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More than 10 million people are thought to be infected with Trypanosoma cruzi, primarily in the Americas.
The clinical manifestations of Chagas’ disease (CD) are variable, but most subjects remain asymptomatic for
decades. Only 15 to 30% eventually develop terminal complications. All current diagnostic tests have limita-
tions. New approaches are needed for blood bank screening as well as for improved diagnosis and prognosis.
Sera from subjects with asymptomatic CD (n � 131) were compared to those from uninfected controls (n �
164) and subjects with other parasitic diseases (n � 140), using protein array mass spectrometry. To identify
biomarkers associated with CD, sera were fractionated by anion-exchange chromatography and bound to two
commercial ProteinChip array chemistries: WCX2 and IMAC3. Multiple candidate biomarkers were found in
CD sera (3 to 75.4 kDa). Algorithms employing 3 to 5 of these biomarkers achieved up to 100% sensitivity and
98% specificity for CD. The biomarkers most useful for diagnosis were identified and validated. These included
MIP1 alpha, C3a anaphylatoxin, and unusually truncated forms of fibronectin, apolipoprotein A1 (ApoA1),
and C3. An antipeptide antiserum against the 28.9-kDa C terminus of the fibronectin fragment achieved good
specificity (90%) for CD in a Western blot format. We identified full-length ApoA1 (28.1 kDa), the major
structural and functional protein component of high-density lipoprotein (HDL), as an important negative
biomarker for CD, and relatively little full-length ApoA1 was detected in CD sera. This work provides proof of
principle that both platform-dependent (i.e., mass spectrometry-based) and platform-independent (i.e., West-
ern blot) tests can be generated using high-throughput mass profiling.

Chagas’ disease (CD), caused by the protozoan parasite
Trypanosoma cruzi, is transmitted by triatomid bugs in re-
source-poor settings. Over 10 million people are thought to be
infected worldwide (51), and vector-mediated transmission can
occur from regions in the southernmost United States to tem-
perate South America (4, 7). While some CD patients become
acutely ill (e.g., local swelling, fever), most are unaware that
they are infected and can remain asymptomatic for decades
(24). Only 15 to 30% of patients will eventually develop cardiac
or gastrointestinal complications (28). CD can also enter into
or be maintained in populations through migration, vertical
transmission, organ transplantation (11), and blood transfu-
sion (25).

Transfusion-associated transmission of CD occurs both in
countries where CD is endemic and in those where it is not (26,
49). Although serologic screening tests have greatly reduced

the risk of transfusion-acquired CD in Latin America (25),
serologic methods are imperfect, and �10,000 cases may occur
annually in Sao Paulo alone (1). False-positive results can also
be a serious concern, resulting in wasted units and permanent
losses from the blood donor pool (42). A review of serological
procedures in 16 Latin American blood banks from 1997 to
2000 reported false-negative rates of 0.7% to 3.7% and false-
positive rates of 0.3% to 3.2%. We recently demonstrated that
up to 50% of true CD cases are missed by routine screening in
some Venezuelan blood banks (6). Transmission of CD by
transfusion/transplantation is also a concern in countries where
it is not endemic but where there are large Latin American
populations. As many as 100,000 of the 7 to 8 million North
American residents of Latin American origin may be silent
carriers of T. cruzi (24, 44, 48). Geographic exclusion policies
can mitigate risk, but donors do not always provide complete
information (32). This situation is further confounded because
CD can pass unsuspected from mother to child for several
generations (33). In 2007, the CDC reported that 1/4,655 blood
donations in the United States was positive for T. cruzi (12),
and a small serosurvey of 102 Latin American immigrants in
Ontario demonstrated that 1% had CD antibodies (45). The
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relatively small number of transfusion-transmitted T. cruzi
cases reported in North America in the last 2 decades may
therefore represent only the tip of the iceberg (22, 25, 35).
Several recent reports of CD following organ transplantation
further underscore the vulnerability of transfusion and trans-
plantation services in North America (11). A new enzyme-
linked immunosorbent assay (ELISA), the Ortho T. cruzi
ELISA test system, was approved by the FDA for screening of
blood donors and was licensed in December 2006 (21). How-
ever, the long history of similar tests in the Americas suggests
that new diagnostic strategies should also be pursued.

Surface-enhanced laser desorption ionization–time-of-flight
mass spectrometry (SELDI-TOF MS) can provide protein pro-
files of body fluids. This platform has been used primarily as a
discovery tool for biomarkers under neoplastic and inflamma-
tory conditions (53). However, we and others have applied
SELDI-TOF MS to studies of human infections, such as Afri-
can sleeping sickness (37), hepatitis C (43), severe acute respi-
ratory syndrome (SARS) (54), and bacterial endocarditis (19),
as well as to studies of fasciolosis in sheep (38) and cysticer-
cosis in pigs (16). There has been some justified criticism of
protein profiling efforts, including SELDI-TOF data, when
authors have failed to proceed to identification and validation
of putative biomarkers (50). In this work, we used SELDI-TOF
MS as the first step to compare serum protein profiles of
asymptomatic CD-infected subjects, healthy controls, and sub-
jects with other parasitic diseases. Promising biomarkers were
independently validated, and second-generation reagents were
produced (e.g., antipeptide antibodies). We report on both
SELDI-TOF MS platform-based tests and alternative assays
derived from this biomarker discovery program (i.e., MS plat-
form independent) that can achieve high sensitivity and spec-
ificity for latent CD.

(These data were presented in part at the American Society
for Tropical Medicine and Hygiene annual meetings in Miami
[7 to 11 November 2004; Proteomic Symposium] and Wash-
ington [11 to 15 December 2005; Symposium 17].)

MATERIALS AND METHODS

Samples. A panel of 435 sera was used, including sera from 120 Venezuelan
subjects with asymptomatic CD, identified in blood donor clinics (mean age,
47 � 12 years; range, 24 to 89 years), and 11 asymptomatic Guatemalan children
with CD, identified in a community screening program (mean age, 10 � 2 years;
range, 8 to 13 years) (Table 1). Samples were classified as positive based on at
least two different reference assays, including an immunofluorescence assay
(IFA), indirect hemagglutination assay (IHA), and ELISA (National Chagas
Immunodiagnosis Laboratory, Venezuela; Universidad del Valle, Guatemala;
and/or CDC, Atlanta, GA). Six of the 11 Guatemalan children had abnormal or
borderline electrocardiograms (EKGs) (hypertrophic cardiomyopathy with in-
complete right bundle branch block [RBBB], right-axis deviation, low-voltage
and T-wave changes in leads II, III, and F, and ventricular extra systole), and 5
displayed normal tracings. These field readings were confirmed for 10/11 subjects
by a pediatric cardiologist (M. Béland, Montreal Children’s Hospital, Montreal,
Quebec, Canada). The last EKG, read as “normal” in the field, was not available
for review. No EKG information was available for the Venezuelan subjects.
Healthy control CD-negative sera were obtained from Venezuelan blood banks
in areas of CD endemicity (VHC group) (n � 104; mean age, 46 � 19 years;
range, 18 to 82 years) and from nontraveling Canadians (CHC group) (n � 60;
mean age, 42 � 15 years; range, 23 to 68 years). The Venezuelan CD-negative
subjects were so classified on the basis of a single negative ELISA. Biomarker
specificity was assessed using a panel of 140 sera from patients with other
parasitic diseases (OPDs), obtained from the National Reference Laboratory for
Parasitology (NRCP; Montreal, Quebec, Canada). These OPD samples included
10 each from the following infections: asymptomatic and acute falciparum ma-

laria, South American cutaneous or mucocutaneous leishmaniasis, babesiosis,
latent toxoplasmosis, West African sleeping sickness, trichinellosis, strongyloidi-
asis, Bancroftian filariasis, toxocariasis, echinococcosis, cysticercosis, schistoso-
miasis (Schistosoma mansoni), and metorchiasis. A subset of 153 Venezuelan
sera (83 CD and 70 healthy control sera) was analyzed on three different Pro-
teinChip PBS IIc systems at different times (NRCP, Montreal, Quebec, Canada;
Ciphergen Biomarker Discovery Centre, Malvern, PA; and Concordia Univer-
sity, Montreal, Quebec, Canada).

Serum fractionation. All binding and washing steps were performed using a
BioMek 2000 robot (Beckman Coulter, Fullerton, CA) extended by an integrated
microplate shaker (MicroMix 5; Diagnostic Products Company, Los Angeles,
CA) that holds an array bioprocessor (Bio-Rad Laboratories, Hercules, CA).
The samples were fractionated by pH, using a ProteinChip serum fractionation
kit (Bio-Rad). The kit consists of a 96-well filtration plate with Q HyperD F
anion-exchange beads that require rehydration and equilibration before use.
Two hundred microliters of rehydration buffer (50 mM Tris-HCl, pH 9) was
added two times to each well and equilibrated three times with U1 buffer [1 M
urea, 2% (wt/vol) 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfo-
nate (CHAPS), 50 mM Tris-HCl, pH 9]. Prior to fractionation, 20 �l of serum
sample was mixed with 30 �l of U9 buffer (9 M urea, 2% CHAPS, and 50 mM
Tris-HCl, pH 9) in a 96-well V-bottom plate for 20 min. The sample was then
diluted with 50 �l of U1 buffer. One hundred microliters of the diluted serum
sample was applied to each well, incubated, and mixed on a MicroMix machine
for 30 min. The flowthrough was collected by vacuum filtration into V-bottom
microplates. The anion-exchange resin was incubated with an additional 100 �l
of Tris-HCl buffer (50 mM Tris-HCl, 0.1% octyl �-D-glucopyranoside [OGP], pH
9) for 10 min at room temperature with shaking. The wash was collected by
vacuum filtration. This procedure was repeated twice with 100 �l each of appro-
priate buffers with decreasing pH (pH 7, 5, 4, and 3). The final wash was
performed with an organic wash buffer containing 33% (vol/vol) isopropanol and
16.7% (vol/vol) acetonitrile in 0.1% trifluoroacetic acid (TFA) as previously
described in detail (38). The six fractions, each collected twice, were pooled. The
pooled fractions were divided over two separate standard V-bottom 96-well
plates to reduce the number of freeze-thaw cycles. After fractionation, plates
were stored at �80°C until analysis.

Preparation of ProteinChip arrays. For quality control purposes, commercial
human reference serum samples from healthy donors (Valley Biomedical, Win-
chester, VA) and blind duplicates were included with test serum samples. Sam-
ples were randomized within and across arrays to reduce analytical bias and were

TABLE 1. Demographic data for the samples used in this study

Sample classification by
ELISA, microscope

examination, and/or EKG

No. of samples

Age range
(yr)

Mean age
(yr)Total

Samples
from
males

Samples
from

females

Venezuelan CD 120 48 72 29–89 47
Guatemalan CD 11 5 6 8–13 10
Venezuelan healthy

control
104 57 47 18–82 46

Canadian healthy
control

60 28 32 23–68 42

Other parasitic diseases
(OPD)

140

Acute falciparum 10 6 4 10–36 21
Asymptomatic

falciparum
10 5 5 26–45 35

Leishmaniasis 10 7 3 10–50 28
Babesiosis 10 28–55 41
Latent toxoplasmosis 10 2 8 31–47 39
Human African

trypanosomiasis
10 4 6 38–59 48

Trichinellosis 10 7 3 27–42 38
Strongyloidiasis 10 7 3 24–46 33
Bancroftian filariasis 10 6 4 38–62 49
Toxocariasis 10 4 6 20–38 27
Echinococcosis 10 7 3 13–32 23
Cysticercosis 10 7 3 18–58 35
Schistosomiasis 10 4 6 15–47 29
Metorchiasis 10 7 3 26–62 44
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run blind, so that exposure status was unknown. Blank spots were included across
the bioprocessor as negative controls.

(i) WCX ProteinChip array preparation (CM10 ProteinChip). Prior to sample
loading, spots were equilibrated two times with 150 �l of CM binding/washing
buffer (0.1 M sodium acetate, pH 4). Ten microliters of fractionated serum
sample was incubated in 90 �l of binding buffer (0.1 M sodium acetate) for 30
min on a shaker at room temperature. Afterwards, arrays were washed three
times with 150 �l binding buffer and two times with deionized water to remove
unbound serum proteins. After the arrays were air-dried, 1 �l of energy-absorb-
ing matrix (saturated sinapinic acid [Sigma, St. Louis, MO] in an aqueous solu-
tion containing 50% acetonitrile and 0.5% trifluoroacetic acid) was added twice
to each spot. The surface was allowed to air dry between each application.

(ii) IMAC ProteinChip array preparation (IMAC30 ProteinChip). Spots were
first charged with 50 �l 0.1 M copper sulfate for 5 min, followed by a first wash
with 200 �l deionized water to remove the unbound metal. A second wash was
done with 150 �l of neutralization buffer (0.1 M sodium acetate, pH 4), and the
last wash was done with deionized water. Each wash was performed by 5 min of
incubation at room temperature. Arrays were then incubated two times with 150
�l binding buffer (0.1 M sodium phosphate, 0.5 M NaCl, pH 7) for 5 min. Ten
microliters of fractionated serum sample was spotted onto arrays with 90 �l of
binding buffer for 30 min on a shaker at room temperature. After the binding
step, washing and addition of energy-absorbing matrix were done as described
above.

Data acquisition and analysis. Arrays were analyzed in a ProteinChip biology
system reader (model PBS IIc) equipped with an autoloader using ProteinChip
software, version 3.2 (both from Bio-Rad Laboratories). Each spot was read at
low-energy (LE) and high-energy (HE) laser intensities. Data were collected up
to m/z 200,000 as previously described (16). All spectra were subjected to mass
calibration based on the settings used to collect the data, using external calibra-
tion standards (bovine insulin, 5,733.6 Da; ubiquitin, 8,564.84 Da; cytochrome c,
12,230.9 Da; �-lactoglobulin, 18,363.3 Da; horseradish peroxidase [HRP], 43,240
Da; and IgG, 147,300 Da). The baseline was subtracted using a setting of 15 times
the expected peak width. Noise was subtracted at 2,000 Da for the low-energy
intensity and at 10,000 Da for the high-energy intensity. All data were normalized
by total ion current for either low intensity (2 to 100 kDa) or high intensity (10
to 200 kDa), using an external coefficient of 0.2. Spectra with normalization
factors of more than double the mean were deleted. Reproducibility for quality
control samples was evaluated by the coefficient of variance (CV � �/� � 100)
for m/z and peak intensities in intervals of 2 to 100 kDa for the LE intensity and
10 to 200 kDa for the HE intensity, with automatic clustering of m/z values
differing by maximums of 0.3 and 2.0%, respectively, using Biomarker Wizard
software (Bio-Rad Laboratories). Noise was calculated within the respective

mass region, and software settings were a signal-to-noise ratio (S/N) of 5 and a
minimum peak threshold of 50%.

Analyses were performed in two steps. In the first step, automated peak
detection was applied, using cluster features of Biomarker Wizard software
(version 5.0). Peak sets were then generated across multiple spectra in two passes
of increasing stringency. A peak cluster was recorded if a given peak was found
in �10% of the spectra in one group. Automatic peak detection was performed
using cutoff settings of three times the S/N for the first pass and two times the S/N
for the second pass. The cluster mass window was set at 0.3% of the peak mass
for the LE intensity and at 2% of the peak mass for the HE intensity. Initial P
values for differences in peak intensities between CD and control groups for each
cluster were generated using the Mann-Whitney U test. As a quality control,
peak clusters with P values of 	0.05 were visually inspected, followed by manual
peak relabeling. In the second step, after relabeling, the peak intensity values of
the duplicates were averaged, and exact P values for differences in average peak
intensity between groups were calculated (Wilcoxon exact test). Peaks with P
values of 	0.01 (CD versus healthy control and OPD sera) were considered to
represent potential biomarkers. We assessed diagnostic performance by estimat-
ing sensitivity and specificity and by determining the area under the receiver-
operating characteristic (ROC) curve for each potential biomarker (sensitivity
versus 1 � specificity). An area under the curve (AUC) of 1 suggests good
diagnostic power, while AUC values that approach 0.5 indicate little diagnostic
potential. Biomarker pattern software (Bio-Rad Laboratories) analysis was then
applied to the cleaned cluster data. This program uses a supervised pattern
classification method (classification and regression tree [CART]) to identify
peaks with the greatest contribution to discrimination between groups. The
CART, a nonparametric procedure, constructs candidate diagnostic algorithms
based on a series of binary decision trees that recursively partition a data set into
blocks of predicted positive and negative samples (46). The procedure minimizes
a cost function that balances prediction errors and the total number of markers
used. The relative importance of a peak in each algorithm is measured by the
order in which it is selected in the decision tree and the number of correct
predictions it is credited for. For the initial CART analysis, data are randomly
split into a training data set, which is used to grow the classification tree, and a
validation data set, which is used to evaluate the prediction performance of the
tree. CART analysis has been used by clinical investigators to identify diabetic
patients with poor glycemic control (8), to differentiate high- and low-risk groups
following prostate biopsy (20), to classify injury severity in young and middle-
aged adults (41) and pediatric motor vehicle trauma patients (34), and to predict
prognosis among patients with unknown primary cancers (23).

Purification of candidate biomarkers. Serum fractions were treated with pro-
tein A HyperD resin (Bio-Rad Laboratories) to deplete IgG and either filter

TABLE 2. Mass (m/z), mean signal intensities, and AUCs for selected individual differentially expressed peptides/proteins between Chagasic
patients (CD), healthy controls (HC; Venezuelan healthy controls and Canadian healthy controls), and control patients

infected with other parasites (OPD)

m/z
(/1,000) Fractions and chemistries

P value (CD vs HC),
AUC for ROC curve

(fold CD/HC)

Mean signal intensity � SD P value (CD vs OPD),
AUC for ROC curve

(fold CD/OPD)
CD

(n � 131)
HC

(n � 164)
OPD

(n � 140)

3.7 F1 IMAC; F3,6 WCX 0.003, 0.80 (
5.9) 1.87 � 0.36 0.31 � 0.16 0.62 � 0.28 0.00001, 0.78 (
3)
4.4 F1,5 IMAC; F1,2 WCX 0.001, 0.81 (
2.7) 2.87 � 0.92 1.06 � 0.20 1.49 � 0.46 0.00005, 0.75 (
1.9)
5.4a F1 IMAC; F2,3 WCX 0.005, 0.20 (�2.4) 1.29 � 1.38 3.11 � 2.0 2.46 � 1.70 0.001, 0.32 (�1.9)
6.3b F1,3,6 IMAC 0.0007, 0.80 (
2) 1.99 � 1.21 0.99 � 0.42 0.73 � 0.08 0.0002, 0.82 (
2.7)
6.6 F1,5 WCX 0.006, 0.79 (
2.4) 2.56 � 0.98 1.06 � 0.97 0.48 � 0.05 0.0001, 0.83 (
5.3)
7.5b F1,3 WCX 0.0001, 0.86 (
6) 3.16 � 2.73 0.52 � 0.25 1.12 � 0.6 0.0003, 0.75 (
2.8)
7.8 F1,3 IMAC; F3,6 WCX 0.0004, 0.79 (3.4) 3.78 � 1.57 1.11 � 0.85 1.3 � 0.92 0.006, 0.76 (
2.9)
8.1 F1,2,3 IMAC; F3,4 WCX 0.0006, 0.83 (
5) 1.68 � 0.64 0.37 � 0.53 0.39 � 0.53 0.0001, 0.80 (
2.5)
9.3 F1 IMAC; F1 WCX 0.0006, 0.78 (
6) 8.37 � 3.69 1.38 � 2.38 0.46 � 0.58 0.00002, 0.80 (
18.1)
10.1 F4 IMAC; F1,4 WCX 0.0003, 0.80 (
5.1) 2.01 � 0.41 0.39 � 0.61 0.33 � 0.59 0.000000007, 0.88 (
6)
12.7 F1 IMAC 0.002, 0.79 (
3.3) 2.15 � 0.52 0.65 � 1.62 0.71 � 0.98 0.005, 0.79 (
3)
13.6 F1 IMAC; F4,5 WCX 0.0001, 0.82 (
5.8) 2.41 � 0.39 0.41 � 0.63 0.65 � 0.4 0.0001, 0.80 (
3.7)
15.2b F5 WCX 0.001, 0.84 (
9.6) 1.26 � 0.15 0.13 � 0.11 0.16 � 0.09 0.0009, 0.71 (
7.5)
16.3 F1,3 IMAC 0.002, 0.80 (
3.2) 1.08 � 021 0.33 � 0.41 0.38 � 0.67 0.004, 0.78 (
2.8)
24.7 F3,4 WCX 0.001, 0.79 (
5.9) 2.37 � 0.42 0.40 � 0.59 0.24 � 0.33 0.000006, 0.80 (
9.8)
28.1a F1,3,5 WCX 0.00005, 0.18 (�5.7) 0.69 � 0.24 3.97 � 0.48 3.12 � 0.31 0.004, 0.23 (�4.2)
28.9 F1 IMAC; F1 WCX 0.000001, 0.86 (
12.8) 2.45 � 0.39 0.19 � 0.41 0.22 � 0.30 0.00001, 0.82 (
11.1)
75.4 F6 IMAC 0.0003, 0.90 (
1.9) 0.09 � 0.03 0.04 � 0.02 0.05 � 0.02 0.00002, 0.80 (
1.7)

a Downregulated protein in CD-positive subjects.
b Upregulated protein in Guatemalan CD-positive children with abnormal EKG readings.
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concentrated (YM-30 Microcon units; Millipore, Bedford, MA) or purified by
reverse-phase chromatography (RPC Poly-Bio beads; Biosepra, Cergy, France).
Enriched fractions were purified in NuPAGE precast gels (Invitrogen Life Tech-
nologies, Carlsbad, CA), and colloidal blue-stained bands were excised (colloidal
blue staining kit; Invitrogen). For proteins of 	20 kDa, whole bands were
excised, proteins were extracted with 50% formic acid–25% acetonitrile–15%
isopropanol–10% water, and molecular masses of extracted proteins were con-
firmed by SELDI-TOF MS. Extracts were vacuum dried and digested in solution
with modified trypsin (Roche Applied Science, Indianapolis, IN). For proteins of
�20 kDa, concentrated/purified samples were loaded in duplicate lanes. One
lane was used for SELDI-TOF confirmation of molecular masses, and the second
was used for in-gel digestion. Tryptic digests were analyzed by tandem mass
spectrometry (Q-STAR XL; Applied Biosystems/MDS Sciex, Foster City, CA)
on a machine equipped with a PCI-1000 ProteinChip interface (Bio-Rad Labo-
ratories). First, spectra were collected from m/z 1,000 to m/z 3,000 Da in sin-
gle-MS mode. The most significant unique ions not previously identified as ions
of bovine trypsin and human keratins were selected for MS/MS analysis. The
collision-induced dissociation spectra were submitted to the database mining tool
Mascot (version 2.1.2; Matrix Science) and searched against the updated
SwissProt or NCBInr databases, using the following search parameters: trypsin,
allowing up to 2 missed cleavages (or semitrypsin if the trypsin search was not
successful); peptide tolerance of �50 ppm; MS/MS tolerance of �0.3 Da; and
peptide charge of 
1. Spectra were analyzed using databases of human protein
sequences as well as databases of protein sequences from all species, including T.
cruzi.

Immunoassay confirmation of biomarkers. The identities of several of the
most promising candidate CD biomarkers were confirmed by immunologic as-
says. Serum MIP1 alpha levels were measured by a commercial ELISA per-
formed according to the manufacturer’s instructions (R&D Systems, Minneap-
olis, MN). For C3a anaphylatoxin and apolipoprotein A1 (ApoA1) fragments,
bead-based immunoassays were performed. Briefly, protein A HyperD beads
were loaded with appropriate anti-C3a (clone H13; Chemicon International,
Temecula, CA) or rabbit anti-ApoA1 (Calbiochem) antibody or with control
antibodies. Beads were washed three times with phosphate-buffered saline (PBS)
to remove unbound proteins. Two to five microliters of the test serum samples,
diluted to 50 �l in PBS, was bound to the beads for 30 min at room temperature.
The beads were washed three times with PBS and once with water. Bound
proteins were eluted with 12 �l of 0.1 M acetic acid and analyzed by SELDI-TOF
MS, using NP20 or H50 ProteinChip arrays (Bio-Rad Laboratories). Resulting
spectra were aligned with the corresponding spectra from the profiling study by
use of Ciphergen ProteinChip software to determine whether or not (i) the

masses of immunoaffinity-captured proteins matched the masses of the selected
biomarkers and (ii) the relative abundances of biomarkers in serum samples
observed in the profiling study were reproduced by bead-based immunoassay.

Cloning and expression of fibronectin fragment. The C-terminally truncated
fibronectin sequence (CttFbn) was amplified using cDNA produced from cul-
tured HepG2 cells (ATCC HB-8065; ATCC, Bethesda, MD). cDNA was syn-
thesized using SuperScript III reverse transcriptase (Invitrogen) and PCR am-
plified using Taq DNA polymerase and the following primers: forward, 5�-CCG
GAATTCCACCATCATCATCATCATCAGGCTCAGCAAATGGTTCAG-
3�; and reverse, 5�-CGCGGATCCTCAAACATCGGTGAAGGGGCCAGAT
C-3�. PCR was performed under the following conditions: denaturation for 3 min
at 94°C and 35 cycles of 45 s at 94°C, 30 s at 55 to 65°C, and 1 min at 68°C. The
purified PCR product was cloned into YEpFLAG-1 (Sigma, St. Louis, MO),
expressed in Saccharomyces cerevisiae BJ3505 cells, and purified using anti-
FLAG M2 affinity gel (Sigma) as recommended by the manufacturer.

Antibody against fibronectin fragment and Western blotting. Antipeptide
antibodies were generated against the predicted neo-termini of two ApoA1
fragments (TEHLSTLSEKAKPALEDL and AELQEGARQKLHELQEKL
[data not shown]) as well as against the CttFbn fragment. Briefly, peptide RH
TSVQTTSSGSGPFTDV, corresponding to amino acids 241 to 258 of mature
human fibronectin, was synthesized by BioSynthesis Inc. (Lewisville, TX): this
peptide represents the 18 amino acids at the predicted carboxyl end of the
fibronectin fragment. A polyclonal rabbit antiserum against the synthetic peptide
was generated by Cocalico Biologicals (Reamstown, PA).

Western blot analysis. CD and control sera were separated in 4 to 12% Novex
NuPAGE Bis-Tris gradient gels (Invitrogen) under reducing conditions. Sepa-
rated proteins were transferred to nitrocellulose membranes. Nonspecific sites
were blocked with 5% skim milk in 0.05% PBST (0.05% Tween 20 in PBS) for
1 h at room temperature. Membranes were incubated with rabbit anti-CttFbn
antibodies at a 1:500 dilution, followed by incubation with HRP-conjugated
anti-rabbit IgG at a 1:100,000 dilution (Amersham Biosciences Co., Piscataway,
NJ). The membranes were incubated in SuperSignal West Pico detection solu-
tion (Pierce, Rockford, IL) and exposed to X-ray film.

RESULTS

The 435 sera studied yielded a total of 20,880 spectra (6
fractions in duplicate � 2 ProteinChip chemistries � 2 laser
intensities). Eighteen classifiers with significant intensity dif-

TABLE 3. Characteristics of selected differentially expressed serum biomarkersc

m/z (kDa) Mean intensity
(cutoff)

No. of positive samples

% Sensitivity

% Specificity
vs VHC,

CHC, and
OPD groups

% Specificity
vs VHC and
CHC groups

% Specificity
vs OPD
group

CD
(n � 131)

VHC
(n � 104)

CHC
(n � 60)

OPD
(n � 140)

3.7 1.65 126 2 2 4 96.9 97.4 97.6 97.1
4.4 2.87 125 3 0 4 95.4 97.7 97.6 97.1
5.4a 1.29 9 101 60 135 93.2 97.4 98.2 96.4
6.3b 1.75 13 1 0 2 9.9 99.0 99.4 98.6
6.6 2.23 126 1 1 5 96.1 97.7 98.8 96.4
7.5b 2.96 11 1 1 1 8.4 99.0 98.8 99.3
7.8 3.67 128 6 2 38 97.7 84.9 95.1 72.8
8.1 1.21 129 3 2 10 98.4 95.0 96.9 92.8
9.3 4.1 129 4 2 6 98.5 96.0 96.3 95.7
10.1 1.74 129 4 2 6 98.5 96.0 96.3 95.7
12.7 1.97 128 2 0 2 97.7 98.7 98.8 98.6
13.6 2.05 111 10 2 16 84.7 90.8 92.7 88.6
15.2b 1.26 14 1 1 1 10.7 99.0 98.8 99.3
16.3 1.06 126 2 2 6 96.2 96.7 97.6 95.7
24.7 1.83 124 10 1 3 94.6 95.4 93.3 97.8
28.1a 2.89 7 104 60 136 94.6 98.7 98.8 97.1
28.9 1.98 125 2 0 2 95.4 98.7 98.8 98.6
75.4 0.89 125 4 2 6 95.4 96.0 96.3 95.7

a Downregulated protein in CD-positive subjects.
b Upregulated protein in Guatemalan CD-positive children with abnormal EKG readings.
c Sera were obtained from CD-positive subjects (CD), including all Guatemalan children (with normal and abnormal EKGs) and Venezuelan adults identified in

blood donor clinics, from Venezuelan healthy control blood donors (VHC), from Canadian healthy controls (CHC), and from control patients infected with other
parasites (OPD).
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ferences between CD and control populations were identified
using Biomarker Wizard software (P values of 	10�3 to 10�9)
(Table 2). Several of these individual biomarkers achieved
good sensitivity (84.7 to 98.5%) and specificity (84.9 to 99.0%
specificity versus all controls [VHC, CHC, and OPD groups
combined], 92.7 to 99.4% specificity versus all healthy control
sera [VHC and CHC groups combined], and 72.8 to 99.3%
specificity versus sera from other parasitic diseases) (Table 3).
To select biomarkers with the greatest discriminatory power,
biomarker pattern software was used to generate random
training and test data sets and candidate decision trees. This
iterative process yielded a total of 45 diagnostic algorithms that

were subjected to cross-validation. The six peaks that served as
the main “splitters” for each training set (i.e., those with the
highest individual predictive rates) were chosen, and a candi-
date algorithm was built using these peaks alone and evaluated
with the validation set. A total of 174 samples (52 CD and 122
control samples) were randomly selected for the training
phase. The validity and accuracy of each classification algo-
rithm were then challenged with 261 randomly chosen samples
(79 CD and 182 control samples) that constituted the valida-
tion set. Diagnostic algorithms that included 2 to 5 of the
individual biomarkers generally yielded progressively better
sensitivity (86 to 100%) and specificity (76 to 98%). An exam-
ple of a 5-node decision tree that achieved 98% sensitivity and
100% specificity is presented in Fig. 1, using biomarkers of m/z
8.1, 9.3, 13.6, 24.7, and 28.9 kDa. In effect, each of these
algorithms represents a candidate SELDI-based assay for CD
(i.e., platform-dependent assay). Six of the most discriminatory
biomarkers (8.1, 9.3, 10.1, 13.6, 24.7, and 28.9 kDa) appeared
in more than half of the algorithms and differed markedly in
intensity between CD-positive subjects and controls (e.g.,
range of fold differences for CD subjects versus controls [VHC
and CHC] or OPD sera of 2.5 to 18.1). The AUCs of the ROC
curves for several of these individual biomarkers exceeded 0.80
(Table 2). Potential sample bias was reviewed for each of the
differentially expressed biomarkers listed in Tables 2 and 3, but
there were no significant differences in the sex or age distribu-
tions or in the signal intensities between the groups.

All six of these highly discriminatory biomarkers were of
host origin (Table 4) and included (i) a C-terminal truncation
of C3a desArg (8.1 kDa; also evident as a doubly charged ion
at m/z 4.4 kDa and a dimer at m/z 16.3 kDa), (ii) three N-
terminally truncated forms of apolipoprotein A1 (9.3 kDa, 10.1
kDa, and 13.6 kDa), (iii) a C-terminally truncated form of
apolipoprotein A1 (24.7 kDa), and (iv) a C-terminal truncation
of fibronectin (28.9 kDa). The predicted identities and masses
of the tryptic fragments of these 6 biomarkers are presented in
Table 3. The identities of several of these biomarkers were
verified by either commercial ELISA (e.g., MIP1 alpha) or
immunobead capture (9.3-, 10.1-, and 13.6-kDa ApoA1 frag-
ments and 8.1-kDa fragment of C3a desArg). Representative data
for the 9.3-kDa ApoA1 fragment are presented in Fig. 2 (other
data not shown). No biomarkers of parasite origin were identified.
One of the biomarkers downregulated in CD subjects (versus
CHC, VHC, and OPD groups) was identified as full-length
ApoA1 (28.1 kDa) (P 	 00005) (Table 2). Very few of the CD-
positive subjects had a strong 28.1-kDa ApoA1 peak (7/131 sam-

FIG. 1. Biomarker pattern software based on CART analysis was
used to generate candidate diagnostic algorithms. The CART proce-
dure seeks to minimize a cost function that balances prediction errors
in either sense (e.g., false-positive or false-negative results) and the
total number of biomarkers used. Equal weight is given to false-posi-
tive and false-negative results. The relative importance of each peak in
any given algorithm is measured by the order in which it is selected in
the decision tree and the number of correct predictions credited to it.
An example of decision tree classification in the training data set, using
CD and control (C) (VHC, CHC, and OPD) samples, is shown. The
numbers in the root node (top box), the descendant nodes (lower
boxes), and the terminal nodes (ovals) represent the biomarker peak
mass (M [kDa]), the peak intensity criterion (I), and the class (CD and
C), respectively. In this algorithm, the intensities of the 8.1-, 9.3-, 13.6-,
24.7-, and 28.9-kDa biomarkers establish the splitting rules. Cases that
follow the rule are placed in the left daughter node (yes), and samples
that do not follow the rule go to the right (no) daughter. For example,
the first splitting-rule question asks the following: “Does the peak at
13.6 kDa have an intensity of �2.05?”

TABLE 4. Sample identification of selected candidate biomarkers

m/z value
(/1,000) Protein identity Positions

No. of ions sequenced
(% sequence

coveragea)

Predicted mass
(Da)

Predicted
pI

8.1 C-terminal truncation of C3a anaphylatoxin desArg (Ctt-C3a) 1–68 4 (50) 8,126.52 9.38
9.3 N-terminal truncation of apolipoprotein A1 (Ntt-ApoA1a) 161–243 8 (84) 9,306.59 6.77
10.1 N-terminal truncation of apolipoprotein A1 (Ntt-ApoA1b) 154–243 8 (78) 10,069.46 7.15
13.6 N-terminal truncation of apolipoprotein A1 (Ntt-ApoA1c) 124–243 6 (54) 13,570.40 6.6
24.7 C-terminal truncation of apolipoprotein A1 (Ctt-ApoA1) 1–214 7 (36) 24,756.76 5.15
28.9 C-terminal truncation of fibronectin (Ctt-Fbn) 1–258 7 (43) 28,730.95 7.49

a Percentage of predicted tryptic peptides sequenced by tandem mass spectrometry.
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ples [5%]), whereas 300/304 control samples (98.7%) had a peak
intensity of �2.89 (Table 3).

Although SELDI platform-dependent assays could eventu-
ally have clinical utility, we sought to exploit the unanticipated
discovery of abnormally truncated host proteins to develop a
diagnostic assay that does not rely on this platform. By West-
ern blotting, rabbit antipeptide sera against the C-terminal
sequence of the 28.9-kDa Fbn (Fig. 3A and B) fragment de-
tected multiple Fbn fragments in both CD and healthy control
sera (25, 40, and 45 kDa), but the 28.9-kDa SELDI biomarker
was predominantly observed in CD sera (arrows in Fig. 4A and
B). The 28.9-kDa Fbn fragment was not detected in any of the
140 OPD sera tested (Fig. 4C). Although the sensitivity (78%)
and specificity (90%) of this initial candidate “second-genera-
tion” assay were modest, these data nonetheless provide proof
of principle that MS platform-independent assays can also be
generated using a biomarker approach. The antipeptide rabbit
polyclonal antibodies directed against either the 24.7-kDa C-
terminal fragment or the 13.6-kDa N-terminal fragment of
ApoA1 confirmed the presence of these protein fragments in
sera of CD subjects but were not as specific as the anti-Fbn
antiserum in Western blots (data not shown).

Three of the highly specific CD biomarkers (6.3, 7.5, and
15.2 kDa) were discovered only through analysis of the Gua-

temalan sera and were found only in subjects with EKG
changes. These three biomarkers had poor sensitivities overall
among all CD sera (9.9, 8.4, and 10.7%, respectively) but were
very specific for CD complicated by silent cardiac involvement
(ROC values in the range of 0.80 to 0.86 versus HC or OPD
groups assumed to be free of cardiac disease; range of P values,
	2 � 10�5 to 10�6). These biomarkers were present in 4 to
6.6% of the CD-positive samples from the asymptomatic Ven-
ezuelan blood donors (data not shown) but in very few of the
304 healthy and OPD control samples (�1%). These biomark-
ers have not yet been identified but may be associated with the
early cardiac complications of CD.

DISCUSSION

There is no gold standard assay for CD, but tests in current
use include ELISAs, IFA, PCR, and even xenodiagnosis. Bet-
ter tests are needed to protect transfusion and transplant re-
cipients worldwide and to address the needs of frontline phy-
sicians in regions where CD is endemic. Our study provides the
first evidence that discrete biomarker peaks (m/z values) can
be combined in MS platform-based diagnostic algorithms to
achieve high sensitivity and specificity for CD. We further
demonstrate that knowledge of such biomarkers can be used to

FIG. 2. SELDI-TOF MS identification of the 9.3-kDa candidate biomarker. (A) Representative spectral view of IMAC spectra of the Chagas’
disease sera and the parasite controls (Toxoplasma, African sleeping sickness, Babesia, Leishmania, and malaria). The 9.3-kDa protein, detected
in Chagas’ disease but not other diseases, is shown. (B) The 9.3-kDa protein was purified from serum samples by anion-exchange chromatography
followed by reverse-phase chromatography and, finally, 16% Tricine SDS-PAGE. Coomassie blue-stained bands were extracted and reprofiled on
NP20 arrays. A band corresponding to the 9.3-kDa protein was digested in solution with trypsin, and the digest was analyzed by tandem mass
spectrometry. Eight peptides were identified as components of a C-terminal fragment of ApoA1. (C) Amino acid sequence of human ApoA1. The
amino acid sequence encompassed by the peptides identified by tandem mass spectrometry is highlighted in bold. The calculated molecular mass
for the highlighted sequence is 9,306.59 Da. (D) Immunocapture of C-terminal fragments from serum samples, using rabbit polyclonal antibody
against ApoA1.
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generate novel diagnostic reagents for use in standard assay
formats. Antibodies directed against one of the candidate bio-
markers identified, a 28.9-kDa fibronectin fragment, proved to
be highly specific for CD in Western blots.

WHO and Pan American Health Organization (PAHO)
guidelines promote the use of serologic screening in countries
where CD is endemic to limit the risk of transfusion-associated
disease (6). However, several groups have reported PCR-pos-
itive and even microscopy-positive results for seronegative pa-
tients (40, 52). Indeed, 100% concordance between multiple
serologic assays is rarely achieved (6). Discordant results may
arise due to technical issues or as a result of the complex
host-parasite interaction in CD. It is therefore promising that
specific biomarker peaks (m/z values) could be combined in
algorithms to achieve a sensitivity of �98% and a specificity of
�94%. These findings were reproducible using three different
PBS IIc machines in three geographic locations and at different
times (data not shown). Although sera from subjects with non-
parasitic infections or inflammatory/neoplastic conditions were
not included in the current study, at least two of our candidate
biomarkers that might logically occur in such illnesses (MIP1
alpha and C3) were not found in the OPD group, which in-
cluded cases of symptomatic falciparum malaria and babesio-
sis. Furthermore, these biomarkers have not been reported (by
m/z score, at least) in published biomarker studies of African
trypanosomiasis (37) or bacterial endocarditis (19). However, a
conceptually similar approach based on proinflammatory cyto-
kine profiles (including MIP1 alpha) has been suggested for
the early diagnosis of various cancers (27, 30).

The sera used in our study were fractionated without prior
depletion of the most abundant serum proteins. Since several
of the most useful biomarkers proved to be fragments of these
abundant proteins, this strategy was clearly justified. However,
high-abundance proteins can mask the presence of lower-
abundance proteins of either host or parasite origin in MS

studies. The identification of one or more parasite-derived
serum biomarkers would greatly enhance the specificity of any
candidate MS, pattern-based assay, even if the absolute con-
tribution to sensitivity was limited. Studies are ongoing to de-
plete abundant proteins (14) in pursuit of parasite-origin bio-
markers. However, the expectation of a relatively low parasite
burden in chronic CD and the rapid antibody-mediated clear-
ance of parasite proteins (47) will likely complicate this effort.

The discovery of unusually truncated host proteins as valu-
able biomarkers of CD was unanticipated. Given the complex-
ities of the host-parasite interaction in CD, there are several
plausible mechanisms for the generation of these host protein
fragments. These include specific cleavage or bystander me-
tabolism by parasite-encoded proteases (e.g., cruzipain) (5) or
unusual cleavage by host proteases (e.g., matrix metallopro-
teinase) at the host-parasite interface (i.e., the result of host
defenses or pathology) (18). Several lines of evidence suggest
that T. cruzi may specifically target some of the host proteins
implicated as biomarkers in our study. For example, Fbn is a
multifunctional glycoprotein found in the extracellular matrix
(ECM), in connective tissue, on cell surfaces, and in plasma
and other body fluids. As a prerequisite for host cell invasion,
T. cruzi infective forms must cross the basement membrane
and ECM barriers (29). Calvet et al. have shown that the RGD
sequence of Fbn is an important adhesive molecule for T. cruzi
surface receptors in cardiomyocytes (9). It has been proposed
that either soluble or fixed Fbn could act as a bridge between
the parasite and the cell (36).

We also identified full-length C3a and several C3 derivatives
(e.g., dimeric C3 and C3a desArg) as useful serum biomarkers
for CD. The human complement system provides broad-spec-
trum protection against invading microorganisms, including
parasites. Of the 25 known soluble complement proteins, C3 is
the most abundant in serum (1.2 g/liter), supporting all 3 path-
ways of complement activation (39). Once activated by mole-

FIG. 3. SELDI-TOF MS identification of 28.9-kDa candidate biomarker. (A) The 28.9-kDa protein was enriched from serum samples by
anion-exchange chromatography (flowthrough) and protein A chromatography (flowthrough), concentrated/desalted using YM30 filtration, and
finally purified by 12% Bis-Tris SDS-PAGE. Coomassie blue-stained bands were extracted and reprofiled on NP20 arrays. A band corresponding
to the 28.9-kDa protein was digested in solution with trypsin, and the digest was analyzed by tandem mass spectrometry. Seven peptides were
identified as components of the N-terminal fragment of fibronectin. (B) Sequence of the first 300 amino acids of human fibronectin. The full-length
sequence of fibronectin, consisting of 2,355 amino acids, is not shown. The fragments identified by MS/MS are highlighted in bold. Importantly,
one fragment with m/z 1,707.78 Da had a nontryptic cut at the C terminus, indicating that this was the C-terminal end of the 28.9-kDa protein.
The position of the peptide used to generate the rabbit antiserum is underlined. The calculated molecular mass of the sequence from the N
terminus to Val258, with the N-terminal Gln modified to pyrrolidone carboxylic acid and with nine disulfide bonds, is 28,931 Da. The putative
C-terminal Val258 is bold and underlined.
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cules on the surfaces of microorganisms or nonself signals,
native C3 (185 kDa) is cleaved into C3b (176 kDa) and C3a (9
kDa). C3a is typically short lived in serum and is cleaved
immediately to form the more stable C3a desArg (8.9 kDa) by
carboxypeptidases. As a result, it was not particularly surpris-
ing that C3 and C3a desArg were included among our candi-
date biomarkers for CD. However, the relative specificity of
these observations for CD (e.g., versus OPD) and the presence
of the unusually truncated form of C3a desArg (8.1 kDa) are
both intriguing observations (Tables 2 and 3).

ApoA1 was among the most powerful candidate biomarkers
for CD that we identified. In addition to the discovery of
several distinct C- and N-terminally truncated fragments as
useful positive biomarkers, we also identified full-length
ApoA1 (28.1 kDa) as an important negative biomarker for CD.
Relatively little full-length ApoA1 was detected in CD sera
compared to that in VHC, CHC, and OPD controls (Tables 2

and 3). ApoA1 is the major structural and functional protein
component of high-density lipoprotein (HDL), where it serves
as a cofactor for esterification (15) of plasma cholesterol. In-
teraction between T. cruzi and ApoA1 could occur at several
levels. The possibility that HDL serves some nutritional need
of the parasite is supported by the observations that epimas-
tigote growth can be slowed significantly in vitro by lipid de-
pletion (M. Ndao and B. J. Ward, unpublished observations)
and that the transition of T. cruzi trypomastigotes to amasti-
gotes is accompanied by a shift from carbohydrate- to lipid-
dependent energy metabolism (2). Furthermore, we recently
demonstrated that exposure of human HDL to cruzipain dur-
ing in vitro and in vivo infections of mice with T. cruzi can
generate several of the same truncated ApoA1 fragments that
we have identified as candidate biomarkers (data not shown).
Human adipocytes may serve as tissue reservoirs for this par-
asite (13), and it is interesting that a human apolipoprotein

FIG. 4. Western blot analysis of sera from patients with CD or other parasitic diseases, probed with anti-CttFbn peptide sera. (A) Analysis of
28 CD-negative control sera shows that the C-terminally truncated fragment of Fbn (28.9 kDa) was detected in only 3/28 sera (11%). (B) Analysis
of 28 CD-positive sera shows that the 28.9-kDa band was detected in 22/28 sera (79%). Fbn, control recombinant Fbn fragment; CD
, pool of
8 positive Chagasic sera; CD�, pooled Canadian negative sera. Lanes in which the 28.9-kDa band was present are marked by asterisks. (C) Analysis
of pools of sera from patients with fasciolosis (F), schistosomiasis (S), malaria (M), leishmaniasis (L), African trypanosomiasis (A), or Chagas’
disease (CD
) or from Canadian negative controls (CD�). The antipeptide serum detected a band near 28.9 kDa only in the CD
 serum pool.
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subset (ApoL1) has a specific lytic effect on some African
trypanosomes (3). Relatively little is known about lipid ho-
meostasis in subjects infected with CD. However, the report by
Cano et al. (10) that serum ApoA1 levels are low in asymp-
tomatic CD patients is certainly consistent with our data. The
known cardioprotective effects of HDL/ApoA1 (31) and the
fact that the majority of subjects who succumb to CD die from
cardiac causes (17, 28) lend some urgency to further studies of
the interaction between T. cruzi and HDL. Whether or not the
3 biomarkers we identified in young CD subjects with EKG
changes prove to be prognostically useful will be resolved by
ongoing studies of samples from both CD and non-CD subjects
with defined cardiac conditions.

Many biomarker discovery programs have foundered on the
shoals of biological and clinical relevance. Programs exclu-
sively based on the SELDI-TOF platform, in particular, have
struggled with the issues of sensitivity and reproducibility (50).
Although our discovery program for parasitic diseases begins
with SELDI-TOF, we have been conservative in our interpre-
tation of the protein profiling data and have taken a cautious,
stepwise approach to the identification and validation of can-
didate biomarkers. After demonstrating reproducibility on sev-
eral machines at different times and in different geographic
locations, we used a range of immunologic techniques to validate
the most important putative biomarkers. We also generated
antipeptide polyclonal sera against the predicted neo-termini of
several of the truncated host proteins and demonstrated the pres-
ence of the targeted protein fragments by Western blotting. Ef-
forts are now under way to generate monoclonal reagents that will
discriminate between the full-length and truncated host proteins
for use in traditional immunoassay formats (e.g., solid- and liquid-
phase enzyme immunoassays [EIAs], Western blotting).

Our data provide proof of principle that both MS platform-
dependent and platform-independent biomarker-based assays
can be useful for subjects with latent CD. Rather than replac-
ing antibody- and nucleic acid-based testing, it seems more
likely that MS-based or MS-derived assays will provide com-
plementary information (e.g., confirmatory testing, tests for
cure or prognosis). This approach may also give unique in-
sights into the complex and prolonged host-parasite interac-
tion that characterizes Chagas’ disease.
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