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RESUMO

INTRODUGCAO: Devido ao convivio proximo com humanos e papel na manutencio do ciclo
de transmissdo doméstica e peridomeéstica, 0s cdes sdo considerados 0s animais
reservatorios/sentinela de maior importancia epidemioldgica para doenca de Chagas (DC). Ha
uma correlacdo entre a infeccdo em cdes e a prevaléncia da doenga em humanos. Apesar da sua
importancia epidemiologica, inexiste no mercado mundial testes sorolégicos comerciais para a
identificacdo da infeccdo nestes animais. Assim, € evidente a necessidade do desenvolvimento
de testes comerciais para esta finalidade, os quais poderdo ser constituidos por preparaces
antigénicas contendo antigenos recombinantes quiméricos do Trypanosoma cruzi,
proporcionando alto desempenho diagnostico e elevada reprodutibilidade. Em 2019, nosso
grupo investigou o potencial diagnéstico de quatro antigenos quiméricos em um estudo de fase
I, encontrando elevados valores de sensibilidade e especificidade, o que nos motivou a
aprofundar as avaliacBes e realizar o presente estudo de fase Il, o qual empregou maior
quantitativo amostral para avaliar o potencial diagnéstico dos quatro antigenos na detec¢do do
T. cruzi por meio do ELISA indireto. OBJETIVO: O objetivo do estudo foi avaliar o potencial
diagndstico de quatro antigenos recombinantes quiméricos do Trypanosoma cruzi (IBMP-8.1,
IBMP-8.2, IBMP-8.3 e IBMP-8.4) em imunoensaios para detec¢do de anticorpos IgG anti-T.
cruzi em cies na forma cronica da doenca de Chagas. MATERIAL E METODOS: Os
imunoensaios foram otimizados por checkerboard titration. No estudo de fase 11, 0 desempenho
diagnostico dos antigenos IBMP foi avaliado utilizando 1.260 amostras caninas. Para analise
de reatividade cruzada, foram utilizadas 752 amostras referentes a outras doencas infecto-
parasitarias. O desempenho das moléculas quiméricas foi comparado com o desempenho de
testes comerciais para humanos adaptado para espécie canina (Gold Elisa Chagas).
RESULTADOS: Os antigenos IBMP atingiram valores de AUC entre 89,0-97,4%. A acurécia
foi entre 87,4-96%. O maior valor de sensibilidade foi atribuido ao IBMP-8.2 (90,3%),
enquanto o IBMP-8.1, IBMP-8.3 e IBMP-8.4 atingiram valores de 74,8%, 72,6% e 79,6%,
respectivamente. Quanto a especificidade, o maior valor foi observado para o IBMP-8.4
(99,6%), seguido pelo IBMP-8.1, IBMP-8.2 e IBMP-8.3 com 90,6%, 96,5% e 99%,
respectivamente. O kit Gold Elisa Chagas apresentou uma sensibilidade de 62,3%,
especificidade de 98,6% e acuracia de 89,9%. O menor indice de reatividade cruzada foi
observado na IBMP-8.2 (0.9%), sendo esta molécula que mais se aproximou de um teste ideal.
CONCLUSAO: Diante do alto desempenho das moléculas IBMP, conclui-se que s&0
moléculas promissoras para uso em imunoensaios para diagnosticar a infec¢éo causada pelo T.
cruzi em cdes. O uso combinado dos antigenos é uma alternativa para aumento dos valores de
sensibilidade e especificidade em estudos futuros.



Palavras-chave: Doenca de Chagas, Trypanosoma cruzi, imunodiagnostico antigenos

recombinantes quiméricos.



ABSTRACT

INTRODUCTION: Dogs are considered a reservoir of epidemiological importance for Chagas
disease because of their sentinel function, their proximity to humans, and their role in
maintaining the transmission cycle in the domestic and peridomestic environment. There is also
a correlation with the prevalence of Chagas disease in humans. Despite the epidemiological
importance of Chagas disease, the lack of commercial and high-performance diagnostic tests to
detect infected dogs is a major constraint that poses a public health risk. Therefore, a strategy
to address this limitation is the use of chimeric antigens to achieve better diagnostic
performance and good applicability. Our group has previously investigated the diagnostic
potential of four chimeric antigens in a phase | study with results similar to those obtained in
humans. This study follows the phase | study with an expanded sample size to evaluate the four
chimeric antigens in detecting T. cruzi infection by indirect ELISA.OBJECTIVE: The
objective of this study was to evaluate the potential diagnostic performance of chimeric
recombinant T. cruzi antigens (IBMP-8.1, IBMP-8.2, IBMP-8.3, and IBMP-8.4) in
immunoassays for the detection of IgG anti-T. cruzi in dogs with the chronic form of Chagas
disease. MATERIALS AND METHODS: Assays were optimized by checkerboard titration.
In the Il phase, the diagnostic performance of the IBMPs was evaluated using 1,260 canine
serum samples. Cross-reactivity to other infectious diseases was also evaluated in 752 samples.
The performance of the chimeric molecules was compared to a commercial human assay
adapted to canine species (Gold Elisa Chagas). RESULTS: IBMP antigens reached AUC
values between 89.0-97.4%. The accuracy was 87.4-96%. The highest sensitivity was attributed
to IBMP-8.2 (90.3%), while IBMP-8.1, IBMP-8.3, and IBMP-8.4 achieved 74.8%, 72.6%, and
79.6%, respectively. The highest specificity was observed for IBMP-8.4 (99.6%), followed by
IBMP-8.1, IBMP-8.2, and IBMP-8.3 with 90.6%, 96.5%, and 99%, respectively. The Gold

Elisa Chagas had a sensitivity of 62.3%, specificity of 98.6%, and accuracy of 89.9%. The



lowest cross-reactivity index was obtained with IBMP-8.2 at 0.9%, and this molecule was the
surrogate for an ideal assay. CONCLUSION: Because of the good performance of IBMP
molecules in the diagnosis of T. cruzi infections in dogs, this is a promising tool that, when used
in an indirect ELISA, increases immunoassay performance and reduces diagnostic failures
mainly due to cross-reactivity. The combined use of these antigens is an alternative to increase

sensitivity and specificity values in future studies.

Keywords: Chagas disease, Trypanosoma cruzi, immunodiagnostics, recombinant chimeric

antigens, dogs.
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BACKGROUND

Chagas disease (CD) is an infectoparasitic neglected disease caused by the pathogen
Trypanosoma cruzi, a hemoflagellate protozoan that can infect multiple species. The disease is
endemic in 21 Latin American countries, where an estimated 5.7-6 million people are infected
and 10,000 deaths occur annually [1]. In endemic countries, the parasite is transmitted primarily
through the feces/urine of infected bloodsucking triatomines (family Reduviidae). Due to the
persistent presence of the vector, 70 million people in this region are at risk of contracting the
disease [1]. Transmission can also occur through blood transfusion, from mother-to-child, and
orally through ingestion of contaminated food and beverages [2]. In recent decades, CD is no
longer confined to the Americas. Increasing migration flows and shifts of infected individuals
to nonendemic countries have contributed to the worldwide spread of the disease, especially in
some European, North American, Asian, and Ocenian countries, making it a global public

health problem [3,4].

In addition to humans, T. cruzi infects over 100 species of domestic and wild mammals.
The presence of domestic animals in the household is a risk factor for human infection because
they attract triatomines as a blood meal. Indeed, triatomines typically feed on chickens, pigs,
dogs, and cats. Similar to humans, animals can also become infected via transfusion, vertical,
and oral routes transmamaria [5,6]. Among domestic animals, dogs play an important role in
maintaining the domestic and peridomestic cycle of CD, as these animals are susceptible to
various forms of infection [7] and are considered the main host, sentinel, and reservoir of T.
cruzi in endemic countries [5,8]. From an epidemiological perspective, infected animals may
pose a risk to human health, as confirmed by the correlation of seropositivity between species
and close contact. It is estimated that adult humans have up to a 6-fold increased risk of
infection, while children living in a household with seropositive dogs have a 17-fold increased
risk of becoming infected [9]. In addition, dogs have higher parasitemia, can attract vectors,

and are highly susceptible to infection [10-12]. Dogs are also considered a biological barrier
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that prevents human infection. For this reason, these animals are considered sentinels because
their infection precedes that of humans and they can indicate an active parasite transmission
cycle and thus human susceptibility to infection [13]. Apart from their epidemiological
importance, dogs may develop similar clinical signs and physiopathogenesis as humans. They
are used as an experimental model for CD [14-16] and may also exhibit morphofunctional
changes in the cardiac and digestive systems. In severe cases, sudden death may occur [17].
Despite its veterinary and epidemiological importance, there are no commercially available

tests to detect Chagas disease in dogs.

Laboratory diagnosis of CD infection depends on the phase of the disease. In the acute
phase, which is short and usually asymptomatic, the parasites are easily detected
microscopically in the blood of infected animals. In the chronic phase, due to low and
intermittent parasitemia and high levels of specific anti-T. cruzi antibodies, the diagnosis
requires the use of antibody-antigen methods, including indirect immunofluorescence (I1F),
rapid diagnostic tests (RTDs), and enzymatic immunoassays (ELISA). Despite several
available methods, operational and technical issues result irregular performance of serological
tests. Reasons for this include the high genetic and phenotypic intraspecific diversity of T. cruzi
[18], the choice of antigens used to sensitize the solid phase of immunoassays [19], the variable
prevalence of the disease [20,21], the variable immune responses in T. cruzi infected individuals
[22], and the occurrence of cross-reactivity, particularly with Leishmania spp. [23,24].
Accordingly, the World Health Organization (WHO) recommends the simultaneous use of two
different serological tests for diagnosis in humans CD. Because no commercial tests are
available and there is no recommendation for diagnosis canine CD, studies of CD in dogs have
used in-house or modified commercial tests for humans [25-29], resulting in underreporting

and delays in confirming clinical suspicion.

In order to improve the diagnosis of chronic infections in humans CD, chimeric

recombinant proteins consisting of repeating and conserved epitopes of several proteins of the
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prasite have been used in several diagnostic platforms as antigens for the detection of anti-T.
cruzi antibodies [30-33]. Among them, the chimeric IBMP proteins (IBMP-8.1, IBMP-8.2,
IBMP-8.3, and IBMP-8.4) have been extensively studied for human diagnosis [24,34-40], both
in endemic and non-endemic areas in South America [41], as well as in Barcelona (Spain) [42],
where high performance was observed, and for human vaccines [43]. Moreover, these antigens
performed remarkably well when used in a phase | study for serodiagnosis of chronic CD in
naturally and experimentally infected dog populations from different Brazilian states [40,44—
46]. Considering the high diagnostic performance of chimeric IBMP antigens in the diagnosis
of CD in dogs and the possibility of obtaining an accurate test that supports an assertive
therapeutic protocol, better monitoring of clinical cases, and improvement of the quality of life
of these affected patients, the present study, a phase 11 study, sought to evaluate the performance
of these antigens for the detection of anti-T. cruzi in serum samples of dogs from different

Brazilian endemic areas.

MATERIAL AND METHODS

Ethical considerations. The present study was approved by the Ethics Committee for
the Use of Animals at the Instituto Gongalo Moniz - Fiocruz/ BA, Salvador, Bahia-Brazil

(protocol number 002/2017).

Synthesis of chimeric antigens. The chimeric antigens used in this study were prepared
as described by Santos et al. [34]. Briefly, nucleotide sequences were obtained by cloning into
the pET28a vector and subsequent expression in Escherichia coli BL21-Star DE3 cultured in
Luria-Bertani medium (LB) supplemented with 0.5 M isopropyl-p-D-1-thiogalactopyranoside

(IPTG). Bacteria were then lysed by microfluidification and purified by affinity and ion
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exchange chromatography. Finally, chimeric antigens were quantified by fluorimetry (Qubit

2.0; Invitrogen Technologies, Carlsbad-CA, USA).

Sample collection. The sample size required to conduct this study was statistically
determined using the statistical program OpenEpi [47], considering a sensitivity of 99%, a
specificity of 99%, an absolute error of 1.5%, and a confidence level of 95%. Based on these
parameters, the minimum quantity required to perform this study was 169 sera from T. cruzi-
positive dogs and 169 sera from T. cruzi-negative dogs. A total of 2,344 serum samples from
dogs were included in the sample panel to evaluate the diagnostic performance of all four IBMP
molecules by ELISA (Figure 1). Sera were obtained from different Brazilian states: Bahia (n =
322), Maranhdo (n = 377), Minas Gerais (n = 267), Rio de Janeiro (n = 106), Sergipe (n = 311),
Rio Grande do Norte (n = 127), and Pernambuco (n = 82). In addition, 752 samples from dogs
with other infectious and parasitic diseases of veterinary interest, previously defined by their
serological or parasitological diagnoses, were included in the present panel sample to evaluate
cross-reactivity. Unrelated diseases studied included: anaplasmosis (n = 115), babesiosis (n =
166), dirofilariasis (n = 76), ehrlichiosis (n = 163), visceral leishmaniasis (n = 115), and
leptospirosis (n = 117). All serum samples were tested by indirect ELISA using the four
chimeric molecules as antigens (IBMP-ELISA), and each result obtained was analyzed by latent
class (LCA). Samples were previously labeled with unique codes to ensure blinded analysis by

the operator.
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156  Figure 1. Flowchart depicting study design in accordance with Standards for Reporting of
157  Diagnostic Accuracy Studies (STARD) guidelines. The digital map was freely obtained from

158  the Brazilian Institute of Geography and Statistics (IBGE) cartographic database in shapefile
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(.shp) format and then reformatted and analyzed using QGIS version 3.10 (Geographic

Information System, Open Source Geospatial Foundation Project. http://qgis.osgeo.org).

IBMP-ELISA. Immunoassays were performed as described by Leony et al [44]. Flat-
bottom 96-well polystyrene microtiter plates (Nunc Maxisorp®, USA) were coated with one of
the chimeric IBMP antigens at concentrations of 25 ng per well in 100 pl coating buffer (0.05
M carbonate/bicarbonate buffer solution, pH 9.6). Sensitization, stabilization, and blocking
were performed simultaneously with a synthetic buffer ( batch 130703; WellChampion; Kem-
En-Tec Diagnostics A/S, Taastrup, Denmark) according to the manufacturer's instructions.
Serum samples were added to the coated wells diluted 1:100 in 0.05 M phosphate-buffered
saline (PBS; pH 7.4), and the microtiter plates were incubated at 37°C for 60 minutes.
Subsequently, the wells were washed five times with 250 ul of wash solution (PBS-Tween; 10
mM sodium phosphate, 150 mM sodium chloride, and 0.5% Tween-20, pH 7.4) to remove non-
adsorbed material and incubated again at 37°C for 30 minutes with 100 pl of HRP-conjugated
anti-dog globulin IgG (Bio-Manguinhos, Fiocruz, Rio de Janeiro-RJ, Brazil) diluted 1:20,000
(IBMP-8.3) and 1:40,000 (IBMP-8.1, IBMP-8.2, and IBMP-8.4) in PBS. After another wash
cycle, 100 ul of chromogenic TBM substrate (Kem-En-Tec Diagnostics A/S, Taastrup,
Denmark) was added to each well, and microtiter plates were incubated for 10 minutes at room
temperature in the dark. The colorimetric reactions were interrupted by adding 50 ul of 0.3 M
H2SO4 to each well. Optical density was determined in a microplate reader with a 450 nm filter
(SPECTRAmax 340PC®; Molecular Devices, San Jose- CA, USA) and background values were

subtracted from the measurement experiments.

Latent Class Analysis (LCA). Latent class analysis was performed using a statistical
model to define a latent variable and then use it as a gold standard. To define the latent variable

that can accurately identify T. cruzi infection, four indicators were defined representing the
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chimeric antigens IBMP-8.1, IBMP-8.2, IBMP-8.3, and IBMP-8.4. Sera were divided into two
categories: "negative" and "positive". Latent class analysis is a multivariate statistical approach
based on categorical indicators expressing a categorical construct/latent variable. Latent classes
were characterized based on the response patterns of negative/positive outcomes of the four
chimeric antigens (Figure 2) and the conditional probabilities, i.e., the probability of having a
given outcome (negative/positive) for a chimeric antigen relative to an individual diagnosis
(negative/positive). The present LCA uses maximum likelihood estimation. The following
criteria were used to evaluate the LCA model: AIC (Akaike information criteria), BIC
(Bayesian information criteria), and entropy. For AIC and BIC, a lower value is better, while
for entropy, a value close to one indicates good classification quality. Conditional independence
was tested using the bivariate residuals. All analyzes were performed using Mplus v5.2 software
(Muthe' n & Muthe' n, Los Angeles-CA, USA). Considering the entire sample panel,
approximately 16% (332/2,344; 47 samples for each of the states: BA, MA, MG, RJ, RN, PE;
and 50 samples from SE) were randomly selected to define the gold standard for determining
T. cruzi infection at LCA. The other part of the sample was used to obtain estimates of
diagnostic performance (n = 1,260) for each chimeric antigen using the previously defined
latent class response patterns, with a corresponding CI of 95%, and cross-reaction analysis (n
= 752). The area under the receiver operating characteristic curves was used to estimate
diagnostic accuracy, i.e., to describe the ability of the chimeric protein assay to discriminate
between healthy and infected populations. These analyzes were performed using the diagt

function of STATA v12 software (StataCorp., College Station-TX, USA).
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206
207 Figure 2. Latent class response patterns, posteriori probability and classification of
208 canine serum samples assayed with four chimeric Trypanosoma cruzi antigens for
209 accurate diagnosis of Chagas disease. Samples are categorized P1-P5 according to the
210 response pattern of the chimeric assay. Blue and red squares represent negative and
211 positive results, respectively, for a single IBMP chimeric antigen assay. LCS = latent
212 class status; N = number of samples; NEG = negative; POS = positive; PP = posteriori
213 probability.
214
215 Comparison of IBMP performance with commercial ELISA tests adapted for dogs.

216 A total of 154 T. cruzi-positive and 490 T. cruzi-negative samples were randomly selected to
217  compare the performance and strength of agreement between IBMP chimeric antigen assays

218 and commercial human T. cruzi ELISA kits adapted for diagnosis in dogs. The selection of
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these kits was based on the active registration of the kits for commercial use in Brazil and their
previous use for the diagnosis of DC in dogs, as described in the scientific literature.
Accordingly, only the following commercial Chagas disease-specific enzyme immunoassay
was selected: Gold ELISA Chagas (REM Industria e Comércio Ltda, Sdo Paulo- SP, Brazil),
which uses both recombinant antigens and lysates of epimastigotes of T. cruzi strains circulating
in Brazil. This kit was adapted in 2019 by Leony et al [44]. for the diagnosis of CD in dogs.
Immunoassays were performed according to the manufacturer's recommendations, with some
modifications. In brief, serum samples were diluted 1:800 in Sample Dilution Buffer and 100
pl were added to each well. After incubation at 37 °C for 30 minutes, the microtiter plates were
washed with Wahsing Buffer to remove unbound antibodies. HRP-conjugated goat anti-dog
IgG (Bio-Manguinhos, FIOCRUZ, Rio de Janeiro-RJ, Brazil) was diluted 1:40,000 in PBS-T
and 100 pl was added to each well. Then, the microtiter plates were incubated at 37 °C for 30
minutes. The wells were washed again and the immune complexes were detected by adding 100
ul of TMB Solution. After another incubation cycle of 10 minutes at room temperature in the
dark, the reaction was stopped by adding 50 pl Stop Solution and the absorbance was measured
at 450 nm using a spectrophotometer (SPECTRAmax 340PC®, Molecular Devices, San Jose-

CA, USA).

Statistical analysis. Data were coded and entered using computer graphics software
(GraphPad Prism v8 Software Inc, San Diego- CA, USA). Descriptive data were presented as
arithmetic and geometric means + standard deviation and coefficient of variation. The Shapiro-
Wilk test followed by Student's t- test was used to test the normality of the data. If the assumed
homogeneity could not be confirmed, Wilcoxon's signed rank test was used. All analyzes were
two-tailed, and p values of less than 5% were considered significant (p value < 0.05). Cut-off
values were established by determining the largest area under the Receiver Operating

Characteristic (ROC) curve (AUC). The AUC values were also calculated to assess the global
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accuracy of the IBMP-ELISA, which was classified as low (0.51-0.61), moderate (0.62-0.81),
elevated (0.82-0.99), or outstanding (1.0) [48]. All results were expressed by plotting the values
in an index format, which represents the ratio between the OD of a given sample and the cut-
off OD for each microplate. This index is called the reactivity index (RI) and all results < 1.00
were considered negative. If the RI value of a sample was 1.0 = 10%, it was classified as
indeterminate (or in the gray zone); these samples were considered inconclusive. ELISA
performance was evaluated using a dichotomous approach and compared in terms of sensitivity
(Sen), specificity (Spe), accuracy (Acc), likelihood ratios (LR), diagnostic odds ratio (DOR),
and pretest and posttest probability. To better assess the diagnostic performance of the four
IBMP chimeras, multiple testing (serial and parallel approaches) was applied to individual test
characteristics. Multiple tests can be ordered simultaneously (parallel tests), in which case a
positive result in any of the tests is evidence of disease, or they can be ordered sequentially
(serial tests), as new tests are requested depending on the result of the previous test. In this case,
all results must be positive to establish a diagnosis of disease. [49]. A 95% confidence interval
(95% CI) was calculated to account for the precision of the proportion estimates. The strength
of agreement between the latent class analysis and the ELISA tests was determined by Cohen's
kappa (k) analysis, which was interpreted as follows: poor (k < 0), slight (0 < k < 0.20), fair
(0.21 <k £ 0.40), moderate (0.41< x < 0.60), substantial (0.61 < x < 0.80) and near perfect
agreement (0.81 <x < 1.0) [50]. A flowchart (Figure 1) and checklist (Table S1) were prepared
according to STARD (Standards for Reporting of Diagnostic Accuracy Studies) guidelines

[51].



269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

22

RESULTS

Latent class analysis. A total of 2,344 samples were included in the present study. Of
these, approximately 16% (332/2,344) were randomly selected to estimate response patterns
and accuracy at LCA using the four chimeric T. cruzi antigens. The probability that each
chimeric antigen accurately predicted positivity in T. cruzi-positive samples was 79.1% for
IBMP-8.1, 88.1% for IBMP-8.2, 73.4% for IBMP-8.3, and 73.2% for IBMP-8.4. Conversely,
the probability of a given T. cruzi-negative sample being classified as T. cruzi-positive was
estimated to be 8.3% for IBMP-8.1, 0.6% for IBMP-8.2, 5.1 for IBMP-8.3, and 1.9 for IBMP-
8.4. Accordingly, an entropy value of 0.949 was calculated, indicating a clear delineation
among the latent class response patterns. Figure 2 shows the latent class response patterns
ordered by diagnostic results for T. cruzi-positive and T. cruzi-negative samples tested with the
four chimeric IBMP antigens. Latent class response patterns were classified according to the
number of positive assays: P1 (100% negative results), P2 (75% negative results), P3 (50%
negative results), P4 (25% negative results), and P5 (no negative results). Despite variations in
the number of samples classified in each pattern, the highest frequencies were observed in the
P1 (n = 888), P2 (n = 145), and P5 (n = 106) categories. Samples were classified as T. cruzi-
positive if at least two chimeric antigens were positive (P3-P5), with posteriori probability (PP)
> 68%. However, if a given sample was positive for IBMP-8.1 + IBMP-8.3, it was classified as
T. cruzi-negative because PP less than 50% (PP = 44.8%). Similarly, samples were classified

as negative when no or only one IBMP tested positive (P1 and P2), with PP < 31%.

Individual IBMP-ELISA performance. Sera from 1,260 dogs were tested for T. cruzi
infection using LCA to evaluate the individual diagnostic performance of four chimeric
recombinant IBMP antigens. LCA classified 1,034 (82.1%) samples as negative, while 226
(17.9%) samples were predicted to be positive for T. cruzi antibody. Most samples classified as

negative by LCA were also negative for all four chimeric antigens by ELISA (85.9%;
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888/1,034) (Figure 2). Negative samples by LCA with positive results for only one antigen were
observed in 145 (14.0%; 145/1,034) samples: 96 IBMP-8.1, 36 for IBMP-8.2, nine for IBMP-
8.3, and four for IBMP-8.4. The a posteriori probability that these samples were positive is less
than 31%, indicating that they were correctly classified as negative (Figure 2). Only one
negative sample was positive for both IBMP-8.1 and IBMP-8.3, and the a posteriori probability
that this sample was positive is less than 45%. Regarding samples predicted to be positive by
LCA, 106 of 226 (46.9%) samples were positive for all IBMP antigens, whereas 67 of 226
samples showed positivity for two sets of antigens: 29 for IBMP-8.1 + IBMP-8.2, one for
IBMP-8.1 + IBMP-8.4, eight for IBMP-8.2 + IBMP-8.3, 20 for IBMP-8.2 + IBMP-8.4, and
nine for IBMP-8.3 + IBMP-8.4. The probability of these samples being positive is greater than
68.7%, indicating a high probability of being correctly classified as positive. Fifty-three
samples were found to be positive for three antigens: nine for IBMP-8.1 + IBMP-8.2 + IBMP-
8.3, twelve for each set of IBMP-8.1 + IBMP-8.2 + IBMP-8.4 and IBMP-8.1 + IBMP-8.3 +
IBMP-8.4, and 20 for IBMP-8.2 + IBMP-8.3 + IBMP-8.4, with a posteriori probability of these

samples being positive greater than 99.0% (Figure 2).

The results of the latent class status determined by the response patterns were used as a
gold standard to obtain a reliable estimate of the performance of each chimeric assay. AUC
analysis yielded values ranging from 0.89 for IBMP-8.1 to 0.97 for IBMP-8.2, IBMP-8.3, and
IBMP-8.4, indicating elevated overall capacity of all four IBMP chimeric antigens to correctly
detect positivity and negativity in serum samples. Because of the lack of overlap of the 95%
Cls, the AUC value determined for IBMP-8.1 was significantly lower than for the other
molecules. With respect to T. cruzi-positive sera, IBMP-8.2 produced the highest IgG levels
(R1 = 1.51) and the lowest level was observed for IBMP-8.1 (Rl = 1.27), with a significant
difference between them. No significant differences were observed between the Rls of IBMP-
8.3 (R1=1.37) and IBMP-8.4 (Rl = 1.35). Of 226 T. cruzi-positive samples, IBMP-8.2 showed

a sensitivity of 90.3%, with 22 cases classified as false-negative; of these samples, 9 were also
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classified as false-negative for IBMP-8.1 and one for IBMP-8.3. A higher number of false-
negative results were observed for IBMP-8.1 (57 cases), IBMP-8.3 (62 cases), and IBMP-8.4
(46 cases), with corresponding sensitivity values of 74.8%, 72.6%, and 79.6%, respectively. No
statistically significant differences were observed in the sensitivity of IBMP-8.1, IBMP-8.3,
and IBMP-8.4 proteins. However, IBMP-8.2 was more sensitive compared with the other
antigens, as there was no 95% CI overlap. In the T. cruzi-negative samples, IBMP-8.3 and
IBMP-8.4 chimeras showed specificity values > 99.0%, whereas IBMP-8.1 and IBMP-8.2
produced a higher number of false positives with corresponding specificity values of 90.6% (97
false positives) and 96.5% (36 false positives), respectively. IBMP-8.2 (Rl = 0.37), IBMP-8.3
(R1'=0.34), and IBMP-8.4 (Rl = 0.33) produced the lowest 1gG levels without differing among
themselves. Conversely, IBMP-8.1 produced the highest level (Rl = 0.44) with a significant

difference compared to the other antigens (Figure 3).

Considering RI values of 1.0 + 0.10 as the gray zone interval for inconclusive results,
we observed that only eight T. cruzi-negative samples (0.8%; 8/1,034) fell into the inconclusive
zone when tested with the IBMP-8.3 chimeric priotein, whereas 16 samples (1.6%; 16/1,034),
53 (5.1%; 53/1,034), and 59 (5.7%; 59/1,034) fell into the inconclusive zone when tested with
IBMP-8.4, IBMP-8.1, and IBMP-8.2, respectively. Among the T. cruzi-positive samples, we
observed the following number of samples in the gray zone: 19 (8.4%; 19/226) tested with
IBMP-8.2, 29 (12.8%; 29/226) tested with IBMP-8.1, 42 (18.6%) tested with IBMP-8.4, and
43 (19%; 43/226) tested with IBMP-8.3. Overall analysis showed that 4.05% (51/1,260) of
samples tested with IBMP-8.3, 4.60% (58/1,060) of samples tested with IBMP-8.4, 6.19%
(78/1,260) of samples tested with IBMP-8.2, and 6.518% (82/1,26) of samples tested with

IBMP-8.1 had RI values that were within the gray zone.

Assays with IBMP antigens exhibited an accuracy of 96.0% for IBMP-8.4, 96.5% for
IBMP-8.2, and 94.3% for IBMP-8.3. Due to the high number of both false negative and false

positive results in samples assayed with IBMP-8.1, the accuracy of this molecule was
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significantly lower compared to the others (87.8%). As shown in Figure 3, IBMP-8.4 presented
the best DOR (DOR ~ 1,008), which as calculated based on the likelihood ratios. This analysis
revealed values of 270.9 for IBMP-8.3, 257.1 for IBMP-8.2 and 28.6 for IBMP-8.1. Cohen's
Kappa index revealed substantial agreement (x = 0.61 for IBMP-8.1, and « = 0.79 for IBMP-
8.3) and almost perfect (k = 0.85 for IBMP-8.2, and « = 0.85 for IBMP-8.4) with LCA. Among
the chimeric proteins tested, IBMP-8.4 presented the best performance, as noted by the
parameters obtained upon ROC analysis, especially regarding the extremely high diagnostic
odds ratio shown by this chimera. Conversely, IBMP-8.1 presented the lowest performance. It
IS important to mention that IBMP-8.2 presented the highest sensibility, while IBMP-8.3 and

IBMP-8.4 presented the best specificity.
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Figure 3. Evaluation of chimeric recombinant Trypanosoma cruzi antigens performance

using ELISA. (A) Graphs showing the RI for each antigen tested against a panel of 226 T. cruzi-

positive samples and 1,034 T. cruzi-negative samples. The cutoff value is 1.0, and the shaded
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area represents the gray zone. The horizontal lines and numbers for each group of results
represent the geometric means (95% ClIs). (B) Receiver Operating Characteristic Curce (ROC)
and AUC determined for each IBMP antigen. (C) Antigen performance parameters determined
using the assays shown in panel A. Acc (accuracy); AUC (area under the ROC curve); DOR
(diagnostic odds ratio); LR (likelihood ratio); PosTProb (posttest probability); PreTProb
(pretest probability); Sen (sensitivity); Spe (specificity); Tc-Neg (T. cruzi-negative samples);

Tc-Pos (T. cruzi-positive samples).

Analysis of antigen sensitivity by geographical origin. Considering the genetic
variability of T. cruzi, the positive samples were stratified by geographic area of origin to
analyze the extent of humoral response to IBMP antigens in infected dogs from different
geographic areas of Brazil (Figure 4). Graphical analysis shows that the IBMP-8.1 molecule
was recognized by samples from all geographic regions, with no differences in signal among
them. In contrast, the signal for the IBMP-8.2, IBMP-8.3, and IBMP-8.4 molecules varied by
geographic region, with significant differences, as shown in Figure 4. Sensitivity was also
determined in order to assess the extent of response to IBMP antigens in T. cruzi-positive dogs

from different geographic regions of Brazil.
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Figure 4. Evaluation of chimeric recombinant Trypanosoma cruzi antigens performance using
ELISA in different Brazilian geographical areas (A) Reactivity index and sensitivity for T.
cruzi-positive samples from different geographical areas. The graphs show the RI and
sensitivity for each antigen tested against a panel of 226 T. cruzi-positive samples from different
geographical areas. The cutoff value is 1.0 and the shaded area represents the gray zone (Rl =
1.0 £ 0.10). The horizontal lines represent the geometric means (x 95% CI). (B)Statistical
significance analysis of RI signal between geographic areas. BA (Bahia state); MA (Maranhdo
state); MG (Minas Gerais state); PE (Pernambuco state); RJ (Rio de Janeiro state); R (reactivity
index); RN (Rio Grande do Norte state); SE (Sergipe state); Sen (sensitivity); CI (confidence

interval). *Significance stastical; &Analysis was not performed due to the small number of

positive samples (n = 1) classified by LCA.
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IBMP-ELISA performance in serial and parallel approaches. In an attempt to
reduce diagnostic uncertainty, analyzes were performed with serial and parallel approaches
using the results of individual T. cruzi IBMP chimera ELISA assays (Table 1). These
approaches are strategies for combining two diagnostic test results. Sensitivity was found to
increase consistently when ELISA test results were analyzed in parallel compared to the results
of the individual chimera tests or when a serial approach was used. We found that each
combination of IBMP proteins in parallel offered higher sensitivity than when the chimeric
antigens were tested individually, with the pair IBMP-8.1 + IBMP-8.3 having the lowest
combined sensitivity (> 93%). In terms of specificity, samples analyzed with either IBMP-8.1,
IBMP-8.2, or IBMP-8.4 individually or with any combination of these three proteins in series
or in parallel achieved values of 90%, with the exception of IBMP-8.1 + IBMP-8.2 and IBMP-
8.1 + IBMP-8.3, which had specificity values of 87.4% and 89.7%, respectively. Parallel
analysis showed that each combination of chimeras containing IBMP-8.3 protein provided a
specificity of 90%. When diagnostic accuracy was analyzed by the serial approach, most
combinations showed no differences in accuracy values compared with individual test results,
with the exception of IBMP-8.1 alone. However, in the parallel analysis, the IBMP-8.2 + IBMP-
8.4 and IBMP-8.3 + IBMP-8.4 test combinations provided the higher accuracy values, which

were superior to all individual analyzes except IBMP-8.4.



414  Table 1. IBMP-ELISA diagnostic test results compared both individually and among various

415  combinations of IBMP chimeras; additional analyzes were performed using serial and parallel

416  approaches.

IBMP-ELISA Approach Sen (95% ClI) Spe  (95% Acc (95% CI)
Cl)

IBMP-8.1 Individual 74.8 90.6 87.8
(68.7-80.0) (88.7-92.2) (85.9-89.5)

IBMP-8.2 Individual 90.3 96.5 95.4
(85.7-93.5) (95.2-97.5) (94.1-96.4)

IBMP-8.3 Individual 72.6 99.0 94.3
(66.4-78.0) (98.2-99.5) (92.9-95.4)

IBMP-8.4 Individual 79.9 99.6 96.0
(73.9-84.4) (99.0-99.8) (94.8-97.0)

IBMP-8.1+ IBMP-8.2 Serial 67.5 99.7 93.9
(58.9-74.8) (99.5-99.8) (92.2-95.3)

Parallel 97.6 87.4 89.2

(95.5-98.7) (84.4-89.9) (86.4-91.5)

IBMP-8.1+IBMP-8.3 Serial 54.3 99.9 91.7
(45.6-62.4) (99.8-100) (90.1-93.2)

Parallel 93.1 89.7 90.3

(89.5-95.6) (87.1-91.7) (87.5-92.4)

IBMP-8.1+ IBMP-8.4 Serial 59.5 100 92,7
(50.8-67.5) (99.9-100) (91.1-94.2)

Parallel 94.9 90.2 91.1
(91.8-96.9) (87.8-92.0) (88.5-92.9)
IBMP-8.2+ IBMP-8.3 Serial 65.6 100 93.8
(56.9-72.9) (99.9-100) (92.2-95.1)
Parallel 97.3 95.5 95.9
(95.2-98.6) (93.5-97.0) (93.8-97.3)
IBMP-8.2+ IBMP-8.4 Serial 71.9 100 94.9
(63.3-78.9) (99.9-100) (93.3-96.2)
Parallel 98.0 96.1 96.4
(96.3-99.0) (94.2-97.3) (94.6-97.6)
IBMP-8.3+ IBMP-8.4 Serial 57.8 100 94.9
(49.1-65.8) (99.9-100) (93.3-96.2)
Parallel 94.4 98.6 97.9
(91.2-96.6) (97.2-99.3) (96.1-98.8)
417 Sen (Sensitivity); Spe (Specificity); Acc (Accuracy); Cl (Confidence interval)

418
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Analysis of cross-reactivity with other infections. The potential cross-reactivity (RI1>
1.0) of IBMP chimeric antigens was evaluated using serum samples from 752 samples from
dogs with unrelated diseases. As shown in Figure 5, the frequency of cross-reactivity was 7.2%
(54/752) for IBMP-8.1, 0.9% (7/752) for IBMP-8.2, 6.5% (49/752) for IBMP-8.3, and 1.9%
(14/752) for IBMP-8.4. Notably, the index of inconclusive results for the protein IBMP-8.2
(1.73%; 13/752) was low compared with other proteins: 3.83% (29/752) for IBMP-8.1, 4.26%
(32/752) for IBMP-8.4, and 5.72% (43/752) for IBMP-8.3. Among the samples of Leishmania
spp. only one sample showed cross-reactivity with IBMP-8.4 antigen, while three samples

cross-reacted for IBMP-8.3 and four samples each for IBMP-8.1 and IBMP-8.2 antigens.
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Figure 5. Cross-reactivity analysis of chimeric IBMP Trypanosoma cruzi proteins with sera
from dogs with unrelated diseases. The cutoff value is 1.0 and the shaded area represents the
gray zone (Rl = 1.0 £ 0.10). The horizontal lines represent the geometric mean values. ANA
(anaplasmosis); BAB (babesiosis); Cl (confidence interval); DIR (dirophilariasis); ERL

(erlichiosis); LEI (leishmaniasis); LEP (leptospirosis); RI (reactivity index).
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Comparison with commercial human-adapted T. cruzi ELISA. To compare the
accuracy of IBMP ELISAs with a commercial human-adapted T. cruzi ELISA, we used 154 T.
cruzi-positive and 490 T. cruzi-negative dog samples. The Gold ELISA Chagas test showed a
sensitivity of 62.3% (95% CI: 54.5-69.6%) (Figure 6; see Table S8 for individual RI values).
This value was not different from the IBMP-8.1 and IBMP-8.3 values because the 95% Cls
overlapped. However, the IBMP-8.2 and IBMP-8.4 antigens were more sensitive compared
with the commercial kit. In terms of specificity, the Gold ELISA Chagas showed a value of
98.6% (95% CI: 97.1-99.3%), which was not different from the values for the IBMP-8.2, IBMP-
8.3 and IBMP-8.4 antigens. However, the specificity value of IBMP-8.1 antigen was
statistically lower than that of the Gold ELISA Chagas kit. Analysis of the DOR values indicates
that the Gold ELISA Chagas test and the IBMP-8.3 and IBMP-8.2 chimeric antigens have
similar performance in diagnosing T. cruzi-positive and T. cruzi-negative dogs. However, the
Gold ELISA Chagas test had a lower DOR value compared with IBMP-8.4 and a higher DOR
value compared with IBMP-8.1. Figure 6 also shows that the signal generated by the Gold
ELISA Chagas test varied by geographic region, with significant differences between regions.
The frequency of cross-reactivity was 8.9% (40/450): 7.2% (54/752) for IBMP-8.1, 0.9%
(7/752) for IBMP-8.2, 6.5% (49/752) for IBMP-8.3, and 1.9% (14/752) for IBMP-8.4. Of note,
the index of inconclusive results for the protein IBMP-8.2 (1.73%; 13/752) was low compared
with other proteins: 3.83% (29/752) for IBMP-8.1, 4.26% (32/752) for IBMP-8.4, and 5.72%
(43/752) for IBMP-8.3. Among Leishmania spp. samples, three samples showed cross-

reactivity with the commenrcial kit (Figure 6).
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Figure 6. Evaluation of chimeric recombinant Trypanosoma cruzi antigens performance using
ELISA. (A) Graphs showing the RI for each antigen tested against a panel of 226 T. cruzi-
positive samples and 1,034 T. cruzi-negative samples. The cutoff value is 1.0, and the shaded
area represents the gray zone. The horizontal lines and numbers for each group of results
represent the geometric means (95% ClIs). (B) Receiver Operating Characteristic Curce (ROC)
and AUC determined for each IBMP antigen. (C) Antigen performance parameters determined
using the assays shown in panel A. Acc (accuracy); AUC (area under the ROC curve); DOR

(diagnostic odds ratio); LR (likelihood ratio); PosTProb (posttest probability); PreTProb
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(pretest probability); Sen (sensitivity); Spe (specificity); Tc-Neg (T. cruzi-negative samples);

Tc-Pos (T. cruzi-positive samples).

Figure 7 shows the relationship between the specificity and sensitivity of the IBMP antigens
and the commercial ELISA T. cruzi assay. For comparison purposes, the figure also shows the
maximum performance of an ideal assay (black dot, 100% accurate). The IBMP-8.2 chimera
produced the best results compared to the other chimeras and the commercial assay. The
accuracy of the IBMP-8.2 chimera was followed by IBMP-8.4, IBMP-8.3, IBMP-8.1, and Gold
ELISA Chagas assay. The IBMP-8.2 and IBMP-8.4 antigens had high sensitivity and high
specificity (Quadrant I in Figure 7), whereas IBMP-8.1, IBMP-8.3, and the Gold ELISA Chagas
assay had low sensitivity and high specificity (Quadrant IV in Figure 7). No test was classified
in any of the quadrants Il (high sensitivity and low specificity) and Il (low sensitivity and low

specificity).
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Figure 7. Sensitivity vs. specificity data from IBMP chimeras and a commercial ELISA T. cruzi
assay. The black dot represents an ideal diagnostic assay that is 100% accurate. Sen

(sensitivity); Spe (specificity).

DISCUSSION

Although dogs are considered important for maintaining the domestic CD cycle and T.
cruzi infections can cause symptoms similar to those in humans, there are no commercially
available tests to detect anti-T. cruzi antibodies in these animals. For this reason, in-house or
modified commercial tests for humans have been used in studies of CD in dogs worldwide [25—
29]. In the present study, we evaluated the diagnostic performance of four chimeric recombinant
T. cruzi proteins for the detection of anti-T. cruzi antibodies in sera of dogs from different
Brazilian endemic and non-endemic areas. All IBMP proteins showed high discriminatory
power between T. cruzi-positive and negative samples. Indeed, AUC values ranged from 89.0
to 97.4%, with IBMP-8.4 antigen showing the highest value. These results are consistent with
the phase | study, in which IBMP-8.4 achieved the highest AUC value (AUC = 100%) [44].
AUC values for all four molecules were also above 99% in studies with human samples [35,39—
42,52]. Compared with a commercial human test adapted for the diagnosis of CD in dogs (Gold
ELISA Chagas), AUC values were higher for IBMP-8.2, IBMP-8.3, and IBMP-8.4 and lower

for IBMP-8.1; however, no statistical differences were observed.

Diagnostic sensitivity was higher for IBMP-8.2 than for the other molecules and Gold
ELISA Chaga. Although there was no significant difference between the IBMP-8.1 and IBMP-
8.3 proteins and the commercial kit, the IBMP-8.2 assay was the only assay with a sensitivity
greater than 90%. The results described here contrast with those previously reported in the
phase | study, in which IBMP-8.3 was the molecule with the highest sensitivity. In the present
study, IBMP-8.3 (and IBMP-8.1) had the lowest sensitivity values [44]. This discrepancy may
be due to the inclusion of a larger number of samples from different Brazilian endemic areas

and, thus, samples from dogs infected with different T. cruzi strains. It is known that T. cruzi
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has a high genetic diversity in humans, which leads to different results in serological tests when
only a few antigens are used. In fact, the parasite is classified into seven genotypes with
subclassifications for regional strains called clonets [53-55]. We believe that the genetic
diversity of T. cruzi may also contribute to the discrepant results in the diagnosis of CD in dogs.
In addition, the discrepancy in sensitivity may also be explained by the different amino acid
composition of IBMP antigens, which may not be detected by the completeness of strains
circulating in animals from different study areas. This discrepancy was confirmed when
positive samples were stratified by geographic area of origin and the extent of humoral response
to IBMP antigens was considered. To increase the number of T. cruzi-positive samples
recognized by IBMP proteins, we analyzed pairs of antigens using serial and parallel
approaches. It was found that the parallel approach was able to increase sensitivity values,
especially when IBMP-8.2 was combined with IBMP-8.4 or IBMP-8.1, with sensitivity values
higher than 97%, making the use of pairs an interesting alternative for a diagnostic tool designed

for screening.

With respect to T. cruzi-negative samples, specificity values ranged from 90.6% to
99.6%. IBMP-8.3 and IBMP-8.4 provided the highest values (Spe > 99.0%). This result is
consistent with the phase | study, in which IBMP-8.3 was the molecule with the highest
specificity value [44]. Following the parallel approach, the pair IBMP-8.3 + IBMP-8.4 reached
the highest specificity value (> 98%), while the values for the serial approach ranged from 99.7
to 100% regardless of the pairs considered. Thus, the use of the serial or parallel approach
(IBMP-8.3+IBMP-8.4) could be used for diagnostic purposes, especially for confirmatory tests.
The accuracy values were similar for IBMP-8.2, IBMP-8.3, and IBMP-8.4 proteins. Due to the
high proportion of misdiagnosed samples detected with the IBMP-8.1 protein, its accuracy was
significantly lower compared with the other proteins. For human diagnosis, on the other hand,
IBMP-8.1 and IBMP-8.4 proteins showed the highest performance parameters [39-42,52];

therefore, the new commercial lateral flow immunromatographic assay TR Chagas (Bio-
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Manguinhos, Fiocruz-RJ, Brazil) uses these two antigens to detect human anti-T. cruzi
antibodies with an accuracy of 100% [39]. The lower performance of IBMP-8.1 protein for the
diagnosis of CD in dogs compared to humans might be due to the characteristics of the
expressed immunoglobulin VH and VL repertoires in different breeds of dogs compared to
those in humans [56]. Unless the IBMP-8.1 molecule is used in the latent class model for the

diagnosis of CD in dogs, its use alone is not recommended for reliable diagnosis in dogs.

Evaluating diagnostic tests using sensitivity, specificity, and accuracy is insufficient to
measure their impact on clinical decisions. A diagnostic test is useful only if its results alter the
probability of disease occurrence. Determination of the likelihood ratio (LR) is useful to
describe the discriminatory power of a test and defines the probability of a given result in
infected individuals versus the probability of the same result in healthy individuals [33]. In this
study, IBMP-8.4 showed a positive LR of 250.9, which means that a dog infected with T. cruzi
is approximately 251 times more likely to be diagnosed with chronic CD when tested with
IBMP-8.4 protein. The estimated DOR for IBMP-8.4 (1,007.6) was higher than the values for
IBMP-8.3 (270.9), IBMP-8.2 (257.1), and IBMP-8.1 (28.6). Although DOR values varied
according to the protein, IBMP-8.2, IBMP-8.3, and IBMP-8.4 were all above 250 and
performed better than the commercial Gold ELISA Chagas (114.2). However, the Gold ELISA
Chagas performed better than the IBMP-8.1 protein. LR and DOR are relevant and stable tools

in phase |1 studies since these parameters do not depend on disease prevalence.

Serological cross-reactivity for IBMP proteins was not surprising given the weak
seropositivity for unrelated diseases. Indeed, these molecules consist of specific T. cruzi
fragments, and review of amino acid sequences in the NCBI database using the Protein BLAST
software revealed modest similarity to nonpathogenic canine and human microorganisms [52].
Among the total unrelated diseases sera, IBMP-8.1 and IBMP-8.3 proteins provided the highest
cross-reactivity values (7.2% and 6.5%, respectively). In contrast to these data, IBMP-8.2 and

IBMP-8.4 showed cross-reactivity of 0.9% and 1.9%, respectively, indicating that they can be
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used to diagnose T. cruzi infection in dogs in co-endemic areas. It is already well documented
that anti-Leishmania spp. antibodies are a significant cause of cross-reactivity in serological
tests for chronic CD, especially in conventional tests [23,34,57-59]. In the present study, cross-
reactivity to Leihmania ranged from 0.9% to 3.5%. These values are higher than in the phase |
study, in which samples showed no cross-reactivity when tested with IBMP-8.1, IBMP-8.2, and
IBMP-8.4. Although Leishmania spp. is important for accurate chronic CD diagnosis, other
unrelated pathogens can also cause cross-reactivity. In contrast to IBMP-8.2 and IBMP-8.4,
cross-reactivity with babesiosis, ehrlichiosis, and leptospirosis was observed when samples
were tested with IBMP-8.1 and IBMP-8.3. Cross-reactivity was insignificant with the other
pathogens tested. The number of samples that cross-reacted with IBMP chimeras was very low,
especially for the IBMP-8.2 protein. Overall, our data suggest that IBMP chimeras can be used

in areas of co-endemism between T. cruzi and other diseases.

The main limitation of the study was the lack of a validated standard test to preclassify
the sera that would be used to evaluate the efficacy of the antigens. To address this limitation,
we used a reference array of chimeric T. cruzi antigens at LCA as a surrogate in the absence of
a gold standard. LCA provided more precise diagnostic precision for the evaluation of
diagnostic tests in the absence of a gold standard. The present study was also limited by testing
samples from restricted geographic areas of Brazil, representing a limited number of circulating
discrete typing units, and by the absence of Trypanosoma rangeli samples. It is important that
this last limitation be addressed in future studies that consider comprehensive samples from
other Brazilian states, especially from the northern region, and from different Latin American
endemic countries. Nevertheless, our analysis confirmed the remarkable performance of these
chimeric IBMP antigens in the context of chronic CD diagnosis in dogs, with IBMP-8.2 and

IBMP-8.4 proteins showing higher accuracy.

In summary, the results described here indicate that these four chimeric recombinant

T. cruzi IBMP antigens reliably distinguish T. cruzi-positive from negative samples. In addition,
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the accuracy of IBMP-8.2, IBMP-8.3, and IBMP-8.2 has not been shown to vary regardless of
the geographic origin of the samples, suggesting that these proteins could be useful in
commercial test Kkits. Accordingly, a lateral flow immunocromatographic assay using two
different IBMP antigens could potentially be employed to reliably monitor the parasite

transmission cycle of T. cruzi in endemic areas and for veterinary purposes.
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Research articles Research articles should not normally exceed 5,000 words in the main
body of the text or include more than 100 references. Use of subheadings in the main text
is recommended (i.e. Background, Methods, Results and Discussion). Figures and tables

are encouraged.

Abstract and keywords Abstracts should not exceed 350 words and should be divided into
sections. Provide 3-10 keywords, which should preferentially be available at the Medical

Subject Headings (MeSH) database

Abstract and keywords Abstracts should not exceed 350 words and should be divided into
sections. Provide 3-10 keywords, which should preferentially be available at the Medical

Subject Headings (MeSH) database

Abbreviations All genus names should be fully spelled out at first mention and then
abbreviated. When presented in a list, the genus name may be abbreviated (e.g., “Different
species of the genus Phlebotomus are implicated in the transmission of Mediterranean
Leishmania infantum, including Phlebotomus ariasi, P. balcanicus, P. kandelakii, P.
langeroni, P. neglectus, P. perfiliewi, P. perniciosus, P. sergenti and P. tobbi”; from
https://parasitesandvectors.biomedcentral.com/articles/10.1186/s13071-021-04652-2).

When presented at the beginning of a sentence, the genus name should be spelled out again
(even if already abbreviated). To avoid ambiguity in the text, abbreviations for mosquito

genera and 7 subgenera can be made using two and three letters, respectively (see



850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

50

http://www.mosquitocatalog.org/abbreviations.aspx). The most relevant abbreviations used

in the manuscript should be listed in the Abbreviation section, as follows:
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figures and tables are numbered last. Reference numbers should be provided in the main
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