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Abstract.

Cystic echinococcosis (CE) is a parasitic zoonosis caused by the larval stage of the tapeworm Echino-

coccus granulosus. Detection of the adult stage in the canine definitive host is essential for estimating infection rates,
surveillance and monitoring of CE control programs. This study sought to develop and validate a coproantigen sandwich
enzyme-linked immunosorbent assay (copro-ELISA), based on antibodies against E. granulosus—soluble membrane
antigens (EGMA), that is capable of distinguishing infected and noninfected dogs. Anti-E. granulosus polyclonal immu-
noglobulin G antibodies were obtained from rabbit antiserum against EGMA. Optimization of the test was performed with
51 positive and 56 negative stool samples of canine echinococcosis. Specificity, sensitivity, cross-reactivity, intra- and
inter-assay precision, and over time detection were evaluated. According to the receiver operating characteristic analysis,
the diagnostic sensitivity and specificity were 96.1% (Cl: 85.9-99.6) and 98.2% (Cl: 89.5-100), respectively. Negative and
positive predictive values were 96.5% (Cl: 91.7-100) and 98 % (Cl: 94.1-100), respectively. No cross-reactivity with Taenia
hydatigena, Dipylidium caninum, or Toxocara canis was observed. Intra- and inter-assay repeatability showed values of
less than 15% of the variation coefficient. The over time detection was from 20 to 27 days postinfection with E. granulosus.
The copro-ELISA based on EGMA detection offers a simplified in-house development of diagnostic testing. This assay
showed high specificity and sensitivity and had no cross-reactivity with other parasites. Further studies and development

of this test in a kit format may be useful for the detection of active infection in dogs living in CE endemic regions.

INTRODUCTION

Cystic echinococcosis (CE) or hydatidosis is a neglected
tropical zoonosis that affects low-income countries worldwide.
Human CE prevalence is around 10% in endemic countries and
leads to a mortality rate of up to 5%. " Cystic echinococcosis is
an important public health problem in South America. In Peru,
for example, 3,000 new human cases are reported annually,
and the endemic areas of the country have an annual incidence
of more than 100 cases/10,000 inhabitants.>

The CE disease is caused by the larval stage of the cestode
Echinococcus granulosus. The adult worm infects dogs and
other canids, which serve as definitive hosts. These animals
spread eggs through their feces to the environment during the
approximately 3-year patent period.* Humans and livestock,
the intermediate hosts, become orally infected with onco-
spheres that develop from larval protoscoleces into cysts,
mainly within the lungs or liver.® Clinical symptoms depend on
the location of the cyst in affected organs; in addition, spon-
taneous rupture of the cysts may cause secondary infections
or anaphylaxis.®

Echinococcus granulosus sensu stricto (genotype 1) is re-
sponsible for a majority of human CE and has a wide distri-
bution often associated with transmission by sheep, as
intermediate hosts,” to dogs, as definitive hosts.® In endemic
areas, the prevalence of this helminth infection in dogs has
been reported to range from 32% to 88%.° The detection of
the parasite in the definitive host is crucial for estimating the
frequency of canine echinococcosis as well as important for
surveillance and monitoring of CE control programs in
humans.°
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Conventional diagnostic techniques in dogs include mi-
croscopic observation of eggs in feces, counting of adult
worms after purgation with arecoline hydrobromide, mo-
lecular tools such as polymerase chain reaction (PCR), and
immunoassays such as indirect or capture enzyme-linked
immunosorbent assay (ELISA) and western blot. Microscopic
observation is not convenient and not recommended for the
detection and differentiation of E. granulosus eggs because
of their similarity with other members of the Taeniidae family.
By comparison, molecular tools provide improved specific-
ity and variable sensitivity during the prepatent period."

Coproantigen sandwich ELISA (copro-ELISA) is another
specific and sensitive laboratory test for diagnosing canine
echinococcosis in stool samples.!’ As parasites release
metabolic products into the definitive host intestine, cop-
roantigens can be used for immunological detection.'? This
tool has been used in different CE geographical regions, and
its utility and ease of use has been confirmed in epidemio-
logical surveys.'® However, there are currently no commer-
cially available kits for E. granulosus coproantigen diagnosis.

Several copro-ELISA tests have been developed in different
countries with variable sensitivity and specificity, 78-100%
and 85-95%, respectively.!' Traditional copro-ELISA in-
cludes a preliminary step of pre-adsorption of polyclonal an-
tibodies against E. granulosus somatic antigens that are then
treated with normal feces from noninfected dogs. This re-
duces the background of cross-reactions with noninfected
samples.14 Nonetheless, cross-reaction with Taenia hydati-
gena remains problematic for E. granulosus differentiation,
and efforts to improve assay specificity using monoclonal
antibodies have not decreased the cross-reactivity. '

A copro-ELISA technique with higher sensitivity and spec-
ificity is needed to implement CE surveillance and control
programs, which requires a precise, reproducible, and rela-
tively affordable test to diagnose the active parasite infection
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in dogs. This study sought to evaluate and validate a copro-
ELISA that avoids pre-adsorption step, detects the soluble
antigens of the adult stage of E. granulosus, and distinguishes
between the stool samples of infected and noninfected dogs.

METHODS

Study design. Three dogs were infected with proto-
scoleces of E. granulosus. The adult parasites were recov-
ered and the soluble membrane antigens were isolated. A
pair of rabbits were immunized to produce antisera against
E. granulosus—soluble membrane antigens (EGMA). A copro-
ELISA was optimized for the detection of parasitic antigens in
51 and 56 stool samples of dogs infected and noninfected with
E. granulosus, respectively. Another three dogs only infected
with T. hydatigena, Dipylidium caninum or Toxocara canis
were also included. Repeatability, specificity, sensitivity, positive
and negative predictive values, cross-reactivity with the non-
E. granulosus parasites, and over time detection of the cop-
roantigens from the three experimentally infected dogs with
protoscoleces were evaluated.

Ethics statements. Experimentally infected dogs and im-
munized rabbits were raised according to the Institutional
Animal Care and Use Committee. The protocol of this study
No.2016-001 was approved by the Ethics and Animal Welfare
Committee of the Facultad de Medicina Veterinaria, Uni-
versidad Nacional Mayor de San Marcos, Lima, Peru. Dogs
were handled according to biosafety guidelines of the in-
stitution and received two antiparasitic treatments (5 mg/kg
praziquantel, 45 mg/kg fenbendazole, and 10 mg/kg pyrantel
pamoate) at 10 weeks of the experimental infection.

Isolation of EGMA. Three healthy male mixed breed dogs
of 5 months of age were orally infected with 100,000 viable
protoscoleces obtained from a pool of hydatid cysts from
naturally infected sheep from the Peruvian Central Highlands.
The viability of the protoscoleces was determined by staining
with 0.1% eosin.'® The E. granulosus parasites were con-
firmed as genotype 1 by PCR."® After 68 days of experimental
infection, the adult worms were recovered from the dogs using
arecoline hybromide purgation (4 mg/kg). The parasites were
washed and centrifuged several times with cold phosphate-
buffered saline (PBS) and then placed in Tris-buffered saline
(10 mM Tris, 140 mM NaCl, pH 8.02) mixed with 2% Triton
X-114 (Sigma-Aldrich, St. Louis, MO) for 2 hours at 4°C while
slightly shaking."” Inhibitory proteases such as pepstatin, leu-
peptin (1/1,000; Sigma-Aldrich), and pefabloc (1/100; Sigma-
Aldrich) were used to avoid protein degradation. The parasites in
the buffer were centrifuged at 10,000 x g for 15 minutes at 4°C,
and the supernatant was collected and incubated at 37°C for
5 minutes to induce phase separation. The hydrophilic EGMA
proteins (upper phase) were recovered and treated again as
described previously. The protein concentration was measured
with the Bradford assay as previously described.'®

Obtaining of purified polyclonal rabbit antibodies
against EGMA. Two-month-old New Zealand rabbits weighing
approximately 1.8 kg were immunized with a single batch of 50
pg/mL of EGMA that had been homogenized with Freund’s
adjuvant (v/v). The homogenized antigen was administered
subcutaneously four times (the first time with complete
Freund’s adjuvant, the other times with incomplete Freund’s
adjuvant) every 2 weeks. Blood samples were taken each time
and 2 weeks after the finalimmunization to determine the titer of

the anti-EGMA hyperimmune serum by indirect ELISA.'® The
rabbits were euthanized by intravenous administration of pen-
tobarbital (60 mg/kg). Total serum was obtained from centri-
fugation of the exsanguinated blood at 5,000 x g for 10 minutes,
and it was stored at —70°C until use.

A single batch of rabbit immunoglobulin G (IgG) antibodies
was purified from the serum by chromatographic affinity using
a column prepacked with Protein G Sepharose according to
the manufacturer’s instructions (HiTrap Protein G; General
Electric, Boston, MA). The Bradford assay was used to
quantify the recovered IgG antibodies. Conjugation of anti-
EGMA IgG antibodies with peroxidase was performed with a
commercial kit using the manufacturer’s instructions (Sure-
LINK HRP Conjugation Kit; KPL, Milford, MA).

In-house copro ELISA. The stool samples of 51 dogs in-
fected with adult E. granulosus (diagnosed using the gold
standard of necropsy) were used as positive samples of ca-
nine echinococcosis. The feces (5 g) had been previously
mixed and stored with 5% neutral buffered formalin (v/v 1:4).
These positive samples were obtained from the fecal bank of
the Laboratorio de Epidemiologia y Economia Veterinaria,
Facultad de Medicina Veterinaria, Universidad Nacional
Mayor de San Marcos, Lima, Peru. Samples of the fecal bank
were from experimentally dogs infected with E. granulosus.
The sampling day, postinfection with E. granulosus, and the
parasite burden at the time of the necropsy for each sample
were registered.

In addition, 56 dogs from nonendemic areas of CE were
included as known negative field samples of canine echino-
coccosis to evaluate the diagnostic specificity. The negative
animals were treated at least twice with anthelminthic drugs
(as described previously) before the samples were obtained. A
copro-parasitological sedimentation test?® was performed to
determine whether any parasite eggs remained after treat-
ment (parasite-free status). The negative stool samples were
collected 2 weeks after the last treatment and homogenized
with 5% neutral buffered formalin (v/v 1:4). Each sample was then
centrifuged at 3,500 x g for 30 minutes, and the supernatant was
collected and stored at room temperature until use.

A sandwich copro-ELISA based on the capture and de-
tection of somatic E. granulosus antigens in stool samples'*
was used with considerable modifications. A 96-well micro-
plate (Immulon 4HBX; Thermo Fisher Scientific, Waltham, MA)
was coated with 0.8 ug/mL of anti-EGMA polyclonal IgG an-
tibodies in 0.05 M carbonate/bicarbonate buffer at pH 9.6 and
incubated at 4°C overnight. Five washes with 200 uyL of 0.15 M
PBS mixed with 0.1% polysorbate 20 (Tween 20; Sigma-
Aldrich) were performed after each incubation. Blocking of the
micro-wells was performed with 200 puL of PBS mixed with
0.3% Tween 20 for 1 hour at room temperature. The stool
sample supernatant (50 pL) was dispersed with 50 L of heat
inactivated fetal bovine serum (Corning, Corning, NY) and
then incubated for 1 hour at room temperature while being
slightly shaken. Detection was performed with 0.9 pg/mL of
the anti-EGMA polyclonal IgG antibodies previously conju-
gated with peroxidase and incubated for 1 hour at room
temperature while being slightly shaken. The commercial chro-
mogenic substrate 3,3’,5,5'-tetramethylbenzidine (TMB)
(100 pL) was mixed with 0.02% hydrogen peroxide (v/v) to reveal
the reaction in the dark according to the manufacturer’s in-
struction (TMB 2-Component Microwell Peroxidase Substrate
Kit; SeraCare, Milford, MA). The reaction was stopped with 50 pL
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of 2 M sulfuric acid, and the results were immediately read
by a spectrophotometer at 450 nm (Molecular Devices, San
Jose, CA). Optical densities (OD) were registered by the SoftMax
Pro 5.0 software (Molecular Devices).

Repeatability. The intra-assay precision was evaluated in
one microplate using 21 replicates representing four con-
centrations of EGMA: low (1 ug/mL), medium (2.5 pyg/mL), high
(5 pg/mL), and not detectable (negative for the presence of
EGMA). The inter-assay precision was also performed with 21
replicates of the concentration types described previously
over four different microplates on the same day. The mean OD
and the coefficient of variation (CV) for each sample type was
calculated for between one and four microplates.?’

Diagnostic sensitivity and specificity. Fifty-one positive
and 56 negative samples for canine echinococcosis were blind
tested for sensitivity and specificity. The negative predicted
value (NPV) and the positive predictive value (PPV) were esti-
mated; 95% confidence intervals were calculated for all data.
Positive (stool samples with EGMA) and negative (stool sam-
ples without EGMA) controls were included for the validation of
each run per microplate. Normalization of the OD values was
performed according to the sample-to-positive (S/P) ratio for
each sample:2? (OD sample — OD negative control)/(OD positive
control — OD negative control). The optimal cutoff value was
estimated using the receiver operating characteristic (ROC)
analysis from all the S/P ratios of the positive and negative
samples of canine echinococcosis. The diagnostic sensitivity
was calculated as true positives (over the cutoff value)/(true
positives + false negatives), whereas specificity was calculated
as true negatives (under the cutoff value)/(true negatives + false
positives). Positive predictive value was calculated as true
positives/(true positives + false positives) and NPV was calcu-
lated as true negatives/(false negatives + true negatives).?®

Detection limit and cross-reactivity. Serial dilutions of
known concentrations of EGMA were artificially spiked with
the supernatant of a negative stool sample. Three replicates
per point were run, and the detection limit was considered as
the minimum concentration more than the cutoff value.

The analytical specificity (cross-reactivity) was also evaluated
in triplicate using three stool samples containing proglottids or
eggs from one dog experimentally infected with eight cysts of
T. hydatigena (sampled at 68 days post-infection), and two more
dogs naturally infected either with T. canis or D. caninum.

Over time determination. Stool samples from the three
dogs infected with the protoscoleces of E. granulosus were
collected weekly after infection until the day of purgation with
arecoline (after 10 weeks). The copro-ELISA was performed as
described previously to determine the first day after the in-
fection in which the test was positive.

Statistical analysis. Data analysis and the ROC curve were
used to estimate the diagnostic sensitivity and specificity, and
the NPV and PPV. The Spearman’s correlations of the S/P ratio
with the parasite burden (quantity of adult worms per dog) and
the S/P ratio with the sampling day (postinfection with proto-
scoleces of E. granulosus) of the 51 positive samples were also
calculated. All statistical analyses were carried out using the
SPSS 25 software, and the significance level was set at 0.05.

RESULTS

The intra-assay repeatability of the 21 replicates resulted in
average CV values of less than 15% for all stool sample

concentration types: high (8%), medium (6%), low (7%), and
negative (6%). Inter-assay repeatability of the 84 replicates dis-
tributed on the four microplates (336 replicates) on the same day
resulted in CV values of less than 15% for all concentration types:
high (7 %), medium (4%), low (6%), and negative (13%).

The cutoff value of the copro-ELISA was calculated based
on 51 positive and 56 negative samples for canine echino-
coccosis (Table 1). The optimal cutoff value was 0.216,
according to the ROC analysis with an area under the curve
(AUC) of 0.995 (Cl: 95%: 0.988-1). Therefore, the sensitivity
and specificity of the test were 96.1% (Cl: 95%: 85.9-99.6)
and 98.2% (Cl: 95%: 89.5-100), respectively. The NPV and
PPV were 96.5% (Cl: 95%: 91.7-100) and 98% (CIl: 95%:
94.1-100), respectively. The distribution of all positive and
negative samples with respect to the cutoff value is summa-
rized in Figure 1.

The detection limit was 0.5-1 ug of EGMA per 1 mL of stool
supernatant, and there was no cross-reaction with the
T. hydatigena (eight adult worms), T. canis, or D. caninum
samples (Figure 1). All 56 negative samples for canine echi-
nococcosis were negative for Taenia spp. eggs as confirmed
by the copro-parasitological sedimentation test. One sample
of this group was positive for Giardia sp. and one was positive
for Ancylostoma sp. by copro-parasitological sedimentation
test, but neither of these samples showed cross-reaction in
the copro-ELISA for E. granulosus.

The over time determination of the three infected dogs with
protoscoleces of E. granulosus was positive by copro-ELISA
from 20 to 27 days postinfection (Figure 2). The Spearman’s
correlation of the S/P ratio and the parasite burden was sta-
tistically moderate (p = 0.476) (Figure 3A). The minimum de-
tectable parasite load by copro-ELISA was two worms. The
correlation of the S/P ratio and the postinfection day was also
significant but low (p = 0.419) (Figure 3B). The minimum de-
tectable sampling day by copro-ELISA was 21 days post-
infection with E. granulosus.

DISCUSSION

This study validated an in-house copro-ELISA for the di-
agnosis of canine echinococcosis. The sensitivity and speci-
ficity were 96.1% and 98.2%, respectively, whereas the NPV
and PPV were 96.5% and 98%, respectively.

Few copro-ELISA tests based on the detection of somatic,
excretory, or secretory antigens of E. granulosus have been
developed with variable sensitivity and specificity.227 All of
these tests have a higher sensitivity than arecoline purgation
and PCR for the detection of prepatent infection in dogs.?® The

TABLE 1

Distribution of the echinococcal samples according to the copro-
ELISA and the gold standard test

Infected with
Echinococcus
granulosus

Yes* Not Total

Copro-ELISA Positive 49 1 50
Negative 2t 55 57
Total 51 56 107

Copro-ELISA = coproantigen sandwich enzyme-linked immunosorbent assay.

* Diagnosed by necropsy as the gold standard test.

T Diagnosed by copro-parasitological sedimentation test.

3 One dog had only one E. granulosus and another one was sampled at 20 days
postinfection.



A MODIFIED COPROANTIGEN TEST FOR CANINE ECHINOCOCCOSIS 333

3.59

3.0

.

2.5

2.0 -

S/P ratio
.

1.5 .
1.04

0.5

0.0 -= L) L] A

Infected Non-infected

Cross-reaction

Ficure 1. Distribution of infected (n = 51), noninfected (n = 56), and
cross-reaction (n = 3) dogs diagnosed by Copro-enzyme-linked im-
munosorbent assay for Echinococcus granulosus. The dotted line
determines the cutoff value (0.216). Circles show dogs infected with E.
granulosus, squares show noninfected dogs, and triangles show dogs
infected with Taenia hydatigena, Dipylidium caninum, or Toxocara
canis.

sensitivity of our test was higher than previously reported
copro-ELISAs that used polyclonal antibodies.'®?42% Two
false-negative samples were observed in the present study;
however, one of these had only one parasite, whereas the other
was sampled at 20 days postinfection with E. granulosus. The
parasite burden and the postinfection time may have affected
detection due to fewer parasitic antigens being produced by a
lower number of worms?® or due to the antigen presentation of
immature worms in early infection. Our results suggest that in
dogs, our test can detect parasites from 20 days postinfection.
By contrast, other copro-ELISA tests have reported early de-
tection before 10 days postinfection with the use of antibodies
to anti-E. granulosus somatic crude proteins obtained by son-
ication.'® It may detect more antigens but are less specific as
compared with our anti-EGMA obtained by nonionic detergent
which probably isolates outer surface proteins instead of so-
matic proteins.
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Ficure 2. Over time detection by Copro-enzyme-linked immuno-
sorbent assay from the three dogs infected with protoscoleces of
Echinococcus granulosus. The dotted line represents the cutoff value
(0.216). Circles show dog No. 1 (12,321 adult parasites), squares show
dog No. 2 (56 adult parasites), and triangles show dog No. 3 (56 adult
parasites).
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Ficure 3. Spearman’s correlation. (A) the sample-to-positive (S/P)
ratio with the parasite burden (p = 0.476, P < 0.001), and (B) the S/P
ratio with the postinfection day (p = 0.419, P = 0.002) from positive
samples of canine echinococcosis (n = 51).

The specificity of our test was higher (98.2%) than other
published copro-ELISAs, including those that have used
monoclonal antibodies.?”*® Our copro-ELISA used anti-
EGMA polyclonal antibodies, which probably explains the
presence of the one false-positive sample that did not have
any parasite eggs in the copro-parasitological sedimentation
test. Some fecal sample proteins from the noninfected dogs
may have cross-reacted with the polyclonal antibodies be-
cause the source of the E. granulosus antigens may have been
contaminated with some dog fecal components during the
worm isolation step.’ The coproantigens of E. granulosus
have been partially characterized; a peptide core and carbo-
hydrate moieties content (a-mannose and/or a-glucose, -
galactose and N-acetyl-B-glucosamine) are likely to be related
to molecules derived from the surface tegument of the adult
worms.®! Coproantigens of other Echinococcus species such
as Echinococcus vogeli, Echinococcus canadensis, or Echi-
nococcus ortleppi have not been studied to be similar each
other or to react with anti-E. granulosus antibodies. The total
characterization of the EGMA and coproantigens in infected
and noninfected dogs may improve the sensitivity and spec-
ificity of the polyclonal antibodies against specific EGMA for
copro-ELISA tests.

The detection of coproantigens in host feces has several
advantages over classical parasitological diagnosis' and
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other techniques. For instance, necropsy and examination of a
dog’s small intestine for the presence of adult E. granulosus
tapeworms is considered as the gold standard technique.
However, conducting necropsies is a biohazardous risk, la-
borious and an ethically questionable procedure.®? By con-
trast, serological screening is considered unsuitable for
reliable diagnosis because there is a poor correlation between
serum antibodies and worms?® and because it does not dif-
ferentiate between present and past infections.® Finally, al-
though copro-PCR has a high specificity, it presents less
sensitivity than coproantigen detection tests during prepatent
periods.?® PCR is also a relatively complex and expensive
procedure requiring good laboratory facilities; therefore, it has
limited application in routine CE surveillance or control
programs.®

An important feature of our copro-ELISA is that the anti-
EGMA polyclonal antibodies do not require a complex pre-
adsorption step with noninfected fecal samples. This reduces
the time of development of the specific antibodies and assay
compared with the original and previous copro-ELISA that
was based on antibodies from total somatic antigens. Poly-
clonal antibodies also have increased stability and can be
generated faster in rabbits, at a lower cost and with less so-
phisticated technical skills than monoclonal antibodies.*® By
contrast to the other copro-ELISA tests developed to date, our
test did not show any cross-reactivity with Giardia sp., Ancy-
lostoma sp. or any other common helminths of dogs (mainly
T. hydatigena). Despite not displaying cross-reaction with the
eight large T. hydatigena worms that were present in one
sample, it will be necessary to evaluate the cross-reactivity of
the test with other parasites and with a larger number of stool
specimens.

One disadvantage of the production of anti-E. granulosus
antibodies is the high cost, labor, and biohazardous risk in-
volved in obtaining mature worms in the natural definitive host.
In addition, the use of dogs for antigen production may be
ethically controversial. The identification of the specific anti-
gens from the protein components of E. granulosus is nec-
essary for further molecular cloning studies that will allow for
the recombinant production of EGMA and, therefore, the de-
velopment of more specific antibodies.

Cystic echinococcosis control programs have been ad-
ministered in several South American countries with the
strategy of treating dog populations with praziquantel to de-
crease CE until transmission is interrupted.® It is therefore
necessary to form a regional consensus on a reproducible test
for diagnosing active canine infection. The utility of a copro-
ELISA test for this purpose in endemic areas has been re-
ported in Argentina.’ The AUC of our copro-ELISA was very
high (0.995), almost a perfect diagnostic test measurement
(AUC = 1) for the differentiation between diseased and non-
diseased samples.?* The ROC analysis uses both positive and
negative samples and also showed optimal cutoff values
depending on different scenarios of sensitivity and specificity
that may be considered according to the prevalence of geo-
graphical regions worldwide. Considering the high prevalence
of dog infection up to 50% in endemic areas of Peru,® our
Copro-ELISA would have good PPV and NPV contributing to
the detection of true positive and negative cases. Interlabor-
atory assays should be used to evaluate the reproducibility
(stability) of our copro-ELISA, particularly in other countries
with a prevalence of canine echinococcosis. Notably, the test

may provide rapid diagnosis of active infections in Peru or
other endemic regions. Screening by coproantigen detection
may be useful at the beginning and during control programs
because the effect of the antiparasitic treatment in dogs may
be monitored in real time in different areas and compared with
other CE interventions.

In conclusion, the new copro-ELISA based on the detection
of EGMA in dogs infected with E. granulosus reduced the time
of antibodies development, increased sensitivity, and speci-
ficity compared with other copro-ELISAs, detected positive
cases during the prepatent period, and did not show any
cross-reactivity with common canine helminths tested in this
study (T. hydatigena, D. caninum, and T. canis).
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