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Abstract. Neospora caninum is a protozoan parasite that causes abortion and important economic losses in cattle
worldwide. There are no treatments or vaccines available; disease control is based on diagnosis and herd management
strategies. We developed, validated, and evaluated under field conditions a competitive inhibition ELISA based on the
truncated SAGI protein (tSAG1), expressed in Escherichia coli, and the RafNeo5 monoclonal antibody (ciELISA,q,)- A
criterion based on the 3-y sequential serologic analysis of 230 dairy cows by IFAT was used as the gold standard. The assay
was validated using 860 serum samples from cows that were consistently positive or negative by IFAT throughout the study
period. ciELISA g, was then used to evaluate the prevalence of neosporosis in 16 beef cow herds (22 samples per herd,
352 total samples). The results were compared with those from IFAT and a commercial cELISA (cELISAgp). The
ciELISA 4, g, cutoff was > 29%]I, with a diagnostic sensitivity of 98.7% (95% CI=96.8-99.7%) and a diagnostic specificity
0f 97.9% (95% CI=96.4-99.0%). Concordance among IFAT, cELISAxp, and ciELISA 4,5, was 90.3%. The agreement
() between ciELISA ., and the other 2 tests was > 0.81. The overall prevalence of neosporosis in the 16 beef herds was
30% (range: 5-60%). The ciELISA g, could be useful for large-scale detection of anti—N. caninum antibodies in cattle and
seroepidemiologic investigations, given its appropriate sensitivity and specificity, and the simplicity of production.
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Introduction Given that an ELISA based on native tachyzoite antigens
may detect antibodies induced by other members of the
Sarcocystidae family," recombinant antigens from dense
granules®™ or tachyzoite surface antigens''**" have been
used to develop various indirect ELISAs (iELISAs). Some
surface antigens of apicomplexans are efficiently recognized
by the host immune system and are strong inducers of anti-
bodies. Therefore, the recombinant forms of surface antigens
are optimal candidates to develop more specific assays. Fur-
thermore, the use of recombinant antigens instead of native
tachyzoite antigens facilitates production and improves tech-
nique standardization.

Bovine neosporosis is a parasitic disease caused by the api-
complexan protozoan Neospora caninum (Eucoccidiorida:
Sarcocystidae) and characterized by producing abortions in
cows and neuromuscular lesions in calves.*'*'® The disease
is distributed globally and causes severe economic losses to
the cattle industry.27 Cattle, an intermediate host, become
infected through the ingestion of N. caninum oocysts shed in
the feces of canids, the definitive hosts, or transplacentally
from the infected dam to the fetus.!” The parasites remain
quiescent in tissue cysts, avoiding the host immune response
and hence being undetectable by serologic tests.”’ To date,
there is no effective chemotherapeutic treatment or vaccine
for prevention of neosporosis, with partial control being
achieved through management strategies based on efficient Laboratory of Veterinary Immunology and Parasitology, National
detection tests. 2 Institute of Agricultural Technology (INTA), Rafaela Agricultural

. . . . Experimental Station, Santa Fe, Argentina (Novoa, Valentini, Sarli,
The immunofluorescent antlbOdy test (IFAT) is still used Tofioni—de—Echaide, Primo, Echaidi); Nati(gnal Scientific and Technical
extensively to detect anti—N. caninum antibodies in cattle, Research Council (CONICET), Santa Fe, Argentina (Novoa, Sarli,
although it is a laborious technique and interpretation of  Primo).
results is subJectlve. Various ELISAs are available and are 'Corresponding author: Maria B. Novoa, Instituto Nacional de Tecnologia
replacing IFAT for large-scale seroepidemiologic studies. Agropecuaria, Estacion Experimental Agropecuaria Rafaela, Ruta 34km 227,
Most commercial ELISAs are based on tachyzoite lysates.2 Rafaela, Santa Fe, CP 2300, Argentina. novoa.maria@inta.gob.ar.
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A competitive ELISA (cELISA) generates less back-
ground than other ELISAs because, with the exception of the
anti-mouse antibody, no species-specific conjugates are
needed. Therefore, this test can detect antibodies to different
species.” There is a commercial cELISA based on the
immunodominant 65-kDa native surface protein from N.
caninum tachyzoites and the monoclonal antibody (mAb)
4A4-2.° A cELISA based on the soluble extract of purified
tachyzoites and the RafNeo5 mAb (cELISA,, ), which rec-
ognizes the major surface antigen (SAG1) from N. caninum
tachyzoites, has been validated (Valentini BS, et al. Bovine
neosporosis: infection status defined by IFAT and cELISA in
serum samples obtained periodically from dairy cows. Proc
XXI Scientific-Tech Meeting Arg Assoc Vet Diagn Lab; Oct
2016; San Salvador de Jujuy; Argentina). SAG1 protein is
immunodominant and conserved among isolates;”' therefore,
it is a solid candidate antigen for ELISA development.

One of the drawbacks of the expression of eukaryotic
proteins in prokaryotic cells is the formation of protein
aggregates commonly referred to as inclusion bodies.” In
previous work,”' SAG1 protein was expressed as inclusion
bodies in Escherichia coli and refolded to develop an
applied printing immunoassay. Another research group'
expressed a variant of recombinant SAGI protein lacking
the signal peptide and the hydrophobic c-terminal portion in
E. coli as a glutathione-S-transferase (GST) fusion protein,
improving its solubility.

We describe herein the development, validation, and field
evaluation of a competitive inhibition ELISA based on a
soluble truncated variant of SAG1 (tSAG1) and the Raf-
Neo5SmAD (ciELISAg,,) for the detection of anti—N. cani-
num antibodies in cattle.

Materials and methods

Parasites

Tachyzoites of the NC-1 strain of N. caninum"® were main-
tained in vitro by continuous passage in Vero (African green
monkey kidney) cell culture. The monolayer was scraped
from the flask when 80% of the cells were infected.’ Tachyzo-
ites were released by passing the parasitized cells through a
25-gauge needle twice’ and purified from detritus on a gradi-
ent (Percoll; MilliporeSigma, Darmstadt, Germany).”

Cattle sera

To validate the ciELISA g, 871 sera from 230 cows sam-
pled from a dairy herd over a 3-y period (average re-sam-
pling interval of 7mo) were selected from the serum bank of
the Laboratory of Veterinary Immunology and Parasitology
(LIPVet) of INTA Rafaela, Santa Fe, Argentina (Table 1).
The selected herd located in Cérdoba province had periodic
abortions caused by N. caninum and a low frequency of cow

Table 1. Bovine neosporosis: serum samples obtained from
dairy cows over a 3-y period.

Sampling () Cows (n) Total samples (7)
2 15 30
3 80 240
4 74 296
5 61 305
Total 230 871

replacement, which allowed us to obtain periodic serum
samples. A criterion based on the 3-y sequential serologic
analysis by IFAT of samples from dairy cows was used as the
gold standard. Cows were considered infected if they were
positive in 2 or more samplings, and uninfected if they were
negative in all samplings; those with a single positive sample
were excluded from the validation study.

For the field evaluation of the ciELISA,,, serum sam-
ples of 352 beef cows, from 16herds of the littoral area of
Santa Fe province, were obtained and stored at —20°C until
analysis. Given that the level of neosporosis in this region
was unknown, the number of samples (22 per herd) was used
for an expected herd prevalence of 90% and adult cattle
prevalence of 15%, with a 95% confidence interval (CI) and
a 15% error (WinEpiscope, http://www.winepi.net/).

The negative control serum (C—) was obtained from a
steer considered uninfected after 3 serum samplings taken
at 30-d intervals, analyzed by IFAT and iELISA."? The
same steer was then inoculated intravenously with 1 dose of
10® live tachyzoites of N. caninum. The weak positive con-
trol (C+) and the strong positive control (C++) sera were
obtained after bleeding the steer 21 and 42d after inocula-
tion, respectively; sera were stored in aliquots at —20°C
until use.

Sera from animals infected with Toxoplasma gondii and
Sarcocystis cruzi, closely related apicomplexan parasites,
were analyzed to study cross-reactivity with tSAG1 pro-
tein. We used sera from a cow experimentally infected with
107 tachyzoites of T. gondii, obtained 35 d after experimen-
tal inoculation. T. gondii infection was confirmed by IFAT.
Sera from a cow with natural S. cruzi infection, kindly pro-
vided by Dr. Lucia Campero and Dr. Gaston Mor¢ from the
Immunoparasitology Laboratory of the Veterinary Sciences
Faculty, National University of La Plata, Argentina, was
also analyzed. Sarcocystis infection was detected using the
visualization of tissue cysts in the heart via histologic
examination.” These samples tested negative to N. caninum
antibodies by IFAT.

All animals used in our study were handled in strict accor-
dance with good animal practice and the conditions defined
by the Animal Ethics Committee of the Veterinary Science
Faculty of the Littoral National University, Esperanza, Santa
Fe, Argentina (license 226/15, file 20,390).
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Monoclonal antibody

RafNeo5 mAb reactive against SAG1 was selected from a
group of mAbs obtained previously at the LIPVet by
immunization of mice with a soluble fraction of sonicated
tachyzoites (NcSf; https://inta.gob.ar/documentos/neosporo-
sis-bovina-estatus-de-infeccion-definido-por-ifi-y-celisa-en-
muestras-de-suero-obtenidas-periodicamente-de-vacas-
lecheras).

Cloning of truncated SAGI gene from
N. caninum

Genomic DNA (gDNA) was extracted from tachyzoites
using a standard phenol-chloroform—isoamyl alcohol
method. DNA encoding amino acid residues 22-303 of the
SAGI gene was amplified by PCR using the primers tSAG1-
F (5-CATATGGCGTTCTTTGACTGTG-3") and tSAG1-R
(5'-GGATCCTCAGTGATGGTGATGGTGATGCCG
GCCTTCAAT-3"), which contain introduced Ndel and
BamHI sites to facilitate cloning. The tSAG1-R primer con-
tains an introduced poly-histidine sequence to facilitate
protein purification. Subsequently, tSAG1 was cloned into
pGEM-T Easy (Promega, Madison, WI). The tSAG1 gene
fragment was excised with Ndel and BamHI and subcloned
into pET-9b (Novagen; MilliporeSigma) to be expressed as a
polyhistidine-tagged fusion protein in E. coli. The identity of
the DNA construct was confirmed by sequencing (Institute
of Biotechnology, INTA CICVyA, Buenos Aires, Argentina).

Protein expression and purification

E. coli BL21 RIL (DE3) pLysS competent cells (Novagen;
MilliporeSigma) transformed with pET9b/tSAG1 plasmid
were cultured at 37°C in 500 mL of lysogeny broth medium
supplemented with 50pug/mL kanamycin and 34 ug/mL
chloramphenicol to an optical density at 660 nm (ODg ) = 1.
Protein expression was induced with 1% lactose. After 3h of
incubation at 37°C, bacteria were harvested by centrifuga-
tion and suspended in 10 mL of lysis buffer (50 mM NaH,PO,,
300mM NaCl, 10mM imidazole, pH8) containing 1:1,000
of protease inhibitor cocktail set III (Calbiochem; Millipore-
Sigma). The cell suspension was lysed by 2 passes through a
cell disruptor at 20,000 psi (Emulsiflex B15; Avestin, Ottawa,
Ontario, Canada) and centrifuged (12,000 % g, 30 min, 4°C).
The soluble fraction was separated and added to 2 mL of Ni-
NTA agarose (Qiagen, Hilden, Germany) previously equili-
brated with lysis buffer. After incubation at 4°C for 1h, the
suspension was poured into a 1.5x5.0cm column and
washed with 5 volumes of lysis buffer containing 30 mM
imidazole. Bound tSAG1 was eluted with 5 volumes of
200mM imidazole lysis buffer. Finally, the buffer was
exchanged into phosphate-buffered saline (PBS; 10mM
Na,HPO,, 1.8mM KH,PO,, 137mM NaCl, 2.7mM KCl,

pH 7.4) by dialysis. Molar concentration in pure samples was
calculated by absorbance at 280 nm using a molar extinction
coefficient (&5 ,,) €qual to 27,220/M/cm.

Western blot

An uninduced and an induced transformed E. coli culture,
purified tSAG1, NcSf, and a T. gondii tachyzoite lysate
were electrophoresed in a sodium dodecyl sulfate (SDS)—
12% polyacrylamide gel electrophoresis (PAGE) and trans-
ferred to an adsorbent nitrocellulose membrane (Trans-Blot
transfer medium; Bio-Rad Laboratories, Hercules, CA). The
membrane was incubated with Tris-buffered saline (TBS;
50mM Tris-HCI, 150 mM NaCl, pH 7.6) containing 5% w/v
of skimmed milk (TBS-M; Svelty; Nestlé¢, Buenos Aires,
Argentina). After 3 washes with TBS containing 0.05% v/v
of Tween-20 (TBS-T), the membrane was incubated with
RafNeo5SmAb diluted 1:100 in TBS-M for 1h. Then, the
membrane was washed as described previously; bound Raf-
Neo5SmAb was detected with peroxidase-conjugated goat
anti-mouse immunoglobulin (Jackson InmunoResearch
Laboratories, West Grove, PA) diluted 1:1,000 in TBS-M.
After incubation and 3 washes, the antigen—antibody reac-
tion was revealed with the colorimetric substrate 3,3’ -diami-
nobenzidine tetrahydrochloride (DAB; MilliporeSigma)
and 0.1% v/v of hydrogen peroxide (H,0,).

A western blot (WB) was performed to study cross-
reactivity of antibodies against other apicomplexan para-
sites to SAG]1. Purified tSAG1 was used as antigen under
non-reducing conditions, separated by electrophoresis in a
SDS-PAGE, and transferred to an adsorbent nitrocellulose
membrane (Trans-Blot transfer medium; Bio-Rad). Serum
samples from T. gondii, S. cruzi, and N. caninum infected
cattle and a negative control serum were diluted 1:100. A con-
jugate anti-bovine IgG peroxidase (Jackson ImmunoRe-
search) diluted 1:2,000 in TBS-M was used. The reaction was
revealed as described above.

Indirect fluorescent antibody test

Purified whole tachyzoites were used for IFAT according to
the technique described previously, with modifications.*®
Briefly, purified tachyzoites were washed 3 times with PBS
and fixed with 0.025% v/v 37% formalin for 16 h. A suspen-
sion of tachyzoites in PBS (5 uL) was distributed in 12-well
heavy-Teflon—coated slides (Redilab, Humberto Primo,
Santa Fe, Argentina). Slides were dried at 37°C and stored at
—20°C until use. Test sera dilution 1:200 was considered as
the cutoff,” and the goat anti-bovine IgG fluorescein isothio-
cyanate-conjugate (MilliporeSigma) was diluted 1:800 in
PBS. Slides were observed under an epifluorescence micro-
scope (Eclipse 80i; Nikon, Melville, NY). The fluorescence
over the whole tachyzoite surface was considered positive,
and nonspecific (negative) when it was apical.’
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Commercial competitive ELISA

A commercial cELISA (cELISAyyzp; VMRD, Pullman,
WA) was used following the manufacturer’s instructions.
The antigen of cELISAy\rp is a N. caninum surface protein
(GP65) captured from a lysate of tachyzoites by a mAb. The
suggested >30% inhibition cutoff was used.

Competitive inhibition ELISA based on tSAG1
and RafNeoSmADb (ciELISA, )

The 96-well ELISA plates (Nunc; Thermo Fisher Scientific,
Waltham, MA) were coated with 1 ug/well of tSAG1 diluted
in PBS to a concentration of 0.02 ug/uL at 4°C for 16 h. The
wells were washed twice with PBS containing 0.05% Tween
20 (PBS-T) and blocked with PBS containing 10% skimmed
milk (PBS-M). The test sera, diluted 1:2 in PBS containing
0.05% Tween 20 and 10% skimmed milk (PBS-T-M), were
added to duplicate wells. After incubation, the RafNeoS mAb
diluted 1:2,000 in PBS-T-M was added. Finally, horserad-
ish peroxidase—conjugated goat anti-mouse antibody
(Jackson ImmunoResearch) diluted 1:4,000 in PBS-T-M
was added. All incubations were carried out for 40 min at
37°C. Plates were washed 3 times with PBS-T between steps.
The antigen—antibody reaction was revealed with 100 uL
of 1mM 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS) chromogenic substrate (Mil-
liporeSigma) in 0.05 M sodium citrate (pH4.5) and 0.03% v/v
of H,0,, and the plates were incubated in the dark for 10 min.
Each plate included controls of known positive strong and
weak bovine sera (C++ and C+, respectively), known nega-
tive bovine sera (C-), and RafNeoS mAb without serum (Cc)
to determine its maximal OD, ... The color of the reaction
was measured at 405nm in an ELISA plate reader (Labsys-
tems Multiskan FC; Microlat, Buenos Aires, Argentina).
Results were expressed as percent inhibition (%I) according
to the formula %I=100—[(sample OD/Cc OD) x 100].

Data analysis

A receiver operating characteristic analysis (MedCalc v.13.0;
MedCalc Software, Ostend, Belgium) was performed to deter-
mine the optimal cutoff value, diagnostic sensitivity (DSe), and
diagnostic specificity (DSp), with 95% CI for ciELISA g, g,

A retrospective analysis of neosporosis infection status in
dairy herd throughout the 3-y study was performed by com-
paring IFAT and ciELISA g,g;-

The prevalence of neosporosis in beef herds and cattle was
analyzed. Concordance (%) among IFAT, cELISA,,p, and
ciELISA,, and kappa values (i) between pairs of tests, with
95% CI, were evaluated using MedCalc software. Strength of
agreement was considered poor (k<0.20), fair (k=0.21-0.40),
moderate (k=0.41-0.60), good (k=0.61-0.80), or very good
(k=0.81-1.00).!

Results

Expression and purification of tSAG1
recombinant protein

tSAGI1 recombinant protein was expressed with high effi-
ciency in E. coli; ~30% of the recombinant protein was sol-
uble in the bacterial cytoplasm. The amount of purified
protein was ~5mg/L of culture. The c-terminal his-tag added
to tSAG1 allowed us to purify large amounts of protein in a
single step with a final purity >95%. After electrophoretic
separation, purified tSAG1 migrated as a thick band between
25 and 37kDa markers and a weak band between 50 and
75kDa markers. The molecular weights obtained for the
bands correspond to the expected monomeric and dimeric
forms of tSAG1 (Fig. 1A).

The WB assay revealed RafNeo5 mAb binding to tSAG1
recombinant protein in its monomeric and dimeric forms.
This assay also showed that the thick band observed at SDS-
PAGE is composed of 2 protein bands. The RafNeo5 mAb
bound to sonicated N. caninum tachyzoites and revealed
monomer and dimer forms of native SAG1 protein. In this
case, the monomer is composed of 3 nearby protein bands.
The RafNeo5mAb did not bind to sonicated 7. gondii
tachyzoites (Fig. 1B).

Cross-reactions

No antigen—antibody reactions were detected in the WB per-
formed with tSAG1 as antigen and sera from animals infected
with T. gondii and S. cruzi (Fig. 2).

Validation of ciELISA 4,

Of the 871 serum samples from 230 selected dairy cows, 860
serum samples from 227 cows were used for test validation.
Eighty-five cows were classified as infected (314 sera) and
142 as uninfected (546 sera). Three cows with only one
IFAT-positive sample were excluded from validation; 1 of
them (cow 509) was ciELISA g, positive in 3 samples and
was categorized as infected. The status of neosporosis infec-
tion for the other 2 cows (533 and 6,842) remained undefined
(Table 2).

The ciELISAg,, cutoff was >29%I, with a DSe of 98.7%
(95% CI1=96.8-99.7%) and a DSp of 97.9 (95% CI=96.4—
99.0%). The mean %I was 83% (£19%) for the infected and
13% (£9%) for uninfected cows (Fig. 3).

The retrospective analysis of the status of neosporosis
infection over 3y showed that 9 of the 227 cows had variable
results among samplings (Table 2). Of 227 cows present in the
first sampling, 61 remained in the herd throughout the study
period and maintained their original neosporosis infection sta-
tus. Concordance between IFAT and ciELISA g, throughout
the study was 98.1% with k=0.96 (95% CI=0.94-0.98).
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Figure 1. Sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) and western blot (WB) analysis of
recombinant tSAG1. A. SDS-PAGE. Proteins were stained with
Coomassie Brilliant Blue R-250 (Bio-Rad). B. WB revealed with
the RafNeo5mAb. MW=molecular weight marker (Precision
Plus protein all blue pre-stained protein standards; Bio-Rad); lane
1=uninduced culture; lane 2=induced culture; lane 3 =purified
tSAGI; lane 4=sonicated Neospora caninum tachyzoites; lane
S=sonicated Toxoplasma gondii tachyzoites.

Field evaluation

Anti-N. caninum antibodies were detected by IFAT,
CcELISAy\rp, and ciELISA,q, in all 16 analyzed herds.
The overall prevalence of neosporosis was 30% by IFAT and
CiELISA ., and 36% by cELISA,,p, With a range of
5-60% among herds. In 10 of the 16 analyzed herds, the
prevalence established by IFAT and ciELISA,;, Was iden-
tical. Compared with IFAT and ciELISAq,;, the prevalence
detected by cELISAy,zp Was higher in 14 herds and identi-
cal in 2 herds (Fig. 4).

Analysis of the 352 serum samples from beef cattle
revealed 89.8% concordance among IFAT, cELISAyyrp,
and ciELISA 4, (Fig. 5). The highest and lowest agreement
between pairs of tests was observed between IFAT and
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Figure 2. Western blot analysis of the recognition of tSAG1
antigen using sera from animals infected with Neospora caninum
and closely related apicomplexan parasites. MW =molecular
weight marker (Precision Plus protein all blue pre-stained protein
standards; Bio-Rad); lane 1=sera from a cow experimentally
infected with N. caninum; lane 2=sera from a steer experimentally
infected with Toxoplasma gondii; 1ane 3 =sera from a cow naturally
infected with Sarcocystis cruzi; lane 4=sera from an uninfected
steer; and lane 5=RafNeo5 monoclonal antibody.

ciELISA,q;> and between IFAT and cELISAy\rp, respec-
tively (Table 3).

Discussion

Our ciELISA g, Was able to differentiate N. caninum—
infected cattle from uninfected ones, even under the demand-
ing conditions required by the gold standard, based on a 3-y
sequential analysis of samples using IFAT. The performance
of ciELISAg,g,, with a DSe of 98.7% and a DSp of 97.9%,
was similar to that of other commercial serologic assays.*

IFAT has been used frequently as a reference test to deter-
mine the relative sensitivity and specificity of ELISA.*%2¢%2
This comparison criterion adds a cumulative error to the sen-
sitivity and specificity of the new assay and underestimates
its value.” The gold standard that we used allowed us to
include infected cows with negative IFAT results. The main
reason to use this strategy was to identify infected cattle in
which parasites remain hidden inside tissue cysts. With this
mechanism, the parasite avoids the immune response and
remains undetectable by serologic tests.?

The ciELISA 4, detected 8 of 9 infected cows in which
antibody fluctuation was detected by IFAT; that finding
may indicate that the sensitivity of the cELISA,q, 1S
greater than that of the IFAT in chronically infected cattle.
In addition, of 3 cows with positive IFAT in 1 sample
(excluded from the validation), our ciELISA 4, identified
3 of 4 samples of cow 509 as positive, highlighting the
greater sensitivity of our test. It is expected that the
ciELISA ., expresses a better DSp, given that we did not
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Table 2. Identification of dairy cows in which antibody fluctuation was detected in 2—5 samplings over a 3-y period, analyzed by
IFAT and ciELISA,q,. Cutoffs were the serum dilution of >1:200 for IFAT and >29%lI for ciELISA g,¢;.

S1 S2 S3 S4 Ss

Cow CiELISAaq: ciELISA g4 CiELISAguq: CiELISAgaq: ciELISA,g,  Criterion
ID IFAT (%I) IFAT (%I) IFAT (%l) IFAT (%I) IFAT (%I) (VE)
287 - 42 + 96 + 52 ND ND ND ND I
359 - 57 + 101 + 85 ND ND ND ND I
509 - 30 - 46 - 25 + 57 ND ND E
516 - 23 + 59 + 39 ND ND ND ND I
533 - 19 - 23 - 10 + 29 ND ND E
716 - 47 + 50 + 29 ND ND ND ND I
823 - 29 + 99 + 50 ND ND ND ND I
908 - 32 + 85 + 49 + 88 + 100 I
6030 - 67 ND ND + 91 + 94 + 98 I
6523 - 56 + 97 + 59 + 94 + 86 I
6559 - 35 + 61 + 43 ND ND ND ND I
6842 ND ND ND ND - 13 - 20 + 27 E

ciELISA =competitive inhibition ELISA; E=excluded from test validation; [=included in test validation; %I =percent inhibition; IFAT =immunofluorescent antibody test;

ND=not determined or unavailable samples; S =sampling; +=positive; —=negative.

1007

% Inhibition

Uninfected cattle sera Infected cattle sera

Figure 3. Receiver operating characteristic (ROC) analyses of
the competition inhibition ELISA g, for diagnosis of neosporosis
in cattle. Determination of the cutoff using 546 serum samples
from 142 uninfected cows and 314 serum samples from 85 infected
cows. Results are expressed as percent inhibition (%I).

detect cross-reactions of tSAG1 with sera from 7. gondii—
and S. cruzi—infected cattle.

Most serologic assays, such as IFAT and ELISA variants,
use whole or lysed tachyzoites of N. caninum.>'* Although
these assays allow the differentiation of infected from unin-
fected cattle, all of them have some degree of inherent limita-
tion in sensitivity and specificity. The cytoplasmic antigens
of the parasite included in the lysates can lead to cross-reac-
tions with other related parasites (Sarcocystidae family);"”
therefore, greater dilution (1:100 or 1:200) of the serum is
required.” The use of a N. caninum recombinant antigen for

[IFAT
6 m l CEL'SAVMRD
l CIELISAisact
S
P
©
o
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0 L] ||
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Figure 4. Frequency distribution of neosporosis prevalence
in 16 beef herds analyzed using immunofluorescent antibody test
(IFAT), competitive (¢)ELISA,\p, and competitive inhibition (ci)
ELISAgaq:-

ciELISA,q, development improved the specificity of this
test, given that tSAG1 showed no cross-reactivity with sera
from animals infected with closely related apicomplexan
parasites. Furthermore, recombinant antigens have the ben-
efit that their production does not depend on the mainte-
nance of cell culture, given that they can be produced easily
in large quantities and the produced antigen is homogeneous
in different production batches. This improves the standard-
ization of antigen production for test kit development. Sera
for use in ciELISA g, can be diluted 1:2, which favors the
sensitivity of the test. The lower IFAT sensitivity detected
could be a result of the cutoffused (1:200) based on a previous
validation.'” A lower dilution might increase the sensitivity
but would reduce the specificity.” Our retrospective analysis
of this dairy herd suggests that the infection by neosporosis
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Figure 5. Integrated results of antibodies against Neospora
caninum in 352 beef cattle sera obtained by immunofluorescent
antibody test (IFAT), competitive (¢)ELISA,zp, and competitive
inhibition (ci)ELISAg,q:-

Table 3. Concordance and agreement () between pairs of
tests used to analyze 352 beef cattle sera.

Concordance K
(%) coefficient 95% CI
IFAT/cELISAy\rp 90.6 0.78 0.79-0.91
IFAT/ciELISA g5, 95.1 0.88 0.93-1.00
CELISA\rp/CIELISA g4, 93.7 0.86 0.82-0.93

CI=confidence interval; cELISA, ciELISA =competitive and competitive inhibition
ELISA, respectively; IFAT =immunofluorescent antibody test.

was mainly transplacental, given that 61 cows that remained
in the herd throughout the study period maintained their orig-
inal infected or non-infected status with absence of serocon-
version.

The overall prevalence (30%) detected by ciELISA g, in
beef cattle was higher than values estimated in other regions
of Argentina. A seroepidemiologic study using IFAT in the
southeast (37°50'47"S) of the humid Pampas of Argentina™*
found an average prevalence of 11.2% (4.7-20.3%). Another
study'® using an iELISA found a 9.6% (+10.5%) prevalence
in La Pampa province (36°31'00"S), Argentina. In these
areas, British-origin cattle predominate. The higher preva-
lence in beef cattle of Santa Fe province could be associated
with the breeds (Bos indicus hybrids), climate (higher tem-
peratures), geographic conditions (waterlogged areas), neo-
sporosis infection status of dogs present on the farms, and
management system (confinement and supplemental feeding
during floods of the littoral zone)."”

cELISA rp results differed from IFAT and ciELISA g, g,
and showed the highest neosporosis prevalence value in beef
cattle (36%). This difference might be a consequence of the
cutoff used (manufacturer’s protocol), given that no revali-
dation was performed for local epidemiologic conditions as
recommended by the OIE for validated tests used in new

regions.>® A comparative study of commercial ELISAs” had a
k value <0.67 for the cELISA .z, When compared with a
gold standard of “‘majority of tests” prior to cutoff adjustment.
The polarized distribution of the positive and negative
results in ciELISA g, allows an increase or decrease of the
cutoff under different epidemiologic situations, without
significantly affecting the DSe and DSp.** The CiELISAgaq
is useful for a large-scale survey of neosporosis in cattle and
seroepidemiologic investigations, given its appropriate
sensitivity and specificity, and the simplicity of production.
Furthermore, given that no species-specific conjugated anti-
bodies are needed, except for the secondary anti-mouse anti-
body, this test can likely detect antibodies against N. caninum
in different hosts once the required validation is performed.’

Acknowledgments

We thank Paula Ramirez, Estefania Ugarte, and Nerina Aguirre
from LIPVet for their technical assistance.

Declaration of conflicting interests

The authors declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

Our study was supported by INTA, Asociacion Cooperadora
INTA Rafaela, and Agencia Nacional de Promocion Cientifica y
Tecnologica (PICT0369).

ORCID iDs

https://orcid.org/0000-0001-6726-5239
https://orcid.org/0000-0002-6873-8867

Maria B. Novoa
Maria E. Primo

References

1. Altman DG. Practical Statistics for Medical Research. (Texts
in Statistical Science, Book 12.) London: Chapman and Hall/
CRC, 1990.

2. Alvarez-Garcia G, et al. Serological diagnosis of bovine
neosporosis: a comparative study of commercially available
ELISA tests. Vet Parasitol 2013;198:85-95.

3. Baneyx F. Recombinant protein expression in Escherichia coli.
Curr Opin Biotechnol 1999;10:411-421.

4. Barr BC, et al. Experimental reproduction of bovine fetal
Neospora infection and death with a bovine Neospora isolate.
J Vet Diagn Invest 1994;6:207-215.

5. Barta JR, Dubey JP. Characterization of anti-Neospora cani-
num hyperimmune rabbit serum by Western blot analysis and
immunoelectron microscopy. Parasitol Res 1992;617:689—694.

6. Baszler TV, etal. Validation ofacommercially available monoclo-
nal antibody-based competitive-inhibition enzyme-linked immu-
nosorbent assay for detection of serum antibodies to Neospora
caninum in cattle. J Clin Microbiol 2001;39:3851-3857.

7. Baszler TV, et al. Serological diagnosis of bovine neosporo-
sis by Neospora caninum monoclonal antibody-based com-
petitive inhibition enzyme-linked immunosorbent assay. J Clin
Microbiol 1996;34:1423-1428.

8. Bjorkman C, et al. An indirect enzyme-linked immunoas-
say (ELISA) for demonstration of antibodies to Neospora



408

Novoa et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

caninum in serum and milk of cattle. Vet Parasitol 1997;68:
251-260.

. Bjorkman C, Uggla A. Serological diagnosis of Neospora cani-

num infection. Int J Parasitol 1999;29:1497-1507.

Von Blumréder D, et al. Comparison and standardisation of
serological methods for the diagnosis of Neospora caninum
infection in bovines. Vet Parasitol 2004;120:11-22.

Borsuk S, et al. Development of an indirect ELISA-NcSRS2
for detection of Neospora caninum antibodies in cattle. Vet
Parasitol 2011;177:33-38.

Campero LM, et al. An Ibero-American inter-laboratory trial to
evaluate serological tests for the detection of anti-Neospora cani-
num antibodies in cattle. Trop Anim Health Prod 2018;50:75-84.
Chahan B, et al. Serodiagnosis of Neospora caninum infection
in cattle by enzyme-linked immunosorbent assay with recom-
binant truncated NcSAG1. Vet Parasitol 2003;118:177-185.
Dubey JP, et al. Newly recognized fatal protozoan disease of
dogs. J Am Vet Med Assoc 1988;192:1269-1285.

Dubey JP, et al. Neonatal Neospora caninum infection in dogs:
isolation of the causative agent and experimental transmission.
J Am Vet Med Assoc 1988;193:1259-1263.

Dubey JP, et al. Clinical neosporosis in a 4-week-old Hereford
calf. Vet Parasitol 1992;43:137-141.

Dubey JP, et al. Epidemiology and control of neosporosis and
Neospora caninum. Clin Microbiol Rev 2007;20:323-367.
Fort M, et al. Seroepidemiological study of Neospora caninum
in beef and dairy cattle in la Pampa, Argentina. Acta Parasitol
2015;60:275-282.

Gondim LFP, etal. Importance of serological cross-reactivity among
Toxoplasma gondii, Hammondia spp., Neospora spp., Sarcocystis
spp. and Besnoitia besnoiti. Parasitology 2017;144:851-868.
Guido S, et al. Serology-based diagnostics for the control of
bovine neosporosis. Trends Parasitol 2016;32:131-143.
Hemphill A, et al. The antigenic composition of Neospora
caninum. Int J Parasitol 1999;29:1175-1188.

Jacobson RH. Validation of serological assays for diagnosis of
infectious diseases. Rev Sci Tech Off Int Epiz 1998;17:469-486.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Lally N, et al. Evaluation of two Neospora caninum recom-
binant antigens for use in an enzyme-linked immunosorbent
assay for the diagnosis of bovine neosporosis. Clin Diagn Lab
Immunol 1996;3:275-279.

Moore DP, et al. Risk factors associated with Neospora cani-
num infections in cattle in Argentina. Vet Parasitol 2009;161:
122-125.

Paré J, et al. Interpretation of an indirect fluorescent antibody
test for diagnosis of Neospora sp. infection in cattle. J Vet
Diagn Invest 1995;7:273-275.

Paré J, et al. An enzyme-linked immunosorbent assay (ELISA)
for serological diagnosis of Neospora sp. infection in cattle. J
Vet Diagn Invest 1995;7:352-359.

Reichel MP, et al. What is the global economic impact of
Neospora caninum in cattle—the billion dollar question. Int J
Parasitol 2013;43:133-142.

Reichel MP, et al. Control options for Neospora caninum—is
there anything new or are we going backwards? Parasitology
2014;141:1455-1470.

Rodriguez SD, et al. Babesia bovis: purification and concen-
tration of merozoites and infected bovine erythrocytes. Exp
Parasitol 1986;61:236-243.

Schares G, et al. Use of purified tachyzoite surface antigen p38
in an ELISA to diagnose bovine neosporosis. Int J Parasitol
2000;30:1123-1130.

Wilkowsky SE, et al. An applied printing immunoassay with
recombinant Nc-SAG1 for detection of antibodies to Neospora
caninum in cattle. ] Vet Diagn Invest 2011;23:971-976.
Williams DJ, et al. Novel ELISA for detection of Neospora-
specific antibodies in cattle. Vet Rec 1997;140:328-331.
World Organization for Animal Health (OIE). Principles and
methods of validation of diagnostic assays for infectious dis-
eases. Chapter 1.1.6. In: OIE Terrestrial Manual. Paris, France:
OIE, 2018.

Wright PF, et al. Standardisation and validation of enzyme-linked
immunosorbent assay techniques for the detection of antibody in
infectious disease diagnosis. Rev Sci Tech 1993;12:435-450.



