A AMERICAN Infection and
SOCIETY FOR . ®
MICROBIOLOGY Immunlty

MICROBIAL IMMUNITY AND VACCINES

L)

Check for
updates

Vaccine-Linked Chemotherapy Improves Benznidazole Efficacy

for Acute Chagas Disease

Kathryn Jones,>P Leroy Versteeg,® Ashish Damania,® Brian Keegan,? April Kendricks,®* Jeroen Pollet,>P
Julio Vladimir Cruz-Chan,>?-¢ Fabian Gusovsky,© Peter J. Hotez,@P4 Maria Elena Bottazzi>P

aTexas Children's Hospital Center for Vaccine Development, Houston, Texas, USA

bDepartments of Pediatrics and Molecular Virology and Microbiology, National School of Tropical Medicine,
Baylor College of Medicine, Houston, Texas, USA

cEisai, Inc., Global Formulation Research, Research Triangle Park, North Carolina, USA
dJames A. Baker Ill Institute for Public Policy, Rice University, Houston, Texas, USA

cLaboratorio de Parasitologia, Centro de Investigaciones Regionales Dr. Hideyo Noguchi, Universidad
Auténoma de Yucatan, Mérida, Mexico

ABSTRACT Chagas disease affects 6 to 7 million people worldwide, resulting in sig-
nificant disease burdens and health care costs in countries of endemicity. Chemo-
therapeutic treatment is restricted to two parasiticidal drugs, benznidazole and nifur-
timox. Both drugs are highly effective during acute disease but are only minimally
effective during chronic disease and fraught with significant adverse clinical effects.
In experimental models, vaccines can be used to induce parasite-specific balanced
T,1/T,2 immune responses that effectively reduce parasite burdens and associated
inflammation while minimizing adverse effects. The objective of this study was to
determine the feasibility of vaccine-linked chemotherapy for reducing the amount of
benznidazole required to significantly reduce blood and tissue parasite burdens. In
this study, we were able to achieve a 4-fold reduction in the amount of benznida-
zole required to significantly reduce blood and tissue parasite burdens by combining
the low-dose benznidazole with a recombinant vaccine candidate, Tc24 C4, formu-
lated with a synthetic Toll-like 4 receptor agonist, E6020, in a squalene oil-in-water
emulsion. Additionally, vaccination induced a robust parasite-specific balanced T,1/
T2 immune response. We concluded that vaccine-linked chemotherapy is a feasible
option for advancement to clinical use for improving the tolerability and efficacy of
benznidazole.

KEYWORDS Chagas disease, Trypanosoma cruzi, E6020 adjuvant, benznidazole,
recombinant protein vaccine, CD8* T cell response

hagas disease, caused by infection with the intracellular protozoal parasite Trypano-

soma cruzi, affects approximately 5.7 to 6.7 million people worldwide, with the vast
majority of cases in the Americas (1, 2). Acute infection lasts for approximately the first
2 to 3 months and clinically can present with no symptoms or a nonspecific febrile
iliness, with readily detectable parasitemia due to rapid replication of parasites within
tissues (3). The evolution of a parasite-specific T,;1-biased immune response results in
reduction of parasitemia to undetectable levels through the actions of parasite-specific
lytic antibodies and cytotoxic cellular responses. After the initial acute phase, infected
individuals transition to the clinically asymptomatic indeterminate phase (3). The
majority of infected individuals remain in this indeterminate phase indefinitely, but
approximately 30% of individuals develop chronic Chagasic cardiomyopathy years to
decades after initial infection (4). Chronic Chagasic cardiomyopathy is caused by
multiple factors, including tissue damage caused by parasite persistence, dysautono-
mia, and microvascular disturbances (3, 5, 6). These factors initially manifest as con-
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duction disturbances in the cardiovascular system, progressing to cardiac aneurisms,
dilated cardiomyopathy, and sudden cardiac death during end-stage disease (4).
Chagas disease is the leading cause of nonischemic dilated cardiac disease in Latin
America and represents a significant economic burden to health care systems (7-9). The
full disease burden of Chagasic cardiomyopathy is being elucidated, but some efforts
indicate that it affects more than one million people, with recent studies suggesting
that 17 to 18% of Chagasic cardiomyopathy patients will die over the next 5 years
(10, 11).

Current treatment for Chagas disease is challenging, being restricted to the two
chemotherapeutic agents benznidazole and nifurtimox. Both have prolonged treat-
ment courses, 2 to 3 months in length, and limited efficacy beyond the acute phase of
disease (12). Treatment frequently causes significant side effects after the first few
weeks of treatment, causing up to 40% of individuals to discontinue treatment (13-15).
Thus, novel drugs and reduced dosing treatment regimens have been explored to
improve efficacy and tolerability. Reduced-time, combination drug, and novel drug
treatment schemes have been tested in preclinical models with some success. Treat-
ment with the combination of benznidazole and posaconazole for 10 days, half of the
standard treatment time, has been shown to cure one-half to two-thirds of infected
mice (16, 17). When treatment with posaconazole preceded intermittent treatment
with benznidazole for 60 days, 100% of mice were cured (16). AmBisome, a liposomal
formulation of amphotericin B used to treat visceral leishmaniasis, has been shown to
significantly reduce blood and tissue parasite burdens while prolonging survival in both
acute and chronic mouse infections with T. cruzi (18). While novel drugs and combi-
nation treatments are a promising option, the lack of successful translation from
preclinical models to human testing, compounded with the existence of naturally
drug-resistant T. cruzi strains, limits the effectiveness of these treatment options
(19-21). Additionally, chemotherapy alone does not reverse existing cardiac disease or
prevent cardiac death in chronically infected individuals (10, 15) Thus, there is an urgent
need for additional therapeutic options for Chagas disease.

Studies of the immune response against natural and experimental T. cruzi infections
have elucidated several key parameters that are correlated with the presence or
absence of clinical disease. A T 1-directed immune response with antigen-specific
gamma interferon (IFN-y) as well as CD8 effector cells is essential for controlling tissue
parasite burdens (22). T. cruzi is able to modulate the immune system in its favor to
survive and secretes several molecules that promote interleukin-10 (IL-10) secretion by
dendritic cells (23). However, IL-4 and IL-10 are necessary cytokines to modulate or
ameliorate parasite-induced inflammation and tissue pathology (24). Studies in chronic
indeterminate human patients without disease and chronic patients with disease have
confirmed that antigen-specific IFN-y balanced by IL-10 correlates with the absence of
clinical disease (25). When parasite-specific immune responses are evaluated after
benznidazole treatment, antigen-specific IFN-v is initially increased and is believed to
enhance efficacy of the drug (26, 27). Further studies in preclinical models show that
benznidazole cure rates are significantly reduced in mice lacking IFN-vy, IL-12, and
tumor necrosis factor alpha (TNF-«) (28). However, treatment with suboptimal ben-
znidazole combined with exogenous IL-12 enhanced drug efficacy (29). Taken together,
these data suggest that limiting disease progression is dependent upon a balanced
T, 1/T,2 parasite-specific immune response controlling parasite burdens while limiting
tissue pathology and organ dysfunction. Further, efficacy of benznidazole is due to
both direct parasiticidal effects and appropriate parasite-specific immune responses of
the host.

Capitalizing on the knowledge that immune control of T. cruzi correlates with
reduced disease in both naturally infected humans and experimental animal models,
numerous vaccine candidates have been designed to induce or boost T, 1-directed T.
cruzi-specific immune responses. The Tc24 flagellar calcium binding protein of T. cruzi
has been studied extensively as a vaccine candidate delivered as a DNA vaccine in mice
and dogs and has been shown to reduce parasite burdens and cardiac pathology (22,
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30-32). Since DNA vaccines historically have not translated to effective vaccines in
humans, further studies have evaluated the Tc24 antigen as a recombinant protein
antigen which has more potential for successful translation to a clinical vaccine (33).
Initial studies have demonstrated efficacy of preventative Tc24 recombinant protein-
based vaccines, which reduced parasite burdens and increased survival through IFN-
y-driven immune control of the parasite (34, 35). Further studies have demonstrated
that candidate Tc24 vaccines are partially efficacious when used therapeutically, reduc-
ing cardiac parasite burdens and inflammation (36, 37). Thus, vaccines are a very
attractive therapeutic option for treating Chagas disease that could be used alone or in
combination with specific antiparasitic drug therapy as a way to reduce tissue parasite
burdens and enhance host immune control of infection while minimizing side effects.
Since the adaptive immune response is too slow in developing a proper specific CD8*
T cell response against T. cruzi in an acute infection (38), we hypothesized that reducing
the parasite burden first with a low dose of benznidazole, followed by boosting the
parasite-specific immune response with a vaccine would give the immune system
enough time to elicit a proper CD8" T cell response to clear the infection. Here, we
report a proof-of-concept study demonstrating that the combined effects of low-dose
benznidazole treatment and vaccination significantly reduce blood and cardiac parasite
burdens as well as cardiac inflammation in acutely infected mice. The vaccine is
comprised of a recombinant form of the Tc24 antigen in which four canonical cysteines
were replaced with serines (Tc24 C4) in order to prevent intermolecular disulfide bond
formation and aggregation during scale-up production and manufacture (37). The Tc24
C4 antigen is formulated with E6020 (Tc24 C4/E6020), a synthetic Toll-like receptor 4
(TLR4) agonist, in a squalene oil-in-water emulsion to augment specific yet balanced
Ty 1 cellular immune responses. Here, we describe both significant parasite reductions
and reduced cardiac inflammation relative to levels in controls following administration
of the vaccine linked to benznidazole chemotherapy.

RESULTS

Combination treatment significantly reduces parasite burdens. Acutely infected
mice were treated therapeutically with a low dose of benznidazole, the Tc24 C4/E6020
squalene emulsion (SE) vaccine, or a combination treatment of benznidazole followed
by vaccination. Survival was reduced in mice receiving vaccine alone (70% survival)
compared to that of all other groups (100% survival), but this reduction did not reach
statistical significance (Fig. 1A). Peak parasitemia in infected untreated mice occurred
earlier, at approximately 23 days of infection, than in infected mice receiving treatment,
where the peaks occurred at approximately 30 days of infection (Fig. 1B). In a compar-
ison of the areas under the curve between groups, combination treatment reduced
overall parasitemia by almost 93% compared to the level for untreated mice (Table 1).
This reduction was statistically significant compared to that in untreated mice as well
as in mice receiving either vaccine or low-dose benznidazole alone (Fig. 1C). Combi-
nation treatment also reduced cardiac parasite burdens by 61% (Table 1), which was
the only statistically significant reduction in all the treatment groups (Fig. 1D). Taken
together, these data show that combination treatment was the most effective for
reducing circulating and tissue parasite burdens.

Therapeutic treatment significantly reduces cardiac inflammation. Acute myo-
carditis, as evidenced by infiltration of cardiac tissue with lymphocytes and other
inflammatory cells, is characteristic of acute infection with T. cruzi (30). Inflammatory
cells were observed microscopically in the cardiac tissue of acutely infected untreated
mice (Fig. 2A), and in some cases T. cruzi amastigote nests were seen (Fig. 2F). Treatment
of acutely infected mice therapeutically with the Tc24 C4 vaccine (Fig. 2B), either dose of
benznidazole (Fig. 2C and E), or the combination treatment (Fig. 2D) significantly reduced
infiltration of cells into cardiac tissue compared to levels in infected untreated controls (Fig.
1E). Treatments reduced inflammatory cells in cardiac tissue by 42 to 48% (Table 1).
These data show that benznidazole alone, vaccine alone, and the combination treat-
ment are all effective at reducing cardiac inflammation in acutely infected mice.
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FIG 1 Survival, parasite burdens, and cardiac inflammation. Mice were infected with T. cruzi H1 and then treated with benznidazole, vaccine, or a combination
treatment. Survival was monitored daily, and parasitemia was measured twice weekly from day 7 until day 53 postinfection. Parasitemia and cardiac parasite
burdens were quantified by quantitative real-time PCR. Cardiac inflammation was quantified from representative images of H&E-stained tissue sections using
Image J Fiji software. Survival curves were compared to those of the infected untreated control using a Mantel-Cox log rank test. A P value of =<0.05 was
considered statistically significant. For parasitemia, cardiac parasite burden, and cardiac inflammatory infiltrate, groups were compared using Kruskal-Wallis
one-way ANOVA and Dunn’s multiple-comparison test. Significance is indicated as follows: *, P = 0.05; **, P = 0.01; ***, P =< 0.001; ****, P < 0.0001 (comparing
results for the treated groups to the those of the infected untreated control); & P = 0.05; &&&, P = 0.001 (comparing results for the groups to the those of
the vaccine-only group); $, P = 0.05 (comparing results for the groups to those of the low-dose benznidazole group). Survival was not significantly different
between treatment groups (A). The parasitemia curves are shown in panel B. Combination treatment significantly reduced total parasitemia (C) and cardiac
parasite burdens (D). All mice receiving either single treatment or combination treatment had significantly reduced cardiac inflammation (E). BNZ, benznidazole.

Vaccination increases antigen-specific CD8* T cells. In our model, acutely in-
fected mice treated therapeutically with the combination treatment had significantly
increased total CD4" T cell counts compared to level sin infected mice that were left
untreated (Fig. 3A). Interestingly, there was a concomitant decrease in total CD8+ T

TABLE 1 Compiled data of parasitemia, cardiac parasite burden, and cardiac inflammation?

Parasitemia Cardiac parasite burden Cardiac inflammation

No. of parasites/ml No. of parasites/mg No. of inflammatory
Group® blood % reduction  tissue % reduction  cells/mm? tissue % reduction
Infected untreated 2.56 X 10¢ NA 222 X 105 NA 6,350 NA
Vaccine only 1.96 X 10° 23.55 1.51 X 10° 31.86 3,263 48.61 D
Low BNZ 3.67 X 10° 85.65 BE 2.00 X 10° 10.10 3,326 47.62 D
Combination treatment 1.92 X 10° 92.49 DFG 8.67 X 104 60.94 A 3,499 4490 B
High BNZ 333 X 10° 86.98 CF 2.75 X 10° 23.80 3,681 42.03 A

aData were analyzed as described in the legend of Fig. 2. Combination treatment resulted in the highest reductions in parasitemia and cardiac parasites, which was
greater than reductions with any single treatment. All treatments resulted in at least a 42% reduction in cardiac inflammation. Significance is indicated as follows: A,
P = 0.05; B, P = 0.01; C, P = 0.001; D, P = 0.0001 (for comparisons of results for the treated groups to those of the infected untreated control); E, P = 0.05; F, P =
0.000 (for comparisons of results to those of the vaccine-only group); G, P = 0.05 (for comparisons of results to those of the low-dose benznidazole group). NA, not
available.

bBNZ, benznidazole.
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FIG 2 Representative images of H&E-stained sections of cardiac tissue from infected control and treated mice. Inflammatory cells were
more prevalent in acutely infected untreated mice (A), and amastigote nests were observed (F) (arrows). Acutely infected mice treated
with vaccine only (B), low-doze benznidazole (C), combination treatment (D) or high-dose benznidazole (E) had significantly reduced
numbers of inflammatory cells in cardiac tissue.

cells (Fig. 3A). Upon in vitro restimulation with recombinant Tc24 C4 protein, mice
receiving vaccine alone or combination treatment had significantly decreased percent-
ages of CD4™ cells (Fig. 3B) and concurrently increased percentages of CD8* T cells
(Fig. 3B), indicating that in vivo boosting with the vaccine primes the CD8" population
for expansion when cells are restimulated with antigen. Measurement of cytokine-
producing cells indicated that the total percentage of CD4™" IL-4-positive (IL-47) cells
was significantly increased with combination treatment (Fig. 3C), but there were no
significant increases in IFN-y-producing T cells or CD8* IL-4* cells (Fig. 3C). These data
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FIG 3 Total and antigen-specific T cell responses. Splenocytes were stimulated in vitro with 100 ug/ml recombinant Tc24 C4 protein or medium alone for 72 h
to measure the percentage of antigen-specific or total (unstimulated) T cells, respectively. Cells were stained for viability and surface expression of CD3, CD4,
and CD8. To detect cytokine-producing cells, cells were then fixed and permeabilized before staining for intracellular IFN-y and IL-4. At least 100,000 events
were acquired in a live gate on an LSR Fortessa flow cytometer. Data were analyzed using Venturi One software, and groups were compared using Kruskal-Wallis
one-way ANOVA and Dunn’s multiple-comparison test. Significance is indicated as follows: *, P = 0.05; **, P = 0.01; ***, P = 0.001 (comparing results for the
treated groups to the those of the infected untreated control); $$, P < 0.01; $$$, P =< 0.001 (comparing results for groups to those of the low-dose benznidazole
group). Combination treatment significantly increased total CD4* cells and decreased CD8" cells (A). Upon antigen-specific restimulation in vitro, the
percentage of antigen-specific CD4* cells significantly decreased with vaccine alone or combination treatment while antigen-specific CD8* cells increased
significantly (B). Combination treatment also significantly increased CD4* IL-4+ cells but had no effect on the percentage of CD4* IFN-y*+, CD8" IFN-y*, or CD8*

IL-4* cells (C).
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FIG 4 Antigen-specific cytokine release from splenocytes. Splenocytes were stimulated in vitro with 100 wg/ml recombinant Tc24 C4 protein or
medium alone for 96 h. Culture supernatants were centrifuged to remove cells, harvested, and stored at —80°C until quantification of secreted
cytokines by Luminex. For each mouse, medium-stimulated cells served as background, and values in these cells were subtracted from the
measurement of Tc24 C4-stimulated cells from the same mouse. Groups were compared in GraphPad Prism using Kruskal-Wallis one-way ANOVA
and Dunn'’s multiple-comparison test. Significance is indicated as follows: *, P < 0.05; **, P =< 0.01; ***, P < 0.001 (comparing results for the infected
groups to the those of the infected untreated control); $, P =< 0.05; $$, P = 0.01; $$$, P = 0.001 (comparing results for groups to those of the
low-dose benznidazole group). Combination treatment significantly increased secretion of IFN-v, IL-12, TNF-q, IL-2, IL-4, and IL-10 compared to
levels in untreated mice. Additionally, levels of IFN-y, IL-12, TNF-q, IL-4, and IL-10 were significantly higher than levels in mice treated with
low-dose benznidazole alone.

indicate that therapeutic vaccination boosts the capacity for antigen-specific CD8+ T
cell expansion upon restimulation but does not significantly increase the percentage of
antigen-specific cytokine-producing T cells.

Vaccination induces a balanced T,,1/T,2 response. Combination treatment and,
to a lesser extent, vaccine alone induced a balanced T,;1/T,;2 immune response. The
cytokine profile elicited upon restimulation with antigen included significant increases
in both pro- and anti-inflammatory cytokines. Mice receiving combination treatment
had significantly increased secretion of antigen-specific IFN-y (Fig. 4A). Secretion of
IL-12 and TNF-a was increased (Fig. 4B and C), likely due to engagement of the TLR4
receptor on antigen-presenting cells by the E6020 component of the vaccine. IL-2
secretion was also increased (Fig. 4D), which could support the increased percentage of
antigen-specific CD8* cells. Concurrently, cytokines indicative of a healing response,
IL-4 and IL-10, were also increased by combination treatment (Fig. 4E and F). I[FN-v,
IL-12, TNF-q, IL-4, and IL-10 cytokine responses to combination treatment were signif-
icantly greater than those to low-dose benznidazole alone, and benznidazole treatment
did not induce significant levels of any cytokine. While vaccine alone induced increased
secretion of IL-12, TNF-e, IL-2, and IL-4, maximal responses for all cytokines were
achieved by combination treatment. Interestingly, antigen-specific serum antibody
titers were not significantly increased by vaccination. However, high-dose benznidazole
treatment did significantly decrease antigen-specific IgG1 titers compared to levels in
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FIG 5 Antigen-specific serum antibody titers. Serum was isolated from terminal blood samples and frozen
at —80°C until use. Antigen-specific IgG1 and IgG2a antibody titers were measured by indirect ELISA.
Groups were compared using Kruskal-Wallis one-way ANOVA and Dunn'’s multiple-comparison test (* P =
0.05, comparing results for the treated groups to those of the infected untreated controls). The level of
antigen-specific IgG1 was significantly reduced by high-dose benznidazole treatment (A), but no other
treatments had a significant impact on antibody levels.

untreated mice (Fig. 5A). These data indicate that combination treatment and, to a
lesser extent, vaccine alone induced a balanced T,,1/T,;2 immune response.

Antigen-specific IFN-y and IL-4 release correlates with protection. In order to
determine if antigen-specific immune responses correlated with reduced parasite
burdens and pathology, a correlation analysis was performed to evaluate associations
between IFN-y and IL-4 release and parasite burdens in blood and tissue. Evaluation of
cytokine release and parasitemia indicated that the combination treatment group was
the only group to show a statistically significant correlation between low parasitemia
and higher cytokine levels (Fig. 6A and D). Antigen-specific IFN-y release was signifi-
cantly negatively correlated with parasitemia (Fig. 6C), while the level in the infected
untreated group did not reach statistical significance (Fig. 6B). Similarly, antigen-specific
IL-4 release was significantly negatively correlated with parasitemia in the combination
treatment group (Fig. 6E), while there was no significant correlation in the infected
untreated group (Fig. 6E). Treatment with vaccine only or benznidazole only also did
not show any significant correlation between parasitemia and cytokine levels (see Fig.
S1in the supplemental material). Tissue parasite burdens also tended to decrease when
cytokine levels were higher (Fig. 7A and D). Antigen-specific IL-4 release was signifi-
cantly negatively correlated with cardiac parasite burdens in the combination treat-
ment group (Fig. 7F), while there was no significant correlation in the infected un-
treated group. The observed negative correlations between IFN-vy release and cardiac
parasite burdens were not statistically significant (Fig. 7B and C). Similar to findings for
parasitemia, treatment with vaccine only or benznidazole only also did not show any
significant correlation between tissue parasite burdens and cytokine levels (Fig. S2).
Overall, the statistically significant negative correlations between cytokine release and
parasitemia in the combination treatment group suggest that antigen-specific IFN-y
and IL-4 secretion could serve as predictors of treatment efficacy.

DISCUSSION

The Texas Children’s Hospital Center for Vaccine Development is developing a
therapeutic vaccine against Chagas disease, which would result in both a significant
reduction in disease burden and cost savings for health care systems in countries of
endemicity (9, 33). This vaccine could be used to improve the efficacy and tolerability
of current standard benznidazole therapy. Benznidazole treatment is most effective
during acute disease, which is believed to be due in part to the higher levels of
parasite-induced proinflammatory cytokines (39, 40) (41-43). Indeed, parasite-specific
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FIG 6 Correlation analysis for cytokines and parasitemia. Correlation analysis was performed to evaluate associations between antigen-specific IFN-y and IL-4
release and parasitemia as a measure of efficacy. Data were loaded into R, version 3.3.2, using the read_tsv function from the readr package, version 1.0.0.
Parameters within the data were selected using the dplyr package, version 0.5.0. Subsequently, the PerformanceAnalytics package, version 1.4.3541, was used
to visualize correlations between all parameters and to select groups within the data for further analysis. These groups were highlighted with a correlation plot
using the GGally package, version 1.3.0. Kendall's tau coefficient and related P value were calculated using the rcor.test function within the Itm package, version
1.0-0, for correlation comparison. Output from this comparison was modified to present the correlation and related P value in tabular format using the dplyr
package, version 0.5.0. Negative and positive associations were considered as alternative hypotheses. P values less than or equal to 0.05 were considered
significant. There was a statistically significant correlation between IFN-vy (A) or IL-4 (D) secretion and parasitemia. In the combination treatment group there
were statistically significant negative correlations between IFN-vy secretion and parasite burdens in the blood (C), as well as between IL-4 secretion and parasite
burdens in the blood (F). Infected mice that did not receive treatment did not have statistically significant correlations between IFN-y secretion and parasite

burdens in the blood (B) or between IL-4 secretion and parasite burdens in the blood (E).

IFN-vy release is higher in benznidazole-treated cured individuals than in those who do
not achieve cure (44). Extensive studies in mouse models have demonstrated that IL-12,
IFN-y, and TNF-a stimulate inducible nitric oxide synthase (iNOS)-induced reactive
nitrogen intermediates (RNI) which control parasite burdens (41-43, 45), and the
absence of these mediators abrogates benznidazole efficacy (28). Multiple, full-dose
courses of benznidazole can cure mice and induce a stable population of antigen-
specific CD8" memory cells (46). We have previously shown that the Tc24 C4/E6020
vaccine induces significant levels of antigen-specific IFN-y in naive mice (37). Impor-
tantly, therapeutic vaccination of acutely affected mice with a Tc24 C4/E6020 vaccine
significantly reduces cardiac parasite burdens, while vaccination with E6020 adjuvant
alone does not (37). Here, we show that combining the rapid parasiticidal effects of
benznidazole with the immune-boosting effects of the candidate Tc24 C4/E6020 SE
vaccine results in improved therapeutic treatment efficacy in acutely infected mice. This
improved efficacy was achieved by using both a low dose of benznidazole (25 mg/kg
daily for 7 days) and a lower vaccine dose than previously used (25 ug Tc24 C4 plus 5
g of E6020 SE for this study compared to 25 ug Tc24 C4 plus 25 pg of E6020 SE for
the prior study). Further, combination treatment induced the largest amounts of IFN-y
and TNF-a, as well as significantly increased IL-12, IL-2, and percentages of antigen-
specific CD8* cells. While this treatment regime did not achieve parasitologic cure, it
did result in significantly reduced parasite burdens and cardiac inflammation with a
reduced dose of benznidazole. We propose that the improved efficacy is due to the
synergism of direct parasiticidal effects of benznidazole, multiple parasite-specific
immune control mechanisms, and boosting of benznidazole efficacy by IFN-y. This
model demonstrates the feasibility of combining chemotherapy with vaccination as a
multipronged approach to treat Chagas disease.
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FIG 7 Correlation analysis for cytokines and cardiac parasites. Correlation analysis was performed to evaluate associations between antigen-specific IFN-y and
IL-4 release and cardiac parasites as a measure of efficacy. Data were loaded into R, version 3.3.2, using the read_tsv function from the readr package, version
1.0.0. Parameters within the data were selected using the dplyr package, version 0.5.0. Subsequently, the Performance Analytics package, version 1.4.3541, was
used to visualize correlations between all parameters and to select groups within the data for further analysis. These groups were highlighted with correlation
plot using the GGally package, version 1.3.0. Kendall's tau coefficient and related P value were calculated using the rcor.test function within the Itm package,
version 1.0-0, for correlation comparison. Output from this comparison was modified to present the correlation and related P value in tabular format using the
dplyr package, version 0.5.0. Negative and positive were considered as alternative hypotheses. P values less than or equal to 0.05 were considered significant.
There was a statistically significant correlation between IFN-y (A) or IL-4 (D) secretion and cardiac parasite burden. In the combination treatment group there
was a statistically significant negative correlation between IL-4 secretion and cardiac parasite burden (F), but there was not a significant correlation between
IFN-7 secretion and cardiac parasite burden (C). Infected mice that did not receive treatment did not have statistically significant correlations between IFN-y

secretion and parasite burdens in the blood (B), or between IL-4 secretion and parasite burdens in the blood (E).

Chronic Chagasic cardiomyopathy is a chronic inflammatory disease, leading to
fibrosis and ultimately resulting in heart failure and death (6, 47). Parasite persistence
is a key factor driving inflammation (48). Experimental animal models have proven that
IFN-vy is essential for control of parasitism in vivo, but high IFN-vy levels in the absence
of IL-4 results in inflammation in the heart (24). Inflammation also causes extracellular
matrix deposition in cardiac tissue which can develop into fibrosis (49). Linking para-
sites to fibrosis highlights the dominant role of parasite persistence in the pathogenesis
of Chagasic cardiomyopathy (50). Thus, elimination of parasites and control of inflam-
mation are both key to ameliorating disease progression. In our model, initiating
treatment with benznidazole significantly reduced parasite burdens, minimizing the
key driver of chronic inflammation. Following benznidazole treatment with vaccine
increased IFN-y production, which enhanced parasite reduction through multiple
mechanisms, and was balanced by IL-4 and IL-10, which limited cardiac inflammation
and damage. The induction of a balanced parasite-specific immune response would
support favorable remodeling of cardiac tissue after control of parasite burdens and
less formation of fibrotic tissue. In the mouse model of acute infection, while the
reduction in cardiac inflammation subsequent to combination treatment was signifi-
cant, it was not significantly greater than that with vaccine or low-dose benznidazole
alone. It is possible that due to the short term of the studies, the effect of combination
treatment could not be fully realized; thus, longer studies evaluating a chronic-infection
model of disease are necessary to determine whether combination treatment is supe-
rior to drug or vaccine monotherapy for preventing cardiac fibrosis. Additionally,
studies evaluating the combination of vaccine with novel chemotherapies, such as
posaconazole, would determine whether a combination treatment strategy could
rescue drugs that have previously failed to cure Chagas disease in humans (19).
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Chronic viral and protozoal infections can lead to immune exhaustion, resulting in
expression of inhibitory receptors, reduced T cell proliferation, and loss of antigen-
specific effector function (51-53). Chronic Chagas disease patients with severe disease
do not have detectable levels of T. cruzi antigen-specific CD8™ cells, whereas patients
without disease do have detectable levels of parasite-specific CD8™ cells and significant
numbers of IFN-y-producing cells (25). Seropositive children have a higher percentage
of polyfunctional IFN-y*/IL-2* T cell responses than adults, who predominantly had
monofunctional IFN-y*-only T cells (54). Polyfunctional T cells, particularly IFN-v, IL-2,
and TNF-a triple producers, secrete higher levels of IFN-y and are more efficient
effector cells in protozoal infections (55, 56). These data support the assumption that
loss of adequate immune control of parasites leads to parasite-induced tissue damage
and disease progression. Therapeutic treatments that preserve robust parasite-specific
immune responses would counteract the parasite-mediated immune suppression,
controlling tissue damage and ultimately preventing or delaying disease progression. In
our model, vaccination alone or following low-dose benznidazole treatment boosted
antigen-specific CD8™ cell percentages and increased secretion of IFN-+, as well as that
of other pro- and anti-inflammatory cytokines. Interestingly, while increased secretion
of IFN-y was measured in vaccinated mice, concomitant increases in the percentages of
CD4* IFN-y or CD8* IFN-y cells were not seen. Other cell types not identified in this
study, such as NK cells, might be responsible for the observed increase in IFN-vy
secretion. It is also possible that the CD4* IFN-y* cells that were detected also
produced IL-2 and TNF-«, but further analysis is necessary to characterize vaccine-
induced polyfunctional T cells. Increased antigen-specific IFN-vy significantly correlated
with reduced parasitemia, and increased antigen-specific IL-4 correlated with reduced
parasitemia and cardiac parasite burdens. Absence of parasitemia and parasite-specific
immune responses have been used as indicators of drug efficacy in humans (19, 26),
and our data show that these parameters serve as informative correlates of protection
in our combination treatment model as well.

Limitations of this model were observed. Survival and parasite burdens in mouse
models of Chagas disease give clear signals of vaccine efficacy (30, 31, 57-60). However,
low-virulence T. cruzi infection models, in which overall survival is high, can elucidate
key aspects of disease pathogenesis (61, 62). The model used for the study described
here showed high survival overall, but reduced survival was observed in the vaccine-
only group (70%) although this observation was not statistically different from the
results for the infected untreated control group. It is possible that in the animals that
succumbed, the vaccine failed to sufficiently reduce parasite burdens. The mean
parasitemia for the infected untreated control group was 2.56 X 10° parasites per ml
of blood, while the mean for the vaccine-alone group was 1.96 X 10° parasites per ml
of blood, a reduction of 24% that was not statistically significant. The three vaccinated
animals that succumbed had 2.74 X 108, 2.47 X 108, and 1.28 X 10 parasites per ml
of blood, respectively (data not shown). The two animals with the highest parasitemias
may have died due to significant systemic inflammation and organ failure due to high
parasite burdens. For the third animal, it appears that the vaccine did have some effect
at controlling parasitemia, but it was still not sufficient for survival. It has been shown
that delaying therapeutic vaccination during the acute phase from 5 days of infection
to 10 days of infection results in progressively increasing parasitemia and increased
cardiac inflammation compared to results with earlier administration (30). In our model,
vaccination was not initiated until 17 days of infection; thus, delayed vaccination may
have had reduced efficacy. Despite the increased parasitemia in the deceased animals,
there was no evidence of increased cardiac inflammation. The mean number of cardiac
inflammatory cells for the infected untreated control group was 6,350 cells per mm? of
tissue, and for the vaccine-only group it was 3,263 cells per mm?2 of tissue. The animals
that died had mean numbers of cardiac inflammatory cells of 3,119, 3,122, and 3,529
cells per mm? of tissue, respectively, indicating that the vaccine did not induce excess
inflammation. In prior studies evaluating immunogenicity of the vaccine in naive mice,
there was no mortality observed; hence, the possibility of inherent vaccine toxicity is
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low (37). Despite the deaths in the vaccine group, several pieces of evidence support
the assertion that the vaccine alone provides partial protection against acute Chagas
disease with minimal toxicity.

Effective treatment for Chagas disease remains a challenge due to the paucity of
available antiparasitic drugs, the limited efficacy of the drugs that are available, and the
high risk for adverse effects caused by licensed drugs. Research and development
efforts have focused not only on identifying new chemotherapeutic options (18, 19),
but also on evaluating combination chemotherapy and reduced dosing regimens (16,
17). Concomitantly, over 100 years of research has been dedicated to developing
vaccines against Chagas disease, and numerous single- and multiple-antigen candidate
vaccines have demonstrated efficacy in preclinical models (63). To our knowledge, this
is the first report demonstrating the synergistic effect of vaccine-linked chemotherapy
on reducing parasite burdens and cardiac inflammation in a mouse model of acute
Chagas disease. This would be a promising therapeutic option to bridge the efficacy
and tolerability gaps of traditional chemotherapy with benznidazole.

MATERIALS AND METHODS

Parasites and mice. Female BALB/c mice (BALB/cAnNTac) were obtained at 5 to 6 weeks of age from
Taconic (Taconic Biosciences, Inc.) and allowed to acclimate for 1 week prior to studies. Mice were housed
in groups of 5 in small microisolator caging, with ad libitum food and water and a 12-h light/dark cycle.
T. cruzi H1 parasites, originally isolated from a human case in Yucatan, Mexico (30), were maintained by
serial passage in female BALB/c mice every 25 to 28 days.

Vaccine candidate. The recombinant Tc24 C4 antigen was expressed and purified in-house accord-
ing to previously published protocols (37). The endotoxin level of the final purified protein was measured
by the Endosafe PTS method (37) and was found to be <0.38 endotoxin units (EU)/mg protein. E6020
dissolved in a stable squalene emulsion (SE) was acquired through Eisai, Inc. Vaccine formulations
comprising 25 ug of recombinant Tc24 C4 protein and 5 ug of E6020 in 100 ul of a 2% squalene
emulsion in 1X phosphate-buffered saline (PBS), pH 7.4 (E6020 SE) (Eisai Inc.), were freshly prepared and
mixed just before injection.

Infection and therapeutic treatment. A total of 50 mice were each infected with 500 blood-form
trypomastigotes of T. cruzi H1 by intraperitoneal injection. At 7 days of infection, mice were randomly
divided into groups of 10 and assigned to treatment groups (Table 1). Ten mice served as infected
untreated controls. Beginning 7 days after infection, blood was collected twice weekly throughout the
study by tail vein microsampling to monitor parasitemia by quantitative PCR. Mice were monitored daily
for mortality, and survival curves were plotted using GraphPad Prism software. Benznidazole powder
(Laborotorio ELEA) was resuspended in 5% dimethyl sulfoxide (DMSO)-95% HPMC (0.5% hydroxypropyl
methylcellulose, 0.4% Tween 80, 0.5% benzyl alcohol in deionized water) to a final concentration of 10
mg/ml. Mice were given 25 mg/kg or 100 mg/kg benznidazole by oral gavage daily from day 7 of
infection until day 14 of infection. On days 17 and 24 of infection, mice were vaccinated subcutaneously
with 25 ug of recombinant Tc24 C4 protein (37) combined with 5 ug of E6020 SE. Approximately 4 weeks
after the boost vaccination, all mice were humanely euthanized, and hearts, whole blood, serum, and
spleens were collected for further analysis.

Evaluation of parasite burdens. To measure parasite burdens, total DNA was isolated from blood
and cardiac tissue using a DNeasy blood and tissue kit (Qiagen), and 4 ng of DNA from blood or 50 ng
of DNA from cardiac tissue was used in quantitative real-time PCR using TagMan Fast Advanced master
mix (Life Technologies) and oligonucleotides specific for the satellite region of T. cruzi nuclear DNA
(primers 5’-ASTCGGCTGATCGTTTTCGA-3’ and 5'-AATTCCTCCAAGCAGCGGATA-3" and probe 5'-6-FAM-
CACACACTGGACACCAA-MGB-3’, where FAM is 6-carboxyfluorescein and MGB is minor groove binder
[Life Technologies]) (64, 65). Data were normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (primers 5'-CAATGTGTCCGTCGTGGATCT-3" and 5'-GTCCTCAGTGTAGCCCAAGATG-3' and probe
5'-6-FAM-CGTGCCGCCTGGAGAAACCTGCC-MGB-3' [Life Technologies]) (66), and parasite equivalents
were calculated based on a standard curve (18, 67). GraphPad Prism software was used to plot parasite
equivalents per milliliter of blood over time, and the area under the curve (AUC) was calculated for each
animal to determine overall parasitemia. Cardiac parasite burdens were calculated based on a standard
curve and expressed as the number of parasites per milligram of tissue.

Quantification of cardiac inflammation. Heart samples were fixed in 10% neutral buffered formalin
prior to routine processing for paraffin embedding and sectioning. Sections were stained with hema-
toxylin and eosin (H&E) to measure influx of inflammatory cells into tissue. Images of three to five
representative sections from each mouse were captured at X100 magnification using a Micromaster
microscope (Fisher Scientific) and Micron software by a reviewer blinded to the treatment groups. Images
were analyzed using ImagelJ Fiji software (National Institutes of Health) to quantify the number of nuclei
per millimeter of tissue.

Splenocyte preparation restimulation for measurement of cytokine release. Spleens were
mechanically dissociated by being pressed through a 70-um-pore-size cell strainer. Splenocytes were
rinsed through the screen with RPMI medium supplemented with 10% fetal bovine serum FBS, 1X
penicillin-streptomycin (Pen-Strep), and L-glutamine (cCRPMI medium) and then pelleted by centrifuga-
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tion for 5 min at 300 X g at room temperature. The supernatant was decanted, and the splenocyte pellet
was resuspended in 1 ml of ammonium-chloride-potassium (ACK) lysis solution for 5 min at room
temperature to lyse red blood cells. The lysis solution was diluted 5-fold with cRPMI medium, and then
splenocytes were pelleted by centrifugation for 5 min at 300 X g. Splenocytes were resuspended in 3 to
5 ml of cRPMI medium and counted using acridine orange-propidium iodide (AOPI) live/dead dye and
a Cellometer Auto 2000 automated cell counter. Then, for each sample, 1 X 106 live splenocytes were
incubated in a 96-well non-tissue culture plate with either 100 wg/ml recombinant Tc24 C4 protein, 20
ng/ml phorbol 12-myristate 13-acetate (PMA)-1 mg/ml ionomycin, or medium only for 96 h at 37°C in
5% CO,. To measure IFN-y and IL-4 in the supernatants, a sandwich enzyme-linked immunosorbent assay
(ELISA) method was employed, using mouse IFN-y and IL-4 ELISA kits (eBioscience) per the manufac-
turer’s instructions. To measure secreted levels of IL-2, IL-10, IL-12, and TNF-, a Luminex-based assay was
used, as previously described, that utilizes a Luminex kit from Bio-Rad and a wall-less 96-well plate from
Curiox (68). Cytokine concentrations in the supernatant were calculated based on a standard curve, and
for each sample duplicate wells were averaged. The limits of detection were 500 pg/ml to 15.6 pg/ml for
IFN-y and 125 pg/ml to 3.9 pg/ml for IL-4 by ELISA. The lower limits of detection were 0.4 pg/ml for IL-12,
0.6 pg/ml for IL-2, 1.0 pg/ml for IL-10, and 1.4 pg/ml for TNF-a by Luminex. Each measurement below the
lower limit of detection was assigned a value of 0. The results from the medium-stimulated cells served
as background and were then subtracted from the measurement from the Tc24 C4-stimulated cells from
the same mouse to obtain the antigen-specific cytokine values. Antigen-specific cytokine values were
plotted in GraphPad Prism software, with negative values representing a decreased response after Tc24
C4 stimulation compared to that with medium only.

Flow cytometry. To measure CD4- and CD8-specific responses, restimulated splenocytes were
collected, washed with PBS, and stained with Live/Dead fixable blue viability dye, anti-CD3e fluorescein
isothiocyanate (FITC), anti-CD4 Alexa Fluor 700, and anti-CD8a peridinin chlorophyll protein (PerCP)-
Cy5.5. To evaluate intracellular cytokine production, 4.1 ug/ml brefeldin A was added to splenocytes for
the last 6 h of incubation. Splenocytes were stained for surface markers as described above, fixed with
BD Cytofix/Cytoperm, and permeabilized according to the manufacturer’s instructions. Permeabilized
splenocytes were stained with anti-IFN-y allophycocyanin (APC) and anti-IL-4 phycoerythrin (PE)-Cy7.
Samples were acquired on an LSR Fortessa instrument, and at least 100,000 total events in a live gate
were analyzed using Venturi One, version 6, software. To evaluate antigen-specific responses, the
percentage of medium-stimulated cells was subtracted from the percentage of antigen-stimulated cells
for each mouse. Data were plotted using GraphPad Prism software.

Serum antibody ELISA. To measure serum antibodies specific to Tc24 C4, 96-well Nunc ELISA plates
were coated with 1.25 ug/ml Tc24 C4 recombinant protein diluted in 1X coating buffer. After overnight
incubation at 4°C, the coating solution was removed, and plates were blocked overnight with 0.1%
bovine serum albumin (BSA) in PBS-Tween 20 (PBST) at 4°C; then the blocking solution was removed, and
plates were sealed and frozen at —80°C until use. Plates were thawed at room temperature and washed
twice with PBST, and serially diluted serum samples in 0.1% BSA in PBST were added in duplicate. Bound
antibody was quantified by horseradish peroxidase (HRP)-conjugated anti-lgG1 and -lgG2a and TMB
(3,3',5,5'-tetramethylbenzidine) substrate, and the reaction was stopped with 1 M HCI. Absorbance was
measured at 450 nm using a Biotek Epoch spectrophotometer. The background optical density at 450 nm
(OD,s5,) from wells without serum was subtracted from the average OD,;, for each individual well. The
average OD,;, for the replicate wells for each sample was calculated. The positive cutoff was calculated
as the average OD,;, plus 3 standard deviations of the naive serum sample at a dilution of 1:400. For each
sample, the titer was determined as the lowest dilution with an average OD,, above the positive cutoff
(69). Geometric mean titers and standard deviations for each group were calculated using GraphPad
Prism software.

Statistical analysis. Survival curves were compared using a Mantel-Cox log rank test. For parasite
burdens, cardiac inflammatory infiltrate, and immune responses, groups were compared using Kruskal-
Wallis one-way analysis of variance (ANOVA) and Dunn’s multiple-comparison test. To evaluate correla-
tions between individual parameters, data were loaded into R, version 3.3.2, using the read_tsv function
from the readr package, version 1.0.0 (70, 71). Parameters within the data were selected using the dplyr
package, version 0.5.0 (71, 72). Subsequently, the PerformanceAnalytics package, version 1.4.3541, was
used to visualize correlations between all parameters and to select groups within the data for further
analysis (73). These groups were highlighted with a correlation plot using the GGally package, version
1.3.0 (74). Kendall's tau coefficient and related P value were calculated using the rcor.test function within
the Itm package, version 1.0-0 (75), for correlation comparison. Output from this comparison was
modified to present the correlation and related P value in tabular format using the dplyr package, version
0.5.0 (72). Negative and positive associations were considered as alternative hypotheses. P values of
=0.05 were considered significant.

Animal study approval. All studies were approved by the Institutional Animal Care and Use
Committee of Baylor College of Medicine (protocol AN-5973) and were performed in strict compliance
with The Guide for the Care and Use of Laboratory Animals (76).
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