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(control: unvaccinated/infected). Macrophages (mφs) were 
incubated with MPs, and we probed the gene expression 
profile using the inflammatory signaling cascade and cyto-
kine/chemokine arrays, phenotypic markers of mφ activa-
tion by flow cytometry, cytokine profile by means of an ELISA 
and Bioplex assay, and oxidative/nitrosative stress and mito-
toxicity by means of colorimetric and fluorometric assays. 
 Results:   Tc - and LPS-induced MPs stimulated proliferation, 
inflammatory gene expression profile, and nitric oxide (∙NO) 
release in human THP-1 mφs. LPS-MPs were more immuno-
stimulatory than  Tc -MPs. Endothelial cells, T lymphocytes, 
and mφs were the major source of MPs shed in the plasma 
of chagasic humans and experimentally infected mice. The 
CS and CA (vs. NH) MPs elicited >2-fold increase in NO and 
mitochondrial oxidative stress in THP-1 mφs; however, CS 
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 Abstract 

  Background:  Chronic inflammation and oxidative stress are 
hallmarks of chagasic cardiomyopathy (CCM). In this study, 
we determined if microparticles (MPs) generated during  Try-
panosoma cruzi (Tc)  infection carry the host’s signature of the 
inflammatory/oxidative state and provide information re-
garding the progression of clinical disease.  Methods:  MPs 
were harvested from supernatants of human peripheral 
blood mononuclear cells in vitro incubated with  Tc  (control: 
LPS treated), plasma of seropositive humans with a clinically 
asymptomatic (CA) or symptomatic (CS) disease state (vs. 
normal/healthy [NH] controls), and plasma of mice immu-
nized with a protective vaccine before challenge infection 
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(vs. CA) MPs elicited a more pronounced and disease-state-
specific inflammatory gene expression profile (IKBKB, NR3C1, 
and TIRAP vs. CCR4, EGR2, and CCL3), cytokine release (IL-2 
+ IFN-γ > GCSF), and surface markers of mφ activation (CD14 
and CD16). The circulatory MPs of nonvaccinated/infected 
mice induced 7.5-fold and 40% increases in ∙NO and IFN-γ 
production, respectively, while these responses were abol-
ished when RAW264.7 mφs were incubated with circulatory 
MPs of vaccinated/infected mice.  Conclusion:  Circulating 
MPs reflect in vivo levels of an oxidative, nitrosative, and
inflammatory state, and have potential utility in evaluating 
disease severity and the efficacy of vaccines and drug thera-
pies against CCM.  © 2016 S. Karger AG, Basel 

 Introduction 

  Trypanosoma cruzi  (TC) is endemic in Latin America 
and is an emerging infection in the USA  [1] . The preva-
lence of human  Tc  infection is approximately 20 million, 
and 120 million are at risk of infection in Latin America 
 [1] . Vectors carrying  Tc  are wide-spread in the USA, and 
the Centers for Disease Control and Prevention estimate 
that >300,000 infected individuals are living in the USA 
 [2] . Unfortunately, exposure to  Tc  remains undetected 
for several years, when patients then display cardiac in-
sufficiency due to tissue fibrosis, ventricular dilation, and 
arrhythmia  [3] . Chagasic cardiomyopathy (CCM) results 
in a loss of 2.74 million disability-adjusted life-years, and 
>15,000 deaths due to heart failure per year  [1] . 

  Macrophages (mφs) are the immune cells that are es-
sential for controlling  Tc  infection  [4, 5] . It is suggested 
that mφ-derived peroxynitrite, a strong cytotoxic agent 
that is formed by the reaction of nitric oxide (∙NO) with 
superoxide (O2

–∙), plays a major role in the direct killing of 
 Tc   [6] . Infected experimental animals and humans also 
elicit strong adaptive immunity, constituted of antipara-
site lytic antibodies, type 1 cytokines, and antigen-specif-
ic cytolytic T lymphocytes [review  7 ]. These immune re-
sponses are capable of keeping the parasite burden under 
control but lack the ability to achieve pathogen clearance 
 [8] , leading to low-level parasite persistence. 

  In recent years, we and other study groups have shown 
that  Tc  invasion elicits functional changes in mitochon-
drial respiratory chain complexes, and this initial insult 
continues and serves as a major source of the increased 
production of O2

–∙ radicals in the heart  [9] . Control of  Tc -
induced reactive oxygen species (ROS) by using chemical 
antioxidants or by genetically enhancing the expression 

of superoxide dismutase (SOD 2 ) results in an improve-
ment in cardiac mitochondrial respiratory chain function 
in chagasic mice  [10, 11] . Importantly, SOD 2 -overex-
pressing mice also exhibit a lower degree of inflamma-
tory infiltrates and mitochondrial damage that is other-
wise pronounced in chagasic myocardium  [12] . These 
studies suggest that  Tc- induced ROS are not only associ-
ated with chronic oxidative stress but may also signal the 
activation and recruitment of inflammatory infiltrate in 
the chagasic heart. 

  The role of ROS in signaling inflammatory immune 
responses in Chagas disease is not completely under-
stood. Extensive infiltration of gp91 phox+  (NOX2 compo-
nent) mφ clusters associated with oxidative adducts has 
been noted in chagasic hearts  [13, 14] . Macrophages in 
vitro incubated with heart homogenates or the plasma of 
infected mice were found to elicit a proinflammatory re-
sponse, demonstrated by an increased production of 
ROS, ∙NO, and TNF-α  [15] . Heart homogenates of cha-
gasic mice or of normal mice in vitro, oxidized with H 2 O 2  
or peroxynitrite, are recognized by antibodies present in 
the sera of the  Tc -infected host  [15] . These studies suggest 
that oxidative stress-induced adducts are potentially re-
sponsible for the chronic activation of inflammatory mφs 
and non- Tc -specific antibody response in Chagas disease. 
The practical and ethical limitations in obtaining cardiac 
biopsies, however, prohibit using ROS production and 
ROS-induced antigen generation and mφ activation as 
early indicators for identifying patients at risk of develop-
ing clinically symptomatic CCM. 

  Microparticles (MPs) are small vesicles harboring li-
gands, receptors, active lipids, or RNA/DNA from their 
cell of origin  [16] . In pathological conditions, a stimulus 
that triggers MP formation regulates the selective sorting 
of constituents and the composition of MPs, and, conse-
quently, the biological information that they transfer 
 [17] . Thus, MPs can play roles in intercellular communi-
cation and be able to modulate important cellular regula-
tory functions. There is no literature or information in the 
public domain on the potential effects of MPs on the mo-
lecular mechanisms implicated in the pathophysiology of 
CCM. 

  In this study, we aimed to determine whether circulat-
ing MPs generated during  Tc  infection carry the host’s 
signature of inflammatory/oxidative pathology and pro-
vide information regarding clinical disease severity. We 
isolated MPs released in the (1) supernatants of human 
peripheral blood mononuclear cells in vitro infected with 
 Tc  and (2) plasma of human subjects who were character-
ized as seropositive with clinically asymptomatic (CA) or 
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symptomatic (CS) Chagas disease. We then employed 
high-throughput transcriptomic and physiological ap-
proaches to study the mφ response to MPs. We also used 
MPs from a mouse model of vaccination and chronic dis-
ease to determine if mφ response to circulating MPs pro-
vides an indication of cure from infection.

  Materials and Methods 

 Ethics Statement  
 All animal experiments were performed according to the Na-

tional Institutes of Health Guide for the Care and Use of Experi-
mental Animals, and approved by the Institutional Animal Care 
and Use Committee (IACUC) at the University of Texas Medical 
Branch (UTMB), Galveston (protocol No. 0805029).

  The collection of human peripheral blood samples was ap-
proved by the institutional review board at the UTMB, Galveston 
(protocol No. IRB13-0367) and the ethics committee at the Uni-
versidad Nacional de Salta, Salta, Argentina. A written informed 
consent was obtained from all individuals visiting the Cardiologic 
Unit of San Bernardo Hospital in Salta Argentina for clinical ser-
vice. The leftover blood samples collected for clinical purpose were 
decoded and deidentified before they were provided for research 
purposes.

  Human Samples 
 The  Tc- specific antibodies were analyzed in all sera samples by 

using the Chagatest ELISA recombinant (v4.0) and Chagatest HAI 
kits (Wiener, Rosario, Argentina). Sera samples were considered 
seropositive if both tests identified the presence of anti- Tc  antibod-
ies. Electrocardiography (ECG, 12-lead at rest and 3-lead with ex-
ercise) and transthoracic echocardiography were performed for 
evaluating the heart function in all individuals. Normal healthy 
(NH,  n  = 10) controls were seronegative and exhibited no history 
or clinical symptoms of heart disease. Seropositive individuals 
were grouped as CA ( n  = 10) when they exhibited none-to-minor 
ECG abnormalities, no left ventricular dilatations, and normal 
ejection fraction of 55–70%. Seropositive individuals were catego-
rized as CS ( n  = 10) when they displayed a varying degree of ECG 
abnormalities, systolic dysfunction (ejection fraction <55%), left 
ventricular dilatation (diastolic diameter  ≥ 57 mm), and/or poten-
tial signs of heart failure  [18] . 

  Mice, Immunization, and Challenge Infection  
 All chemicals used in the study were of molecular grade, and 

purchased from Sigma-Aldrich (St. Louis, MO, USA) unless oth-
erwise specified. C57BL/6 female mice (wild type) were purchased 
from Harlan Laboratories (Indianapolis, IN, USA).  Tc  (Sylvio-
X10/4) and C2C12 cells (an immortalized, mouse-derived myo-
blast cell line) were purchased from the American Type Culture 
Collection (ATCC, Manassas, VA, USA) and  Tc  trypomastigotes 
(infective stage) were propagated in C2C12 cells .  The  Tc  antigens 
TcG2 and TcG4 were used as vaccine candidates and have been 
described in detail previously  [19, 20] . Mice ( n  = 5/group/experi-
ment; 2 experiments) were injected in the quadriceps muscle with 
TcG2 and TcG4 antigens that were delivered as a DNA-prime/
protein-boost vaccine  [19, 20] . Two weeks after immunization, 

they were challenged with  Tc  trypomastigotes (10,000/mouse), 
and sacrificed at approximately 120 days after infection, corre-
sponding to the chronic disease phase  [19, 20] . Plasma samples 
were subjected to isolation of circulating MPs (described below). 
Protein levels were determined by using the Bradford protein assay 
(Bio-Rad, Hercules, CA, USA). 

  MP Isolation 
 Human blood samples were drawn in EDTA-containing Vacu-

tainer cell preparation tubes (BD Biosciences, San José, CA, USA). 
The tubes were centrifuged for 20 min each at 270 and 1,000  g  to 
separate plasma. Plasma samples were subjected to 3 series of cen-
trifugation at 15,000  g  for 15 min each, and pelleted MPs were 
washed with RPMI media and stored at –80   °   C. A similar protocol 
was followed for isolating the MPs from murine plasma samples.

  In some experiments, buffy coat obtained after separation of 
plasma was subjected to Ficoll Hypaque TM  density gradient (GE 
Healthcare, Pittsburgh, PA, USA), and centrifuged at 400  g  for 30 
min. The enriched human peripheral blood mononuclear cell 
(PBMC) pellets were washed with RPMI media, seeded in 24-well 
plates (0.5–1 × 10 6  cells/well/mL), and incubated in triplicate with 
 Tc  (cell-to-parasite ratio, 1:   3) or LPS (100 ng/mL) in RPMI me-
dia/10% FBS media at 37   °   C/5% CO 2  for 48 h. MPs from the super-
natants were collected as above. 

  Treatment of Macrophages with MPs 
 THP-1 human monocytes (ATCC TIB-202) were suspended in 

complete RPMI media and incubated at 37   °   C/5% CO 2  for 24 h in 
the presence of 50 ng/mL phorbol-12-myristate-13-acetate (PMA, 
Sigma-Aldrich), and then for 48 h in complete RPMI media with-
out any stimulus to generate the resting mφs  [21] . RAW264.7 mu-
rine mφs (ATCC TIB-71) were cultured in high-glucose Dulbec-
co’s modified Eagle’s medium (DMEM) containing 10% fetal bo-
vine serum (Invitrogen, Carlsbad, CA, USA), 2 mmol/L glutamine, 
100 IU/mL penicillin, and 100 μg/mL streptomycin (Corning, 
Corning, NY, USA). THP-1 (human) or RAW264.7 (murine) mφs 
were seeded in 6-well (1 × 10 6  cells/well), 24-well (5 × 10 5  cells/
well), or 96-well (1 × 10 4  cells/well) plates, or in Nunc Lab-Tek II 
chamber slides (1 × 10 4  cells/well, Thermo Scientific, Waltham, 
MA, USA) and incubated for 2 h to allow the cells to adhere. Se-
rum-free media was added, and mφs were incubated in triplicate 
with MPs isolated from human or mouse plasma (10% plasma 
equivalent) or from media of  Tc -infected cells (10% media equiva-
lent). Macrophages (± MPs) were incubated for 1, 12, 24, or 48 h 
and cells and supernatants were stored at –80   °   C. 

  Gene Expression Profiling by Real-Time RT-qPCR 
 The quantitative expression profiling of a panel of 91 human 

genes involved in the inflammatory signaling cascade was per-
formed by using custom-designed arrays printed by Sigma-Al-
drich. Full details of the arrays were previously described  [22] . 
Gene expression profiling for human cytokines/chemokines was 
performed by using an in-house PCR array that consisted of 89 
genes  [23] . All primer sequences are available upon request.

  THP-1 mφs were seeded in 12-well plates (1 × 10 6  cells/well) 
and incubated in triplicate with MPs for 12 h. Cells were suspend-
ed in TRIzol reagent, and total RNA was extracted and precipi-
tated by chloroform/isopropanol/ethanol method. DNA that 
could contaminate the RNA preparation was removed by deoxy-
ribonuclease I (DNase I) treatment (Ambion, Austin, TX, USA). 
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Total RNA absorbance at 260 and 280 nm was read by using a 
NanoDrop ND-1000 spectrophotometer (Wilmington, DE, USA) 
to assess the quality (OD 260/280  ratio >2.0) and quantity (OD 260 
of 1 = 40 μg/mL RNA). First-strand cDNA was synthesized from 
DNaseI-treated 1-μg RNA sample using the iScript TM  cDNA syn-
thesis kit (Bio-Rad) and diluted 5-fold with nuclease-free ddH 2 O. 
Quantitative real-time PCR was performed in a 20-μL reaction 
containing 1 μL cDNA, 10 μL SYBR Green master mix (Bio-Rad), 
and 500 n M  of each gene-specific oligonucleotide. The thermal cy-
cle conditions were 94   °   C for 30 s followed by 60   °   C for 1 min, for 
40 cycles. The PCR Base Line Subtracted Curve Fit mode was ap-
plied for determining the threshold cycle, Ct, using iCycler iQ real-
time detection system software (Bio-Rad). For each target gene, Ct 
values were normalized to the Ct values for the β-actin  (ACTB)  and 
β-glucuronidase  (GUSB)  reference genes. The relative expression 
level of each target gene was calculated according to the 2 –ΔΔCt  
method, where ΔC t  represents the C t  (target) – C t  (reference), and 
ΔΔCt represents ΔCt (sample) – ΔCt (no treatment control or con-
trol MP treatment)  [21] . 

  Cell Viability 
 THP-1 mφs were seeded to 96-well plates (1 × 10 4  cells/200 μL/

well), and incubated in triplicate with serum-free media (± MPs) 
for 24 h. Cells were loaded with 10% (v/v) AlamarBlue (Life Tech-
nologies, Carlsbad, CA, USA) during the last 3 h of incubation. 
AlamarBlue metabolism by functional mitochondria, resulting in 
cleavage of resazurin into fluorescent resorufin (Ex 560 nm /Em 590 nm ) 
was recorded by using a SpectraMax M5 spectrophotometer (Mo-
lecular Devices, Sunnyvale, CA, USA). 

  ROS and ∙NO Levels  
 Reactive oxygen species (ROS) were monitored by using 2′,7′ 

dichlorodihydrofluorescein diacetate (H 2 DCFDA, Invitrogen) 
fluorescent probe. Briefly, THP-1 mφs were seeded in 96-well 
plates (1 × 10 4  cells per well), were allowed to adhere for 2 h, and 
were then incubated for 1 h in triplicate with MPs. Supernatants 
were harvested, and cells were washed and loaded with 10 μ M  of 
H 2 DCFDA in 100 μL of serum-free media, and incubated in the 
dark for 30 min at 37   °   C. Cells were washed 3 times with phenol-
red-free media and H 2 DCFDA oxidation by intracellular ROS, re-
sulting in the formation of fluorescent dichlorodihydrofluorescein 
(DCF, Ex 498 nm /Em 598 nm ), was recorded by fluorimetry. Cells treat-
ed with 0.1–1 μ M  H 2 O 2  were used as a positive control.

  The ∙NO level (an indicator of inducible ∙NO synthase activity) 
was monitored by Griess reagent assay. Briefly, samples were re-
duced with 0.01 unit/100 μL of nitrate reductase, and incubated for 
10 min with 100 μL of 1% sulfanilamide made in 5% phosphoric 
acid/0.1% N-(1-napthyl) ethylenediamine dihydrochloride (1:   1, 
v/v). Formation of diazonium salt was monitored at 545 nm by 
spectrophotometry (standard curve: 2–50 μ M  sodium nitrite)  [24] .

  Mitochondrial Membrane Potential and ROS 
 To examine the changes in mitochondrial membrane potential, 

mφs were seeded and MPs were added in triplicate. Macrophages 
were incubated for 24 h with the MPs, washed, and then with
10 μ M  5,5 ′ ,6,6 ′ -tetrachloro-1,1 ′ ,3,3 ′ -tetraethylbenzimidazolyl-
carbocyanine iodide (JC-1, Molecular Probes, Eugene, OR, USA) 
for 30 min. Cells were washed twice with cold PBS to remove the 
excess dye, suspended in serum-free/phenol-red-free RPMI, and 
fluorescence was measured as above. JC-1 dye in respiring mito-

chondria is converted from green (Ex 485 nm /Em 530 nm ) to red
(Ex 530 nm /Em 580 nm ) fluorescent J-aggregates and provides a sen-
sitive in dication of the changes in mitochondrial membrane po-
tential (ΔΨm). 

  To measure mitochondrial ROS production, mφs (± MPs) were 
incubated in the dark for 30 min with 5 μ M  MitoSOX Red (Invit-
rogen). MitoSOX Red oxidation by mitochondrial ROS, resulting 
in red fluorescence (Ex 518 nm /Em 605 nm ), was detected by fluorim-
etry.

  Cytokine Levels  
 A Bio-Plex Pro Human Cytokine 17-plex assay (Bio-Rad 

M5000031YV) was employed to profile the concentration of hu-
man cytokines and chemokines. Briefly, THP-1 mφs were seeded 
in 48-well plates in 500 μL media and MPs were added in triplicate. 
After incubation for 24 h, culture supernatants (50 μL) were trans-
ferred in duplicate to the plates precoated with cytokine-specific 
antibodies conjugated with different color-coded beads, and the 
plates were incubated for 1 h, washed, and then sequentially incu-
bated with 50 μL of biotinylated cytokine-specific detection anti-
bodies and streptavidin-phycoerythrin conjugate. Fluorescence 
was recorded using a SpectraMax M5 microplate reader, and
cytokine/chemokine concentrations were calculated with Bio-Plex 
Manager software (v5) by using a standard curve derived from re-
combinant cytokines (2–32,000 pg/mL). 

  In some experiments, THP-1 mφs seeded in 24-well plates (5 × 
10 5  cells/well/mL) were incubated in triplicate with human MPs 
for 48 h. Culture supernatants were utilized for the measurement 
of cytokine release (IL-1β, IL-4, IL-10, IFN-γ, and TNF-α) using 
human cytokine optEIA TM  ELISA kits (Pharmingen, San Diego, 
CA, USA). Likewise, supernatants from RAW264.7 mφs incubated 
for 48 h with MPs isolated from normal, chagasic and vaccinated/
chagasic mice were analyzed for IL-1β, IL-4, IL-10, IFN-γ, and 
TNF-α levels by using murine cytokine optEIA TM  ELISA kits 
(Pharmingen).

  Flow Cytometry 
 To evaluate changes in the expression of surface markers in re-

sponse to MPs, THP-1 mφs were seeded in 6-well plates (1 × 10 6  
cells/well/mL), and incubated in triplicate with MPs (10% serum 
equivalent) for 24 h. Cells were harvested, pelleted and suspended 
in 50 μL of stain buffer (PBS with 2% FBS). Suspended cells were 
stained for 30 min with antibody cocktails containing human peri-
dinin chlorophyll protein (PerCP)-anti-CD14, allophycocyanin 
(APC-Cy7)-anti-CD16, APC-anti-CD206, phycoerythrin (PE-
Cy7)-anti-CD64, PE-Cy5-anti-CD80, and V-450-anti-CD200 flu-
orescence-conjugated antibodies (BD Biosciences, Franklin Lakes, 
NJ, USA). The stained cells were washed, fixed with 2% parafor-
maldehyde, and then analyzed by 6-color flow cytometry on an 
LSRII Fortessa cell analyzer. Cells stained with isotype-matched 
IgGs were used as controls. Macrophages were gated based on pa-
rameters of forward and side light scatter and data acquisition
was performed on a minimum of 10,000-gated events. Data were 
analyzed using FlowJo software (v7.6.5, TreeStar, San Carlo, CA, 
USA). The mean fluorescence intensity was derived from fluores-
cence histograms, and was adjusted for background with isotype-
matched controls. 

  To evaluate the cellular origin of the MPs, these were isolated 
from the media of human PBMCs in vitro infected with  Tc  and 
from the plasma of clinically characterized human subjects as de-

D
ow

nl
oa

de
d 

by
: 

JH
U

 J
oh

n 
H

op
ki

ns
 U

ni
ve

rs
ity

   
   

   
   

   
   

   
   

   
 

16
2.

12
9.

25
1.

17
 -

 1
/1

0/
20

17
 5

:3
7:

55
 P

M



 MPs in Chagas Disease and Cure J Innate Immun
DOI: 10.1159/000451055

5

scribed above. The MPs were also isolated from the plasma of nor-
mal and experimentally infected mice. They were resuspended in 
annexin V binding buffer and labeled for 30 min on ice with APC- 
or FITC-conjugated anti-annexin V antibody. Simultaneously, 
MPs were labeled with mouse or human PerCP-anti-CD14,
APC-Cy7-anti-CD61, PE-Cy7-anti-CD62E, V-450-anti-troponin, 
FITC-anti-CD4, and PE-anti-CD8 fluorescence-conjugated anti-
bodies (5–10 μL/sample, e-Biosciences). Stained MPs were washed 
with cold PBS, and flow cytometry was performed on an LSRII 
Fortessa cell analyzer. In order to separate true events from back-
ground noise and unspecific binding of antibodies to debris, we 
defined MPs as particles that were <1 μm in diameter and had 
positive staining for annexin V. 

  Statistical Analysis  
 All in vitro and in vivo experiments were repeated at least twice, 

and conducted with triplicate observations per sample, and data 
are expressed as mean ± SEM. All data were analyzed using InStat 
v3 (GraphPad, La Jolla, CA, USA). Data were analyzed by the Stu-
dent  t  test (for comparison of 2 groups) and one-way analysis of 
variance (ANOVA) with the Tukey post hoc test (for comparison 
of multiple groups). Significance is presented as  *   p  < 0.05,  *  *   p  < 
0.01, and  *  *  *   p  < 0.001. 

  Results 

 We first utilized an in vitro system to determine if  Tc  
infection produces MPs capable of activating mφs. For 
this, human PBMCs were incubated for 48 h with  Tc  and 
supernatants were centrifuged to harvest the  Tc -induced 
MPs ( Tc- MPs). PBMCs were also incubated with LPS or 
media alone for 48 h, and supernatants were centrifuged 
to harvest the LPS-induced MPs (LPS-MPs) and non-
treated/control MPs (Con-MPs), respectively. We incu-
bated THP-1 mφs for 12 h with MPs, and first performed 
qRT-PCR analysis using the inflammatory signaling cas-
cade and cytokine/chemokine arrays to probe the expres-
sion of 180 genes (including the housekeeping genes). 
The data were normalized to housekeeping genes, and
the relative change in gene expression in THP-1 mφs
incubated with sample MPs (vs. Con-MPs) was calcu-
lated. These data showed that 37 genes (30 upregulated,
7 downregulated) and 18 genes (5 upregulated, 13 down-
regulated) were differentially expressed ( ≥ |1.5| fold 
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  Fig. 1.  Macrophage gene expression profile 
response to MPs released by  T. cruzi (Tc) -
infected cells. Human PBMCs were incu-
bated for 48 h with media alone, LPS or  Tc , 
and supernatants were centrifuged to har-
vest the control (Con-MPs), LPS-induced 
(LPS-MPs), and  Tc -induced MPs ( Tc-
 MPs) MPs. THP-1 mφs were incubated in 
triplicate with MPs for 12 h. Total RNA 
from each sample was reverse transcribed, 
and cDNA was used for real-time PCR with 
the inflammation signaling cascade and cy-
tokine/chemokine arrays. The differential 
mRNA level was normalized to housekeep-
ing genes, and the fold change in gene ex-
pression was calculated (online suppl. Ta-
ble S1).  a  Venn diagram of comparative 
analysis of gene expression profile ( ≥ |1.5| 
fold change) induced by LPS-MPs and  Tc -
MPs in comparison to that noted in Con-
MP-treated mφs.  b  Mean differential ex-
pression of top molecules ( ≥ |2.0| fold 
change) induced by LPS-MPs and  Tc -MPs 
(vs. Con-MPs) in THP-1 mφs. 
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change,  p  < 0.05) in THP-1 mφs incubated with LPS-MPs 
and  Tc -MPs, respectively, when compared to that noted 
in mφs incubated with Con-MPs (online suppl. Ta-
ble S1; for all online suppl. material, see www.
karger.com/doi/10.1159/000451055). Of these, 7 genes 
were differentially expressed ( ↓ TIRAP,  ↓ IKBKB,  ↓ C3, 
 ↓ NR3C1,  ↑ SOCS1,  ↑ CXCL5,  ↑ IL-10) by both LPS-MPs 
and  Tc -MPs, and 11 genes ( ↓ CCL17,  ↓ TP53,  ↓ IL-6, 
 ↓ EGR2,  ↓ NR2C2,  ↓ EGFR,  ↓ PTGER2,  ↓ TNFSF18,  ↓ INSR, 
 ↑ IL-4,  ↑ IL-2RA) were differentially expressed in mφs in a 
 Tc -MPs-specific manner ( Fig. 1 a; online suppl. Table S1). 
The top molecules that were differentially expressed >2-
fold in THP-1 mφs by LPS-MPs and  Tc -MPs in compar-
ison to Con-MPs are shown in  Figure 1 b. 

  To assess if  Tc -MPs elicited a functional response in
immune cells, we incubated the THP-1 mφs with MPs for 
1 h, and examined the oxidative/nitrosative response and 
mitochondrial stress levels. No increase in H 2 O 2  release 
(amplex red assay) was induced by LPS-MPs and  Tc -MPs 
when compared to that noted in mφs incubated in media 
alone or with Con-MPs ( Fig. 2 a). Macrophages incubated 
with LPS-MPs and  Tc -MPs exhibited a 3.2-fold and 1.7-
fold increase in nitrite release, respectively, compared to 

THP-1 mφs incubated in media alone ( Fig. 2 b,  p  < 0.05). 
JC-1 forms J-aggregates (red) in mitochondria and JC-1 
red/green ratio provides a sensitive indicator of cellular 
stress. The LPS-MPs and  Tc -MPs elicited a 56 and 60% de-
cline in JC-1 red/green ratio, respectively ( Fig. 2 c,  p  < 0.01). 
Macrophage activation is followed by cell proliferation. 
Resazurin (alamarBlue) metabolism to fluorescent resoru-
fin by mitochondrial aerobic respiration provides a sensi-
tive measure of cell viability and proliferation. THP-1 mφs 
incubated with LPS-MPs and  Tc -MPs for 24 h exhibited 
38% increase in resorufin fluorescence compared to that 
noted in mφs incubated in media alone ( Fig. 2 d,  p  < 0.05). 
Con-MPs elicited a 26% decline in JC-1 red/green ratio
( p  > 0.05) and no proliferation in THP-1 mφs. Together, 
the results presented in  Figures 1  and  2  suggested that  Tc -
MPs elicited the expression of some of the genes indicative 
of inflammatory activation in THP-1 mφs, and the im-
mune activation was associated with an increase in nitrite 
release and cell proliferation and a decline in mitochon-
drial membrane potential in THP-1 mφs. The LPS-MPs 
were more immunostimulatory than the  Tc -MPs, demon-
strated by the greater induction of proinflammatory gene 
expression and nitrite release by THP-1 mφs.
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  Fig. 2.  Functional response of mφs incubat-
ed with  Tc -MPs. THP-1 mφs were incu-
bated in triplicate with medium only (none)
or with Con-MPs, LPS-MPs, and  Tc -MPs 
for 1 h. Supernatants were utilized to mea-
sure ROS release by amplex red assay ( a ) 
and ∙NO production by Griess reagent as-
say ( b ).  c  THP-1 mφs were loaded with a 
JC-1 probe, and change in mitochondrial 
membrane potential was measured as J ag-
gregates (red)/J monomers (green) ratio by 
fluorimetry.  d  THP-1 mφs were incubated 
with MPs or media alone for 21 h, and then 
loaded with AlamarBlue for 3 h. The cell 
proliferation and viability was determined 
by resorufin fluorescence. Data are shown 
as mean value ± SEM, and significance is 
presented as  *   p <  0.05,  *  *   p <  0.01,  *  *  *   p < 
 0.001 (no treatment vs. MP treatment).  
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  To assess the cellular source of the membranes for MPs 
released during  Tc  infection, we took a 3-prong approach. 
Firstly,  Tc -MPs were isolated from the supernatants of 
human PBMCs incubated for 48 h with  Tc , stained with 
fluorescence-conjugated antibodies against cell-specific 

markers, and analyzed by flow cytometry. These data 
showed that MPs released by human PBMCs upon  Tc  in-
fection were primarily of monocyte/mφ origin ( Fig. 3 a). 
Secondly, we examined the phenotype of circulating MPs 
from chagasic patients. For this, MPs were isolated from 
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  Fig. 3.  Phenotype of MPs induced by  Tc 
infection and chronic Chagas disease.
   a ,  b  MPs were harvested from in vitro in-
fected human PBMCs (as in  Fig. 1, 2 ). Plas-
ma samples from seropositive chagasic 
subjects categorized as CA and CS, and NH 
controls (                   n  = 10 per group) were centri-
fuged (Materials and Methods) and MPs 
were harvested. Human MPs were labeled 
with fluorescence-conjugated antibodies 
against human molecules and analyzed by 
flow cytometry. The frequency of surface 
markers of various cellular origin on MPs 
isolated from control and  Tc -infected 
PBMCs ( a ) and chagasic subjects ( b ) are 
shown.  c  C57BL/6 mice were challenged 
with      Tc  (10,000 parasites/mouse,  n  = 5 
mice/group/experiment, 2 experiments), 
and plasma MPs were collected at day 120 
after infection, corresponding to the chron-
ic disease phase. The MPs were labeled with 
fluorescence-conjugated antibodies against 
mouse molecules and analyzed by flow cy-
tometry. Bar graphs (mean ± SEM) show 
the percent frequency of surface markers of 
various cellular origin on MPs isolated 
from media of  Tc -infected PBMCs or the 
plasma of chronically infected human pa-
tients and experimental mice. Significance 
( *       p <  0.05) is plotted with respect to nor-
mal controls.  
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the plasma of NH individuals and seropositive subjects 
characterized as CA and CS for heart disease ( n  = 10 per 
group), and analyzed, as above ( Fig.  3 b). These data 
showed that MPs of platelet (CD61 + ) or cardiomyocyte 
(troponin + ) origin constituted <2% of the total circulat-
ing MPs in the plasma of normal and chagasic individuals 
( Fig. 3 b). A majority of circulating MPs in the blood of
all the human subjects, irrespective of infection and dis-
ease status, were of monocyte/mφ (CD14 + ), endothelial 
(CD62E + ), and CD4 + /CD8 +  T lymphocyte origin (CD14 
 ≥  CD4 > CD62 = CD8;  Fig. 3 b). The chagasic subjects 
exhibited a substantial increase in the frequency of circu-
latory MPs that were CD14 + /CD14 hi  (up to 2-fold, mφ 
marker), CD62E + /CD62E hi  (2- to 3-fold, endothelial 
marker), or CD8 + /CD8 hi  (4.2-fold, T lymphocytes) 
( Fig. 3 b,  p  < 0.05). Thirdly, MPs were isolated from the 
plasma of mice experimentally infected with  Tc , and ana-
lyzed by flow cytometry. As noted in human chagasic pa-
tients, mice chronically infected with  Tc  exhibited 2.3-
fold, 2-fold and 4.5-fold increases in circulatory MPs of 
monocytes/mφ (CD14 + ), endothelial (CD62E + ), and 
CD8 +  T lymphocyte origin, respectively, compared to 
that noted in the plasma of normal mice ( Fig. 3 c,  p  < 0.05). 
Together, these results suggested that circulatory MPs 
originating from activated endothelial cells, mφs, and 
CD8 +  T cells were enhanced in chagasic patients and 
chronically infected mice.

  Next, we investigated if circulating MPs present in the 
plasma of chagasic patients elicited differential THP-1 
mφ activation depending upon the clinical disease state. 
THP-1 mφs were incubated for 12 h with MPs isolated 
from the plasma of NH, CA, and CS subjects ( n  = 10 per 
group), and total RNA was isolated and reverse-tran-
scribed. The cDNA samples from individuals within a 
group were pooled into 2 sets, and all samples were ana-
lyzed in duplicate by qPCR. The profiling of the gene ex-
pression in THP-1mφs using the inflammatory signaling 
cascade and cytokine/chemokine arrays showed that 34 
genes (9 downregulated, 25 upregulated) and 95 genes 
(16 downregulated, 79 upregulated) were differentially 
expressed ( ≥ |1.5| fold change,  p   ≤  0.05) by CA-MPs and 
CS-MPs, respectively, with respect to the MPs of NH con-
trols (online suppl. Table S1). Of these, 20 genes were dif-
ferentially regulated in THP-1 mφs by both CA-MPs and 
CS-MPs. Furthermore, 14 genes ( ↑ ADRB2,  ↑ CCR3,
TGFBR1,  ↑ NR4A2,  ↑ IL-1B,  ↑ CSF1  ↑ CCL17,  ↑ IL-6ST, 
 ↑ IGFBP3,  ↑ EGR2,  ↓ PIM3,  ↓ TRAF2,  ↓ MMP13,  ↓ NFKB1) 
were differentially expressed in a CA-MP-specific man-
ner, and 7 genes ( ↑ NR3C1,  ↑ IKBKB,  ↑ PLA2G2D, 
 ↑ CXCL3,  ↓ C3,  ↓ NR4A2, and  ↓ CD14,  ≥ |2.0| fold) were 

greatly changed in expression in a CS-MPs-specific man-
ner ( Fig. 4 a, b). Scatter plots show that CA-MPs elicited 
maximal upregulation of CCR4, EGR2, and CCL3, while 
CS-MPs elicited maximal upregulation of IKBKB,
NR3C1, and TIRAP in THP-1 mφs ( Fig. 4 c, d). These re-
sults suggest that the circulatory MPs from seropositive, 
 Tc -infected humans elicit a disease-stage-specific inflam-
matory gene expression profile in THP-1 mφs.

  To assess the phenotypic effect of human chagasic pa-
tients’ MPs on mφs, we incubated THP-1 mφs for 24 h 
with NH-MPs, CA-MPs, and CS-MPs, and evaluated the 
surface expression of markers of mφ activation by flow 
cytometry and cell viability by alamarBlue assay. THP-1 
mφs in vitro incubated with recombinant IFN-γ, IL-4, 
and IL-10 cytokines were used as controls. Flow cytom-
etry analysis showed that IFN-γ-treated (proinflamma-
tory) mφs were primarily CD80 + /CD64 + , and IL-4- and 
IL-10-treated (immunoregulatory) mφs were CD163 + /
CD206 + . The IL-10-treated THP-1 mφs exhibited a
CD16 hi /CD200 hi  profile and the IL-4-treated mφs exhib-
ited a CD16 lo /CD200 lo  profile  [25] . THP-1 mφs incubat-
ed with MPs isolated from the plasma of chagasic patients 
exhibited no significant change in cell viability and/or cell 
proliferation (online suppl. Fig. S1A). Furthermore, incu-
bation of THP-1 mφs with CA-MPs resulted in no change 
in the expression of any of the surface markers indicative 
of IFN-γ-induced or IL-4/IL-10-induced phenotypes 
compared to that noted in mφs incubated with NH-MPs 
(online suppl. Fig. S1B). The CS-MP-induced CD14 +  mφ 
population consisted of a higher number of CD16 +  
(35% ↑ )/CD16 hi  (24% ↑ ), CD64 +  (30% ↑ ), and CD163 hi  
(10% ↑ ) mφs when compared to that noted with CA-MPs. 
We noted no statistically significant change in the popula-
tion (as well as intensity) of the CD200 +  and CD206 +  mφ 
population when incubated with MPs from any of the sub-
ject group (online suppl. Fig. S1B, e, f). These data sug-
gested that CS-MPs may induce a greater level of inflam-
matory activation of mφs than was induced by CA-MPs, 
evidenced by increased expression of CD14 and CD16.

  We investigated the functional response of mφs to 
chagasic patients’ MPs at 1, 24, and 48 h after stimulation. 
The ROS and ∙NO generation and mitochondrial stress 
were examined in THP-1 mφs incubated for 1 h with plas-
ma MPs from NH, CA, and CS human subjects ( n  = 10 
per group). The THP-1 mφs incubated with CA-MPs or 
CS-MPs exhibited a 3.8- to 5.6-fold increase in ROS re-
lease ( Fig. 5 a,  p  < 0.01) and a 2.8- to 3.1-fold increase in 
∙NO levels ( Fig.  5 b,  p  < 0.001) when compared to that 
noted in mφs incubated with NH-MPs or media only. 
Further, THP-1 mφs incubated with CA-MPs and CS-
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MPs, in comparison to mφs incubated with media or NH-
MPs, exhibited a 33–35% decline in mitochondrial mem-
brane potential ( Fig. 5 c,  p  < 0.01) and a 2.6- to 3-fold in-
crease in mitochondrial ROS production ( Fig.  5 d,  p  < 
0.001). A Bio-Plex Multiplex Human Cytokine Assay was 
employed to evaluate the cytokine release in supernatants 
of THP-1 mφs incubated for 24 h with MPs from NH, CA, 
and CS subjects ( n  = 10 per group). These data showed an 
increase of up to 2-fold in the release of IL-7 by mφs in-
cubated with CA-MPs and CS-MPs (vs. NH-MPs). The 
CA-MPs also elicited a 4-fold increase in GCSF levels, 
while CS-MPs elicited >2-fold increase in IL-2 and IL-17 
cytokines in THP-1 mφs ( Fig. 5 e). In another set of ex-
periments, THP-1 mφs were incubated for 48 h with MPs 

from NH, CA, and CS subjects ( n  = 10 per group), and 
cytokine release in supernatants was evaluated by ELISA. 
We noted an increase of approximately 20% in IL-4 re-
lease and no change in IL-10 release in mφs incubated 
with CA-MPs or CS-MPs (vs. NH-MPs; data not shown). 
Furthermore, THP-1 mφs incubated for 48 h with CA-
MPs exhibited a 75% increase in IL-1β production, and 
incubation with CS-MPs elicited a 50% increase in IL-1β 
and a 2-fold increase in IFN-γ release, respectively, com-
pared to that noted in THP-1 mφs incubated with NH-
MPs ( Fig. 5 f, g,  p  < 0.01). Together, the results presented 
in  Figure 5  suggest that: (a) circulatory MPs from CA and 
CS subjects elicited oxidative and nitrosative stress and 
cytokine (i.e., IL-1β and IL-7) release in THP-1 mφs com-
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  Fig. 4.  Inflammatory gene expression pro-
file of mφs in response to MPs of chagasic 
patients. Plasma MPs were isolated from 
seropositive chagasic subjects categorized 
as CA and CS, and NH controls ( n  = 10 per 
group). THP-1 mφs were incubated for
12 h with human MPs, and gene expression 
profiling was performed by qRT-PCR us-
ing the inflammation signaling cascade and 
cytokine/chemokine arrays. The differen-
tial mRNA level was normalized to house-
keeping genes, and fold change in gene ex-
pression was calculated in comparison to 
NH-MP-treated mφs (online suppl. Table 
S1).    a  Venn diagram of differential inflam-
matory gene expression profile ( ≥ |1.5| fold 
change) in mφs incubated with CA-MPs 
versus CS-MPs.  b  Mean differential ex-
pression of top molecules ( ≥ |2.0| fold 
change) induced by CA-MPs and CS-MPs 
(vs. NH-MPs) in THP-1 mφs.              c ,  d  Scatter 
plots show the CA-MP-specific versus CS-
MP-specific changes in mφ gene expres-
sion profile captured by qRT-PCR using 
the inflammatory signaling cascade ( c ) and 
cytokine/chemokine arrays ( d ). Pink lines 
mark the >2-fold difference in expression 
(see online version for colors).                                              
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pared to when mφs were incubated with media alone or 
NH-MPs, and (b) GCSF and IL-2/IFN-γ are released by 
THP-1 mφs in a CA-MP- and CS-MP-specific manner, 
respectively. 

  Finally, we determined if the observed differences in 
mφ activation by CA-MPs and CS-MPs were reflective of 
control of the parasite and disease. For this, we utilized an 
experimental model of vaccination against  Tc  infection. 

We have previously shown that a subunit vaccine com-
posed of TcG2 and TcG4 antigens of  Tc , delivered by 
DNA-prime/protein-boost approach, was efficacious in 
controlling parasite burden, myocarditis, and cardiac re-
modeling in mice  [19] . We isolated MPs from the plasma 
of nonvaccinated/infected and vaccinated/infected mice 
at 120 days after infection (corresponding to a chronic 
disease state) and incubated the MPs with RAW264.7 
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  Fig. 5.  Functional activation of mφs by MPs 
isolated from chagasic patients. MPs were 
harvested from the plasma of seropositive 
CA and CS subjects. MPs from seronega-
tive NH individuals were used as controls. 
     a–d  THP-1 mφs were incubated in tripli-
cate with medium only (none) or with NH-
MPs, CA-MPs, and CS-MPs for 1 h. Cell-
free supernatants were utilized to measure 
ROS levels by amplex red assay ( a ) and 
measure nitrate/nitrite levels by Griess re-
agent assay ( b ).  c ,  d  THP-1 mφs were incu-
bated for 1 h with MPs as above. Cells were 
loaded with JC-1 or MitoSOX Red probes, 
and analyzed by fluorimetry. Changes in 
mitochondrial membrane potential mea-
sured as J aggregates (red)/J monomers 
(green) ratio ( c ) and MitoSOX Red fluores-
cence as a measure of mitochondrial ROS 
production ( d ) are shown.  e  Plasma-de-
rived MPs from NH, CA, and CS subjects 
were added in triplicate to THP-1 mφs. 
Cells were incubated for 24 h, and superna-
tants were utilized in a Bioplex assay for a 
panel of 17 human cytokines and chemo-
kines.  f ,  g  ELISA was performed to mea-
sure the IL-1β and IFN-γ levels in cell-free 
supernatants collected 48 h after incuba-
tion of THP-1 mφs with MPs. In all bar 
graphs, data are plotted as mean value ± 
SEM, and significance is presented as                            *   p  < 
0.05,          *  *   p  < 0.01,      *  *  *   p  < 0.001 (media only 
or NH-MPs [controls] vs. CA-MPs or CS-
MPs).               
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mφs for 48 h. Our data showed that MPs isolated from the 
nonvaccinated/infected mice (vs. MPs from normal mice) 
elicited a 7.5-fold and 40% increase in ∙NO and IFN-γ 
production, respectively, in RAW264.7 mφs ( Fig. 6 a, b). 
In comparison, MPs isolated from the plasma of TcG2/
TcG4-vaccinated/infected mice elicited a significantly 
lower level of ∙NO release and no IFN-γ production 
( Fig. 6 a, b). Together, the results presented in  Figure 6  
suggest that vaccine-induced control of infection and dis-
ease is associated with a significant decline in the ability 
of MPs to induce the mφ activation of the ∙NO and IFN-γ 
response.

  Discussion 

 The currently available invasive tools are not practical 
for routine screening and monitoring the disease status 
or for predicting the risk of developing full-blown cardiac 
failure in  Tc -infected individuals. The cure for chronic 
patients is routinely determined based upon the conver-
sion to negative serology, which can take up to 8–10 years 
after treatment  [26, 27]  and occurs in <15% of treated 
adult subjects  [28, 29] . Furthermore, the recently com-
pleted BENEFIT clinical trial concluded that trypanoci-
dal therapy with benznidazole in patients with established 
Chagas cardiomyopathy significantly reduced the para-
site detected in the serum but did not reduce cardiac clin-

ical deterioration during a 5-year follow-up. These find-
ings affirmed that conversion to negative serology is not 
synonymous with a cure  [30, 31] . No easy-to-use diag-
nostic tests for determining a patient’s risk of developing 
CS disease and the efficacy of a treatment in controlling 
infection or arresting disease progression are available. 
Therefore, in this study, our goal was to determine wheth-
er circulating MPs generated during  Tc  infection carry 
the host’s signature of inflammatory/oxidative state and 
provide information regarding clinical disease severity. 
We utilized an in vitro system, samples from chagasic pa-
tients exhibiting different stages of disease development, 
and a murine model of  Tc  infection and cure by vaccina-
tion, and employed high-throughput transcriptomic and 
physiological approaches to study the mφ response to 
MPs. Our results suggest that MPs released by human 
PBMCs infected with  Tc  in vitro   or circulatory MPs pres-
ent in the plasma of chronically infected chagasic patients 
and experimentally infected mice were primarily of 
monocyte/mφ and lymphocyte (CD8 > CD4) origin, and 
exhibited an inflammatory phenotype. This was demon-
strated by a decline in mitochondrial membrane potential 
and an increase in the proinflammatory gene expression 
profile, and IFN-γ and ∙NO production in mφs incubated 
with MPs derived from the 3 models of  Tc  infection. The 
key features of the mφ response to CS-MPs included a 
pronounced proinflammatory gene expression profile 
( Fig.  4 ), an increase in the expression of the  NR3C1 ,
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  Fig. 6.  Nitrite and IFN-γ stimulation by MPs from chagasic mice 
(±anti- Tc  vaccine). Mice were vaccinated with TcG2/TcG4 can-
didate antigens, delivered as DNA-prime/protein-boost vaccine 
(Materials and Methods). Two weeks after the last immunization, 
they were infected with  Tc.  MPs were harvested from the plasma 
of nonvaccinated/infected and vaccinated/infected mice 120 days 
after infection. MPs harvested from plasma of nonvaccinated/non-
infected (normal) mice were used as controls. RAW264.7 mφs 

were incubated in triplicate for 48 h with MPs. Supernatants were 
utilized for measuring the nitrate/nitrite levels by Griess reagent 
assay ( a ) and measuring IFN-γ levels by ELISA ( b ). Data are plot-
ted as mean value ± SEM (                                             n  = 5 mice/group/experiment, 2 exper-
iments), and significance is presented as          *  *    p  < 0.01 (nonvacci-
nated/infected vs. normal controls) and  #   p  < 0.05 (nonvaccinated/
infected vs. vaccinated/infected). 
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 IKBKB ,  and TIRAP  genes, and substantially higher levels 
of IFN-γ release, while the mφ response to CA-MPs was 
captured by increased expression of CCR4, EGR2, and 
CCL3, and GCSF production. Furthermore, vaccinated 
mice, which were previously shown to control parasite 
persistence and chronic myocarditis  [19, 20] , produced 
MPs that elicited no ∙NO and less IFN-γ in mφs than was 
noted with MPs of nonvaccinated/infected mice. To the 
best of our knowledge, this is the first study demonstrat-
ing that circulating MPs predict the in vivo levels of the 
oxidative and inflammatory state and have potential util-
ity in evaluating disease severity and the efficacy of vac-
cines and drug therapies against CCM.

  Several  Tc -derived molecules (e.g., glycosylphosphati-
dylinositols, mucin-like glycoproteins) act as TLR2 and 
TLR4 agonists and induce the production of ∙NO and in-
flammatory cytokines and chemokines via cells of the 
monocytic lineage [review  32 ]. Other study groups have 
shown that TLR4 –/–  mφs are deficient in the production 
of trypanocidal ∙NO and ROS and fail to control parasite 
replication  [33] . TLR3 –/– , TLR7 –/– , and TLR9 –/–  mice are 
also susceptible to  Tc  infection  [34] , and it has been sug-
gested that  Tc- DNA-dependent TLR/Myd88 plays an im-
portant role in bridging innate to acquired immunity in 
the context of the control of  Tc  infection. These studies 
support the role of innate immune cells (e.g., mφs, den-
dritic cells) in regulating  Tc  infection. 

  Indeed, the host is capable of controlling the acute par-
asitemia to barely detectable levels. Why the chronic in-
flammation then persists in the host is not completely un-
derstood. Our results in this study provide some clues as 
to the source of the stimulus contributing to the persis-
tence of the inflammatory infiltrate in Chagas disease. We 
propose that after controlling the acute infection, the 
clearance of activated immune cells is necessary to main-
tain the homeostatic state. During this process, mem-
branes shed by activated immune cells produce circula-
tory MPs and these MPs may potentially serve as damage-
associated molecular patterns and activate immune cells 
by engaging TLRs and NLRs. This notion is supported by 
the observation that circulating MPs in chagasic patients 
and in the experimentally infected mice were composed 
of membranes shed by endothelial cells, mφs, and T lym-
phocytes, all of which are known to be activated during 
infection, and which contribute to the chronic inflamma-
tory pathology in Chagas disease [reviews  35, 36 ]. Fur-
thermore, the MPs present in the plasma of chagasic hu-
mans and experimentally infected mice were capable of 
signaling a proinflammatory phenotype in the mφs, dem-
onstrated by increased proliferation, ∙NO release, inflam-

matory gene expression, and cytokine (IL-1β, IFN-γ) 
production. The IL-12 and IL-18 cytokines are shown to 
induce IFN-γ in mφs  [37] , and the latter can contribute 
to the proinflammatory activation of mφs in an autocrine 
manner  [38] . Additional studies evaluating the proteomic 
and functional profile of circulating MPs will provide in-
sights into the pathological mechanisms that may con-
tribute to generating MPs; however, our results provide a 
strong indication that the proinflammatory nature of the 
circulating MPs may, at least partially, contribute to the 
persistence of chronic inflammation during Chagas dis-
ease.

  We have previously shown that the incubation of mφs 
with sera of chagasic mice elicited a proinflammatory 
phenotype (CD64 hi  CD80 hi ) and functional response (in-
creased TNF-α/IFN-γ production)  [25] . In this study, cir-
culatory MPs from chagasic patients and experimentally 
infected mice produced a similar proinflammatory acti-
vation of mφs ( Fig. 4–6 ), noted when mφs were incubated 
with complete sera or plasma of chagasic mice  [25] . Incu-
bation with MP-free sera or plasma from chagasic mice 
or patients elicited no response in mφs (data not shown). 
These results suggest that it is MPs, and not the soluble 
molecules present in the systemic circulation, that carry 
the proinflammatory signature of Chagas disease. 

   Tc  infection mobilizes innate and adaptive immune 
responses that induce mφ activation and keep infection 
under control  [39] . Experimental animals and humans 
elicit potent adaptive B and T cell immunity to  Tc  infec-
tion, and are capable of controlling the acute circulating 
and tissue parasite burden  [35, 36, 40] . We showed that 
the MPs isolated from clinically symptomatic chagasic 
patients and experimentally infected mice elicited a sub-
stantial increase in cytokines (IL-1β, IL-7, and IFN-γ), 
ROS, and ∙NO production in mφs ( Fig. 5 ,  6 ). These re-
sults suggest that circulatory MPs constitute a patho-
mechanism in chronic Chagas disease, and the therapies 
capable of preventing cellular injury (i.e., inhibiting the 
generation of MPs) or reprogramming the mφs (i.e., in-
hibiting proinflammatory cytokines, ROS, and ∙NO pro-
duction) will be beneficial in halting the feedback cycle of 
mφ activation and the persistence of pathological inflam-
matory stress in Chagas disease. This notion is strongly 
supported by our findings that complete sera or MPs
harvested from nonvaccinated/infected (vs. vaccinated/
infected) mice elicited a pronounced IFN-γ and ∙NO pro-
duction response in mφs ( Fig. 6 )  [25] . Likewise, the MPs 
of seropositive individuals who exhibited clinical disease 
induced a more robust proinflammatory gene expression 
profile, cytokine release (IL-1β, IL-2, and IFN-γ), and mi-
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totoxic phenotype, while the MPs of seropositive indi-
viduals who had not yet developed clinical disease elicited 
a mild-to-moderate gene expression profile and no IFN-γ 
in THP-1 mφs ( Fig. 4 ,  5 ). 

∙NO   release was suppressed in mφs stimulated with 
MPs from vaccinated/infected mice compared to the MPs 
from nonvaccinated/noninfected mice; however, we did 
not observe this trend with the MPs from CA versus CS 
patients, as the MPs from both groups elevated ∙NO re-
lease from THP-1 mφs. We speculate that the difference 
in the RAW264.7 versus THP-1 mφs’ ability to respond 
to mouse versus human MPs, and the difference in the 
composition of MPs in mice and in humans, may contrib-
ute to the outcome that we observed, with respect to the 
control of ∙NO release when MPs from infected/vacci-
nated mice and CA humans were used. Resistance to  Tc  
infection in humans and in mice may vary according to 
the genetic background of the host and the virulence of 
the parasite strain, and contribute to differential ∙NO pro-
duction as well.

  In summary, we used an in vitro   system, an experi-
mental model of vaccination, and human chagasic pa-
tients, and showed that MPs of monocyte/mφ and lym-
phocyte origin are produced during the course of  Tc  in-
fection and chronic disease progression, and that these 
MPs elicit proinflammatory activation of mφs. Our re-
sults suggest that MP-induced activation of a differential 
inflammatory gene expression profile, cytokine release, 
and ∙NO production in mφs reflects the severity of the 
disease state in the chagasic host. These results give im-
petus for appraising the MP signature of a large number 
of individuals who exhibit varying degree of CCM sever-

ity. We hope that our MPs and in vitro cell-based assays 
can have the potential utility and power for identifying 
the risk of clinical disease development and evaluating the 
efficacy of therapies for controlling Chagas disease. 
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