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ABSTRACT
Chagas disease, caused by Trypanosoma cruzi, results in an acute febrile illness that progresses to chronic
chagasic cardiomyopathy in 30% of patients. Current treatments have significant side effects and poor
efficacy during the chronic phase; therefore, there is an urgent need for new treatment modalities. A
robust TH1-mediated immune response correlates with favorable clinical outcomes. A therapeutic vaccine
administered to infected individuals could bolster the immune response, thereby slowing or stopping the
progression of chagasic cardiomyopathy. Prior work in mice has identified an efficacious T. cruzi DNA
vaccine encoding Tc24. To elicit a similar protective cell-mediated immune response to a Tc24
recombinant protein, we utilized a poly(lactic-co-glycolic acid) nanoparticle delivery system in conjunction
with CpG motif-containing oligodeoxynucleotides as an immunomodulatory adjuvant. In a BALB/c mouse
model, the vaccine produced a TH1-biased immune response, as demonstrated by a significant increase in
antigen-specific IFNg-producing splenocytes, IgG2a titers, and proliferative capacity of CD8C T cells. When
tested for therapeutic efficacy, significantly reduced systemic parasitemia was seen during peak
parasitemia. Additionally, there was a significant reduction in cardiac parasite burden and inflammatory
cell infiltrate. This is the first study demonstrating immunogenicity and efficacy of a therapeutic Chagas
vaccine using a nanoparticle delivery system.
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Introduction

Chagas disease (American trypanosomiasis) is a neglected trop-
ical disease of great importance in the Americas. Estimates
from the Global Burden of Disease Study 2013 indicate that
almost 10 million people are living with Chagas disease world-
wide.1 Chagas disease results in over $7 billion in lost produc-
tivity and health care costs annually.2 The causative protozoan
parasite, Trypanosoma cruzi (T. cruzi), is most frequently trans-
mitted by triatomines (kissing bugs), but can also be transmit-
ted vertically, resulting in congenital infection.3 Chagas disease
typically results in an acute febrile illness that progresses to
chronic cardiomyopathy in 30% of patients.3 Initially, cardiac
dysfunction is characterized by conduction disorders, which
can then progress to cardiomyopathy and even sudden cardiac
death.4 An estimated 1.17 million people suffer from chagasic
cardiomyopathy in Latin America,5 and it is the leading cause
of cardiovascular death in persons between ages 30–50 living in
endemic areas.6

Current pharmacological treatments (nifurtimox and benz-
nidazole) have poor efficacy beyond the acute phase of disease,

with serological cure rates of only 5% to 20% in the chronic
phase.7 The recent BENEFIT trial of chagasic cardiomyopathy
patients showed endpoint PCR conversion in 46.7% of the
benznidazole treatment group, compared to 33.1% of the pla-
cebo group, far below what is seen if treatment is initiated in
the acute phase of disease.8 Both treatments are also associated
with side effects in up to 50% of patients, most frequently cuta-
neous hypersensitivity reactions, gastrointestinal distress, and
neurological symptoms,7 and are contraindicated in preg-
nancy.9 Therefore, there is an urgent need for new treatment
modalities. In humans, production of the TH1-associated cyto-
kine IFNg by CD8C T cell has been correlated with less severe
cardiac disease.10 Depletion of CD8C T cells in mice results in
uncontrolled parasitemia and high mortality.11,12 Therefore, a
therapeutic vaccine could bolster the TH1-mediated CD8C T
cell immune response to the infection, thereby slowing or halt-
ing the progression of disease.13 A therapeutic vaccine for Cha-
gas disease has potential advantages including reduced adverse
effects and the potential to be used as a replacement for current
therapies or paired with reduced-dose chemotherapy.14
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Economic modeling has shown that a therapeutic vaccine
would be highly cost effective.15

One promising target antigen is the 24 kD flagellar Ca2C

binding protein Tc24 (first called FCaBP).16 Tc24 is a cal-
cium-acyl switch protein localized to the flagellar pocket of
the parasite, and is expressed in all developmental stages of
T. cruzi.17 There is greater than 97% sequence conservation
in Tc24 between the T. cruzi strains.18 Early studies in mice
have shown that prophylactic immunization with Tc24 is
protective in T. cruzi infection.19,20 More recently, studies
using a DNA plasmid encoding Tc24 have demonstrated
therapeutic benefit.21,22 The vaccine induced high levels of
antigen-specific IFNgC CD8C cells, protecting against para-
sitemia and cardiac pathology.23 While recombinant protein
vaccines have been licensed for hepatitis B and human pap-
illomavirus, no DNA vaccines have progressed to licensure.
Therefore, we focused on a recombinant protein vaccine
strategy, combining the two prior approaches in order to
employ a Tc24 recombinant protein antigen in a therapeutic
vaccine. This recombinant protein was found to be immu-
nogenic and partially protective as a prophylactic vaccine in
mice when formulated with the Toll-like receptor 4 (TLR-4)
agonist monophosphoryl lipid A.24 In humans, recombinant
Tc24 has been utilized as an antigen for serodiagnosis of
Chagas disease and as a tool to monitor treatment suc-
cess,25,26 and T cell epitopes have been investigated.11

Multiple studies have demonstrated that a TH1-mediated
CD8C T cell response is required for protective immunity to T.
cruzi.23,27 In particular, production of IFNg is critical for con-
trol of T. cruzi infection, unlike IL-4, a TH2-associated cyto-
kine.23,28-30 Nanoparticles have been shown to increase antigen
uptake by antigen-presenting cells 31 and enhance the TH1-
mediated CD8C T cell response 32-34 through increased MHC I
antigen presentation.35 Nanoparticles can also serve as a depot
for antigen,36 allowing prolonged stimulation of the TH1 path-
way.37 A common polymer used in nanoparticle synthesis is
poly(lactic-co-glycolic acid) (PLGA).38 PLGA is biocompatible
and biodegradable. A second component of a nanoparticle-
based vaccine designed to produce a protective immune
response is the TLR-9 agonist CpG motif-containing oligo-
deoxynucleotides (CpG ODN) as an immunomodulatory adju-
vant. CpG ODNs are potent stimulators of the TH1-mediated
CD8C T cell immune response.39,40 In this study, we investi-
gated the immune response elicited by a Tc24 recombinant
protein vaccine in mice when delivered in a PLGA nanoparticle
delivery system with CpG ODN as an immunomodulatory
adjuvant. We also tested the therapeutic efficacy of this vaccine
in a mouse model of Chagas disease. The purpose of this study
is to demonstrate that PLGA nanoparticles can be used as a
delivery system to improve immunogenicity and efficacy of a
protein-based therapeutic vaccine for Chagas disease.

Results

Depot effect of PLGA nanoparticle delivery system

Nanoparticles were produced using a water-oil-water double
emulsion method (Tc24) or an oil-water single emulsion
method (CpG ODN) as described in the methods section of

this paper. Loading efficiency and characterization by SEM
(Fig. 1) were performed to confirm consistency between
batches. To test the depot effect of the PLGA nanoparticle
delivery system, we injected mice with fluorescently labeled
protein and observed the antigen dispersal over time using
an in vivo imaging system. Fluorescently labeled Tc24 pro-
tein encapsulated in the PLGA nanoparticle delivery system
was dispersed over 14 days after injection (Fig. 2). There
was a drop in fluorescence over the first day, likely repre-
senting release of the protein on the exterior of the nano-
particles, then a second, slower, decrease in fluorescence
through day 14, representing the slow degradation of the
nanoparticles and release of encapsulated protein. In com-
parison, protein that lacked a delivery system was dispersed
within one day. Duration of dispersal of encapsulated pro-
tein was similar, though somewhat shorter, than protein
adsorbed to Alhydrogel�, which continued to show dis-
persal of protein until 19 days post-injection. The similar
duration of antigen dispersal between our vaccine and
Alhydrogel� indicates that PLGA nanoparticles exhibit a
favorable depot effect for purposes of vaccine delivery. In
addition to providing a depot effect for uptake of the anti-
gen and adjuvant by antigen-presenting cells, a successful
Chagas disease vaccine must also stimulate a TH1-biased

Figure 1. Nanoparticle delivery system. SEM images of PLGA nanoparticles con-
taining (A) Tc24 and (B) CpG. Scale bars are 1 mm.
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immune response, which Alhydrogel� does not accom-
plish,41,42 but PLGA nanoparticles have been shown to
induce.33-35

Immunogenicity of recombinant protein Tc24 vaccine with
CpG ODN in a PLGA nanoparticle delivery system

In order to characterize the immune response of our vac-
cine, we investigated antigen-specific TH1- and TH2-associ-
ated cytokine production, antibody titers, and CD8C T cell
proliferation capability. The vaccine produced a nine-fold
increase in Tc24-specific IFNg-secreting cells compared to
the lacking adjuvant control (Fig. 3A) and a six-fold
increase in Tc24-specific secreted IFNg compared to the
lacking delivery system control (Fig. 3B). The lacking adju-
vant control produced a comparable amount of secreted
IFNg to the vaccine (Fig. 3B), though from fewer Tc24-spe-
cific cells (Fig. 3A). However, this group also produced

three-fold greater Tc24-specific IL-4 than the vaccine
(Fig. 3C). Comparing the IFNg to IL-4 ratio to determine
the degree to which the immune system is TH1-biased, the
vaccine produced a three-fold larger IFNg/IL-4 ratio com-
pared to the lacking adjuvant control (Fig. 3D). We con-
clude that the PLGA nanoparticle delivery system produces
a robust mixed TH1/TH2 immune response, while the CpG
ODN immunomodulatory adjuvant skews this response
toward a TH1-bias.

Tc24-specific antibody isotype titers corroborate with the
cytokine results. IgG2a titers, a mouse antibody isotype
associated with a TH1-bias, is most robust in the vaccine
formulations that contain the CpG ODN immunomodula-
tory adjuvant compared to the lacking adjuvant control
(Fig. 4A). However, the IgG1 antibody response is most
robust in the formulations containing the PLGA nanoparti-
cle delivery system, compared to the lacking delivery system
control (Fig. 4B). This further supports the findings of an

Figure 2. Depot effect of PLGA nanoparticle delivery system. To test the depot effect of the PLGA nanoparticle delivery system, mice were injected subcutaneously with
vaccine containing fluorescently labeled protein. Dispersal of the antigen from the site of injection over time was observed using an in vivo imaging system. The nanopar-
ticle delivery system was compared to the common vaccine adjuvant Alhydrogel�, as well as protein with no delivery system. (A) Representative images of selected time
points. The regions of interest (circles) are used to calculate total fluorescence intensity. (B) Time course of fluorescence intensity as a percentage of the maximum value.
Data are plotted as mean § SD (n D 8).
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overall immune system stimulation that results from PLGA
nanoparticles, and a favorable TH1-biasing with the addition
of CpG ODN.

Lastly, we explored the Tc24-specific proliferative capacity
of CD8C T cells. Immunization with both the vaccine and the
lacking adjuvant control resulted in a CD8C T cell population
that expanded upon re-stimulation with Tc24 and was statisti-
cally significant compared to the sham vaccine (Fig. 5). In com-
parison, the lacking delivery system control did not produce a
statistically significant population. This is consistent with the
findings that the nanoparticle delivery system is necessary for a
robust immune response to the vaccine.

Therapeutic efficacy of the Tc24 and CpG ODN vaccine in a
nanoparticle delivery system

In order to evaluate therapeutic efficacy of the vaccine, mice were
infected with T. cruzi then vaccinated. Mice receiving the vaccine
had the lowest parasitemia throughout the acute phase of infection
(Fig. 6), including a six-fold reduction in parasite burden at the
peak of parasitemia compared to the sham vaccine. None of the
control groups were able to achieve this reduction in parasitemia.
The initial reduction in parasitemia seen in all groups may be due
to development of lytic antibodies that have been described in
humans, 43 and which could become exhausted resulting in the

Figure 3. Tc24-specific TH1 and TH2 cytokine response. BALB/c mice were vaccinated in a prime-boost model, with 4 weeks between prime and boost. The vaccine was
compared to control groups lacking the CpG ODN (lacking adjuvant control) or the PLGA nanoparticles (lacking delivery system control), as well as a sham vaccine group.
Two weeks after the boost vaccination, the antigen-specific cytokine response was assessed. (A) Tc24-specific IFNg producing lymphocytes as assessed by ELISPOT. Back-
ground D 2 spot forming cells/106 splenocytes with no significant difference between groups. (B) Tc24-specific IFNg secreted by 2 £ 106 splenocytes/mL as assessed by
ELISA. (C) Tc24-specific IL-4 secreted by 2 £ 106 splenocytes/mL as assessed by ELISA. (D) TH1-biasing of the immune response as determined by the ratio of Tc24-specific
secreted IFNg to IL-4. All data shown here is background subtracted. Each point represents an individual animal (n D 10); median values are denoted by horizontal lines.
Significance was calculated using Kruskal-Wallis test with Dunn’s correction for multiple comparisons.
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second spike. The significant reduction in parasitemia at the second
peak in mice receiving the vaccine, but not in the control groups, is
likely due to the TH1-biased immune response generated by the
vaccine. Additionally, protection from widespread parasite inva-
sion in the cardiac tissue was also seen in vaccinated mice (Fig. 7A)
compared to mice in the sham vaccine group (Fig. 7B). The

number of T. cruzi amastigote nests in the cardiac tissue was three-
fold lower in vaccinated mice than mice receiving the sham vacci-
nation (Fig. 7C). The lacking adjuvant control also showed approx-
imately a three-fold reduction in amastigote nests in the cardiac
tissue compared to the sham group, though it was not statistically
significant. However, the lacking adjuvant control was unable to
achieve the near sterilizing immunity in the cardiac tissue that the
vaccine produced in 4/9 mice. Overall, there was a preservation of
normal cardiac tissue in the vaccinated mice, whereas mice receiv-
ing the sham vaccine had widespread inflammatory infiltrate and
destruction of normal cardiac architecture. Mice receiving the vac-
cine had a 30% reduction in inflammatory infiltrate compared to
the sham vaccine group (Fig. 8). The lacking antigen control had a
67% increase in the inflammatory infiltrate compared to the sham
vaccine, though it was not statistically significant. This evidence of
cardiac protection and reduction in systemic parasitemia at the
height of infection are suggestive that this vaccine is not only
immunogenic, but also efficacious as a therapeutic vaccine against
T. cruzi infection.

Discussion

Our laboratory is working to develop a therapeutic Chagas dis-
ease vaccine with a target product profile focused on prevention
or delay of onset of chagasic cardiomyopathy in patients who
seroconvert to T. cruzi.. 15 Chagas disease presents a distinct
challenge for vaccine development: while most vaccines rely on
eliciting a protective antibody response, a Chagas disease vac-
cine requires a cell-mediated immune response. Aluminum
hydroxide adjuvant (such as Alhydrogel�), the adjuvant uti-
lized in 80% of currently licensed vaccines, produces a predom-
inantly TH2-skewed immune response,41,42 and is unsuitable
for Chagas vaccine development. In this study, we employed a
novel approach to elicit a protective TH1-biased immune
response by combining our protein antigen of interest, Tc24,
with CpG ODN as an immunomodulatory adjuvant and encap-
sulating the antigen and adjuvant in a PLGA nanoparticle
delivery system. CpG ODN is already in use as an adjuvant in
clinical trials for hepatitis B, malaria, anthrax, and flu vac-
cines,44 and PLGA is currently utilized as a drug delivery sys-
tem in several FDA approved therapeutics.45 By utilizing these
two proven technologies, we anticipate that this vaccine could
transition into clinical trials more quickly.

In this study we show that PLGA nanoparticles provide a
depot effect similar to that of Alhydrogel�, allowing for pro-
longed release of Tc24 antigen. The delivery system also elicits
an overall robust immune response that vaccine formulations
lacking the PLGA nanoparticle delivery system do not achieve.
The CpG ODN immunomodulatory adjuvant assists in biasing
the vaccine toward a protective TH1-mediated immune
response. This TH1-biasing is primarily due to the pathway
activated in binding of CpG ODN by TLR-9 in the endolyso-
some of antigen-presenting cells,46 but is likely also enhanced
by the PLGA nanoparticle delivery system, which enhances
antigen uptake by antigen-presenting cells,32 facilitates uptake
of CpG ODN into the endolysosome,47 and increases MHC I
antigen presentation.36 Overall, the vaccine containing both the
CpG ODN immunomodulatory adjuvant and the PLGA nano-
particle delivery system was necessary to produce a robust

Figure 4. Tc24-specific antibody response. BALB/c mice were vaccinated in a prime
boost model, with 4 weeks between prime and boost. The vaccine was compared
to control groups lacking the CpG ODN (lacking adjuvant control) or the PLGA
nanoparticles (lacking delivery system control), as well as a sham vaccine group.
Two weeks after the boost vaccination, the antigen-specific antibody response was
assessed by ELISA. (A) Tc24-specific IgG2a antibody titer, a TH1-associated antibody
isotype. (B) Tc24-specific IgG1 antibody titer. Titers were recorded as the last posi-
tive dilution above a cut-off O.D., which was determined by the average O.D. of
serum from na€ıve mice plus 3x standard deviation. Each point represents an indi-
vidual animal (n D 10); median values are denoted by horizontal lines. Data was
log transformed and significance was calculated by one-way ANOVA with Tukey’s
correction for multiple comparisons. All groups were significantly greater than the
sham vaccine, and so notation was omitted from the graphs for clarity of
interpretation.
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TH1-baised immune response to the Tc24 protein. Our findings
here are similar to our previous observations using this adju-
vant and delivery system with a model antigen (ovalbumin).37

They are also consistent with reported studies showing TH1-
biased enhancement of other protein antigens when combined
with CpG ODN in PLGA nanoparticles.48-50 Other therapeutic
vaccines against Chagas disease have been found to induce a
protective antigen-specific CD8C T cell population that
expands upon challenge with infection and produces TH1-asso-
ciated cytokines that include IFNg and TNFa,51 as well as a
CD4C T cell population capable of IFNg production.24 Our
results are consistent with these findings, though further char-
acterization of the immune response could be pursued to deter-
mine the cell types responsible for protection in this model.

When tested for therapeutic efficacy, the vaccine signifi-
cantly reduced systemic parasitemia during peak parasitemia,

whereas none of the control groups were able to achieve this
protection. Additionally, the vaccine significantly reduced the
number of T. cruzi amastigote nests in the cardiac tissue. While
the adjuvant control also showed a similar, though non-signifi-
cant, reduction in amastigote nests in the cardiac tissue, it was
unable to achieve the near-sterilizing immunity that the vaccine
did in 40% of mice. Therefore, while a degree of protection is
conferred by the Tc24 protein in the PLGA nanoparticle deliv-
ery system alone, the complete vaccine is necessary for the
greatest reduction in parasitemia. The assessment of parasite
burden by amastigote nests is a method that is widely used in
the Chagas vaccine development field,31 though future studies
could also evaluate cardiac parasitemia by the more sensitive
but less standardized PCR method. Parasite persistence is con-
sidered a key cause of chagasic cardiomyopathy in humans.52

Therefore, the observed reduction in cardiac parasite burden

Figure 5. Tc24-specific proliferative capacity of CD8C T cells. BALB/c mice were vaccinated in a prime-boost model, with 4 weeks between prime and boost. The vaccine
was compared to control groups lacking the CpG ODN (lacking adjuvant control) or the PLGA nanoparticles (lacking delivery system control), as well as a sham vaccine
group. Two weeks after the boost vaccination, the antigen-specific CD8C T cell response was assessed by carboxyfluorescein diacetate succinimidyl ester (CFSE) prolifera-
tion assay. (A) Representative gating from a vaccinated mouse with the gate showing the percentage of live, CD19¡, CD3C, CD8C T cells that have undergone division.
(B) Representative gating from a mouse in the sham vaccine group with the gate showing the percentage of live, CD19¡, CD3C, CD8C T cells that have undergone divi-
sion. (C) Comparison of the proliferative capacity of CD8C T cells between the vaccine and control groups. Data is background subtracted. Background D 0.06% proliferat-
ing cells with no significant difference between groups. Each point represents an individual animal (n D 10); median values are denoted by horizontal lines. Significance
was calculated using Kruskal-Wallis test with Dunn’s correction for multiple comparisons.
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suggests protection from parasite-driven cardiac damage. This
protection will be a key feature of a therapeutic vaccine for
Chagas disease. Further supporting the findings of cardiac pro-
tection is the reduction in inflammatory infiltrate in the cardiac
tissue of mice receiving the vaccine compared to the sham con-
trol. The lacking antigen control showed an increase in inflam-
matory infiltrate in the cardiac tissue compared to the sham
control, though it was not statistically significant. While the
CpG ODN adjuvant may be non-specifically inducing an
inflammatory response, by administering the CpG ODN adju-
vant with the Tc24 antigen the immune response is directed
toward the appropriate target, preventing widespread inflam-
mation. The vaccine containing both the Tc24 antigen and the
CpG ODN adjuvant in the PLGA nanoparticle delivery system
is necessary for therapeutic efficacy against parasitemia and
cardiac inflammation.

One limitation of this study is that efficacy of the vaccine
was tested using the acute murine model of infection. This
model utilizes BALB/c mice, a strain that is particularly suscep-
tible to the T. cruzi parasite and demonstrates high parasitemia
through the acute phase of infection. Humans similarly show a
period of high parasitemia, but symptomatic chagasic cardio-
myopathy does not develop until the chronic phase of disease.
Further testing of our vaccine in a mouse model of chronic
Chagas disease will be important to further confirm therapeutic
efficacy. Studies testing efficacy of the Tc24 DNA vaccine
showed protection in both an acute and a chronic mouse model
of disease.22,24 Therefore, we anticipate that our findings of
therapeutic efficacy here will predict efficacy in a chronic model
of disease. Ultimately, vaccine development is a stepwise pro-
cess and using the acute model for screening vaccine candidates
can be used as an effective in vivo model to determine whether
a vaccine would stimulate a sufficient immune response to con-
trol parasitemia, and is frequently used in drug efficacy
testing.53-55

Additionally, while a concerted effort has been made to
select mouse models that closely mimic human disease, the T-
cell response is not directly translatable between the two spe-
cies. While we predict that our findings of immunogenicity and

Figure 6. Therapeutic efficacy as measured by systemic parasitemia. Mice were
infected with T. cruzi, and then immunized at days 7 and 14 post infection, as
shown by arrows (#). The vaccine was compared to controls lacking the CpG ODN
(lacking adjuvant control) or the Tc24 protein (lacking antigen control), both deliv-
ered in the nanoparticle delivery system, as well as a sham vaccine group. Parasite-
mia in the blood was measured twice weekly by quantitative real-time PCR
throughout the acute phase of infection. Data are plotted as median and inter-
quartile range (n D 10). Significance was calculated using Kruskal-Wallis test with
Dunn’s correction for multiple comparisons; �p < 0.05 when comparing the vac-
cine to the sham.

Figure 7. Therapeutic efficacy asmeasured by cardiac parasite burden.Micewere infected
with T. cruzi, and then immunized at days 7 and 14 post infection. At 50 d post infection, the
vaccine was compared to controls lacking the CpG ODN (lacking adjuvant control) or the
Tc24 protein (lacking antigen control), both delivered in the nanoparticle delivery system,
as well as a sham vaccine group. Representative H&E stained section of a heart from (A) a
vaccinated mouse, (B) a mouse in the sham vaccine group. Examples of amastigote nests
shown with an arrow (!). (C) Quantification of the amastigote nests in the cardiac tissue
over 20 representative fields of view (400x) per section. Each point represents an individual
animal (n D 8–9); median values are denoted by horizontal lines. Significance was calcu-
lated using Kruskal-Wallis test with Dunn’s correction formultiple comparisons.
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therapeutic efficacy in mice will be translatable to humans,
additional studies in non-human primates will be needed
before moving the vaccine to the clinic. Lastly, while the PLGA
nanoparticle production method employed in this paper is a
common method that has been previously published,37 debate
exists as to the ideal size of nanoparticles for vaccine delivery.
Some reports suggest that “viral-size” nanoparticles may
enhance the immune response, while other studies report that
larger particles elicit a better immune response.38 Further
refinement of this vaccine could involve exploring alternative
production methods that would yield tunable sizes of nanopar-
ticles, to determine the optimum particle size for eliciting the
desired immune response.

While PLGA nanoparticles have been widely investigated
as a vaccine delivery system, only very limited work has
been conducted on the use of PLGA nanoparticles in vac-
cines against parasites.56,57 This is the first reported study
utilizing a nanoparticle delivery system approach in devel-
oping a therapeutic vaccine against Chagas disease. Our
findings of parasite reduction, but not elimination, are simi-
lar to the majority of Chagas disease vaccine studies.24,25,29

Though sterilizing immunity may not be achievable in this
model, it is clear that a successful vaccine will need to pro-
duce a meaningful reduction in parasitemia. Ultimately,
Tc24 may be combined with other T. cruzi antigens, such
as TSA1, TcG2, and TcG4 to increase vaccine effi-
cacy.22,24,29,30,58 Additionally, this vaccine could potentially
be tested in combination with reduced dose chemother-
apy.15 If the vaccine provides a dose-sparing effect on the
chemotherapeutic agents, the side effect profile could be
minimized while increasing efficacy though multiple

parasite killing mechanisms. In conclusion, this vaccine uti-
lizing a PLGA nanoparticle delivery system demonstrates
robust TH1-biased immunogenicity and promising therapeu-
tic efficacy in an acute mouse model of Chagas disease. This
study represents an important proof of principle that PLGA
nanoparticles can be used as a delivery system to improve
immunogenicity and efficacy of a protein-based vaccine for
Chagas disease.

Materials & methods

Production of recombinant Tc24 protein

Recombinant Tc24 was expressed in E. coli BL21(DE3) and
purified with Ni-column chromatography as described previ-
ously.25 Briefly, E. coli codon-optimized DNA coding for full-
length H1 strain T. cruzi Tc24 was cloned in frame into E. coli
expression vector pET41a (EMD Millipore, 70556) with fusion
GST deleted (NdeI/XhoI). The recombinant plasmid DNA was
transformed into BL21(DE3) (EMD Millipore, 69450) and
recombinant protein was induced with IPTG. The recombinant
Tc24 was purified with IMAC (GE Healthcare, Little Chalfont,
United Kingdom), and with Q column purification (GE
Healthcare, Little Chalfont, United Kingdom) to remove endo-
toxin contamination.

Production and characterization of PLGA nanoparticles

Tc24 protein was encapsulated using water-oil-water double
emulsion method.37 Tc24 protein in PBS containing 0.5% PVA
and 50 mg/mL D-mannitol was homogenized with PLGA pre-
dissolved in chloroform, using an IKA� T25 homogenizer
(IKA Works, Wilmington, NC). The primary emulsion was
homogenized with 5% PVA solution. The resulting emulsion
was poured into a large volume of 5% PVA solution and stirred
overnight at room temperature to evaporate the chloroform.

CpG ODN 1826, an agonist for mouse TLR-9 (50-tccat-
gacgttcctgacgtt-30 with phosphorothioate bonds at all bases,
Integrated DNA Technologies), was first ion-paired with a cat-
ionic lipid DOTAP at a 1:1 molar ratio of nucleic base to
DOTAP molecule to create a complex soluble in dichlorome-
thane, prior to encapsulation by oil-in-water single emulsion
method.37 The ion-paired CpG was mixed with PLGA to form
a homogenous oil phase and then homogenized with 5% PVA
solution. After evaporation of organic solvent, nanoparticles
were collected by centrifugation, washed, re-suspended, and
lyophilized.

Particle morphology was characterized by scanning elec-
tronic microscopy (SEM, Jeol JSM-6100, Peabody, MA). Pro-
tein encapsulation levels was measured by Micro BCATM

Protein Assay (Life Technologies, 23235) after nanoparticles
were digested in a mixture of DMSO, SDS, and NaOH. 59 Aver-
age encapsulation for Tc24 nanoparticles was 15 mg Tc24 in
1 mg PLGA nanoparticles. To quantify CpG encapsulation,
nanoparticles were digested in the same manner, followed by
pH adjustment to neutral and measurement of CpG concentra-
tion by OliGreen� ssDNA Assay (Life Technologies,
O11492).37 Average encapsulation of CpG nanoparticles was
40 mg CpG in 1 mg PLGA nanoparticles.

Figure 8. Therapeutic efficacy as measured by cardiac inflammatory infiltrate Mice
were infected with T. cruzi, and then immunized at days 7 and 14 post infection.
At 50 days post infection, the vaccine was compared to controls lacking the CpG
ODN (lacking adjuvant control) or the Tc24 protein (lacking antigen control), both
delivered in the nanoparticle delivery system, as well as a sham vaccine group.
Quantification of the percentage of area occupied by inflammatory cell nuclei in
the cardiac tissue over 5 representative fields of view (100x). Each point represents
an individual animal (nD 8–9); median values are denoted by horizontal lines. Sig-
nificance was assessed by the Kruskal-Wallis test with the post-hoc comparison of
all groups to the sham vaccine control using the Mann-Whitney test with Bonfer-
roni adjustment.
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Kinetics of antigen dispersal

In vivo imaging was utilized to investigate antigen dispersal
from the nanoparticle vaccine over time. Mice were injected
subcutaneously with 1 mg of Alexa Fluor 660-labeled (Life
Technologies, A-20171) Tc24 protein encapsulated in PLGA
nanoparticles. Control groups included protein formulated on
Alhydrogel� (aluminum hydroxide adjuvant, Brenntag Biosec-
tor, 21645-51-2) or protein alone. Fluorescent imaging was per-
formed on an IVIS� Lumina II (Caliper Life Sciences,
Hopkinton, MA) in the Small Animal Imaging Facility at Texas
Children’s Hospital. The imaging settings utilized were: excita-
tion wavelength D 640 nm, emission wavelength D 704 nm, f-
stopD 2 or 4, binningD 2, exposure timeD 1 s or 2 s. The total
radiant efficiency ([photons/sec]/[mW/cm2]) at the injection
site was measured using Living Image� software (Caliper Life
Sciences, Hopkinton, MA). The total radiant efficiency at each
time point was normalized to the maximal reading.

Mice and immunization

Female BALB/c mice (Taconic Biosciences), aged 6–8 weeks,
were used in all experiments. Animal experiments were per-
formed in compliance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, 8th edition,
under a protocol approved by Baylor College of Medicine’s
Institutional Animal Care and Use Committee (IACUC). Mice
were vaccinated subcutaneously with vaccine and control group
formulations (Table 1A). The vaccine was compared to a group
that controlled for the effect of CpG ODN (lacking adjuvant
control) as well as a group that controlled for the effect of the
PLGA nanoparticles (lacking delivery system control). Out-
comes assessed were antigen-specific and so no lacking antigen
control was tested. A dose of 30 mg Tc24 protein and 40 mg
CpG ODN was administered. All vaccine formulations were
resuspended in saline. Four weeks after the prime vaccination,
mice were boosted with the same vaccine formulations as the
prime vaccination. Two weeks after the boost vaccination, mice
were humanely euthanized and serum and spleens were har-
vested to evaluate antigen-specific immune responses.

Blood samples were allowed to coagulate in Serum-Gel clot-
ting tubes (SARSTEDT, 41.1378.005) at room temperature and
centrifuged to separate serum per manufacturer’s instructions.

Whole spleens were mechanically dissociated using 40 mm
strainers (BD Biosciences, 352340). Red cells were lysed with
ACK lysis buffer (Lonza, 10-548E). Viable cells were counted
using a Cellometer Auto 2000 automated cell counter and
AOPI Staining Solution (Nexcelom Biosciences, Lawrence,
MA). Cells were diluted to final concentrations in 10% FBS, 1X
Pen/Strep in RPMI-1640 (all from Corning, 35-011-CV, 30-
002-CI, 10-040-CV) for cellular assays.

IFNg-producing splenocytes

Antigen-specific IFNg-producing splenocytes were quantified
by ELISpot. Using an ImmunoSpot kit (Cellular Technology
Limited, MIFNG-1M), 2.5 £ 105 splenocytes were incubated
with 50 mg/mL Tc24, 5 mg/mL Concanavalin A (ConA, Sigma-
Aldrich, C0412), or media only for 24 hrs, 37�C, 5% CO2. After
the cytokine detection process per manufacturer’s instructions,
spots were counted using a CTL-ImmunoSpot� S6 Macro Ana-
lyzer (Cellular Technology Limited, Shaker Heights, OH). The
frequencies of antigen-specific IFNg-producing cells were cal-
culated by background subtraction of the unstimulated cells.

IFNg and IL-4 levels

Antigen-specific cytokine release from splenocytes was quanti-
fied by ELISA. Briefly, 2£106 splenocytes/mL were incubated
with 50 mg/mL Tc24, 5 mg/mL ConA, or media only for 72 hrs,
37�C, 5% CO2. To measure IFNg and IL-4 in the supernatants,
a sandwich ELISA method was employed, using Mouse IFNg
and IL-4 ELISA kits (eBioscience, 88–7314, 88–7044) per man-
ufacturer’s instructions. Cytokine concentrations produced by
antigen-specific cells were calculated by background subtrac-
tion of the unstimulated cells.

Serum antibody titers

Serum antibodies to Tc24 were measured by ELISA. Plates were
coated with 1.25 mg/mL Tc24 in coating solution (KPL, 50-84-
00). Plates were blocked, and two-fold serially diluted serum
samples were added, beginning with 1:400. Bound antibody
was detected with 1:4,000 HRP-conjugated goat anti-mouse
IgG1 or IgG2a secondary antibody (LifeSpan Biosciences, LS-
C59107, LS-C59112). The reaction was developed with TMB
Substrate (Thermo Scientific). Titers were recorded as the
last positive dilution above a cut-off O.D., as determined by the
O.D.AvgC 3SD of serum from na€ıve mice. Mice that did not
have a detectable titer were assigned a titer of 1.

Lymphocyte proliferation

Antigen-specific lymphocyte proliferation was measured by
carboxyfluorescein diacetate succinimidyl ester (CFSE) as
described previously.60 Briefly, 5£106 splenocytes were stained
with CFSE (Life Technologies, C34554) and then incubated
with 50 mg/mL Tc24, 5 mg/mL ConA, or media only, 72 hrs,
37�C, 5% CO2. Cells were stained with LIVE/DEADTM Fixable
Blue Stain (Life Technologies, L-34961), and then incubated
with Purified Rat Anti-Mouse CD16/CD32 (BD Biosciences,
553142). Surface markers were assessed with PE-Cy7-

Table 1. Treatment groups. Description of the vaccine and control groups utilized
in (A) the immunogenicity studies and (B) the therapeutic efficacy studies. The con-
trols have been named based on the vaccine component lacking from the
formulation.

Treatment Group

Tc24
recombinant

protein

CpG
ODN

adjuvant

Nanoparticle
delivery
system

A.
Vaccine X X X
Sham
Lacking adjuvant control X X
Lacking delivery system control X X
B.
Vaccine X X X
Sham
Lacking adjuvant control X X
Lacking antigen control X X
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conjugated anti-CD19, PE-conjugated anti-CD3, V500-conju-
gated anti-CD8 (all BD Biosciences, 552854, 553064, 560776),
and APC-Alexa Fluor 750-conjugated anti-CD4 (Life Technol-
ogies, MCD0427). Cells were fixed with Cytofix solution (BD
Biosciences, 554655). Samples were acquired on a LSR Fortessa
(BD Biosciences, San Jose, CA) at the Baylor College of Medi-
cine Cytometry and Cell Sorting Core. Data analysis was per-
formed using VenturiOne 5.0 (AppliedCytometry, Dinnington,
Sheffield, United Kingdom).

Parasites and infection

T. cruzi H1 strain parasites, previously isolated from a human
case in Yucatan, Mexico,22 were maintained by serial passage in
mice. To test therapeutic efficacy of the vaccine, na€ıve mice
were infected intraperitoneally with 500 trypomastigotes. Seven
days post-infection (dpi) the mice were immunized subcutane-
ously with vaccine and control group formulations (Table 1B).
Given that the nanoparticle delivery system was necessary to
produce a robust immune response in the immunogenicity
experiment, no lacking delivery system control was tested for
therapeutic efficacy. Instead, the vaccine was compared to a
group that controlled for the effect of CpG ODN (lacking adju-
vant control), as in the immunogenicity study, as well as a
group that controlled for the effect of the Tc24 protein (lacking
antigen control), as there is parasite-derived Tc24 in natural
infection. A sham vaccine group was also tested to assess the
natural progression of disease. A dose of 30 mg Tc24 protein
and 40 mg CpG ODN was used. In the cardiac parasite burden
experiment, 15 mg Tc24 protein and 8 mg CpG ODN was uti-
lized. A boost vaccination was administered at 14 dpi. Blood
was collected twice weekly for quantification of parasitemia. At
50 dpi, all remaining mice were humanely euthanized.

Evaluation of parasitemia

Total DNA was isolated from blood using a DNEasy blood and
tissue kit (Qiagen, 69506) and 10 ng DNA was used in quantita-
tive real-time PCR using TaqMan� Fast Advanced Master Mix
(Life Technologies, 4444557) and oligonucleotides specific for
the satellite region of T. cruzi nuclear DNA (primers 50
ASTCGGCTGATCGTTTTCGA 30 and 50 AATTCCTCCAAG-
CAGCGGATA 30, probe 50 6-FAM CACACACTGGACACCAA
MGB 30, Life Technologies, 4304972, 4316032).61,62 Data were
normalized to GAPDH (primers 50 CAATGTGTCCGTCGTG-
GATCT 30 and 50 GTCCTCAGTGTAGCCCAAGATG 30, probe
50 6-FAM CGTGCCGCCTGGAGAAACCTGCC MGB 30, Life
Technologies, 4304972, 4316032),63 and parasite equivalents
were calculated based on a standard curve.64,65 Treatment groups
were compared at peak parasitemia to evaluate parasite burdens.

Cardiac parasite burden and inflammation

Heart tissue was removed from euthanized animals and
fixed in 10% formaldehyde for histopathological analysis.
Samples were embedded in paraffin, cut into 5 mm sections,
and stained with hematoxylin and eosin. For each mouse, a
representative section was identified and amastigote nests
were quantified over 20 fields of view at 400x magnification

in a blinded manner. To assess inflammation, 5 representa-
tive images were acquired per mouse with a Nikon Eclipse
E600 optical microscope at 100x magnification in a blinded
manner and image analysis was performed using ImageJ
software 1.48 v (National Institutes of Health, Bethesda,
MD). Pixels corresponding to inflammatory cell nuclei were
quantified and normalized to total pixels of the sample to
assess the percentage of inflammatory infiltrate area in the
muscle fiber.

Statistical analysis

Results for cellular assays, parasitemia, and cardiac parasite
burden are shown as individual mouse data points with
median values and were analyzed by the Kruskal-Wallis test
with Dunn’s correction for multiple comparisons. Results
for serum antibody are shown as individual mouse data
points with median values. Results were log-transformed
and analyzed by one-way ANOVA with Tukey’s correction
for multiple comparisons. Results for inflammatory infiltrate
are shown as individual mouse data points with median val-
ues. Results were analyzed by the Kruskal-Wallis test with
the post-hoc comparison of all groups to the sham vaccine
control using the Mann-Whitney test with Bonferroni
adjustment. Differences between treatment groups were
considered significant if the p-value was less than 0.05. Sta-
tistical analysis was performed using Prism software 6.0
(GraphPad Software, La Jolla, CA).
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