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ABSTRACT 25 

The Trypomastigote Small Surface Antigen (TSSA) is a mucin-like molecule 26 

from Trypanosoma cruzi, the etiological agent of Chagas Disease, showing amino 27 

acid polymorphisms among parasite isolates. TSSA expression is restricted to the 28 

surface of infective cell-derived trypomastigotes, where it functions as an adhesin, 29 

engaging surface receptor(s) on the host cell as a prerequisite for parasite 30 

internalization. Previous results have established TSSA-CL, the isoform encoded 31 

by the CL Brener clone, as an appealing candidate for serology-based diagnostics 32 

in Chagas Disease. Here, we used a combination of peptide- and recombinant 33 

protein-based tools to map at maximal resolution the antigenic structure of TSSA-34 

CL. Our results indicate the presence of different, partially overlapping B-cell 35 

epitope(s) clustering in the central portion of TSSA-CL, which contains most of the 36 

polymorphisms across parasite isolates. Based on these results, we assessed the 37 

serodiagnostic performance of a 21-amino acid long peptide spanning TSSA-CL 38 

major antigenic determinants, which was similar to the performance of the 39 

previously validated GST-TSSA-CL fusion molecule. Furthermore, the tools 40 

developed for the antigenic characterization of the TSSA antigen were also used to 41 

explore other potential diagnostic applications of the anti-TSSA humoral response 42 

in Chagasic patients. Overall, our present results provide additional insights on 43 

TSSA-CL antigenic structure, and support this molecule as an excellent target for 44 

molecular intervention in Chagas Disease. 45 

 46 

Keywords: Trypanosoma cruzi, TSSA, B-cell epitope. 47 
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Abbreviations: TSSA, Trypomastigote Small Surface Antigen from T. cruzi; GPI, 49 

glycosylphosphatidyl inositol; TSSA-CL, TSSA protein expressed by the CL Brener 50 

clone of T. cruzi; TSSA-Sy, TSSA protein expressed by the Sylvio X-10 strain of T. 51 

cruzi; GST, Glutathione S-transferase; IHA, indirect hemagglutination assay; IIF, 52 

indirect immunofluorescence assay; SAPA, Shed Acute-Phase Antigen from T. 53 

cruzi 54 

55 
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INTRODUCTION 56 

Chagas Disease is a major health and economic problem in Latin America, 57 

for which no vaccine or appropriate drugs for large-scale public-health 58 

interventions are yet available (1). It is caused by the protozoan Trypanosoma 59 

cruzi, found throughout the American continent in a variety of wild and domestic 60 

mammalian reservoirs, and transmitted by the bite of infected, blood-sucking 61 

triatomine bugs. It is estimated that 8-10 million people are currently infected with 62 

T. cruzi and that up to 120 million individuals living in endemic areas are at risk of 63 

infection (1). Increasing travel and immigration has also brought the risk of T. cruzi 64 

infection into non-endemic countries (2). Several efforts have been successfully 65 

undertaken to control transmission in Latin America with the concomitant decrease 66 

in the actual numbers of acute, vector-borne infections (3). However, humans can 67 

also become infected with T. cruzi through ingestion of tainted food and fluids, 68 

contaminated blood transfusion or organ transplantation, and from mother-to-child 69 

during pregnancy/delivery (4).  70 

Diagnosis of Chagas Disease is challenging because it is often 71 

asymptomatic in its acute phase, and evolves into a chronic stage where the 72 

disease courses with different clinical forms (1). In addition, and due to a major 73 

decline in parasitemia during the chronic phase, T. cruzi detection in blood 74 

samples by direct examination, hemoculture or xenodiagnosis is difficult. Several 75 

PCR-based procedures have been reported that, though highly specific present 76 

sub-optimal sensitivity and require technological expertise and specialized, 77 

expensive laboratory equipment (5). In this framework, detection of anti-T. cruzi 78 

antibodies remains the most effective method for demonstrating direct exposure to 79 
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the parasite (6). At present, the most widely used serologic methods are indirect 80 

hemagglutination assay (IHA), indirect immunofluorescence (IIF), and enzyme-81 

linked immunosorbent assay (ELISA) using total parasite homogenates or semi-82 

purified antigenic fractions. Despite their simplicity and low cost, these tests show 83 

variations in their reproducibility and reliability that can be attributed to the poor 84 

standardization of the reagents (7). In the absence of a single reference test 85 

showing ~100% specificity and sensitivity, current guidelines developed by the 86 

World Health Organization advice the use of two serological tests for reaching a 87 

'conclusive' diagnosis. In the case of ambiguous or discordant results, a third 88 

technique should be conducted (6). 89 

Recombinant DNA and peptide synthesis technologies allowed the 90 

production and one-step purification of large amounts of T. cruzi immunodominant 91 

antigens (8), some of which were evaluated by way of multicenter trials and are 92 

commercially available (9, 10). These antigens minimize the extent of specificity 93 

problems. As reported, serum samples from individuals with other co-endemic 94 

infections (especially Leishmania) and/or afflicted by certain autoimmune disorders 95 

cross-recognize T. cruzi antigens (6, 11).  96 

We have previously shown that the polypeptide backbone of a mucin-like 97 

glycoprotein displayed on the surface of infective trypomastigote forms (termed 98 

TSSA, Trypomastigote Small Surface Antigen) elicits strong antibody responses in 99 

T. cruzi-infected humans and animals (12). The TSSA protein encoded by the CL 100 

Brener clone of T. cruzi (13), henceforth TSSA-CL, showed > 87% sensitivity 101 

among a seropositive Chagasic panel from Argentina and Brazil, a value which 102 

was increased up to > 98% when only parasitologically-positive samples were 103 
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considered (11). Most important, TSSA-CL showed a significant increase in 104 

specificity (97.4%) compared to currently used serologic assays (11).  105 

Detailed genetic characterization of the tssa locus disclosed sequence 106 

variations among parasite strains (12, 14), which correlated with the 6 major 107 

evolutionary lineages (termed TcI to TcVI) that were defined for the T. cruzi 108 

species (15). Inter-strain polymorphisms were shown to be focused on the central 109 

region of TSSA (12, 14), and to have major impact on its immunogenicity and 110 

antigenicity (11, 12, 16). Different attempts at using TSSA polymorphisms to 111 

design parasite lineage-specific serologic reagents as an indirect approach to allow 112 

typification of infecting T. cruzi strain(s) have been undertaken (17, 18). Although 113 

these methods can be improved, they showed good concordance with genotyping 114 

techniques (17), and supported the differential predominance of T. cruzi lineages 115 

causing human infections in distinct endemic areas (13, 19, 20).  116 

In addition to its serodiagnostic potential, we showed that TSSA functions in 117 

vivo as an adhesin, engaging surface receptor(s) and inducing signaling pathways 118 

on the host cell as a prerequisite for parasite internalization (16). Interestingly, 119 

TSSA isoforms encoded by extant parasite evolutionary lineages exhibited 120 

differential binding and Ca++ signaling properties upon interaction with target cells 121 

(16). Overall, the contrasting antigenic and functional features of TSSA isoforms 122 

suggest that this molecule may contribute to the differential infectivity, pathogenic 123 

and epidemiological features displayed by T. cruzi evolutionary lineages (13, 21). 124 

In the present work, we mapped at high resolution the anti-TSSA-CL 125 

humoral responses in T. cruzi-infected individuals using peptide- and recombinant 126 

protein-based approaches. 127 
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EXPERIMENTAL 129 

 130 

Ethics statement. T. cruzi-infected human samples were obtained from the 131 

Laboratorio de Parasitología-Chagas, Hospital de Niños "Dr. Ricardo Gutierrez" 132 

(Buenos Aires, Argentina). The protocol was approved by the institutional review 133 

board of this latter Institution. Written informed consent was obtained, and all 134 

samples were decoded and de-identified before they were provided for research 135 

purposes.  136 

 137 

Study population. Serum samples were collected from infected and non-infected 138 

subjects. Clotted blood obtained by venipuncture and analyzed for T. cruzi-specific 139 

antibodies by 2 commercially available kits: ELISA using total parasite homogenate 140 

and IHA (both from Wiener lab, Argentina) (22). Different panels of serum samples 141 

were used in this work. The first panel was composed of 38 samples from healthy, 142 

non-infected individuals rendering negative results for the 2 serologic tests 143 

mentioned above, and were obtained from the Laboratorio de Parasitología-144 

Chagas, Hospital de Niños "Dr. Ricardo Gutierrez" or from different blood banks: 145 

Fundación Hemocentro Buenos Aires (Buenos Aires, Argentina), Hospital de 146 

Enfermedades Infecciosas “Dr. Francisco Javier Muñiz” (Buenos Aires, Argentina), 147 

Hospital Italiano de Buenos Aires (Buenos Aires, Argentina) and Hospital Municipal 148 

”Dr. Diego E. Thompson” (San Martín, Buenos Aires, Argentina). The second panel 149 

was composed of samples collected from 91 individuals (10-65 years old) coursing 150 

the chronic phase of the disease that rendered positive results for both serologic 151 

tests. The third panel was composed of 24 samples of congenitally infected or non-152 
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infected newborns (0-9 months old) that were diagnosed by the microhematocrit 153 

method (23). These newborns rendered also positive results for both serologic 154 

tests and, in some cases, by PCR for parasite DNA in blood (24).  155 

 156 

Peptide chip synthesis and screening 157 

The overall design, production  and screening of next-generation, ultra-high density 158 

microarray slides (25) as well as data analysis will be explained in detail elsewhere 159 

(Carmona et al., submitted). Briefly, microarray slides containing  15mer peptides, 160 

including T. cruzi-specific peptides and other controls, were incubated overnight 161 

with 1 mL of purified Immunoglobulin G (IgG), diluted to 20 µg/mL in incubation 162 

buffer: 0.15 M Tris/Acetate pH 8.0, 0.1% Tween 20. IgG was purified from serum 163 

samples using Melon Gel IgG spin purification kit (Thermo Scientific), following the 164 

manufacturer's protocol. Purity of recovered IgG was assessed by Coomasie 165 

brilliant blue-stained 12% SDS-PAGE, and concentration was estimated by 166 

comparison against a standard curve of purified bovine γ-globulin (BioRad 167 

Laboratories) (not shown). After washing with incubation buffer, slides were 168 

incubated for 2 h with secondary antibody (Cy3 goat anti-human IgG, Abcam) at 169 

1µg/mL. After a second washing step with incubation buffer, followed by a 170 

subsequent washing step with n-methylpyrrolidone and dichloromethane, peptide 171 

array slides were air-dried and signals were recorded with an InnoScan 900 laser 172 

scanner (INNOSYS, Carbonne, France) at 1 µm resolution, with an excitation 173 

wavelength of 532 nm. Each sample corresponded to 5 different chronic Chagasic 174 

sera (3 µL each), which were pooled before IgG purification, and was assayed in 175 

duplicate. Peptide chips were sequentially assayed, first with the negative sample 176 
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(pooled IgG purified from 5 healthy subjects), and then with the positive sample. 177 

With this experimental setup, 2 datasets were obtained for each experiment: one 178 

corresponding to the readout from healthy individuals (negative control) and one 179 

corresponding to the accumulated signal of negative + positive samples, from 180 

which the latter signal was calculated by subtraction (Carmona et al., submitted). 181 

From whole-chip analyses, it was established a cut-off range from 2.6 to 3.4 182 

arbitrary units (A.U.) of fluorescence where both sensitivity and specificity were 183 

optimal (i.e., all positive controls included in the array are detected and none of the 184 

negative controls included in the array were detected) (Carmona et al., submitted). 185 

Accordingly, only those peptides yielding > 2.6 A.U. of fluorescence in at least one 186 

screening were recorded as positive.  187 

 188 

Recombinant proteins 189 

The GST-fusion protein bearing the repetitive domain of T. cruzi SAPA (Shed 190 

Acute-Phase Antigen) has been described (26, 27). The GST fusion protein 191 

bearing the central region (from residue 24 to 61/62) of Sylvio X-10 TSSA (TSSA-192 

Sy24-61) and CL Brener TSSA (TSSA-CL24-62) have also been described (11). 193 

Variants spanning partially overlapped 15mer sequences from TSSA-CL were 194 

constructed by Taq polymerase-mediated fill-in of partially complementary forward 195 

(TSSA VI Ep n Fw) and reverse (TSSA VI Ep n Rv) oligonucleotides (Table S1) 196 

containing BamHI and EcoRI sites on their 5' ends, respectively. The same 197 

strategy was used to generate a second set of partially overlapping 9mer 198 

sequences from TSSA-CL. In this case, however, fill-in reactions were performed 199 

using forward (TSSA VI Ep (n+1) Fw) and reverse (TSSA VI Ep n Rv) 200 
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oligonucleotides. All of these constructs were treated with BamHI and EcoRI and 201 

cloned into pGEX-2T vector (GE Healthcare). PCR using pGEXfw and pGEXrev 202 

oligonucleotides (Table S1) was carried out for the initial screening of the colonies, 203 

which were subsequently confirmed using Sanger-based sequencing on an 204 

Applied Biosystems ABI3130 capillary sequencer. Supernatants of Escherichia coli 205 

BL21-Codon Plus® (Stratagene) cultures transformed with each construct and 206 

induced for 3 h at 28 °C with 0.1 mM isopropyl ß-D-thiogalactopyranoside 207 

(Fermentas) were purified by glutathione-Sepharose chromatography (GE) (11) 208 

and dialyzed against PBS. GST and GST-fusion molecules were quantified by 209 

Bradford reagent (Pierce) and purity was assessed by Coomasie brilliant blue-210 

stained SDS-PAGE.  211 

 212 

Synthetic peptides 213 

Custom peptides were synthesized by GenScript. The purity (> 90%) and identity 214 

of peptides were determined by the manufacturer, using reverse-phase high-215 

performance liquid chromatography and confirmed by ion-spray mass spectrometry 216 

methods, respectively. Some of these peptides bear an additional Cys residue, 217 

through which they were individually coupled to maleimide-activated ovalbumin 218 

(Pierce) as described (28, 29). Sequence and features of the synthetic peptides 219 

used in this work were compiled in Table S2. 220 

 221 

Enzyme-Linked Immunosorbent Assay (ELISA) 222 

ELISA was performed using flat-bottomed 96-well Nunc-Immuno plates (Nunc, 223 

Roskilde, Denmark) as described (30). Briefly, antigens (either GST-fusion proteins 224 
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or synthetic peptides) were dissolved in carbonate buffer (pH 9.6) as coating buffer 225 

at 10 µg/mL. Peptides coupled to ovalbumin and parasite lysates (see below) were 226 

dissolved in the same buffer at 1 µg/mL or 100 µg/mL, respectively. The plates 227 

were coated overnight at 4 °C with 100 µL of the antigen solution, washed 3 times 228 

with PBS containing 0.05% Tween 20 (PBS/T) and blocked for 1 h with 4% skim 229 

milk in PBS/T at 37 °C. The plates were again washed 3 times with PBS/T prior to 230 

addition of serum samples prepared in 4% skim milk PBS/T buffer (1:500 dilution). 231 

Following incubation for 1 h at 37 °C and washings with PBS/T, peroxidase-232 

conjugated goat IgG to human IgG (Sigma) diluted 1:5,000 in 4% skim milk in 233 

PBS/T was added to the plates and incubated at 37 °C for 1 h. The plates were 234 

washed and incubated with 100 µL of freshly prepared citrate-phosphate buffer (pH 235 

5.0) containing 0.2% hydrogen peroxide followed by 50 µL 3,3′,5,5′-236 

Tetramethylbenzidine (Sigma). The reaction was stopped with 100 µL 2 M sulfuric 237 

acid and absorbance was read at 450 nm. Each sample was assayed in triplicate 238 

unless otherwise indicated. For Immunoglobulin M (IgM) determinations, ELISA 239 

was carried out essentially as above, except that serum samples were incubated at 240 

1:100 dilution with constant orbital agitation (160 x rpm) followed by peroxidase-241 

conjugated goat IgG fraction to human IgM (Sigma) diluted 1:1,000 in 4% skim milk 242 

PBS/T buffer. 243 

 244 

Competitive ELISA 245 

Serum samples were diluted up to 10 µL in PBS containing 2 μg of the indicated 246 

synthetic peptide. Following 30-min incubation at room temperature, serum/peptide 247 

mixtures were diluted up to 1:500 in 4% skim milk PBS/T buffer, added to TSSA-248 
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CL24-62-coated plates and processed by ELISA as described above. Absorbance 249 

read at 450 nm in control wells in which serum samples were incubated for 30 min 250 

with 10 μL of PBS without peptide were taken as 100% reactivity. Under these 251 

conditions, most (if not all) of the peptide-specific antibodies were depleted (not 252 

shown), and the remaining reactivity against the TSSA-CL protein should be thus 253 

ascribed to B-cell epitopes lying outside of the assayed peptide. 254 

 255 

Data analysis. 256 

The cut-off value for each antigen was calculated using 3 negative-control sera 257 

assayed in parallel. Reactivity of each serum sample was considered positive for a 258 

specific antigen when the mean - 3 SD > mean + 3 SD recorded for the negative 259 

sera towards the same antigen. For dot and receiver-operating characteristic 260 

(ROC) analyses (31), results were expressed as % of reactivity of the mean 261 

absorbance at 450 nm of the positive, reference control serum included in each 262 

assay run. ROC analyses were then performed using the GraphPad Prism 263 

software (version 5.01 for Windows, San Diego California USA). Pair-wise 264 

comparisons of the Area Under the ROC curve (AUC) values were performed 265 

using the MedCalc Statistical Software version 13.0.6 (MedCalc Software bvba, 266 

Ostend, Belgium; http://www.medcalc.org; 2014). Multigroup comparisons were 267 

performed using ANOVA followed by the Bonferroni correction. 268 

 269 

270 
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RESULTS  271 

 272 

Mapping of antigenic sequences in TSSA-CL using peptide chips.  273 

 In the context of a project aimed at identifying and fine-mapping T. cruzi 274 

linear B-cell epitopes using peptide microarrays, we produced glass slides 275 

containing a tiling array of  15mer peptides derived from T. cruzi proteins (Carmona 276 

et al, submitted manuscript). A subset of the array comprised 78 overlapping 277 

15mer peptides with a 14-residue overlap and 1-residue offset covering the entire 278 

TSSA-CL protein, including its predicted sorting signals (12), thus ensuring 279 

maximal resolution for mapping. It should be noted that, in spite of CL Brener being 280 

an hybrid clone (13), the TSSA-CL protein deduced from both tssa genes located 281 

in tandem in an Esmeraldo-like (TcII) parental chromosome (TcCLB.507511.81 282 

and TcCLB.507511.91) is identical. There is an additional tssa gene present in a 283 

non-Esmeraldo-like (TcIII) parental chromosome (TcCLB.508235.20) coding for a 284 

different isoform of TSSA, which has not been explored in the present study. This 285 

array design was independently probed with 2 different samples, each one 286 

composed of pooled IgGs purified from 5 chronic Chagasic sera. Fluorescence 287 

values obtained for each of the 78 TSSA-CL-derived peptides are shown in Table 288 

S3, and the profile of recognition obtained by each sample is reconstructed in Fig. 289 

1A. As shown, both samples yielded a unique and broad fluorescence peak, with 290 

positive signals for peptides p24-38 to p43-57 (sample #1) or p24-38 to p45-59 291 

(sample #2). Together, reactive peptides encompassed most of the mature region 292 

of TSSA-CL (i.e., the TSSA-CL sequence predicted to be displayed on the parasite 293 

surface upon processing of the N-terminal signal peptide and the C-terminal GPI-294 
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anchoring motif) (Fig. 1B). Within this region, each IgG sample generated a unique 295 

profile of recognition towards individual TSSA-CL peptides, with maximal reactivity 296 

recorded either for p31-45 (sample #1) or p36-50 (sample #2) (Fig. 1A and Table 297 

S3). Differences in the profile of recognition can be in principle attributed to inter-298 

sample, and thus inter-individual differences in the specificity of the anti-TSSA-CL 299 

humoral response (see below).   300 

 301 

Mapping of antigenic sequences in TSSA-CL using recombinant proteins. 302 

 To refine our search for antigenic sequences and to further address the 303 

variability in anti-TSSA-CL humoral responses among Chagasic patients, we 304 

undertook a complementary approach based on the use of recombinant proteins. 305 

To that end, a panel of 5 TSSA-CL deletion variants composed of partially 306 

overlapping sequences of 15 residues with 6-amino acid residue offset (Fig. 1B) 307 

were expressed as GST-fusion proteins in E. coli and purified through GST-affinity 308 

chromatography (Fig. S1). Together, these molecules encompassed residues 24 to 309 

62, and hence the entire region of TSSA-CL showing reactivity in the chip assays 310 

(Table S3). Additional GST, TSSA-CL24-62 and TSSA-Sy24-61 molecules (11) were 311 

expressed and purified in parallel to be used as controls (Fig. S1). Serum samples 312 

collected from chronic Chagasic patients were individually assayed by ELISA 313 

against every GST-fusion molecule, and absorbance normalized to GST (Fig. S2). 314 

The cut-off for each antigen was determined using 3 negative samples evaluated in 315 

parallel (not shown), and a schematic diagram showing the reactivity (positive or 316 

negative) of each Chagasic serum against every individual GST-fusion molecule is 317 

presented in Fig. 1C. As shown, TSSA-CL24-62, our positive control, was 318 
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recognized by 46/51 tested samples (90.18% prevalence) whereas TSSA-Sy24-61 
319 

was not recognized by any sample (not shown), which is in close agreement with 320 

our own previous data (11, 30).  321 

 Among the 15mer variants, maximal performance was recorded for TSSA-322 

CL30-44 (90.18%) followed by TSSA-CL36-50 (56.86%) and TSSA-CL42-56 (40.81%; 323 

Fig. 1C). Interestingly, all serum samples that recognized TSSA-CL24-62 also 324 

reacted against TSSA-CL30-44 (Fig. 1C). Moreover, ~80% of the reactive sera 325 

(36/46) showed similar antibody titters towards either molecule (i.e.,  absorbance 326 

values < 25%, not shown). TSSA-CL24-38 and TSSA-CL48-62, on the other hand, 327 

yielded negative results for every tested serum (Fig. 1C). TSSA-CL48-62 matched 328 

the sequence of p48-62 in the chip array, which was also recorded as negative for 329 

both IgG samples (Table S3). In the case of TSSA-CL24-38, however, its matching 330 

peptide (p24-38) was recorded as positive for both IgG samples in our chip assay 331 

(Table S3). Despite this discrepancy, which can be attributed to a higher sensitivity 332 

of the microarray, our data showed a close agreement between the two kinds of 333 

assays (peptide-chip arrays and GST-fusion protein-based ELISA).  334 

 To further analyze the anti-TSSA-CL humoral responses, we next generated 335 

a second panel of TSSA-CL deletion variants composed of 4 partially overlapping 336 

9mer sequences with 6-amino acid residue offset (Fig. 1B). Together, these 4 337 

molecules encompassed the entire region (residues 30 to 56) of TSSA-CL showing 338 

reactivity by ELISA (Fig. 1C). The 9mer variants were expressed and purified as 339 

above (Fig. S1), and assayed by ELISA against the same panel of chronic 340 

Chagasic serum samples (Figs. 1C and S2). TSSA-CL42-50 and TSSA-CL36-44 341 
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deletion variants displayed modest prevalence (37.26% and 33.33%, respectively), 342 

whereas TSSA-CL30-38 and TSSA-CL48-56 yielded negative results for every tested 343 

serum. Based on these findings, we conclude that the serodiagnostic performance 344 

of the 15mer TSSA-CL30-44 relies on residues present in both 9mer variants that in 345 

concert cover TSSA-CL30-44 (TSSA-CL30-38 and TSSA-CL36-44, Fig. 1B). The same 346 

was true for the TSSA-CL36-50 molecule, which displayed a significantly increased 347 

prevalence when compared with any of the two 9mer variants (TSSA-CL36-44 and 348 

TSSA-CL42-50) derived from it (Figs. 1B and 1C). The 15mer variant TSSA-CL42-56, 349 

however, showed similar reactivity towards individual serum samples and overall 350 

prevalence than the TSSA-CL42-50 molecule (Fig. 1C and not shown), indicating 351 

that residues 51 to 56 are largely dispensable in terms of its serodiagnosis 352 

potential. Taken together, ELISA results revealed a differential 'TSSA-CL 353 

recognition signature' for each serum sample (Fig. 1C), thus supporting the 354 

variability of anti-TSSA-CL humoral responses among chronic Chagasic individuals 355 

suggested by the peptide arrays assayed with pooled samples (Fig. 1A). In 356 

addition, the fact that TSSA-CL30-44 was able to recapitulate most of the diagnostic 357 

performance of TSSA-CL24-62 suggested that linear B-cell epitope(s) comprised 358 

between residues 30 to 44 drive the recognition of anti-TSSA-CL antibodies elicited 359 

by chronic Chagasic patients. Additional linear B-cell epitope(s) comprised 360 

between residues 36 to 50 could also contribute, though to a lesser extent, to this 361 

recognition. 362 

 To evaluate this hypothesis, we carried out competitive ELISA tests. To that 363 

end, plates were coated with the recombinant TSSA-CL24-62 molecule and assayed 364 

with 8 serum samples from chronic Chagasic patients not previously evaluated and 365 
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for which no a priori information regarding the TSSA-CL recognition profile was 366 

available. Before addition to the plate, serum samples were incubated with PBS 367 

(negative control) or with different synthetic peptides derived from TSSA-CL (Table 368 

S2). Pre-incubation with p36-50 had a moderate effect (up to 30% inhibition 369 

depending on the sample), consistent with the presence of minor linear B-cell 370 

epitope(s) underscored above (Fig. 1D). Conversely, pre-incubation with p30-44, 371 

predicted to contain the major B-cell epitope(s) of TSSA-CL (Figs. 1C and S2), 372 

yielded a consistent and significant inhibition, which ranged from 30% to 80% (Fig. 373 

1D). Most importantly, pre-incubation with a 21mer peptide which combined the 374 

sequences of both p30-44 and p36-50 peptides (p30-50) yielded maximal inhibition 375 

(from 70 to 90%) whereas a scrambled version of this peptide (p30-50sc) used as 376 

control did not significantly inhibit reactivity in any case (Fig. 1D). Overall, 377 

competitive ELISA studies support the hierarchical role proposed for p30-44 and 378 

p36-50 sequences in the recognition of anti-TSSA-CL antibodies and suggest that 379 

a molecule combining both sequences may be able to recapitulate the overall 380 

serodiagnostic performance (in terms of specificity and sensitivity) of TSSA-CL.  381 

 382 

Validation of a TSSA-CL peptide as a novel tool for Chagas Disease 383 

diagnosis.  384 

 To evaluate the diagnostic performance of p30-50, 2 panels of serum 385 

samples obtained from non-infected individuals (n = 38) or from patients with 386 

chronic Chagas Disease (n = 70) were analyzed by ELISA. For comparison 387 

purposes, the same analysis was performed in parallel using the GST-fusion 388 

TSSA24-62 molecule (11). For both antigens, a significant difference in the overall 389 
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reactivity values between negative and positive populations was obtained (P < 390 

0.001; Fig. 2A). Most importantly, TSSA24-62 and p30-50 displayed highly 391 

informative area under the ROC curve (AUC) values (TSSA24-62 AUC = 0,9647; 392 

p30-50 AUC = 0,9741; Fig. 2B), that yielded non-significant statistical differences 393 

(P = 0,4792). These results indicated that the recombinant protein TSSA24-62 and 394 

the peptide p30-50 exhibit equivalent diagnostic performance under these 395 

experimental conditions. Coupling of the p30-50 peptide to ovalbumin via its N-396 

terminal Cys residue (Table S2) did not affect its diagnostic performance (not 397 

shown). 398 

 399 

TSSA-CL is not a suitable biomarker for detection of congenital infections.  400 

 Prevalence of Chagas Disease in pregnant women in Latin America ranges 401 

from 5% to 40% depending on geographical area, and the rate of vertical 402 

transmission is estimated to be 4% to 10% (32). Due to the shortage of biomarkers 403 

specific for the acute stage (32, 33), currently serologic tests are misleading for the 404 

early detection of congenital T. cruzi infections, and a parasitological test should be 405 

performed on the newborn for diagnosis (22). Within this framework, we evaluated 406 

the potential use of TSSA-CL for serodiagnosis of congenital infections. Serum 407 

samples from 12 congenitally infected and 11 uninfected newborns (1- to 268-days 408 

old) born to T. cruzi-infected mothers were analyzed for IgG and IgM responses by 409 

ELISA (Table 1). When available, sera from their corresponding mothers were 410 

analyzed in parallel. IgM responses to TSSA-CL24-62 were only detected in 1/12 411 

congenitally infected newborns whereas IgM responses to a GST-fusion spanning 412 

SAPA, a T. cruzi antigen known to elicit humoral responses during the acute phase 413 
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of the disease (34), were detected in 4/12 samples (Table 1). Noticeable, a broad 414 

IgM response to both TSSA-CL24-62 and SAPA was detected in 1 sample obtained 415 

from a Chagasic mother (Table 1).  416 

 When analyzed for IgG antibodies, 11/12 Chagasic mothers had detectable 417 

responses towards TSSA-CL24-62 whereas 5 of them also showed reactivity to 418 

SAPA (Table 1). These values are compatible with the prevalence of either antigen 419 

in patients coursing the chronic stage of the disease (11, 30, 34). Analysis of the 420 

sera from the corresponding newborns showed IgG responses against total 421 

parasite lysates (10/12) as well as against TSSA-CL24-62 (8/12) and SAPA (7/12) 422 

(Table 1). It is noteworthy that IgG titers against SAPA were consistently higher in 423 

infected newborns than in chronically infected mothers (Table 1), which cannot be 424 

easily explained by trans-placentally transferred antibodies from their mothers. 425 

Moreover, 3 of the infected newborns displaying IgG responses against SAPA 426 

were born to SAPA non-respondent mothers; which is a clear indication of active 427 

production of antibodies due to infection (Table 1) (34). Conversely, anti-TSSA-428 

CL24-62 IgGs titers were consistently higher in chronically infected mothers than in 429 

their infected or uninfected newborns (Table 1). Similar analysis using serial 430 

dilutions of selected paired sera were performed to further address this issue (Fig. 431 

S3). Together, our data indicate that TSSA-CL is not an acute-phase antigen in 432 

Chagas Disease and, hence, does not provide a suitable biomarker for serologic 433 

detection of congenital infections.  434 

 435 

436 
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DISCUSSION 437 

 The lack of highly accurate methods to diagnose Chagas Disease hampers 438 

the correct identification and treatment of T. cruzi-infected individuals and restricts 439 

the evaluation of effectiveness of initiatives aimed at developing novel 440 

chemotherapy or vaccination strategies (6). To overcome this limitation, different 441 

approaches intended for the identification of T. cruzi immunodominant molecules 442 

have been undertaken (35-39). However, B-cell epitope mapping by high-443 

resolution scanning of antibody-binding specificities towards these antigens, critical 444 

in guiding the design and production of customized serodiagnostic reagents with 445 

improved specificity (40), are still scarce.  446 

 To gain further insights into the antigenic structure of TSSA-CL, we herein 447 

undertook an exhaustive mapping of immunoreactive sequences using a 448 

combination of peptide- and recombinant protein-based approaches. Overall, our 449 

results indicate a high variability of anti-TSSA-CL humoral responses among 450 

chronic Chagasic patients, which translates into differential 'antibody recognition 451 

signatures' (Fig. 1C). This is compatible with the existence of a broad antigenic 452 

region in TSSA-CL, spanning most of its mature region, which is likely composed 453 

of distinct and partially overlapping linear B-cell epitope(s). Despite this inter-454 

individual variability, our data indicate that linear B-cell epitope(s) comprised 455 

between residues 30 to 44 and, to a lesser extent, between residues 36 to 50 drive 456 

the recognition of anti-TSSA-CL antibodies elicited by chronic Chagasic patients. 457 

Indeed, a synthetic peptide combining both sequences (p30-50) is able to 458 

recapitulate the overall serodiagnostic performance of TSSA-CL24-62 used in 459 

previous studies (11). Peptide p30-50 may provide for the development of 460 
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reproducible, easily manufactured and standardized reagent for rapid, high-461 

throughput and low cost serodiagnosis of Chagas Disease. Additional advantages 462 

over a conventional GST-fusion antigen can be envisaged. On one hand, p30-50 463 

may provide in terms of the specificity of the diagnostic assay. As previously shown 464 

(11), when used under more stringent conditions, a minimal fraction of Chagas-465 

negative sera from patients affected by autoimmune and/or other co-endemic 466 

infectious diseases, reacted against bacterial-derived contaminants and/or the 467 

GST motif in TSSA-CL24-62. On the other hand, p30-50 may contribute to improve 468 

the robustness of TSSA-based serology methods in molecular epidemiology 469 

studies (17, 18). The use of a more defined reagent, lacking most of the sequences 470 

conserved across TSSA isoforms (14), may diminish its level of cross-recognition 471 

by antibodies elicited towards a different TSSA isoform.  472 

 The inter-individual variability in anti-TSSA-CL humoral responses disclosed 473 

here might be further explored in other vacant areas of Chagas Disease research 474 

(6, 41). Although our data indicate that TSSA does not provide a suitable 475 

biomarker for serologic detection of congenital infections, comparative evaluation 476 

of more defined populations of chronic Chagasic individuals (i.e., with different 477 

clinical forms, with different times post-infection or with different times upon 478 

undergoing chemotherapy) might led to the identification of differential 'antibody 479 

recognition signatures'.  480 

In summary, our present results provide additional insights on TSSA-CL 481 

antigenic structure. Our findings, together with the identification of novel T. cruzi 482 

antigens as a result of ongoing screenings of peptide microarrays (42, 483 
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43)(Carmona et al., submitted) will contribute to define a highly effective antigenic 484 

panel for Chagas Disease serodiagnosis. 485 

486 
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LEGEND TO FIGURES 673 

 674 

Figure 1: Mapping of antigenic sequences in TSSA-CL. A) Peptide chips 675 

composed of 15mer peptides overlapping by 14 residues spanning the complete 676 

sequence of TSSA-CL were probed, in duplicate, with 2 different IgG samples 677 

purified from chronic Chagasic sera. Mean reactivity towards every TSSA-CL-678 

derived peptide (in arbitrary units of fluorescence) and the sequence of the peptide 679 

showing highest reactivity for each IgG sample are indicated. B) Schematic 680 

illustration of TSSA-CL showing the predicted signal peptide (SP) and the GPI-681 

anchoring signal (GPI). Sequences derived from TSSA-CL that were expressed as 682 

GST-fusion molecules, as well as the residues spanned by each construct 683 

(numbers indicate amino acid positions in each sequence relative to the initial Met), 684 

are indicated below. C) Schematic diagram showing the anti-TSSA-CL reactivity 685 

profile obtained for each sample. Individual serum samples from chronic Chagasic 686 

patients (n = 51) were tested towards TSSA-CL deletion variants by ELISA. Gray 687 

square boxes indicate positive reactivity and black square boxes indicate negative 688 

reactivity. White square boxes indicate non-tested molecules. The fraction of 689 

positive sera / total assayed sera is indicated to the right. The identity of pooled 690 

sera used to purify IgG sample # 1 and IgG sample #2 (see panel A) are indicated 691 

by black and grey arrows, respectively. D) Competitive ELISA assays. Eight 692 

individual serum samples from Chronic Chagasic patients not tested in panel C 693 

were pre-incubated with 2 µg of p36-50 (light gray columns), p30-44 (dark gray 694 

columns), p30-50 (striped columns) or a scrambled version of p30-50 (black 695 

columns) for 30 min, and then added to GST-TSSA24-62-coated ELISA plates. 696 
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Absorbance of a control sample pre-incubated with PBS (white columns) was 697 

taken as 100% binding. Significant differences between population means (P < 698 

0.001 after Bonferroni correction) were denoted with an asterisk. 699 

 700 

Figure 2: Receiver-operating characteristic (ROC) analysis of the ELISA 701 

results using TSSA-CL-derived reagents. A) Dot plot analysis of ELISA results 702 

using a GST-fusion protein spanning residues 24 to 62 of TSSA-CL (TSSA-CL24-62) 703 

and a synthetic peptide spanning residues 30 to 50 from the same molecule (p30-704 

50). ELISA plates were coated with the indicated antigen and incubated with 70 705 

serum samples from chronic Chagas-positive individuals (+) or 38 non-infected 706 

individuals (-). Mean ± SD for each group are indicated. Significant differences 707 

between population means (P < 0.001 after Bonferroni correction) were denoted 708 

with an asterisk. B) Values of reactivity in panel A were used to generate ROC 709 

curves; area under the ROC curve (AUC) is indicated for each antigen. Values in 710 

parentheses indicate the 95% confidence interval.  711 

 712 







Table 1 – Reactivity of TSSA-CL in pediatric samples. 

 

Sample  Id
a
 Age (d)  Diag.

b
  

IgG reactivity
c
  IgM reactivity

c
 

GST SAPA TSSA Lysate GST SAPA TSSA Lysate 

29693 Ch 27 INF -  2,808 0,623 0,815  - 0,711 - 0,394 
29615 M 

 
INF - -  1,694 N.D.

d
  - - - N.D. 

             23879 Ch 6 INF - 0,634 1,931 2,038  - - - - 
25478 M 

 
INF - - 2,270 N.D.  - - - N.D. 

             24511 Ch 37 INF - 1,387 0,522 0,969  - - - - 
24510 M 

 
INF - - 1,014 N.D.  - - - N.D. 

             28036 Ch 32 INF - 1,210 0,669 0,813  - - - - 
27923 M 

 
INF - 0,416 2,113 N.D.  - - - N.D. 

             24520 Ch 6 INF - 0,725 1,341 1,375  - - - - 
24707 M 

 
INF - 0,763 1,640 N.D.  - - - N.D. 

             23078 Ch 12 INF - 0,914 2,303 2,194  - - - - 
23077 M 

 
INF - 0,491 2,616 N.D.  - - - N.D. 

             31511 Ch 8 NI - 0,746 2,126 2,237  - - - - 
30471 Ch 268 NI - - - -  - - - - 
32020

e
 M 

 
INF - 0,926 2,069 N.D.  - 0,315 0,727 N.D. 

             32931 Ch 24 NI - - 0,259 1,238  - - - - 
32929 M 

 
INF - - 0,594 N.D.  - - - N.D. 

             24467 Ch 24 NI - - - 0,403  - - - - 
24468 M 

 
INF - 0,491 2,616 N.D.  - - - N.D. 

             30681 Ch 21 NI - - - 1,240  - - - - 
30682 M 

 
INF - - 0,570 N.D.  - - - N.D. 

             33263 Ch 84 NI - - - -  - - - - 
33267 M 

 
INF - - 1,025 N.D.  - - - N.D. 

             33341 Ch 233 NI - - - -  - - - - 
32008 M 

 
INF - - - N.D.  - - - N.D. 

             34829 Ch 64 NI - - - -  - - - - 
34828 M 

 
NI - - - N.D.  - - - N.D. 

             23176 Ch 17 INF - 1,045 - 0,415  - 0,337 - - 
25093 Ch 15 INF - 0,879 0,657 1,091  - 0,280 - - 
28992 Ch 129 INF - - 2,169 0,486  - - 0,846 - 
33798 Ch 1 INF - - 0,909 0,764  - - - - 
25513 Ch 6 INF - - - -  - - - - 
31511 Ch 6 INF - 0,327 0,547 0,543  - 0,504 - - 
34123 Ch 2 NI - - 1,957 0,775  - - - - 
34892 Ch 256 NI - - - -  - - - - 
34226 Ch 239 NI - - - -  - - - - 
30974 Ch 43 NI - - - -  - - - - 

 

a 
Child (Ch) and corresponding Mothers (M) are indicated. 

b 
Patients were diagnosed as described under Materials and Methods and classified accordingly as 

Infected (INF) or Non-Infected (NI) 
c 
Results for reactive samples are expressed as means for 3 independent experiments performed in 

duplicate (SD values did not exceed 10% of the means in any case, not shown). 
 

d 
Non-determined. 

e
 Patient 32020 was the mother for both 31511 and 30471. 

 



 


