in the sera of aborted dams and their fetuses even when N. caninum was not the cause
of abortion. Definitive diagnosis of neosporosis requires a comprehensive diagnostic approach
using immunohistochemical analysis of N. caninum antigens [8]. However, IHC is an invasive
and postmortem test with limited sensitivity [9], and often shows marked cross-reactivity
against T. gondii [27]. Additionally, the test is laborious and expensive. ELISA against
recombinant antigens for detection of specific antibodies is a simple and rapid test requiring
little serum and can be applied to live animals. Identification of N. caninum antigens as markers
for Neospora abortion could overcome the demerits of IHC assays.

Serological estimation of Neospora abortion is an achievable goal if effective antigens
are identified and specifically associated with the condition of abortion. Several ELISAs
against recombinant antigens have been described to examine bovine sera for N. caninum-
specific antibodies [11]. However, identifying appropriate cut-offs is essential for proper
design of serological assays. Neospora-infected animals usually show lower levels of
antibodies compared with aborted cases [28]. Thus, for identification of infected cattle,
serological tests with higher sensitivity and lower cut-offs are required [4,29,30]. Recombinant
antigen-based ELISAs against NcSAG1 and NcGRA7Y are potential serological tools for
detection of N. caninum infection in cattle [13,16], and dogs [14,17]. In the current study,
NcSAG1 and NcGRA7Y exhibited high performance and showed superiority compared with
other antigens (NcGRAG, NcGRA14, and NcCyP) for detection of Neospora infection using
sera from experimentally-infected mice and cattle. Consistently, marked changes in antibody

levels against NCGRAG6 suggested the utility of this antigen as a diagnostic marker for N.
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caninum infection. By contrast, no reactivity of sera was observed against NcGRA14 and
NcCyP. Thus, the NcSAG1, NcGRA7 and NcGRAG antigens were selected for subsequent
investigations using sera from Neospora-aborted cows.

The three antigens (NcSAG1, NcGRA7, and NcGRAG) were validated using aborted
cattle sera by IELISA. The results were compared against a commercial ELISA kit as a
reference test. The highest prevalence was observed for antibodies against NcCSAG1, followed
by NcGRA7 and NcGRAG6. Moreover, both of NcSAG1 and NcGRA7 antigens showed
significantly higher antibody levels in IHC-positive samples compared with IHC-negative
samples. These results suggested that rINcSAG1- and rNcGRA7-based iELISAs were useful
diagnostic tools for estimation of neosporosis. By contrast, CELISA detected Neospora-specific
antibodies in IHC-positive samples less often compared with NcSAG1- and NcGRA7-based
IELISAS, indicating the inappropriateness of the commercially used antigen for abortion cases.
The VMRD test is a commercial N. caninum competitive ELISA test based on the GP65 surface
antigen of tachyzoites. This assay is used extensively for detection of anti-N. caninum
antibodies in the sera of domestic and wild animals. However, low specificity and agreement
in addition to cross-reactivity with Sarcocystis spp. have been reported [31].

A more realistic investigation was conducted through testing the candidate antigens
(NcSAGL1 and NcGRAT) using cattle sera collected from a dairy herd experiencing an epidemic
abortion outbreak. In fact, a dam may be seropositive for antibodies against N. caninum, even
when abortion may have had another cause. Accordingly, a positive result of serological tests
provides evidence of N. caninum infection, but not definitive proof that neosporosis caused
abortion. However, animals that abort due to neosporosis often have higher N. caninum-
specific antibody levels than infected but non-aborting dams [28,32,33]. Thus, definitive
serodiagnosis can be accomplished by detecting statistically higher antibody levels in aborting

cows compared with infected but non-aborting ones in herd with abortion outbreak. In the
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current study, both NcSAG1 and NcGRA7 could differentiate statistically between aborted and
non-aborted dams within a population of dams at risk. This finding demonstrates the usefulness
of NcSAG1- and NcGRAT7-based iIELISA as serological tools to support the final judgment of
Neospora abortion, while IHC still has a role in detecting parasite antigens in tissue samples,
particularly in sporadic cases. Our previous study suggested the possibility of using serological
testing for diagnosis of neosporosis as a cause of abortion among cattle [25]. We reported the
utility of NcGRA7 as a candidate for detection of N. caninum-induced abortion in cattle. The
related study also showed some evidence of the role of NcSAGL1 in this process [25]. However,
no significant differences have been recorded between aborting and non-aborting animals in
terms of their antibody levels against NcSAGL. This slight variation regarding NcSAG1
reactivity might be attributable to differences in the timing of sample collection and the
serological status of animals. The current study provides more comprehensive data and
evidence and is based on a larger number of samples from animals with different physiological
conditions.

Bradyzoite-to-tachyzoite reconversion of the N. caninum parasite usually takes place
during pregnancy as a result of impaired immune systems of dams [34]. Our study tracked
changes in antibody levels against anti-NcSAG1 and anti-NcGRA7 during pregnancy to define
a suitable strategy for serodiagnosis based on these antigens. Periodic examination of maternal
sera during pregnancy has shown an increase in levels of specific antibodies against both
antigens at the last trimester of pregnancy. However, high antibody levels against NCGRA7
were observed only in sporadic cases, while many of the tested animals in the different groups
(Fig. 4A, B and C) showed marked and sudden formation of specific antibodies against
NcSAGL, particularly in Neospora-seropositive animals (Fig. 4B and C). The detection of
antibody level against both antigens in the seronegative group during pregnancy (Fig. 4A) may

indicate recent infection or reactivation of chronic infection associated with specific antibody
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response below the detection limits at the first sampling. This result suggests that NcSAG1
could represent a new marker for Neospora reactivation and subsequently high antibody levels
against NcSAG1 at the last trimester of pregnancy can be used for prediction of Neospora
abortion. Accordingly, preventive measures are needed to deal with infected cases [35].

Up to 95% of live-born calves from Neospora-seropositive dams can be congenitally
infected and clinically normal [36]. However, clinical signs, including neurologic signs have
been reported in calves less than 4 months of age [37]. Thus, we investigated the specific
reactivity against NcSAG1 and NcGRA7 of serum samples from neurologically and non-
neurologically symptomatic calves with N. caninum. Our results showed no significant
differences in the levels of N. caninum-specific antibody production between the two groups,
indicating that antibodies against NcCSAG1 and NcGRA7 were associated with Neospora
abortion rather than neurological symptoms. Our results are consistent with those of Hiasa et
al. (2012) who did not notice any marked differences in antibody levels against either antigen
between asymptomatic and neurologically-symptomatic experimentally-infected mice.
However, the same study recorded significantly higher levels of specific NCGRA7 antibodies
in neurologically symptomatic dogs compared with non-neurologically symptomatic animals.
This variation in antigen reactivity between mice, cattle and dogs may be attributable to

species-specific differences.
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5. Conclusions

Recently, significant advances have been made in serodiagnosis of N. caninum via
specific antibody detection against antigens. In the current study, we developed antemortem
serodiagnostic systems for the diagnosis of Neospora-induced abortion in cattle. On a herd
level, demonstration of Neospora abortion can be achieved through the detection of
significantly higher levels of specific anti-NcSAG1 and anti-NcGRA?7 antibodies in aborted
dams comparing to non-aborted cows in abortion outbreak as a result of horizontal infection,
while the periodic examination of anti-NcSAG1 antibodies during pregnancy can identify
Neospora-reactivation in sporadic aborted cases. Accordingly, our study identified NcSAG1
and NcGRAT7-based iELISAs as serodiagnostic tools for detection and prediction of N.
caninum-related abortion, and NcGRAG6 as a possible candidate for serodiagnosis in field
animals. Interestingly, neither NcCSAG1 nor NcGRA7Y antibody titers could discriminate
between neurologically and non-neurologically symptomatic calves, reflecting the specific
relevance of antibody titers against these targets for abortion. Higher antibody levels in infected
or aborted animals and antibody dynamics associated with stage of pregnancy suggest the

usefulness of NcSAGL1 for further investigations as a marker of Neospora abortion.

Acknowledgments

This research was supported by a Grant-in-Aid for Scientific Research (B) from the Ministry
of Education, Culture, Sports, Science and Technology KAKENHI (18H02335, 15H04589,
Y.N.), the JST value program (VP29117937665, Y.N.) and a research grant from Itokinen-
Zaidan (154, Y.N.). We thank Edanz Group (www.edanzediting.com/ac) for editing a draft of

this manuscript.

19



424  Conflict of interest

425  The authors declare that they have no financial or competing interests concerning this study.

20



426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

References

[1] J.P. Dubey, Review of Neospora caninum and neosporosis in animals, Korean J. Parasitol.
41 (2003) 1-16..

[2] M.L. Anderson, J.P. Reynolds, J.D. Rowe , K.W. Sverlow, A.E. Packham, B.C. Barr, P.A.
Conrad, Evidence of vertical transmission of Neospora sp infection in dairy cattle, J. Am.
Vet. Med. Assoc. 210 (1997)1169-1172.

[3] M.M. McAllister, C. Bjorkman, R. Anderson-Sprecher, D.G. Rogers, Evidence of point-
source exposure to Neospora caninum and protective immunity in a herd of beef cows, J.
Am. Vet. Med. Assoc. 217 (2000) 881-887.

[4] M. Jenkins, T. Baszler, C. Bjorkman, G. Schares, D. Williams, Diagnosis and
seroepidemiology of Neospora caninum associated bovine abortion, Int. J. Parasitol. 32
(2002) 631-636.

[5] M.P. Reichel, M. Alejandra Ayanegui-Alcerreca, L.F. Gondim, J.T. Ellis, What is the
global economic impact of Neospora caninum in cattle - the billion dollar question, Int. J.
Parasitol. 43 (2013) 133-142.

[6] Y. Nishikawa, Towards a preventive strategy for neosporosis: challenges and future
perspectives for vaccine development against infection with Neospora caninum. J. Vet.
Med. Sci. 79 (2017) 1374-1380.

[7] D.S. Lindsay, J.P. Dubey, Immunohistochemical diagnosis of Neospora caninum in tissue
sections, Am. J. Vet. Res.50 (1989) 1981-1983.

[8] J. P. Dubey, G. Schares, Diagnosis of bovine neosporosis, Vet. Parasitol. 140 (2006) 1-34.

[9] F. De Meerschman, C. Focant, J. Detry,C. Rettigner, D. Cassart, B. Losson, Clinical
pathological and diagnostic aspects of congenital neosporosis in a series of naturally infected

calves, Vet. Rec. 157 (2005) 115-118.

21



450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

[10] S. Guido, F. Katzer, I. Nanjiani, E. Milne, A. Innes, Serology-based diagnostics for the
control of bovine neosporosis, Trends Parasitol. 32 (2016) 131-143.

[11] F.A. Sinnott, L.G. Monte, T.F. Collares, R.M. Silveira, S. Borsuk, Review on the
immunological and molecular diagnosis of neosporosis (years 2011-2016), Vet. Parasitol.
239 (2017) 19-25.

[12] N. Vonlaufen, N. Mdller, N. Keller , A. Naguleswaran, W. Bohne, M.M. McAllister,
Exogenous nitric oxide triggers Neospora caninum tachyzoite-tobradyzoite stage
conversion in murine epidermal keratinocyte cell cultures, Int. J. Parasitol. 32 (2002) 1253—
1265.

[13] B. Chahan, I. Gaturaga, X.H. Huang, M. Liao, S. Fukumoto , H. Hirata,Y. Nishikawa, H.
Suzuki, C. Sugimoto, H. Nagasawa, K. Fujisaki I. Igarashi, T. Mikami, X. Xuan,
Serodiagnosis of Neospora caninum infection in cattle by enzyme-linked immunosorbent
assay with recombinant truncated NcSAG1, Vet. Parasitol. 118 (2003) 177-185.

[14] N. Kubota, Sakata, N. Miyazaki, K. Itamoto, H. Bannai, Y. Nishikawa, Serological survey
of Neospora caninum infection among dogs in Japan through species-specific ELISA, J.
Vet. Med. Sci. 70 (2008) 869-872.

[15] A. Aguado-Martinez, G. Alvarez-Garcia, A. Fernandez-Garcia, V. Risco-Castillo, I.
Arnaiz-Seco, X. Rebordosa-Trigueros, V. Navarro-Lozano, L.M. Ortega-Mora, Usefulness
of rNcGRA7-and rNcSAG4- based ELISA tests for distinguishing primo-infection,
recrudescence, and chronic bovine neosporosis, Vet. Parasitol. 157 (2008) 182—-195.

[16] J. Hiasa, J. Kohara, M. Nishimura, X. Xuan, H. Tokimitsu, Y. Nishikawa, ELISAs based
on rNcGRAY and rNcSAG1 antigens as an indicator of Neospora caninum activation, Vet.

Parasitol. 187 (2012) 379-385.

22



473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

[17] J. Hiasa, M. Nishimura, K. Itamoto, X. Xuan, H. Inokuma, Y. Nishikawa, Enzyme-linked
immunosorbent assays based on Neospora caninum dense granule protein 7 and profilin
for estimating the stage of neosporosis, Clin. Vaccine Immunol. 19 (2012) 411-417.

[18] Y. Nishikawa, N. Shimoda, R.M. Fereig, T. Moritaka, K. Umeda, M. Nishimura, F. Ihara,
K. Kobayashi, Y. Himori, Y. Suzuki, H. Furuoka, Neospora caninum dense granule
protein 7 regulates the pathogenesis of Neosporosis by modulating host immune response,
Appl. Environ. Microbiol. 84 (2018), pii: e01350-18. doi: 10.1128/AEM.01350-18

[19] N.C. Lally, M.C. Jenkins, J.P. Dubey, Evaluation of two Neospora caninum recombinant
antigens for use in an enzyme-linked immunosorbent assay for the diagnosis of bovine
neosporosis, Clin. Diagn. Lab. Immunol.3 (1996) 275-279.

[20] R. M. Fereig, N. Shimoda, H.H. Abdelbaky, Y. Kuroda, Y. Nishikawa, Neospora GRA6
possesses immune-stimulating activity and confers efficient protection against Neospora
caninum infection in mice, Vet. Parasitol. 267 (2019) 61-68.

[21] W. Tuo, R. Fetterer, M. Jenkins, J.P. Dubey, ldentification and characterization of
Neospora caninum cyclophilin that elicits gamma interferon production, Infect. Immun.
2005; 73: 5093-100.

[22] K. Kameyama, M. Nishimura, M. Punsantsogvoo, H.M. Ibrahim, X. Xuan, H. Furuoka,
Y. Nishikawa, Immunological characterization of Neospora caninum cyclophilin,
Parasitol. 139 (2012) 294-301.

[23] R. M. Fereig, H.H. Abdelbaky,, Y. Kuroda, Y. Nishikawa, Critical role of TLR2 in
triggering protective immunity with cyclophilin entrapped in oligomannose-coated
liposomes against Neospora caninum infection in mice, Vaccine. 37 (2019) 937-944.

[24] G. Liu, X. Cui, P. Hao, D. Yang, J. Liu, Q. Liu, GRA 14, a novel dense granule protein

from Neospora caninum, Acta Biochim. Biophys. Sin (Shanghai). 45 (2013) 607-9.

23



497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

[25] P. Huang, M. Liao, H. Zhang, E.G. Lee, Y. Nishikawa, X. Xuan, Dense-granule protein
NcGRA7, a new marker for the serodiagnosis of Neospora caninum infection in aborting
cows, Clin. Vaccine Immunol. 14 (2007) 1640-1643.

[26] H.H. Abdelbaky, R.M. Fereig, Y. Nishikawa, Identification of the antigenic region of
Neospora caninum dense granule protein 7 using ELISA, Parasitol. Int. 67 (2018) 675—
678.

[27] M.M. McAllister, S.F. Parmley, L.M. Weiss, V.J. Welch, A.M. McGuire, An
immunohistochemical method for detecting bradyzoite antigen (BAG5) in Toxoplasma
gondii-infected tissues cross-reacts with a Neospora caninum bradyzoite antigen, J.
Parasitol. 82 (1996) 354—355.

[28] J.P. Dubey, M.C. Jenkins, D.S. Adams, M.M. McAllister, R. Anderson- Sprecher R, T.V.
Baszler,0.C.H. Kwok, N. C. Lally, C. Bjo'rkman, A. Uggla, Antibody responses of cows

during an outbreak of neosporosis evaluated by indirect fluorescent antibody test and
different enzyme-linked immunosorbent assays, J. Parasitol. 83 (1997) 1063-1069.

[29] G. Schares, F.J. Conraths, M.P. Reichel, Bovine neosporosis: comparison of serological
methods using outbreak sera from a dairy herd in New Zealand, Int. J. Parasitol. 29 (1999)
1659-1667.

[30] G. Alvarez-Garcia, E. Collantes-Fernandez, E. Costas, X. Rebordosa, L.M. Ortega-Mora,
Influence of age and purpose for testing on the cut-off selection of serological methods in
bovine neosporosis, Vet. Res. 34 (2003) 341-352.

[31] G. Alvarez-Garcia, A. Garcia-Culebras, D. Gutierrez-Exposito, V. Navarro-Lozano, I.
Pastor-Fernandez, L.M. Ortega-Mora, Serological diagnosis of bovine neosporosis: a
comparative study of commercially available ELISA tests, Vet. Parasitol. 198 (2013) 85—

95.

24



521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

[32] M. McAllister, E.M. Huffman, S.K. Hietala, P.A. Conrad, M.L. Anderson, M.D. Salman,
Evidence suggesting a point source exposure in an outbreak of bovine abortion due to
neosporosis, J. Vet. Diagn. Invest. 8 (1996) 355-357.

[33] A. Quintanilla-Gozalo, J. Pereira-Bueno, A. Seijas-Carballedo, E. Costas, L.M. Ortega-
Mora, Observational studies in Neospora caninum infected dairy cattle: relationship
infection— abortion and gestational antibody fluctuations, Int. J. Parasitol. 30 (2000) 900—
906.

[34] E.A. Innes, A.G. Andrianarivo, C. Bjorkman, D.J. Williams, P.A. Conrad , Immune
responses to Neospora caninum and prospects for vaccination, Trends Parasitol. 18 (2002)
497-504.

[35] J.P. Dubey, G. Schares, L.M. Ortega-Mora, Epidemiology and control of neosporosis and
Neospora caninum, Clin. Microbiol. Rev. 20 (2007) 323-367.

[36] J. Pare, M.C. Thurmond, S.K. Hietala, Congenital Neospora caninum infection in dairy

cattle and associated calf hood mortality, Can. J. Vet. Res. 60 (1996) 133-139.

[37] B. C. Barr, P.A. Conrad, J.P. Dubey, M.L. Anderson, Neospora-like encephalomyelitis in

a calf: pathology, ultrastructure, and immunoreactivity, J. Vet. Diagn. Invest. 3 (1991) 39—

46.

25



539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

Fig. 1. Evaluation of N. caninum-derived recombinant antigens using sera from
experimentally-infected animals. Antibody levels of 1IgG1 and IgG2a in sera of experimentally-
infected mice (A) and antibody levels of IgG1 and 1gG2 in sera of experimentally-infected
cattle (B) were assessed against different N. caninum antigens (NcGRAG6, NcGRAY,
NcGRA14, NcCyP, and NcSAG1). Each bar represents the mean of the tested sera (nc, sera
from uninfected mice: n = 4, N. caninum-infected mice: n = 4, T. gondii-infected mice: n = 4).
The data are representative of two independent experiments with similar results. The different
letters above the bars in the graphs indicate statistically significant differences among groups

(one-way ANOVA with Tukey—Kramer post hoc analysis, P < 0.05).

Fig. 2: Determination of antibody levels of immunohistochemical assay (IHC)-positive
samples and iELISA-positive samples using sera of aborted cattle. Comparison of antibody
levels of IHC positive (+) and negative () in Neospora-positive samples determined using
each IELISA. A: NcSAG1, B: NcGRA7, C: NcGRAG. Solid lines indicate average values. The
significance of differences was analyzed using the Mann-Whitney U test because the data were

non-normally distributed (*: P < 0.05, **: P < 0.01, ****: P < 0.0001).

Fig. 3: IELISA against recombinant antigens using sera from farms experiencing abortion
outbreaks. IELISA data for a total of 277 sera from aborted and non-aborted cattle with
different physiological status during abortion outbreaks are shown. Statistically significant
differences were observed between the two groups in antibody levels against rNCSAG1 (A)
and rNcGRAY7 (B). Normally-distributed variables (Dry and First pregnancy) were compared
using the Student’s t test and non-normally distributed variables (Lactation and Total) were
compared using the Mann-Whitney U test (*: P < 0.05, **: P <0.01, ****: P < 0.0001). Solid

red lines indicate the average values of samples. Dotted blue lines indicate the cutoff value.
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Fig. 4: Dynamics of anti-NcSAG1 and anti- NcGRA7 antibody levels in pregnant cattle. Data
from 36 sera collected from pregnant dams with different serological status to N. caninum and
different histories of abortion are shown. Lines with different colors indicate different animals.
Red lines indicate cattle that experienced abortion or stillbirth during the sampling period.
Animals were classified into Groups A, B and C according to the table. (*): Abortion was
confirmed before the time of first sampling, (°): Neospora-specific antibodies were detected at
the first sampling by IELISA using either NcSAG1 or NcGRA7. The fold change was
calculated by dividing the OD value of each sampling point against initial sampling point for

the relevant animal tested by NcSAG1 or NcGRA7-based ELISA.

Fig. 5: Levels of anti-NcSAG1 (A) and anti-NcGRA7 (B) antibodies in neurologically
symptomatic calves. Results of iIELISAs using sera from neurologically symptomatic (n = 41)
and non-symptomatic calves (n = 20) are shown. No significant differences were observed
between the two groups. Non-normally distributed variables (A) were compared using the
Mann-Whitney U test and normally-distributed variables (B) were compared using the
Student’s t test. Solid red lines indicate the average values of samples. Dotted blue lines indicate

the cutoff value.
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Supplemental information

S1 Table. Primers used for amplification of N. caninum antigens.

Antigen Primers Primer sequence Restriction  Expression Reference
sites vector
I-forward 5-AC GAA TTC ATC AGA AAA ATC ACC T-3' EcoRI1 Chahan et. al.,
NcSAGI1 pGEX-4T-3
2-reverse 5-AC GAA TTC GAC CAA CAT TTT CAG C-3' EcoRI 2003 [1]
I-forward 5-AC GAA TTC CGC TGG AGA CTT GGC A-3' EcoRI Abdelbaky et.
NcGRA7 pGEX-4T-3
2-reverse 5-GT GAA TTC CTA TTC GGT GTC TAC TTC CTG-3’ EcoRI al 2018 [2]
I-forward 5-AT GAA TTC ATG GATCCG GTT GAA TCC GTG GAG-3’ EcoRI Fereig et. al.,
NcGRA6 pGEX-4T-1
2-reverse 5-AT CTC GAG CTA TCT GTG ACG TGC CTG CTG CCG-3’ Xhol 2019 [3]
I-forward 5'-GC GAA TTC ATG GGC TTG GGC GAG ATT TCG TAC-3' EcoRI Nishikawa et.
NcGRA14 pGEX-4T-1
2-reverse 5-AT CTC GAG CTA CCG AGA CTT GCC TCC GGA TGT-3' Xhol al., 2018 [4]
I-forward 5’ -TA GGA TCC ATG GAA AAC GCC GGA GTC CAG-3’ BamHI Kameyama et.
NcCyP pGEX-4T-1

2-reverse  5°-GC GAA TTC TTA CAA CAA ACC AAT GTC CGT-3’ EcoRI al., 2012 [5]
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S2 Table. N. caninum seropositivity rates of aborting cattle using cELISA and iELISA against INcSAG1, INcGRA7 and rNcGRA®6.

ELISA method I[HC-positive samples (n = 9)? Total aborting cattle samples
(n=164)
cELISA 7/9 (77.8%) 22/164 (13.4%)
NcSAGI-iELISA 9/9 (100%) 46/164 (28.1%)
NcGRA7-ELISA 8/9 (88.9%) 14/164 (8.5%)
NcGRAG6-ELISA 5/9 (55.6%) 12/164 (7.3%)

% Fetal tissues from the aborted dams were tested for N. caninum antigens using an immunohistochemical (IHC) assay used for diagnosis

of neosporosis.



Supplemental figures

KDa LMW NcSAG1 NcCyP NcGRA6 NcGRA14 NcGRA7 GST

S1 Fig. SDS-PAGE of purified recombinant antigens. All recombinant proteins were
GST fusions, except for NcCyP in which the GST tag was removed by thrombin protease
digestion. KDa; kilodalton, LMW; low molecular weight marker.
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S2 Fig. Validation of recombinant antigen-based iELISA using sera from aborting
cattle. Comparison of N. caninum antigens (NCSAG1, NcGRA7 and NcGRAG) for
analysis of aborted cattle sera (n = 164) using IgG-based iELISA. Higher prevalence rates
were recorded against NcCSAG1 (28.0%) followed by NcGRA7 (8.5%) and NcGRA6
(7.3%). Solid black lines indicate average values, while dotted red lines represent cut-off
values which was calculated using negative control cattle sera (n = 9). An asterisk (***)
indicates statistical differences by one-way ANOVA with Tukey—Kramer post hoc
analysis (P < 0.0001).
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