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Trypanosoma cruzi, a kinetoplastid protozoan, is the causative 
agent of Chagas disease.4,11 In humans, initial infection with 
T. cruzi results in an acute-phase peripheral parasitemia that 
presents with nonspecific clinical signs, which are followed by 
a symptom-free indeterminate period. This symptomless period 
marks the chronic phase of the disease, during which the para-
site persists indefinitely within host cells by evading the immune 
system. A subset of infected patients develops chronic disease, 
which is characterized by cardiac, gastrointestinal, or nervous 
system involvement.15 Like humans, dogs and nonhuman pri-
mates also manifest the cardiac form of the disease, developing 
progressive inflammation leading to myocarditis and fibrosis 
and dysfunction of the cardiac autonomic ganglia.1,7,9,12,19

The epimastigote stages of T. cruzi are carried in the guts 
of hematophagous triatomids, with transmission to mam-
malian hosts occurring when bite sites or mucous membranes 
are contaminated by metacyclic trypomastigotes in the insect 
feces.4,19 In addition, transfusion–transplantation-related and 
transplacental congenital infections can occur and are important 
nonvector routes of transmission.4,17,23,32 Oral transmission due 
to ingestion of food contaminated with vector feces and urine 
or paracloacal secretions of infected marsupials is gaining im-
portance in various regions of South America.22,29

Chagas disease is a serious public health concern in many 
areas of Latin America and Mexico. Although vector-transmitted 

human cases are rare in the United States, T. cruzi is endemic in 
south Texas because an autochthonous domestic and peridomes-
tic cycle exists due to abundant triatomid vector population and 
vertebrate reservoirs like woodrats, raccoons, and opossums.21 
This ecologic risk can predispose nonhuman primates housed 
in outdoor or semioutdoor facilities to infection from bites or 
ingestion of vector, with the associated cardiac sequelae. There 
have been reports of heart disease consistent with Chagas myo-
carditis and cardiomyopathy in Old World species housed in 
outdoor enclosures at primate centers in the southern United 
States or experimentally infected with T. cruzi.1,8,9,31 Our initial 
screening of cynomolgus macaques held at vendor colonies 
in south Texas by using T. cruzi IgG ELISA and real-time PCR 
of peripheral blood disclosed a combined prevalence of 8.5%. 
Coupled with the lack of a confirmation assay for routine 
colony screening and difficulty in microscopic identification 
of tissue stages of the parasite in cardiac inflammatory lesions, 
this prevalence may lead to the incorrect attribution of such 
findings to the drug molecule in pharmaceutical development 
preclinical safety studies. On the same note, the potential to in-
duce cardiac arrhythmia subsequent to autonomic dysfunction 
in safety pharmacology studies, polyclonal immune stimula-
tion by parasitic antigens to interfere with immunotoxicologic 
assays, parasite reactivation to cause myocarditis and encepha-
litis in immunomodulatory–immunosuppression studies, and  
the concern for transplacental infection of fetus to compromise 
pre- and postnatal developmental safety studies can adversely 
affect drug candidate selection and decisions regarding late-
stage (phases 2 and 3) development. In light of this effect on 
scientific endpoints and study outcomes, we sought to character-
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AP Immunohistochemistry Protocol (Ventana Medical Systems, 
Tucson, AZ). T-cytotoxic cells were stained by using Novocas-
tra CD8 antibody (diluted 1:50; clone1A5, Leica Biosystems); 
bound antibody was visualized by using heat-induced epitope 
retrieval with EDTA in a Decloaking Chamber (Biocare Medical, 
Concord, CA). Macrophages were stained by using Novocastra 
antibody CD68 (diluted 1:250; clone KP1, Leica Biosystems), fol-
lowed by heat-induced epitope retrieval with Citra (BioGenex, 
Fremont, CA) to localize the CD68 antibody. Bound antiCD8 
and antiCD68 were detected by using intelliPATH FLX (Biocare 
Medical) and Envision+ Mouse HRP (Dako, Carpinteria, CA). 
All slides were counterstained by using Mayer hematoxylin 
(Dako). Appropriate positive controls for the antibodies used 
were run concurrently with test samples and showed appropri-
ate immunostaining. Negative-control sections were processed 
without the primary antibody.

Absolute quantitative real-time PCR assay. DNA was extracted 
from EDTA-treated whole blood by using the Generation 
Capture Column Kit (Qiagen, Valencia, CA) according to the 
manufacturer’s protocol and was amplified in a model 7300 
Real-Time PCR System (Applied Biosystems, Foster City, CA). 
Plasmid standards containing T. cruzi nuclear satellite DNA 
and an endogenous reference gene (GAPDH) were synthesized 
(GenScript, Piscataway, NJ) and included in each 96-well plate 
run. The DNA template (500 ng per reaction) was added to 
TaqMan Gene Expression Master Mix (Applied Biosystems) 
containing T. cruzi- and GAPDH-specific primers and probes in 
each PCR reaction according to standard protocol (VRL Labora-
tories, San Antonio, TX). This PCR assay specifically amplified 
T. cruzi nuclear repetitive satellite sequences and did not detect 
nonpathogenic T. rangeli. The copy number of the T. cruzi target 
gene or GAPDH in the samples was calculated according to a 
standard curve method using the plasmid standards. GAPDH 
values were used to normalize T. cruzi copy numbers to estimate 
circulating parasite loads, which are expressed as the ratio of 
log10 (T. cruzi copy number) / log10 (GAPDH copy number).

Trypanosoma spp. minicircle PCR assay. DNA was extracted 
from EDTA-treated whole blood by using the Generation 
Capture Column Kit (Qiagen) according to the manufacturer’s 
protocol. DNA from formalin-fixed, paraffin-embedded tissue 
samples was extracted by using the PureLink Genomic DNA kit 
(Invitrogen, Carlsbad, CA) according to the manufacturer’s pro-
tocol, except that Histochoice Clearing Agent (Sigma Aldrich, 
St Louis, MO) was substituted for Citrisolve (Fisher Scientific, 
Fair Lawn, NJ) to dissolve paraffin. To distinguish between T. 
cruzi and nonpathogenic T. rangeli, primers S35 and S36 were 
used to differentially amplify T. cruzi and T. rangeli kinetoplast 
DNA minicircles30 in a model 2720 thermocycler (Applied Bio-
systems). PCR products were electrophoretically separated in a 
gel containing 1.5% UltraPure Agarose (Invitrogen) and stained 
with ethidium bromide (Invitrogen). A sample containing T. 
cruzi DNA is expected to yield a 300- to 330-bp DNA band, 
and T. rangeli is expected to yield a 760-bp DNA band as well 
as several other bands varying from 300 to 450 bp.

Chagas IgG and IgM ELISA. Whole-organism lysates of T. cruzi 
(epimastigote antigens) were used to coat 96-well ELISA plates, 
which then were blocked with 1% BSA (KPL, Gaithersburg, 
MD). Serum samples were prediluted to 1:26 in 1% BSA for 
use in Chagas IgG ELISA; serum samples were pretreated with 
GullSorb (Meridian Bioscience, Cincinnati, OH) and brought to a 
final dilution of 1:200 for Chagas IgM ELISA use. Diluted serum 
samples were transferred to the ELISA plates and incubated 
at room temperature for 30 min. After the wells were washed, 
antihuman IgG or antihuman IgM peroxidase-labeled conjugate 

ize concordance between serology and peripheral blood parasite 
load by using T. cruzi IgG and IgM ELISA and TaqMan-based 
real-time PCR assay to validate a prestudy screening strategy. 
Using an ELISA method, we studied total circulating IgG levels 
as a marker of parasite-antigen–induced polyclonal B-cell activa-
tion, which is linked to the production of polyantigen-reactive 
autoantibodies.5,18 We also assessed circulating autoantibody 
titer against cardiac troponin I in T. cruzi-positive and -nega-
tive cynomolgus macaques to shed light on parasite-induced 
autoimmunity and its role in cardiac pathology. Such autoan-
tibodies could also interfere with many preclinical endpoint 
assays, like serum troponin I measurement for cardiac safety. 
Using immunohistochemistry, we characterized the inflamma-
tory infiltrate in cardiac lesions in T. cruzi-positive macaques 
and showed that although they lacked identifiable tissue stages 
of the parasite, these tissue sections contain detectable levels of 
trypanosomatid nuclear and kinetoplastid DNA.

Materials and Methods
Animals. Purpose-bred Mauritian-sourced cynomolgus 

macaques (Macaca fascicularis) were housed at an AAALAC-
accredited contract holding facility in Alice, TX. Animals used 
in this study are SPF for B virus (Macacine herpesvirus 1), sim-
ian T-lymphotropic virus 1, SIV, and simian retrovirus type D 
(serogroups 1 through 5) and are periodically tested and found 
to be negative for tuberculosis. The blood-collection procedures 
were performed in conformance with IACUC protocols and 
standards. Macaques were 5 to 6 y old and were housed exclu-
sively indoors during the quarantine period and subsequently 
transferred to indoor–outdoor runs that held 10 to 15 animals 
each. Macaques were housed in indoor–outdoor enclosures 
(potential risk factor for acquiring T. cruzi infection) for 22 
to 31 mo (average, 28 mo). For this study (August 2012), 84 
animals were bled for serum and whole blood. In addition, all 
84 macaques had been tested at least twice by PCR and ELISA 
between 1 and 4 mo prior to the study sampling date as part of 
colony-wide screening, the results of which were used to select 
animals for the current study.

Histopathologic studies in Mauritian-sourced cynomolgus 
macaques that originated from suppliers that housed animals in 
indoor–outdoor runs or outdoor enclosures exclusively in south 
Texas were conducted at an AAALAC-accredited facility and 
IACUC-approved. Cardiac tissue from 8 macaques identified 
as T. cruzi-positive according to PCR and ELISA screening were 
used for histologic, tissue PCR, and immunohistochemistry 
studies.

Histology. Formalin-fixed whole hearts were processed 
for histopathologic evaluation. Sections of the right and 
left atria and ventricles and basal and apical portions of the 
interventricular septum were trimmed for further process-
ing. Paraffin-embedded tissue was processed for slides and 
underwent routine hematoxylin and eosin staining and immu-
nohistochemistry. The slides were evaluated by board-certified 
veterinary pathologists.

Immunohistochemistry. Paraffin-embedded formalin-fixed 
heart sections were stained for B cells, T-helper and T-cytotoxic 
cells, and macrophages by using the following antibodies and 
protocols. B cells were incubated with CD20 Bond Ready-To-Use 
Primary antibody (proprietary dilution; clone MJ1, Leica Bio-
systems, Richmond, IL) by using the Leica Bond III automated 
stainer and the Refine Polymer Kit (Leica Biosystems). T-helper 
cells were stained by using Novocastra antiCD4 (diluted 1:50; 
clone 1F6, Leica Biosystems). Immunohistochemical localization 
for CD4 was done by using the Discovery XT UltraMap antiMS 
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current (August 2012) testing, indicating an incidence rate of 
9% for this time period. Of the 43 samples previously identified 
as positive by IgG ELISA, 10 (23%) were deemed negative by 
real-time PCR. Despite this incongruity, there was a statistically 
significant (Fisher exact test, P < 0.001) association between 
real-time PCR and IgG ELISA results. When the real-time PCR 
results were compared with screening (PCR and ELISA) data 
that had been obtained from the same group of animals approxi-
mately 2 to 3 mo prior to the current sampling (data not shown),  
3 macaques deemed negative continued to remain so, but  
7 macaques previously deemed positive had turned negative. 
This pattern could suggest either intermittent parasitemia or a 
circulating parasite load falling below the threshold for detec-
tion. Because T. cruzi causes life-long infection of tissues, we do 
not believe that these cases represent clearance of parasite.

We identified a statistically significant negative correlation  
(r = −0.49; P = 0.002) between circulating parasite load and antiT. 
cruzi IgG titer (Figure 1). This analysis also identified a strong 
association between high antiT. cruzi IgG titer and negative 
real-time PCR results.

To better characterize the serologic response and correlation 
to circulating parasite levels, we modified the IgG ELISA proce-
dure to detect serum antiT. cruzi IgM levels in this population. 
We used the macaques that were negative by real-time PCR and 
IgG ELISA to establish cut-off levels for the IgM assay. Applying 
this assay separately to the groups positive by real-time PCR 
and IgG ELISA (Tables 2 and 3) failed to reveal any significant 
association (Fisher exact test P = 0.08; Fisher exact test P = 0.36).

Because the real-time PCR for nuclear minisatellite DNA is 
specific for T. cruzi, we used a generic PCR assay for detecting 
kinetoplast minicircle sequences on whole-blood DNA extracts 
from pooled samples of 4 or 5 individual macaques per PCR 
tube to identify the presence of nonpathogenic trypanosomes, 
such as T. rangeli. When the minicircle DNA primers are used, 
samples containing T. cruzi DNA are expected to yield a 
330-bp DNA band, whereas T. rangeli is expected to yield a 
760-bp DNA band along with several other bands varying from 
300 to 450 bp. All of the 7 pooled samples yielded amplicons 
at 300 or 330 bp and are therefore infected only with T. cruzi; 
none of the samples yielded amplicons at 760 bp (Figure 2). The 
low-intensity bands at 500 bp in some samples were sequenced 
and identified as nonspecific amplification from macaque host 
DNA genome (data not shown).

T. cruzi-induced myocarditis. Given the propensity for 
T. cruzi to induce myocarditis and cardiomyopathy, 8 macaques 
identified positive by T. cruzi IgG ELISA (all 8 macaques) or real-
time PCR (5 of the 8) were evaluated histopathologically for the 
presence of cardiac lesions; 2 animals were normal whereas the 
remaining 6 had mild to moderate multifocal areas of inflam-
matory infiltrates that were composed mainly of mononuclear 
cells with fewer neutrophils and was associated with few 
degenerate and necrotic myocardiocytes (Figure 3 A and B). 
On immunohistochemistry, the mononuclear cells were pre-
dominantly CD8- and CD68-positive with fewer CD4-positive 
lymphocytes (Figure 3 D through F), indicating an inflamma-
tory phenomenon. The cardiac basal autonomic ganglion in one 
infected macaque that was not part of this cohort was infiltrated 
with mild inflammatory mononuclear cells (Figure 3 G). Unlike 
intracellular amastigotes of T. cruzi (Figure 3 A; notice that the 
area is devoid of inflammation), areas of inflammation were 
microscopically negative for discrete parasitic forms, consistent 
with the notion that inflammation and cell damage are triggered 
by parasitic replication and an antiparasite immune response to 
extracellular forms. We performed real-time PCR and minicircle 

(KPL) was added to each well and incubated at room tempera-
ture for 30 min; 3,3′,5,5′ tetramethyl benzidine then was used 
to develop color and 1 N H2SO4 was used to stop the reaction. 
The plate was read at 450 nm by using the ELx800 plate reader 
and using KC Junior software (both from BioTek).

Antitroponin I IgG autoantibody ELISA. Human cardiac tro-
ponin I (Life Diagnostics, West Chester, PA) antigen was coated 
on 96-well ELISA plates and blocked with 1% BSA (KPL). Serum 
samples were diluted 1:50 in 1% BSA before being transferred 
to the ELISA plates. After incubation at room temperature for 
2 h, the samples were discarded, and plates were washed. An-
tihuman IgG peroxidase conjugate (KPL) was added to each 
well and incubated at room temperature for 1 h. After being 
washed, TMB substrate (KPL) was added for color development, 
and 1N H2SO4 was used to stop the reaction. The OD450 of each 
plate was read (ELx800, BioTek, Winooski, VT); OD450 values 
were normalized between plates by using high- and low-titer 
sera. Samples with OD450 values at or above the mean + 3SD of 
the T. cruzi-negative group were used as a cut-off for reporting 
the proportions of macaques with circulating antitroponin I 
autoantibodies within groups.

Total IgG ELISA. Macaque IgG was quantified by using a 
monkey IgG ELISA kit (Alpha Diagnostics, San Antonio, TX). 
Serum samples were diluted in a 3-step process to a final dilu-
tion of 1:400,000, according to the manufacturer’s protocol. 
Briefly, wells were washed with Working Buffer Solution 
(Alpha Diagnostics) and incubated for 5 min. The wells then 
were aspirated according to manufacture protocol and patted 
dry. Samples, controls, and standards were added at 100 µL 
per well and incubated 60 min. The wells were washed 4 times 
with Working Buffer Solution (Alpha Diagnostics) and pat-
ted dry. Each well then received 100µL of diluted antimonkey 
IgG horseradish peroxidase conjugate and incubated 30 min. 
The wells were washed 5 times with Working Buffer Solution 
(Alpha Diagnostics) and patted dry. Each well then received 
100 µL TMB substrate (Alpha Diagnostics) and incubated in 
the dark for 15 min, according to the manufacturer’s protocol. 
Once developed, each well then received 100 µL of Stop Solu-
tion supplied with the kit. The plate was read within 30 min at 
450 nm (ELx800, BioTek) by using KC Junior software (BioTek). 
If the OD450 values were out of range (that is, exceeded 3.0), 
samples were prediluted 1:2 and then the 3- step dilution was 
completed according to manufacturer’s protocol. The final total 
IgG concentration was calculated by determining the average 
OD450 of each sample against the standard (in ng/mL) after 
compensating for background. Quantities were adjusted for the 
dilution factor and converted to values in mg/mL.

Statistics. Association between assays was tested by using the 
Fisher exact test for 2 × 2 contingency tables. The means of the 
total circulating IgG of T. cruzi-infected and -uninfected groups 
were compared by using the Student t test. All statistical tests 
and plots were done by using SAS for Windows version 9.2 
(SAS Institute, Cary, NC).

Results
PCR- and ELISA-based detection of T. cruzi We used real-time 

PCR to identify T. cruzi-specific nuclear mini-satellite DNA 
sequences and ELISA to detect antitrypanosomal IgG in 84 cy-
nomolgus macaques at risk (exposure to outside in an endemic 
area) for T. cruzi infection (Table 1). Among the 84 macaques, 39 
were previously deemed T. cruzi-positive and the remaining 45 
were T. cruzi-negative according to PCR and ELISA screening in 
March, May, or June 2012. Subsequently, 4 of the 45 previously 
negative animals were positive by PCR and ELISA during the 
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specific ELISA. Compared with the uninfected group, infected 
macaques had significantly (t test, P = 0.041) higher levels of 
total circulating IgG (Figure 4; mean difference, 7.01 mg/mL; 
SE, 3.38 mg/mL).

Discussion
We used antitrypanosome IgG ELISA and TaqMan-based 

real-time PCR to screen a group of cynomolgus macaques at 
risk for infection via outdoor exposure in south Texas, where 
Chagas disease is endemic. An initial screening of an overlap-
ping population larger than what was screened in the current 
study established a prevalence rate of 8.5% over a period of 24 
to 28 mo. In the current study, retesting of 45 negative macaques 
at risk established an incidence of 9% in the span of 2 to 3 mo 
(June through August). Seasonal variations in disease transmis-
sion rates due to vector- and parasite-related ecologic factors 
are possible.

In the current study, we identified 10 macaques that were 
negative by real-time PCR for parasitemia but positive by T. cruzi 
ELISA; 7 of these 10 animals were previously positive by real-
time PCR, revealing the limitations of this assay due to either 
the intermittent nature of parasitemia or to falling of the para-
site load below the level of detection. We used 5 mL blood for 
DNA extraction and applied 500 ng DNA per PCR tube. Given 
this sensitivity for detection, we believe that either circulating 
parasites are sequestered or parasite release is suppressed by 
the immune system through rising antibody titers. We base this 
argument on the negative correlation between blood parasite 
load and IgG titer, with a unique subgroup with high titers in 
the absence of circulating parasites (Figure 1). Previous to the 
current study, we applied these 2 assays to 100 T. cruzi-free 
cynomolgus macaques housed exclusively indoors to reveal 
100% specificity. This result is not surprising for the PCR assay, 
because the primers and probe target T. cruzi-specific nuclear 
sequences. However, the T. cruzi ELISA is nonspecific, because 
the coated T. cruzi epimastigote antigens can crossreact with cir-
culating antibodies against all species of Trypanosoma. By using 
generic primers targeting Trypanosoma spp. kinetoplast minicir-
cle sequences for PCR analysis of pooled blood DNA samples, 

conventional PCR assays on adjacent sections from these tissue 
blocks and found that all 8 of these samples were positive for T. 
cruzi nuclear minisatellite DNA (data not shown), highlighting 
the limitation of histology for etiopathologic characterization 
of inflammatory lesions.

Anticardiac troponin I autoantibodies in T. cruzi-infected 
macaques. Cardiac inflammatory lesions in T. cruzi-infected 
macaques and the reports of autoimmunity in infected hu-
mans25,27 prompted us to explore the possibility of circulating 
autoantibodies against cardiomyocyte proteins in infected 
macaques. We screened the T. cruzi-positive and -negative 
cohorts to characterize their anticardiac troponin I autoanti-
body titer levels. Using an ELISA method, we identified 8 of 
43 (19%) infected macaques to have circulating autoantibody 
titers against cardiac troponin I. These levels were significant 
(Fisher exact test, P = 0.01) compared with the lack of titer (0 of 
41 macaques with anticardiac troponin I antibodies) in the T. 
cruzi-negative group (Table 4).

Total circulating IgG levels in T. cruzi-infected macaques. 
Polyclonal B cell activation is a recognized phenomenon during 
T. cruzi infection and is thought to play a role in the generation 
of polyantigen-reactive autoantibodies.18 We therefore screened 
T. cruzi-positive and -negative cohorts by using a macaque IgG-

Table 1. Association between real-time PCR and antiT. cruzi IgG 
ELISA

Real-time PCR

AntiT. cruzi IgG ELISA

Positive Negative

Positive 33 0
Negative 10 41

Fisher’s exact test of independence, P < 0.001.

Figure 1. Correlation (P = 0.002) between circulating parasite load 
(expressed as the ratio of the log of absolute copy number of T. cruzi 
nuclear satellite DNA to that of GAPDH) with antiT. cruzi IgG titer 
expressed in OD units.

Table 2. Association between real-time PCR and antiT. cruzi IgM 
ELISA

Real-time PCR

Anti-T. cruzi IgM ELISA

Positive Negative

Positive 4 29
Negative 1 50

Fisher’s exact test of independence, P = 0.08.

Table 3. Association between antiT. cruzi IgG ELISA and antiT. cruzi 
IgM ELISA

AntiT. cruzi IgG ELISA

Anti-T. cruzi IgM ELISA

Positive Negative

Positive 4 39
Negative 1 40

Fisher’s exact test of independence, P = 0.36.

Figure 2. Kinetoplast minicircle DNA detection by PCR. A 300- or 
330-bp fragment (or both) amplified from T. cruzi minicircle DNA 
was present in all tested samples. M, DNA ladder marker (bp); lanes 
1 through 7, pooled DNA pool samples (each pool contained 4 or 5 
individual DNA samples that had been previously tested positive in T. 
cruzi real-time PCR); positive controls showing 330 bp (PC1) and 300- 
and 330-bp bands (PC2); nc, negative control (no-template control).
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ELISA was positive only in newly infected macaques; however, 
this assay did not achieve sufficient sensitivity in our hands. 
Even though the present study indicates that T. cruzi IgG ELISA 

we ruled out the presence of nonpathogenic trypanosomes that 
could give false- positive T. cruzi ELISA results. Further charac-
terizing the humoral response, the circulating antiT. cruzi IgM 

Figure 3. Sections of myocardium demonstrating areas of inflammation and characterization of the inflammatory cell infiltrates by IHC. (A) 
Cluster of T. cruzi amastigotes (arrow). Hematoxylin and eosin stain; bar, 20 μm. (B) Low-power magnification demonstrating moderate to 
marked subepicardial inflammatory cell infiltrates. Hematoxylin and eosin stain; bar 300μm. The boxed area is shown below. (C) High-power 
magnification from section in panel B. Inflammatory cell infiltrates are primarily mononuclear cells with fewer neutrophils. Hematoxylin and 
eosin stain; bar, 100 μm. (D and E) IHC peroxidase procedure with diaminobenzidine chromagen (brown). A considerable proportion of the 
mononuclear cell infiltrates are positive for (D) CD8 (lymphoid origin) and (E) CD68 (monocyte–macrophage origin). Bar, 100 μm. (F) IHC al-
kaline phosphatase procedure with Vector red chromagen (red). A small proportion of inflammatory cells are CD4+. Bar, 100 μm. G) Section of 
nerve at the heart base that is infiltrated by inflammatory cells. Hematoxylin and eosin stain; bar, 80 μm.
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cause death in a small proportion of infected subjects.27 Chronic 
Chagas disease can result in progressive, fibrosing cardiomy-
opathy, resulting in permanent damage.16 Interestingly, rarely 
parasites are found in the cardiac tissues of these patients, but 
T. cruzi kinetoplastid and nuclear DNA can be demonstrated 
readily;28 this same pattern has been demonstrated in nonhuman 
primates.1,9 In the current study, we detected both nuclear and 
kinetoplastid DNA sequences in the cardiac tissue sections of 
infected macaques and showed that 6 of 8 animals screened by 
histopathology had mild to moderate multifocal inflammatory 
infiltration despite our failure to detect T. cruzi pseudocysts or 
isolated amastigotes in tissues. The cross-sectional nature of this 
analysis precludes assigning a disease stage (acute compared 
with chronic Chagas disease) to these cardiac lesions, but given 
the time frame of introduction to an at-risk outdoor facility, we 
conclude that macaques infected for less than 24 to 28 mo can 
present with cardiac inflammation. The inflammatory infiltrate 
was comprised predominantly of CD8-positive lymphocytes 
and CD68-positive macrophages with fewer CD4-positive 
lymphocytes. This finding is consistent with observations made 
in humans,14 rhesus monkeys, and mice.25 In the human study, 
which was conducted on endomyocardial biopsy specimens, T 
cells formed 96.3% of the inflammatory infiltrate, with CD8-pos-
itive cells forming the predominant cell subpopulation.13 In T. 
cruzi-infected rhesus monkeys, infiltrating CD68 cells expressed 
inducible nitric oxide synthase, the levels of which were corre-
lated with the level of loss of connexin43, the major gap junction 
protein that maintains electrical synchrony in cardiomyocytes.9 
In the same study, using mice deficient in inducible nitric oxide 
synthase, the authors demonstrated the pivotal role played by 
the nitric oxide pathway in T. cruzi-mediated cardiac injury 
and conduction abnormality.9 Furthermore, adoptive transfer 
studies in mice have shown that infiltrating CD8-positive cells 
are segregated into interferon γ- positive–perforin-negative 
and IFNγ-negative– perforin-positive populations, with CD8–
perforin double-positive cells associated with worsening of 
cardiomyopathy, whereas CD8–IFNγ double-positive cells 
resulted in amelioration of cardiac injury.24 The role of CD8+ 
lymphocytes and IFNγ in perpetuating chronic inflammation 
within the cardiac milieu has been studied in mouse models, 
in which high percentages of circulating and infiltrating cells in 
T. cruzi-infected C3H mice expressed an activation phenotype 
characterized by low-signal L-selectin and high-level leukocyte 
function-associated antigen 1 and very late activation antigen 
4.11 In addition, the study demonstrated high levels of IFNγ-
inducible adhesion molecules such as vascular cell adhesion 
molecule 1 and fibronectin in the cardiac tissue, resulting in 
intense recruitment and maintenance of activated CD8+ lym-
phocytes to sustain myocardial injury.10

The presence of T. cruzi DNA and inflammatory infiltrate in 
our current study draws attention to the potential for direct par-
asite-induced damage and T. cruzi-specific immune responses, 
resulting in cardiac inflammation. Other mechanisms might 
also be involved in facilitating progressive cardiomyopathy. 
Although not specifically investigated in the current study, 
we noted marked mononuclear infiltration and damage to the 
cardiac autonomic ganglia in one infected macaque (Figure 3 G). 
Cardiac and digestive damage in chronic Chagas disease subse-
quent to dysautonomia and neuroganglionitis is a well-known 
phenomenon.2,6,19 Studies have demonstrated the presence of 
circulating antimuscarinic and antiadrenergic autoantibodies 
play a role in mediating or sustaining neuroganglionitis in in-
fected patients.25,26 Subsequently, we believe that the potential 
for parasympathetic dysfunction-mediated arrhythmias is a 

alone is adequate for screening for T. cruzi infection, further 
investigation is required to understand the seroconversion ki-
netics and parasitemia during early infection before ruling out 
combined screening by using blood-based PCR and serology. 
In a different study, blood and serum samples collected from 
1052 nonhuman primates were screened by using the described 
ELISA and PCR methodology.33 Among the 1052 animals tested, 
78 were positive for T. cruzi by both assays, 102 were positive 
by ELISA only, and 87 were positive by PCR only. Specifically, 9 
animals were PCR-positive but ELISA-negative,33 underscoring 
the limitation of serology to detect early infections.

Our interest in screening for T. cruzi infection stems from 
concerns regarding myocarditis and cardiac arrhythmia in 
infected animals and the effect on pharmaceutical safety stud-
ies. In humans, acute Chagas disease is associated with mild 
cardiac inflammation from mononuclear cell infiltration and can 

Table 4. Association between T. cruzi infection status and anticardiac 
troponin I level

T. cruzi infection status 
(IgG and PCR)

Autoantibodies against 
cardiac troponin I

Positive Negative

Positive 8 35
Negative 0 41

Fisher’s exact test of independence, P = 0.01.

Figure 4. Comparison (mean ± SE, expressed as mg/mL; P = 0.041) of 
total circulating IgG levels in T. cruzi-infected and uninfected groups.
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and electrical conduction apparatus and interfering with the 
measurement of circulating cardiac troponin.
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