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Chagas disease (CD) is among the top 10 causes of inability to blood donation. Blood
donation centers screen for anti-Trypanosoma cruzi antibodies using highly sensitive
immunoenzymatic (ELISA) or chemiluminescent methods, which can lead to false
positive results. Since positive samples cannot be used, to avoid the loss of valuable
blood donations, it is necessary to improve specificity without reducing the sensitivity
of the tests used for blood screening. For this purpose, our group has developed
four chimeric proteins (IBMP-8.1, IBMP-8.2, IBMP-8.3, and IBMP-8.4) that have been
evaluated in phase | and Il studies with high performance and low cross-reactivity
rates. The study included a panel of 5,014 serum samples collected from volunteer
blood donors at the Hematology and Hemotherapy Foundation of the State of Bahia
(Brazil). They were subjected to the detection of anti-T. cruzi antibodies, using all
four IBMP antigens individually and latent class analysis (LCA) as a reference test,
since there is no gold standard test for this purpose. Considering the sample size
analyzed, LCA classified 4,993 (99.6%) samples as T. cruzi-negative and 21 (0.42%)
as T. cruzi-positive. Sensitivity values ranged from 85.71% for IBMP-8.1 and 90.48%
for IBMP-8.2-95.24% for IBMP-8.3 and 100% for IBMP-8.4, while specificity ranged
from 99.98% for IBMP-8.3 and IBMP-8.4-100% for IBMP-8.1 and IBMP-8.2. Accuracy
values ranged from 99.4 to 99.98%. The pretest probability for the molecules was 0.42,
whereas the positive posttest probability ranged from 95.24 to 99.95% and the negative
posttest probability ranged from 0.00001 to 0.0006% for all antigens. The higher odds
ratio diagnosis was found for IBMP-8.4, which has been shown to be a safe single antigen

Frontiers in Medicine | www.frontiersin.org

1 March 2022 | Volume 9 | Article 852864


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2022.852864
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2022.852864&domain=pdf&date_stamp=2022-03-07
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:fred.santos@fiocruz.br
https://doi.org/10.3389/fmed.2022.852864
https://www.frontiersin.org/articles/10.3389/fmed.2022.852864/full
















Santos et al. T. cruzi Antigens for Chagas Disease Screening

FIGURE 3 | Graphical analysis of areas under the curve (AUC) ROC (left). Reactivity index (middle) obtained with serum samples from Trypanosoma cruzi-positive
(TcP) and Trypanosoma cruzi-negative (TcN) samples. The cut-off value is the reactivity index = 1.0 and the shaded area represents the gray zone (Rl = 1.0 £+ 0.10).
The horizontal lines and numbers for each group of results represent the geometric means (+ 95% Cl). Performance parameters (right) obtained for all chimeric IBMP
proteins. SEN, sensitivity; SPE, specificity; ACC, accuracy; PPV, positive predictive value; NPV, negative predictive value; PLR, positive likelihood ratio; NLR, negative
likelihood ratio; DOR, diagnostic odds ratio; PTP, pre-test probability; PPTP, positive post-test probability; NPTP, negative post-test probability; Kappa, cohen’s Kappa
coefficient; GR, gray zone.
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TABLE 3 | Analysis of the diagnostic performance of the pair of chimeric IBMP proteins using serial and parallel approaches.

Pair of tests
Series

SEN
% (95% ClI)

SPE
% (95% CI)

PPV
% (95% CI)

NPV
% (95% ClI)

IBMP-8.1/IBMP-8.2
IBMP-8.1/IBMP-8.3
IBMP-8.1/IBMP-8.4
IBMP-8.2/IBMP-8.3
IBMP-8.2/IBMP-8.4
IBMP-8.3/IBMP-8.4

77.6 (46.5-92.5)
81.6 (50.6-94.2)
85.7 (55.3-95.0)
86.2 (55.0-96.5)
90.5 (60.1-97.4)
95.2 (65.4-99.2)

100 (99.8-100)
100 (99.8-100)
99.9 (99.8-100)
99.9 (99.8-100)
99.9 (99.8-100)
99.9 (99. 8-100)

100 (68.6-100)
95.2 (63.7-99.2)
95.5 (64.4-99.2)
95.2 (64.3-99.2)
95.5 (65.1-99.2)
90.9 (60.5-98.6)

99.9 (99.7-100)
99.9 (99.7-100)
99.9 (99.7-100)
99.9 (99.7-100)
100 (99.9-100)
99.9 (99.8-100)

Parallel % (95% Cl) % (95% Cl) % (95% Cl) % (95% Cl)
IBMP-8.1/IBMP-8.2 98.6 (90.0-99.9) 100 (99.9-100) 100 (97.0-100) 100 (99.9-100)
IBMP-8.1/IBMP-8.3 99.3 (92.2-99.9) 100 (99.9-100) 100 (96.0-100) 100 (99.9-100)
IBMP-8.1/IBMP-8.4 100 (94.7-100) 100 (99.9-100) 100 (96.2-100) 100 (99.9-100)
IBMP-8.2/IBMP-8.3 100 (93.5-100) 100 (99.9-100) 100 (96.2-100) 100 (99.9-100)
IBMP-8.2/IBMP-8.4 100 (95.5-100) 100 (99.9-100) 100 (96.3-100) 100 (99.9-100)
IBMP-8.3/IBMP-8.4 100 (96.5-100) 100 (99.9-100) 99.8 (95.1-99.9) 100 (99.9-100)

Cl, confidence interval; SEN, sensitivity; SPE, specificity; PPV, positive predictive value; NPV, negative predictive value.

of the IBMP proteins. The highest positive predictive value
was obtained with IBMP-8.1 and IBMP-8.2 proteins (100%),
followed by IBMP-8.4 (95.5%) and IBMP-8.3 (95.2%). All
chimeric proteins yielded a negative predictive value >99.9%.
Considering the 95% CI overlap, no statistical differences
were observed in the positive and negative predictive values
among the IBMP proteins. The pretest probability refers to
the prevalence of the disease in the analyzed sample. It
was estimated to be 0.42% of the samples regardless of the
IBMP protein tested. IBMP-8.1 and IBMP-8.2 yielded the
highest values for positive post-test probability: 99.94 and
99.85%, respectively. IBMP-8.3 provided the lowest value for
positive post-test probability (95.24%), followed by IBMP-8.4
(99.45%). As for the negative post-test probability, all proteins
yielded values <0.0006. At a confidence interval of 95%, all
IBMP antigens showed similar positive and negative post-test
probabilities. IBMP-8.4 offered the best performance among
the chimeric recombinant proteins studied, as shown by the
analysis of ROC and, most importantly, by the exceptionally
high diagnostic odds ratio of this protein (DOR = 10,483,200;
Figure 3).

Diagnostic Performance of IBMP Pairs

In addition to individual performance, the performance of
pairs of all four chimeric IBMP proteins was also estimated in
serial and parallel approaches (Table 3). In the serial scheme,
sensitivity ranged from 77.6 to 95.2%, whereas minimum
specificity and negative predictive values reached 99.9%. Positive
predictive values ranged from 90.9 to 100%. Conversely,
sensitivity values ranged from 98.3 to 100% with a parallel
scheme. Interestingly, no false-negative result was obtained
when the positive samples were tested with IBMP-8.1/IBMP-8.4,
IBMP-8.2/IBMP-8.3, IBMP-8.2/IBMP-8.4, and IBMP-8.3/IBMP-
8.4 pairs. Regardless of the IBMP pairs analyzed, no false-positive

result was obtained using a parallel approach. Positive and
negative predictive values were 100% for all IBMP pairs, except
for the positive predictive value when IBMP-8.3/IBMP-8.4 was
analyzed (99.8%).

Cross Reaction Analysis

According to the serologic screening performed by the HEMOBA
Foundation with the 4,993 T. cruzi-negative sera in the present
study, 233 samples tested positive for anti-HBc, 150 for syphilis,
37 for HTLV-1/2, 20 for HIV-1/2, 15 for HCV, and 12 for HBsAg.
Mixed infections were detected in 14 sera: anti-HBc + syphilis
(n = 4), anti-HBc + HBsAg (n = 2), anti-HBc + HBV (n = 2),
HBsAg + HBV (n=1), HTLV-1/2 + syphilis (n = 1), anti-HBc +
HTLV-1/2 (n=1), HIV-1/2 + syphilis (n = 1), HCV + syphilis (n
=1),and HTLV-1/2 + syphilis (n = 1). All these positive samples
were used to evaluate the potential cross-reactivity (RI > 1.0) of
the IBMP chimeric proteins. As shown in Figure 4 (individual
data points are available in the Supplementary Table 2), no
cross-reactivity was found. In addition, only one sample that was
anti-HBc positive (0.43%) was found to be inconclusive with the
chimeric proteins IBMP-8.2 (sample ID 5245; R1 0.92) and IBMP-
8.4 (sample ID 6834; RI 0.95). Among the 21 T. cruzi-positive
samples, two were coinfected with HTLV-1/2, two with syphilis,
one with both HCV and syphilis, and one was also positive
for anti-HBc.

IBMP Antigens for Blood Screening

Individual use of chimeric IBMP proteins for CD serological
screening was also analyzed (Figure 5). For this purpose, the
criteria used by the HEMOBA Foundation were considered:
(1) T. cruzi-positive samples: RI > 1.00; (2) T. cruzi-negative
samples: RI < 0.75; and (3) T. cruzi-inconclusive samples: 0.75
> RI < 1.00. Both T. cruzi-positive and T. cruzi-inconclusive
samples are considered unsuitable for blood donation; therefore,
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FIGURE 4 | Graphical analysis of cross-reactivity with IBMP antigens using non-negative samples screened by HEMOBA Foundation. 95% Cl, 95% confidence
interval; IR, reactivity index.
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FIGURE 5 | Analysis of individual use of chimeric IBMP proteins for CD serological. Rl, reactivity index.

the blood bags are discarded. Of the 4,993 T. cruzi-negative
samples, IBMP-8.1, IBMP-8.2, IBMP-8.3, and IBMP-8.4 proteins
classified four, six, seven, and nine blood bags, respectively,
as T. cruzi-inconclusive samples, while IBMP-8.3 and IBMP-
8.4 classified one sample each as T. cruzi-positive. Accordingly,
screening with IBMP-8.4 would discard a total of ten T. cruzi-
negative blood bags, followed by eight bags screened with IBMP-
8.3, six bags screened with IBMP-8.2, and four bags screened
with IBMP-8.1 protein. Conversely, all 21 T. cruzi-positive blood
bags were correctly identified as positive when tested with IBMP-
8.4 protein. One positive sample yielded an inconclusive result
when tested with IBMP-8.3, which triggered a warning signal
with a clear risk of T. cruzi transfusion transmission. A danger
signal was triggered when IBMP-8.1 and IBMP-8.2 proteins gave
a negative result in three and two bags, respectively, indicating a
high risk of T. cruzi transmission.

DISCUSSION

In the present study, we evaluated the performance of the
chimeric antigens for serological screening of CD and their
potential use in blood banks. All four IBMP antigens showed
high diagnostic capacity based on the AUC values found, which
ranged from 98.68 to 100%, suggesting high discriminatory
ability. These results are consistent with the phase I (11, 25, 32)
and phase II (28-31) studies. Comparing the AUC values found
here with those reported in the literature for other antigens,
IBMP antigens showed higher values than those reported
for mixtures of different synthetic epitopes (47), multiepitope
antigens (48) and assays such as the Abbott Chagas Elisa
(49). Conversely, some multiepitope antigens, such as CPI,
CP3, and CP1 + CP3, showed similar AUC values to IBMP
antigens (50).
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The antigen IBMP-8.4 had the highest sensitivity value in the
present study as well as in the previously performed studies,
regardless of the population studied and the methodology used.
This is due to the nature of the molecule, as it comprises a
larger repertoire of epitopes compared to the others, making
it responsive to a greater diversity of anti-T. cruzi antibodies
(25, 30, 34, 35). In contrast to the IBMP-8.4 protein, identification
of anti-T. cruzi was less efficient in blood donors with IBMP-
8.1, probably due to its limited repertoire of antigens. This result
contrasts with the results of other studies that have used this
molecule as an antigenic matrix. In the sensitivity analysis, 21
samples were predicted by LCA to be positive. This small number
of positive samples has a strong influence on the determination
of sensitivity, since each false-negative result corresponds to a
4.76% reduction in the sensitivity value. The opposite is true for
specificity, where a single false-positive sample would reduce the
value by only 0.02%. Considering that this is a phase III study
(blind study), it was not possible to control the sample size of
each group (positive and negative). Nevertheless, the accuracy
values for all antigens were >99.4%, thanks to the large number
of negative samples and the high specificity of all antigens (99.98
to 100%).

Among the 21 T. cruzi-samples specimens positive at LCA
classification, six were positive for coinfection with other
diseases: HTLV, syphilis, HBV, and HCV. HTLV, HCV, and
syphilis have similar characteristics: they are sexually transmitted,
endemic, and considered a public health problem in Brazil. Their
specific mode of transmission facilitates coinfection with other
diseases (51-53). On the other hand, the prevalence rate for HBV
in Brazil is low, most likely due to vaccination, which has been
available for more than 20 years (54, 55), although there are still
unvaccinated individuals at risk. HBV is transmitted through
blood (parenterally and vertically), sexually, and by sharing
contaminated objects (55), so it can be said that coinfections
between HTLV, HCV, syphilis, and HBV are common because
of their routes of transmission. In our study, there was no
cross-reactivity to any of the four IBMP antigens. Only two
samples were classified in the inconclusive zone (RI + 10%)
when analyzed with IBMP-8.2 and IBMP-8.4 antigens. These
results confirm previous studies performed with the molecules
for various infectious and parasitic diseases, such as dengue,
HBYV, HCV, HIV, HTLV, leishmaniasis, schistosomiasis, filariasis,
leptospirosis, measles, rubella, and syphilis (30, 33).

Recommendations for serologic screening in blood banks
vary according to the CD endemic area. In endemic countries,
screening should be performed with a high-sensitivity IVD (18,
19), whereas in non-endemic countries, screening should take
into account that (1) all donors with a history of CD should
be permanently deferred; (2) if screening tests for CD are not
available, all donors with a recognized risk for CD should be
identified and permanently deferred; and (3) if screening tests
for CD are available, all donors with an identified risk for CD
should initially be deferred for 6 months after their last return
from an endemic area. Their subsequent donations should then
be screened for signs of infection using a highly sensitive IVD
(18). In recent years, purified, recombinant, or synthetic peptide
antigens have been used as solid phase in IVD for detection of

anti-T. cruzi antibodies with acceptable sensitivity values for safe
serological CD screening in blood banks.

After analyzing the performance parameters of the four
all IBMP antigens, an analysis of the individual use of each
molecule in serological screening for CD. Normally, according
to safety criteria, blood banks set the cutoff point at 20
to 25% of the manufacturer’s specified value to reduce the
possibility of transmission of bloodborne pathogens as much
as possible; HEMOBA Foundation lowers the cutoff value to
25%. Considering these cut-off values, four, six, seven, and nine
bags were rejected as false positive for IBMP-8.1, IBMP-8.2,
IBMP-8.3, and IBMP-8.4 antigens, respectively. The antigens
IBMP-8.1 and IBMP-8.2 detected as false-negative four and two
bags, respectively, indicating that their use alone in serological
screening of CD in blood banks is not recommended because
of the possibility of transmission during transfusion. However,
the combined use of these molecules is safe because the false-
negative or exclusion zone results are not the same when the
four assays are compensated. Despite the greater number of
bags discarded when the IBMP-8.4 molecule was used, this was
the safest molecule to be used alone in serological screening in
blood banks.

The disposal of 29 negative bags harms public health, not only
because of the resources invested in collection, donor pickup,
and serologic screening, but also because of the indirect costs of
reducing the supply of blood available for transfusion. Overall,
the prevalence of CD in Brazil is estimated at ~2.16% (4.6 million
people) (37), which is considered low. Therefore, a test with a
specificity of <98.5% would lead to more false-positive than true-
positive results (56). This gap could be easily closed by using
the four antigens, especially with IBMP-8.1 and IBMP-8.2, since
they have a specificity of 100%. The combined use of molecules,
e.g., IBMP-8.4 in the first stage of diagnosis, would eliminate all
false-negative results, then IBMP-8.1 or IBMP-8.2 can be used
to exclude false-positive results. In this way, we would have a
more effective and safer diagnosis, which would result in a lower
number of blood bag disposals and reduce the cost of monitoring
blood quality for transfusions.

In summary, this was a phase III study evaluating the four
chimeric recombinant antigens IBMP-8.1, IBMP-8.2, IBMP-8.3,
and IBMP-8.4 for serological diagnosis of chronic Chagas disease.
The molecules exhibited high diagnostic performance and were
shown to be suitable for screening CD in blood banks, isolated
(IBMP-8.4) or in combination. Their use in blood banks could
significantly reduce unnecessary disposal of blood bags or the risk
of T. cruzi transmission.
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