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ABSTRACT Chagas disease, caused by Trypanosoma cruzi, is a major public health
issue. Limitations in immune responses to natural T. cruzi infection usually result in
parasite persistence with significant complications. A safe, effective, and reliable vac-
cine would reduce the threat of T. cruzi infections; however, no suitable vaccine is
currently available due to a lack of understanding of the requirements for induction
of fully protective immunity. We established a T. cruzi strain expressing green fluo-
rescent protein (GFP) under the control of dihydrofolate reductase degradation do-
main (DDD) with a hemagglutinin (HA) tag, GFP-DDDHA, which was induced by
trimethoprim-lactate (TMP-lactate), which results in the death of intracellular para-
sites. This attenuated strain induces very strong protection against reinfection. Using
this GFP-DDDHA strain, we investigated the mechanisms underlying the protective
immune response in mice. Immunization with this strain led to a response that in-
cluded high levels of gamma interferon (IFN-y) and tumor necrosis factor alpha
(TNF-a), as well as a rapid expansion of effector and memory T cells in the spleen.
More CD8* T cells differentiate to memory cells following GFP-DDDHA infection
than after infection with a wild-type (WT) strain. The GFP-DDDHA strain also pro-
vides cross-protection against another T. cruzi isolate. IFN-vy is important in mediat-
ing the protection, as IFN-y knockout (KO) mice failed to acquire protection when
infected with the GFP-DDDHA strain. Immune cells demonstrated earlier and stron-
ger protective responses in immunized mice after reinfection with T. cruzi than those
in naive mice. Adoptive transfers with several types of immune cells or with serum
revealed that several branches of the immune system mediated protection. A combi-
nation of serum and natural killer cells provided the most effective protection
against infection in these transfer experiments.
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hagas disease caused by Trypanosoma cruzi is a major public health issue, partic-

ularly in the Americas. There are approximately 10 million infected people and
more than 10,000 deaths annually due to this parasite (1-3). T. cruzi infection usually
results in parasite persistence in the infected host. The available therapeutic agents
have limited efficacy in these chronic infections and have significant side effects that
limit their usefulness (4, 5). A prospective, multicenter, randomized study examining
trypanocidal therapy with benznidazole in patients with established Chagasic cardio-
myopathy demonstrated that treatment resulted in a reduction in parasite detection in
blood samples but did not significantly reduce cardiac clinical deterioration over a
5-year period of observation (6).

T. cruzi invades a wide variety of nucleated host cells. It has a complex network of
antioxidant enzymes to protect itself from lysosomal reactive oxygen and nitrogen
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species (7-12). The blood form, trypomastigote, expresses calreticulin and GP160
proteins, which disrupt key components of the complement pathway (13-16). In
addition, T. cruzi expresses large amounts of highly polymorphic immunogenic surface
proteins, which delay production of effective antibodies and priming of CD8" T cells
(17-19). As a result, T. cruzi infection does not initiate a strong innate immune response
(20-22), and the adaptive immune response is slow; thereby, the host fails to eliminate
the infection.

A safe, effective, and reliable vaccine could play an important role in reducing the
threat of T. cruzi infections and preventing the development of chronic infection, i.e.,
Chagas disease. However, no suitable vaccine is currently available for T. cruzi infection,
in spite of considerable research in this area. Examination of the literature demonstrates
that dead parasites, surface proteins, virus-based vaccines, and DNA vaccines only
provide partial protection against this infection (23-27). A major hurdle in T. cruzi
vaccine development has been a lack of understanding of the requirements for the
induction of effective protective immunity. As the relationship between T. cruzi and the
host immune system is intricate, it is difficult to unveil each factor. Although many of
the mechanisms of immunity are understood, effective immunity induced by immuni-
zation to prevent T. cruzi infection requires further research.

In order to establish a model to study the protective immunity against T. cruzi
infection, we developed an effective inducible system for T. cruzi employing a protein
degradation domain based on Escherichia coli dihydrofolate reductase (ecDHFR) (the
DHFR degradation domain [DDD]), which can be regulated by trimethoprim-lactate
(TMP-lactate). This system can be used to express detrimental or toxic proteins,
resulting in the rapid death of intracellular parasites. Subsequently, we constructed T.
cruzi lines with alpha-toxin, cecropin A, and green fluorescent protein (GFP) under the
control of DDD with a hemagglutinin (HA) tag (28). Interestingly, all of these DDDHA
strains, including GFP-DDDHA, were attenuated in mouse experiments, producing no
pathological changes and providing complete protection against a syngeneic wild-type
(WT) T. cruzi infection at doses that were lethal in nonimmunized mice (28). These
experiments established that stabilization of the DDDHA alone in T. cruzi was sufficient
to attenuate this parasite (28).

In this report, we further characterize the effectiveness of protective immunity
induced by a GFP-DDDHA transgenic parasite and report on our investigations of the
mechanisms of this protective immune response. The GFP-DDDHA Tulahuen strain
induces cross-protection against other T. cruzi strains. Infection with the GFP-DDDHA
Tulahuen strain does not induce latent infection, and no reactivation of infection is seen
with immune suppression. The immunological profile in mice immunized with the
GFP-DDDHA strain demonstrates increased T-cell expansion and T-cell memory devel-
opment, as well as a fast and robust protective immune response against reinfection.
Adoptive transfers reveal that several branches of the immune system are important in
protecting against reinfection. These studies demonstrate that a combination of serum
and natural killer (NK) cells provides very effective protection in recipient mice, indi-
cating that these rapid-acting components of the immune system are important criteria
for T. cruzi vaccine design.

RESULTS

Immunization with the GFP-DDDHA T. cruzi strain provides cross-protection
and does not cause persistent infection. Previously, we reported that immunization
with DDDHA transgenic T. cruzi strains induced strong protection against challenge
with WT T. cruzi of the same background (28). Since T. cruzi strains have genetic
variations, we conducted a cross-protection study to evaluate if inoculation of the
GFP-DDDHA Tulahuen strain could protect mice against challenge with the Brazil strain.
C3H mice were inoculated with 5,000 tissue trypomastigotes of the GFP-DDDHA
Tulahuen strain per mouse, treated with TMP-lactate in drinking water after 7 days
postinfection (dpi), and challenged with 5 X 10> WT Brazil strain tissue trypomastigotes
per mouse after 42 dpi with the GFP-DDDHA Tulahuen strain. In nonimmunized mice,
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FIG 1 The GFP-DDDHA strain provides cross-protection and does not cause persistent infection. (A) C3H mice were inoculated with the GFP-DDDHA Tulahuen
strain and then challenged with the Brazil strain. Immunized mice did not develop parasitemia, while nonimmunized mice developed high parasitemia (n = 10).
(B) Immunized mice survived the challenge, while nonimmunized mice all died during the acute infection phase (n = 10). (C) Histology (hematoxylin and eosin
[H&E] staining) of heart tissues at day 14 postchallenge demonstrates that nonimmunized C3H mice infected with the Brazil strain had numerous amastigotes
within myocardial tissue, associated with extensive myocarditis, while GFP-DDDHA-immunized mice infected with the Brazil strain had no amastigotes and did
not exhibit myocarditis. X20 magnification. Bar, 25 um. (D) C57BL/6 mice immunized with the GFP-DDDHA Tulahuen strain and then challenged with half a
million wild-type Tulahuen strain parasites. Similarly to C3H mice, immunized mice did not develop parasitemia and survived, while nonimmunized mice
developed high parasitemia and all died in the acute phase (n = 10). (E) C57BL/6 mice immunized with the GFP-DDDHA Tulahuen strain did not have persistent
infection, as real-time PCR did not detect T. cruzi DNA in heart and adipose tissues (n = 5). See Materials and Methods for details. Data presented are one

representative example of two separate experiments. Both experiments produced similar results.

this challenge resulted in high parasitemia, and all of the infected mice died during the
acute phase of the infection. However, all of the mice immunized with the GFP-DDDHA
Tulahuen strain survived the challenge infection with the Brazil strain, and none of
them developed parasitemia (Fig. 1A and B). Pathological examination of the heart
(hematoxylin and eosin [H&E]-stained tissue sections) demonstrated that nonimmu-
nized C3H mice infected with 5 X 10° Brazil strain trypomastigotes had extensive tissue
infection, with many amastigotes being seen in the myocardium, along with extensive
myocarditis. In contrast, mice immunized with the GFP-DDDHA Tulahuen strain did not
exhibit myocarditis after challenge with the WT Brazil strain (Fig. 1C).

Because the majority of gene knockout (KO) mice that were required for further
immune studies were on a C57BL/6 background, we also examined if immunization
with the GFP-DDDHA strain in C57BL/6 mice provided the same protection as that
demonstrated in C3H mice (28). C57BL/6 mice were inoculated with 5,000 GFP-DDDHA
Tulahuen strain trypomastigotes, and, after 7 dpi, mice were treated with TMP-lactate
for 35 days and then challenged with 5 X 105> WT T. cruzi parasites. A similar level of
protection to that seen in C3H mice was found in C57BL/6 mice (Fig. 1D). In addition,
immunized mice were still fully protected at 4, 6, 7, 9, 12, and 15 months after
immunization and showed strong protection at each time point when challenged with
the lethal wild-type strain (Fig. S1). Interestingly, as the GFP-DDDHA strain is attenu-
ated, immunization with this strain, even without further treatment with TMP-lactate,

April 2020 Volume 88 Issue 4 €00908-19

iai.asm.org 3


https://iai.asm.org

Infection and Immunity

Williams et al.
350 30 1 7
— kkk E=AEE
_w . T ] e
E 20 D € s
(o] Qo 20 4 \O')
s 20 £ g *
o — ke —
£ s 151 o
£ 150 3 o 3
s = -
2 100 = 10] )
=
w %
= 50 e 51 11
0 ! | ol o |
Cc | Cc 1 (o4 | [+ | cC 1 [od | c | C | (o3|
Days 7 14 30 Days 7 14 30 Days 7 14 30
28 - 351 % *
—kk 3.0 4 40 4
20 1
< 25
£ E
_ = 30 1
£ 15 1 2 20 >
2 Y Y
g 15 20
S 104 = =
a 1.0 4 55
5 0.5
0
0 0
c 1 c 1
c 1 c 1 c 1 c 1 c 1 c 1 ¢!
Days 7 14 30 Days 7 14 30 Days 7 14 30

FIG 2 Mice immunized with the GFP-DDDHA strain exhibited high systemic IFN-y and TNF-« levels. C57BL/6 mice immunized with the GFP-DDDHA Tulahuen
strain from 7 to 30 dpi had serum cytokines measured using a multiplex assay. Note the elevated levels of IFN-y and TNF-« in the GFP-DDDHA mice. C, control;
I, inoculated with the GFP-DDDHA strain. *, P < 0.05; ** P < 0.01; *** P < 0.001 (unpaired two-tailed t test between immunized and unimmunized mice; n = 5).
Data presented are one representative example of two separate experiments. Both experiments produced similar results.

also protected mice from challenge with wild-type T. cruzi. C3H and C57BL/6 mice that
were immunized with the GFP-DDDHA strain without TMP-lactate treatment still
showed strong protection and cross-protection against reinfection (Fig. S2). Interest-
ingly, the heat-killed GFP-DDDHA strain did not induce any protection, indicating that
infection was required to elicit the protection (data not shown).

To determine if inoculation with the GFP-DDDHA strain in C57BL/6 mice might
cause persistent infection, immunized mice (5 X 103> GFP-DDDHA parasites) were im-
munosuppressed at 240 dpi with cyclophosphamide (200 mg/kg) by intraperitoneal
(i.p.) injection at 3- to 4-day intervals, for a total of 3 doses. None of these mice
developed detectable parasitemia during the 30-day postimmunosuppression follow-up
period (data not shown). Furthermore, quantitative PCR (qPCR) using T. cruzi-specific
primers (29) did not detect T. cruzi DNA in any tested tissue at the end of this 30-day
period. These data indicate that immunization with the GFP-DDDHA Tulahuen strain
followed by treatment with TMP-lactate in C57BL/6 mice does not result in a chronic
latent infection and that there was no persistence of the GFP-DDDHA strain following
infection (Fig. 1E).

Immunization with the GFP-DDDHA T. cruzi strain induces cytokine production.
To examine the profile of cytokines induced by immunization with the GFP-DDDHA
strain, serum samples from C57BL/6 mice immunized with the GFP-DDDHA strain from
7 to 30 dpi were analyzed using a multiplex assay. The most striking finding was a
marked increase in serum gamma interferon (IFN-y) in mice immunized with the
GFP-DDDHA strain. Unimmunized mice did not have detectable IFN-y, while immu-
nized mice displayed a strong induction of serum IFN-y at both 7 and 14 dpi that
persisted at 30 dpi (Fig. 2). Similarly, tumor necrosis factor alpha (TNF-a) levels were
markedly elevated in the sera of immunized mice at 7 and 14 dpi and remained
significantly higher at 30 dpi than those in unimmunized mice (Fig. 2). There were also
increases in the levels of interleukin 10 (IL-10) at 7 dpi and IL-6 at 14 dpi (Fig. 2).
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FIG 3 CD4* and CD8* T-cell expansion during immunization with the GFP-DDDHA Tulahuen strain. (A) C57BL/6 mice were inoculated with either the
GFP-DDDHA Tulahuen strain or a WT strain and then sacrificed at the indicated time points following infection. The numbers of CD4* and CD8* T cells in the
spleen were measured by fluorescence-activated cell sorting (FACS) and compared to those populations in uninfected mice. Mice infected with the WT strain
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condition. Data were analyzed by analysis of variance (ANOVA) with Tukey's posttest (days 7 to 28) or unpaired two-tailed t test (days 75 to 120). * P < 0.05;
** P<0.01; *** P<0.001 (infected versus uninfected mice). Data presented are one representative example of three separate experiments. All three
experiments produced similar results. (B) Flow cytometry analysis show that CD8" T cells in splenocytes from C57BL/6 mice with the GFP-DDDHA Tulahuen
strain expressed much higher TNF-« levels at 21 dpi than those of uninfected mice and mice infected with the WT strain. (C) Plots from flow cytometry analysis.
Data were analyzed by ANOVA with Tukey’s posttest **, P < 0.01; ***, P < 0.001 (n = 5). Data presented are one representative example of three separate

experiments. All three experiments produced similar results.

There were no significant changes in the levels of IL-18 or IL-4 from 7 to 30 dpi
(Fig. 2).

Immunization with the GFP-DDDHA T. cruzi strain induces CD4+ and CD8* T
cell expansion and generates T-cell memory. To investigate the effects of infection
with the GFP-DDDHA strain on CD4* and CD8 T cells, we conducted a kinetic analysis
of the expansion of the CD4+ and CD8* T-cell compartment and compared the
differences between uninfected mice and mice infected with the GFP-DDDHA or the
WT Tulahuen strains. C57BL/6 mice were inoculated with the GFP-DDDHA strain or
the WT Tulahuen strain (5,000 tissue-derived trypomastigotes per mouse for each
strain) and sacrificed at different time points following infection. The numbers of CD4+
and CD8* T cells in the spleen were measured by fluorescence-activated cell sorting
(FACS) and compared to those populations in uninfected mice. Expansions in the CD4*
and CD8™ T cell populations were observed in mice infected with either strain starting
at day 7 and continuing 4 weeks into the infection. These expansions were still evident
at 75 and 120 dpi in the GFP-DDDHA-infected mice. Mice infected with the WT strain
did not survive the infection, so we could not assess these cells in the WT strain at these
late time points. While the magnitude of the increase in the numbers of CD4" T cells
was similar in mice infected with either strain, mice inoculated with the GFP-DDDHA
strain showed a significantly larger increase in the numbers of CD8" T cells present in
the spleen (Fig. 3A). The GFP-DDDHA strain induced CD8* T cells to express much
higher TNF-« levels at 20 dpi than those of the WT strain (Fig. 3B and C). In addition,
expansion of T cells in mice immunized with the GFP-DDDHA strain was associated with
higher generation of CD8+ CD44* CD62L'ow effector/effector memory T cells than that
in uninfected or WT-infected mice. However, in GFP-DDDHA strain-immunized mice,
the expansion of the CD4™ CD44high CD62L'ow effector/effector T cell population,
although greater than that in uninfected mice, was similar to that in WT-infected mice
(Fig. 4A and B).
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IFN-vy is important in mediating GFP-DDDHA strain-induced protections. To
determine if the expansion of the effector T cell populations was specific for T. cruzi, we
analyzed the production of cytokines in response to parasite antigens. Total spleno-
cytes from the GFP-DDDHA-infected and uninfected mice were activated with protein
lysates from T. cruzi or with anti-CD3 antibody. While, as expected, splenocytes from
uninfected mice failed to produce IFN-vy in response to T. cruzi lysates, those isolated
from GFP-DDDHA-infected mice showed a robust response with high levels of IFN-y
secretion. The magnitude of IFN-y production in cells activated with parasite lysates
was similar to the response to anti-CD3 antibody, indicating that most of the T cells in
the spleen of infected mice were responsive to T. cruzi (Fig. 5A). No significant levels of
IL-4 or IL-17 production were detected in T. cruzi lysate-stimulated cells from the
GFP-DDDHA-infected mice (data not shown). To determine if CD4* and CD8* T cells
expressed IFN-y during a recall response, GFP-DDDHA-immunized mice were chal-
lenged with half a million WT parasites, and the expression of IFN-y in CD4* and CD8*
T cells was analyzed by FACS. Consistent with the in vitro assays, expression of IFN-vy in
CD4+ and CD8" T cells from immunized mice was readily detected at 12 and 24 h
postchallenge, whereas it was barely detectable in CD4* and CD8" T cells from naive
mice (Fig. 5B).

To further examine the role of IFN-y in mediating protection, 8-week-old B6.12957-
Ifngtm1Ts/J mice (IFN-y knockout mice) and age-matched C57BL/6 mice were immu-
nized with GFP-DDDHA T. cruzi, and then challenged with a lethal infection. IFN-y~=/~
mice were not able to survive the same dosage of GFP-DDDHA strain used for wild-type
mouse immunization, even with TMP-lactate treatment. This indicates a critical role for
IFN-y in the control of the primary infection (Fig. 5E). To specifically analyze the role
that this cytokine might play in the generation of protection and to specifically evaluate
the role of IFN-vy in the secondary response to lethal infection, IFN-y KO mice were
administered recombinant IFN-y (1.2 ug [1,000 U] per mouse) twice weekly i.p. for
5 weeks starting 1 day postimmunization with the GFP-DDDHA strain, so they would
survive the primary infection with this strain. After 5 weeks, treatment with IFN-y was
stopped, and then immunized IFN-vy-treated IFN-y KO mice, immunized C57BL/6 mice
(i.e., WT-immunized controls), and nonimmunized C57BL/6 mice were infected with
5 X 10° wild-type Tulahuen strain parasites. Nonimmunized C57BL/6 mice and immu-
nized IFN-y KO mice treated with IFN-y during immunization died from this lethal
infection by day 17, while all of the immunized C57BL/6 mice survived. These data
suggest that IFN-y is important in mediating protection against T. cruzi (30, 31), that
IFN-y mediates protection during the response to lethal reinfection after immunization
in this system, and/or that IFN-vy is required to prevent reactivation of the vaccine strain
(Fig. 5C and D).

Immunization with the GFP-DDDHA strain induces early and strong recall
responses in immune cells. During immunization with the GFP-DDDHA strain, T.
cruzi-specific T cells undergo priming, expand, and differentiate into memory cells that
acquire enhanced functional features and quickly express high levels of effector
cytokines. IFN-y always appears as a key cytokine produced by all subsets of T cells and
is often essential for effective protection. Cells of the innate immune system are also
essential for early sensing and for protective inflammatory responses against infection
(32). Therefore, we characterized the recall responses in GFP-DDDHA strain-immunized
and nonimmunized mice. We evaluated CD4" and CD8* T cells, dendritic cells (DCs),
blood-derived monocytes, and neutrophils. CD4* and CD8* T cells expressed high

FIG 4 Legend (Continued)

CD62L"i9M), effector memory (CD44+ CD62L'*w), and central memory (CD44" CD62LMgh) CD4* and CD8* T cells in the spleen was
measured by FACS and compared to the distribution of those populations in uninfected mice and WT strain-infected mice. (A) FACS
analysis of the distribution of the populations of CD4* T cells (left). Plots from the data (right, n = 3). (B) FACS analysis of the
distribution of the populations of CD8* T cells (left). Plots from the data (right, n = 3). Note that immunization with the GFP-DDDHA
strain stimulates more CD8" T-cell effector memory than that in WT strain infection. T, effector memory T cells; T,,, central memory
T cells. Data were analyzed by ANOVA with Tukey’s posttest. * P < 0.05; ** P<0.01; *** P<0.001. Data presented are one

representative example of three separate experiments. All three experiments produced similar results.
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levels of IFN-y and granzyme B in immunized mice early during the recall response (Fig.
5B and 6 and Fig. S5), which were not observed in nonimmunized mice, suggesting that
memory T cells in immunized mice were rapidly recalled to become effector cells.
Dendritic cells and monocytes showed increased expression of costimulatory proteins,
as well as effector molecules such as MHCII, CD86, CD40, iNOS, and TNF-¢, in immu-
nized mice but not in naive mice. Monocytes also expressed IL-12 in immunized mice
(Fig. 6 and Fig. S3 and S4). In addition, neutrophils quickly expressed TNF-« in
immunized mice during recall response (Fig. 6 and Fig. S3). These data indicate that
innate immune cells can quickly be mobilized and differentiate into robust effector cells
important for the initial control of T. cruzi reinfection in mice immunized with the
GFP-DDDHA strain.

Immunization with the GFP-DDDHA strain induces both humoral and cellular
protective responses. The T. cruzi life cycle has a replicative phase within the host
intracellular environment, and, for a few decades, the cytotoxic T lymphocyte response
has been the predominant subject investigated as a protective response. CD8™ T cells
are an established factor in controlling parasite load in infected hosts (18, 33-35).
However, after immunization, which cells of the immune system may be responsible for
providing strong protection and limiting T. cruzi initial infection remains unanswered.
Thus, to investigate this subject, we performed adoptive transfers of serum or immune
cells from GFP-DDDHA strain-immunized mice into naive mice and infected them with
wild-type T. cruzi.

Although all mice receiving T cells still developed parasitemia at 7 dpi, reduced
parasitemia was observed at 14 dpi, and at 21 dpi, no recipient mice had detectable
parasitemia (Table 1). Furthermore, at 60 dpi, mice that received total T cells from
immunized mice appeared healthy, with no mortality when using a sublethal dose for
infection (Table 2), suggesting that while T cells alone do not act early enough to
prevent infection, they play an important role in controlling T. cruzi growth at later
phases of the infection, which is consistent with the literature (18, 33-35).

Recipient mice that received NK cells from immunized mice developed parasitemia
at 7 dpi but did not show parasitemia at 14 dpi and had significant lower parasitemia
at 21 dpi (Table 1). These mice did not die when infected with a sublethal dose (Table
2). Transfer of immunized sera significantly reduced parasitemia. Mice did not show
parasitemia at 7 or 14 dpi and had significant lower parasitemia at 21 dpi, suggesting
that antibodies may mediate early killing of T. cruzi (Table 1). Serum transfer also
prevented mortality in a sublethal dose infection (Table 2). Mice receiving immunized
total B cells developed parasitemia at 7 dpi but eliminated the parasite at 14 and 21 dpi
(Table 1). In addition, none of these mice died in response to a sublethal dose infection
(Table 2). Strikingly, when mice received both immunized serum and immunized NK
cells, no mice developed parasitemia at any time point after infection (Table 1), and all

FIG 5 Legend (Continued)

lysates (P < 0.001). **, P<0.01; ***, P<0.001. Data presented are one representative example of three separate experiments. All three
experiments produced similar results. (B) Immunized C57BL/6 mice at 42 days postimmunization were reinfected with half a million WT Tulahuen
parasites at 12 and 24 h postinfection. Splenocytes were analyzed by FACS and gated on CD4* and CD8* T cells, and the percentage of cells
expressing IFN-y was determined. Note that CD4" and CD8" T cells from immunized mice expressed much higher IFN-vy levels than those of
nonimmunized mice. Data were analyzed with an unpaired two-tailed t test. **, P < 0.01; *** P < 0.001. Data presented are one representative
example of three separate experiments. All three experiments produced similar results. (C) Schematic representation of IFN-y knockout mouse
immunization, treatment with recombinant IFN-vy, and then challenge with WT parasites. Eight-week-old IFN-y knockout mice and age-matched
C57BL/6 mice were immunized with the GFP-DDDHA strain and then challenged with a WT infection. To allow protection to establish and to
specifically analyze the role of IFN-vy in the secondary response to lethal infection, IFN-y KO mice were administered recombinant IFN-y (1.2 ug
[1,000 U] per /mouse) twice weekly i.p. for 5 weeks starting 1 day postadministration of the GFP-DDDHA strain. After 5 weeks, treatment with IFN-y
was stopped, and the next day, following IFN-y removal, the immunized IFN-vy-treated IFN-y KO mice and the immunized C57BL/6 mice, as well
as a group of nonimmunized C57BL/6 mice, were infected with 5 X 10° wild-type Tulahuen strain parasites. (D) Survival curve of IFN-y knockout
mice and control mice. Nonimmunized C57BL/6 mice and the immunized treated IFN-y KO mice died with this lethal infection by day 17, while
the immunized C57BL/6 mice all survived. This suggests that IFN-vy is important in mediating protection after immunization. Data presented are
one representative example of two separate experiments. Both experiments produced similar results. (E) IFN-y knockout mice died during
GFP-DDDHA strain infection. Eight-week-old IFN-y knockout mice were infected with 5 X 10®> GFP-DDDHA Tulahuen strain parasites and received
TMP-lactate treatment on day 7 postinfection. All mice died within 35 days postinfection, indicating that IFN-vy is essential for the development
of immunity against T. cruzi (n = 10).
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FIG 6 Immunization with the GFP-DDDHA strain induces early and strong recall responses in immune cells. Inmunized C57BL/6 mice at
42 days postimmunization were reinfected with half a million WT Tulahuen parasites at 12 and 24 h postinfection. Splenocytes were
analyzed by FACS and gated on dendritic cells, monocytes, neutrophils, and CD4* and CD8* T cells, and the percentage of cells
expressing activation or effector molecules was determined. Note that dendritic cells and monocytes from immunized mice have
early strong responses, by expressing CD86, CD40, MHCII, iNOS, TNF-«, and IL-12, compared to those of nonimmunized mice. A
subset of effector memory T cells (CD44* CD62L~ CD4* and CD44+ CD62L~ CD8*) from immunized mice quickly and strongly
expressed granzyme B compared to nonimmunized mice, and neutrophils expressed a higher level of TNF-a than that of
nonimmunized mice. Data were analyzed with an unpaired two-tailed t test. *, P < 0.05; ** P < 0.01; ***, P < 0.001. Data presented
are one representative example of three separate experiments. All three experiments produced similar results.
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TABLE 1 Adoptive transfer and parasitemia®

Parasitemia (mean *= SEM) in mice®

No. of days postinfection Nontransfer Naive control Immunized
T cell
7 22 =58 16 = 4.00 12 = 3.74
14 16 = 4.00 8 = 3.74 2 * 2,000
21 36 £ 10.77 25 * 6.45 0 + 0bd
NK cell
7 14 £ 9.27 20 £ 9.27 12 £ 49
14 6 £ 245 20 = 3.16 0 + 0bc
21 8 = 2.00 1577 1.67 *+ 1.67b<
Serum
7 14 = 9.27 10 = 548 0 + Qbd
14 6 £ 245 12 = 3.74 0 + Qbc
21 8 £ 2.00 10 £ 25 1.67 = 1.67b<

Serum and NK cell

7 14 = 9.27 18 = 3.47 0 + Qbd

14 6 + 245 16 = 5.1 0 + Qbc

21 8 = 2.00 12 £ 35 0 + Qbc
B cell

7 22 £ 58 20 £ 9.57 8 = 8.00

14 16 = 4.00 25 £ 11 0 *+ 0bc

21 36 = 10.77 30 £ 55 0 + Qbd

aSeveral types of immune cells and serum from GFP-DDDHA strain immunized mice were given to naive
C57BL/6 mice (aged between 10 and 14 weeks) by adoptive transfer. Mice without adoptive transfer or with
naive control adoptive transfer were used for comparison (see Materials and Methods for details). After 24 h
of postadoptive transfer, mice were infected with 5 X 103 WT Tulahuen trypomastigotes, which is sublethal
for 10- to 14-week-old C57BL/6 mice. Two batches of mice were used for these experiments, one batch for
T-cell and B-cell experiments and another batch for serum and NK cell experiments.

bp < 0.05 compared to nontransfer mice.

P < 0.05 compared to mice that received the naive control.

4P < 0.01 compared to mice that received the naive control.

eParasitemia (number of parasites/100 fields) was determined by light microscopy with 100 random fields at
%20 magnification. Parasitemia values were analyzed by unpaired two-tailed t test to determine the
statistical significance between transferred mice, nontransfer mice, and mice with naive control. n = 5 to
10. Data presented are one representative example of four separate experiments. All four experiments
produced similar results.

mice were healthy with no mortality (Table 2), indicating that there is a synergetic effect
of antibody and NK cells to develop a strong early protective response and that
antibody-dependent cellular cytotoxicity may be an important mechanism for initial
killing of T. cruzi.

DISCUSSION

It has been generally believed that an efficient protective immune response to T.
cruzi requires the elicitation of Th1 cytokines, lytic antibodies, and the concerted
activities of phagocytes, T-helper cells and cytotoxic T lymphocytes. In spite of innate
and adapted immune responses, infection usually results in parasite persistence in the
infected host. T. cruzi has the ability to evade the immune system (7-19), and initial T.
cruzi invasion of mammalian cells does not induce strong innate immune responses
(22). The development of adaptive immunity to T. cruzi infection is relatively slow, with
delayed development of T. cruzi-specific CD8" T effector cells (22), which is caused by
various factors, including a weak innate immunity against this organism. Therefore,
immunization should be the solution to induce effective immune responses.

One of the main reasons preventing the development of an efficient T. cruzi vaccine
is our limited knowledge of how protective immunity against T. cruzi infection may
develop. Among the most important questions we are asking are the following. What
are the most effective immune responses mediating effective killing of an initial T. cruzi
infection? How can we immunize a host so that its immune system can prevent T. cruzi
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TABLE 2 Adoptive transfer and survival rate?

Mouse survival rate (%)?

No. of days postinfection Nontransfer Naive control Immunized
T cell
7 100 100 100
14 100 100 100
21 100 100 100
28 80 80 100
35 60 60 100
60 60 60 1000<
NK cell
7 100 100 100
14 100 100 100
21 100 100 100
28 80 80 100
35 60 60 100
60 60 60 1000
Serum
7 100 100 100
14 100 100 100
21 100 100 100
28 80 80 100
35 60 60 100
60 60 60 1000
Serum and NK cell
7 100 100 100
14 100 100 100
21 100 100 100
28 80 80 100
35 60 60 100
60 60 60 10006«
B cell
7 100 100 100
14 100 100 100
21 100 100 100
28 80 80 100
35 60 60 100
60 60 60 100b<

aSeveral types of immune cells and serum from GFP-DDDHA strain-immunized mice were given to naive
C57BL/6 mice (aged between 10 and 14 weeks) by adoptive transfer. Mice without adoptive transfer or with
naive control adoptive transfer were used for comparison (see Materials and Methods for details). After 24 h
of postadoptive transfer, mice were infected with 5 X 103 WT Tulahuen trypomastigotes, which is sublethal
for 10- to 14-week-old C57BL/6 mice. Survival rates were documented through the acute phase to the
subacute phase.

bP < 0.01 compared to nontransfer mice.

P < 0.01 compared to mice that received the naive control.

9The survival rates of mice were analyzed by unpaired two-tailed t test to determine the statistical
significance between transferred mice, nontransfer mice and mice with naive control. n =5 to 10. Data
presented are one representative example of four separate experiments. All four experiments produced
similar results.

from reaching sites where it persists, such as muscle and fat? A reliable model to
investigate these questions is likely to yield some very valuable answers.

Previously, we reported the establishment of an inducible gene expression system
for T. cruzi employing a degradation domain based on Escherichia coli dihydrofolate
reductase (ecDHFR). The DHFR degradation domain (DDD) can be stabilized by
trimethoprim-lactate and can be used to express detrimental or toxic proteins. T. cruzi
lines with alpha-toxin, cecropin A, and GFP under the control of DDD with a hemag-
glutinin tag (HA) were developed (28). When the DDDHA degradation domain is
stabilized by TMP-lactate, it induces amastigote death (28). Inoculation of any of the
DDDHA strains we produced did not establish parasitemia in C3H and C57BL/6 mice

April 2020 Volume 88 Issue 4 €00908-19

Infection and Immunity

jaiasm.org 12


https://iai.asm.org

Immunity against Trypanosoma cruzi

and provided fully protective immunity against a lethal syngeneic WT T. cruzi infection
(28).

In this study, we tested if immunization with the GFP-DDDHA strain can provide
protection against T. cruzi parasites of a different genetic background. The diversity of
the T. cruzi genome is well recognized (36-38). Currently, six discrete typing units
(DTUs) are defined (37, 39). Mice immunized with the GFP-DDDHA Tulahuen strain (DTU
Tc VI) became highly resistant to WT Brazil strain (DTU Tc I) challenge and did not
develop parasitemia or cardiac inflammation, while unimmunized mice developed high
parasitemia and parasitism in the heart with severe myocarditis, which caused all
unimmunized mice to die during the acute phase of infection (Fig. 1). The cross-
protection also suggests that conserved regions of the genomes of T. cruzi from
different genetic backgrounds may generate certain common antigens that can stim-
ulate the immune system against different types of T. cruzi. In addition, the cross-
protection may be due to the enhancement of innate immune system responses by
immunization.

We also examined if inoculation of the GFP-DDDHA strain would result in persistent
infection in the inoculated mice. C57BL/6 mice inoculated with the GFP-DDDHA
Tulahuen strain that were immunosuppressed on day 240 dpi did not develop para-
sitism in heart and adipose tissues, which are reservoirs for T. cruzi infection (29), even
when assessed by qPCR, indicating that there is no persistent infection from the
GFP-DDDHA T. cruzi strain. Immunized mice were still fully protected at 9, 12, and
15 months after immunization and showed strong protection at each time point when
challenged with the lethal wild-type strain (Fig. S1). This provides evidence that
protective immunity was induced without parasite persistence in tissue.

To understand the systemic immune responses to GFP-DDDHA T. cruzi, we exam-
ined the profile of cytokines in mice immunized with this strain. Two cytokines, IFN-y
and TNF-e, were significantly elevated in sera from immunized mice, while barely
detectable in unimmunized mice. IFN-vy is critical in orchestrating Th1 responses, which
have been thought to be more effective in eliminating T. cruzi and other intracellular
pathogens (30). Both IFN-y and TNF-a are strong inducers of inducible nitric oxide
synthase, which produces nitric oxide and is largely responsible for macrophage-
mediated killing of T. cruzi (31). Overall, the cytokines induced by the GFP-DDDHA strain
likely skew the immune response toward a more effective Th1 response that should
facilitate better control of WT T. cruzi infections (e.g., challenge infections).

We also investigated the expansion of CD4* and CD8* T cell populations in mice
immunized with the GFP-DDDHA strain and compared these to those of mice infected
with WT T. cruzi. The WT T. cruzi-infected mice died during the acute phase of the
infection and showed an induced expansion of CD4™ T cells to levels similar to those
in the GFP-DDDHA T. cruzi-infected mice. However, the expansion of CD8" T cells and
TNF-a-positive CD8* T cells was significantly higher in GFP-DDDHA strain-inoculated
mice. This increase may be due to the death of the GFP-DDDHA strain induced by
TMP-lactate stabilization of the DDDHA domain, which could release a wider repertoire
of antigenic signals or prevent any immunomodulatory effect of live T. cruzi on the
generation of CD8* T cell responses. The expansion of CD8" T cells was still evident at
75 and 120 dpi with the GFP-DDDHA strain, supporting the generation of robust T-cell
memory in these mice. Inoculation of the GFP-DDDHA strain induced significantly more
differentiation of effector memory CD8* T cells at 20 dpi than WT infection. Indeed, the
profile of those cells supports the expansion of effector memory T cells, which could
play a key role in the generation of protection against T. cruzi infection.

The expansion of T cells induced by the GFP-DDDHA strain was specific for T. cruzi.
T. cruzi lysate was able to induce a robust secretion of IFN-y that was similar to the
response elicited by an anti-CD3 antibody, indicating that most of the expanded T cells
in the spleen of GFP-DDDHA-infected mice were responsive to T. cruzi antigens. CD4+
and CD8* T cells in GFP-DDDHA-immunized mice rapidly expressed IFN-y when the
mice were challenged with WT parasites. GFP-DDDHA-immunized IFN-y KO mice failed
to survive WT T. cruzi challenge, indicating that IFN-y is important in mediating
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protection. Therefore, the induction of IFN-y could be an important factor to determine
the effectiveness of protection against T. cruzi infection (40-42), as IFN-vy plays a key
role in the regulation of both innate and acquired antimicrobial immunity (32, 43).

Immune cells in GFP-DDDHA-immunized mice mounted an early and robust reac-
tion when mice were challenged with WT T. cruzi, while there was only a weak and slow
reaction in nonimmunized mice. CD4* and CD8* T cells expressed IFN-y and granzyme
B, indicating that memory T cells differentiate to effector cells and participate in
controlling T. cruzi infection. Dendritic cells and monocytes expressed molecules in-
volved in antigen presentation, costimulation, and effector functions in controlling
T. cruzi infection. In addition, neutrophils, a first-line defender of T. cruzi infection,
expressed TNF-a as a fast-activation molecule. The mechanisms for quick onset of
innate response after immunization require further investigation. It is likely that innate
cells receive early signals from memory T cells (32) or that innate cells detect antibody-
bound T. cruzi antigens that trigger cell activation. Immunization has also been re-
ported to increase innate cell responses due to “trained immunity” (44). Overall,
immunization with the GFP-DDDHA strain in mice induces a fast and strong innate and
adaptive immune response to T. cruzi infection, which is not seen in naive mice.

Adoptive transfer of T cells provided protection in reducing parasitemia at late times
during infection but failed to prevent early parasitemia, indicating that T-cell killing of
initial T. cruzi bacteria is not sufficient to prevent infection. T cells need to recognize
cognate antigens in order to mount a response. It should be noted that tissue-resident
memory T cells act fast locally; however, they normally cannot survive in recipient mice
because they lose association with the support environments once they are isolated
(45).

Recipients of B cells from immunized mice had low parasitemia at 7 dpi, which
disappeared by day 14. All recipient mice survived the infection. B cells secrete
antibodies and cytokines and participate in antigen presentation to control T. cruzi
infection (46, 47). Recipients of NK cells from immunized mice still developed para-
sitemia at early time points but showed reduced parasitemia at later time points. Sera
from immunized mice prevented parasitemia at early time points, suggesting that
antibodies act in a rapid way to prevent establishment of T. cruzi infection.

Transfer of NK cells from immunized mice also improved the survival rate. NK cells
play a central role in the innate immune response, especially in infections by intracel-
lular pathogens. Cytotoxicity directed to the elimination of infected or damaged cells
is one of their main effector mechanisms. Activated NK cells are also potent producers
of IFN-v, which activates macrophages and biases naive T-cell differentiation toward a
TH1 profile. Memory NK cells have also been discovered in some settings of infection
or contact hypersensitivity (48-55). Whether NK cells can differentiate to memory cells
by GFP-DDDHA strain immunization will require further investigation.

The most striking observation is the protection conferred by the combination of NK
cells and serum. The recipient mice never developed parasitemia, and no mice died,
indicating that this combination is important in an early effective response to prevent
T. cruzi infection. It is likely that antibodies and NK cells kill T. cruzi via antibody-
dependent cellular cytotoxicity.

In summary, we have created a suicidal T. cruzi strain, based on the DDDHA domain,
that results in fully protective immunity against T. cruzi challenge infections. Further-
more, this GFP-DDDHA T. cruzi strain induces cross-protective immunity against T. cruzi
infection from other genetic linages. GFP-DDDHA T. cruzi does not persist and does not
cause a chronic or latent infection in mice. The immune response to GFP-DDDHA T.
cruzi suggests that this protective response is based on a Th1 response and that IFN-y
is important in controlling T. cruzi infection. Recall responses of immune cells in
GFP-DDDHA T. cruzi-immunized mice are fast and robust. Interestingly, adoptive trans-
fers reveal that several mechanisms of immune protection are induced by the immu-
nization. The combination of sera and NK cells provides effective protection against T.
cruzi initial infection. Therefore, both components should be major considerations for
vaccine design against T. cruzi infection.
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MATERIALS AND METHODS

Cell culture. T. cruzi epimastigotes (Tulahuen and Brazil) were grown at 26°C in liver digest-
neutralized tryptose medium (LDNT) supplemented with 10% fetal calf serum (FCS; Life Technologies,
Gaithersburg, MD). Trypomastigotes were obtained by growth in human foreskin fibroblast (American
Type Culture Collection, VA, USA) cultures. The transgenic strains of trypomastigotes were obtained from
inoculation of metacyclic trypomastigotes in human foreskin fibroblast cultures. Human foreskin fibro-
blasts were cultured in Dulbecco’s modified Eagle medium (DMEM; Invitrogen, Norwalk, CT) supple-
mented with 10% fetal bovine serum (Invitrogen, Norwalk, CT), 100 units each of penicillin and
streptomycin per ml, and 2 mM L-glutamine (Invitrogen, Norwalk, CT). Cells were maintained in an
incubator at 37°C and 5% CO,.

Transgenic parasites. The inducible suicidal vector pTREX-GFP-DDDHA was introduced into epi-
mastigotes (Tulahuen) by electroporation as previously described (28). Briefly, epimastigotes in the late
logarithmic growth phase in LDNT broth were collected and washed. The parasite suspension (375 ul;
1.4 X 108 to 2.0 X 108 cells/ml) was incubated with 50 wg construct DNA and adjusted to 400 ul of the
final volume. Electroporation was performed in a disposable cuvette using an Electro cell manipulator
(BTX Genetronics, Inc., San Diego, CA), with one pulse delivered to the parasites at settings of 375V, 25
Q, and 50 wF. Subsequently, the transfected parasite suspension was diluted with 10 ml of LDNT
medium, and G418 was included in the LDNT medium at a final concentration of 100 ug/ml. G418 was
maintained for more than 4 weeks until parasites transfected with no DNA were no longer viable.

Fluorescent epimastigotes bearing pTREX-GFP-DDDHA induced by 60 nM TMP-lactate for 24 h were
sorted with a MoFlo XDP cell sorter (Beckman Coulter, NJ, USA). The sorted parasites were then cultured
for inoculation of mice. The sorted parasites were maintained in LDNT medium with G418 at a final
concentration of 100 pg/ml.

Cross-protection test. To test whether the transgenic T. cruzi strain could provide immune cross-
protection in mice against a different background of T. cruzi, we used 7- to 8-week-old male C3H mice
(Charles River Laboratories, Kingston, NY), which are highly susceptible to T. cruzi infection. Eight-week-
old male C57BL/6 mice (Jackson Laboratory, Farmington, CT) were also used for cross-protection
experiments. Tulahuen strain epimastigotes bearing pTREX-GFP-DDDHA (sorted fluorescent cells) were
used to differentiate into tissue trypomastigotes in human foreskin fibroblasts. The C3H and C57BL/6
mice were inoculated with 5,000 tissue-derived trypomastigotes per mouse by intraperitoneal injection.
Control mice also received the same amount of phosphate-buffered saline (PBS) by intraperitoneal
injection without pTREX-GFP-DDDHA parasites. Starting 7 days postinfection (dpi), mice were adminis-
tered TMP-lactate in drinking water (30 mg/100 ml per day) until day 42 dpi, while another group was not
treated with TMP-lactate. At 42 dpi, all mice with preinoculation of the transgenic Tulahuen strain and
control mice were challenged with 5 X 105 tissue-derived wild-type (WT) Brazil strain parasites. Para-
sitemia of the infected mice was observed by light microscope. Survival rates of each group were
recorded daily. Parasitemia for blood and tissues was observed by light microscope. A separate set of
mice were sacrificed at 14 dpi, and heart tissues were harvested, fixed, and paraffin embedded for
subsequent hematoxylin and eosin staining.

Transgenic strain persistence and immune cell response tests. To determine if inoculation of the
GFP-DDDHA strain (Tulahuen) in mice results in persistent infection, C57BL/6 mice (male, 8 weeks old;
Jackson Laboratory, Farmington, CT) were inoculated with 5,000 GFP-DDDHA Tulahuen strain parasites,
and, after 7 dpi, the mice were treated with TMP-lactate for 35 days. At 240 dpi, these mice were
immunosuppressed with cyclophosphamide (200 mg/kg) by i.p. injection at 3- to 4-day intervals for 3
doses. Parasitemia was examined using tail blood and light microscope. After 30 days of cyclophosph-
amide treatment, these mice were sacrificed and tissues were collected and stored at —80°C for DNA
isolation and real-time PCR detection.

For real-time PCR detection of tissue parasitism, heart and white adipose tissues were used for DNA
isolation using a Trizol DNA extraction protocol (Invitrogen, MA, USA) following the manufacturer’s
instructions. A standard curve in the range of 0.01 pg to 1 ng for the quantification of T. cruzi DNA by
real-time PCR was developed using the T. cruzi 195-bp repeat DNA-specific primers TCZ-F (5'-GCTCTTG
CCCACAAGGGTGC-3') and TCZ-R (5'-CCAAGCAGCGGATAGTTCAGG-3') (47) and genomic DNA purified
from T. cruzi epimastigotes. Real-time PCR was performed using a SYBR Green Ex Taq Il kit (TaKaRa,
Clontech, CA, USA) with 100 ng genomic DNA and 0.5 uM TCZ-F and TCZ-R primers, following the
manufacturer’s protocol. The mouse microglobulin primers B2F2 (5'-TGGGAAGCCGAACATACTG-3’) and
B2R2 (5'-GCAGGCGTATGTATCAGTCTCA-3’) were included as an internal control (29).

To examine the differences in immune cell expansion and memory development, we used 8-week-
old C57BL/6 mice to compare the GFP-DDDHA strain and the WT Tulahuen strain (5,000 parasites/mouse
for both types of parasites) for a time course and sacrificed them at different time points. For recall
response, GFP-DDDHA-immunized C57BL/6 mice were challenged with 5 X 105 WT Tulahuen strain
parasites, and splenocytes were prepared from these mice at 12 and 24 h of challenge.

IFN-y knockout mouse model. Eight-week-old B6.12957-Ifngtm1Ts/J mice (IFN-y knockout mice;
Jackson Laboratory, Farmington, CT) age-matched C57BL/6 mice were immunized with the GFP-DDDHA
strain (5,000 parasites/mouse). To allow protection to establish and specifically analyze the role of IFN-y
in the secondary response to lethal infection, IFN-y KO mice were administered recombinant IFN-y
(1.2 ug [1,000 UJ; R&D Systems, Inc., MN, USA) twice weekly i.p. for 5 weeks starting 1 day postadmin-
istration of the GFP-DDDHA strain. After 5 weeks, treatment with IFN-y was stopped, the immunized
IFN-vy-treated IFN-y KO mice and the immunized C57BL/6 mice, as well as a group of nonimmunized
C57BL/6 mice, were infected with 5 X 10° wild-type Tulahuen strain parasites, and the survival rate was
documented.
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Measurement of cytokines by multiplex assay. Mouse serum samples were stored at —80°C and
sent to the UT Southwestern Metabolic Phenotyping Core facility for cytokine measurements using a
Millipore (Billerica, MA) mouse cytokine/chemokine magnetic bead panel immunology multiplex assay
kit (MCYTOMAG-70k-06; TNF-¢, IFN-v, IL-1-B, IL-6, and IL-10) and a Magpix multiplex analyzer. Spline and
5-parameter logistic curve-fitting models were used to calculate the different cytokine levels from the
samples.

Isolation and preparation of splenocytes. Spleens were placed in 5 ml of complete DMEM (Fisher,
MA, USA) supplemented with 10% FBS, penicillin-streptomycin, and L-glutamine. Tissue was dispersed
with glass homogenizers and passed through a 40-um wire mesh filter to create single-cell suspensions.
Cells were then washed with 2 ml of ammonium-chloride-potassium (ACK) lysing buffer (Lonza, Inc.,, NJ,
USA) to lyse red blood cells. Cells were subsequently washed with complete medium three times prior
to total cell count. A total of 3 X 10° splenocytes were plated in a well of a 96-well U-bottom plate for
staining with antibodies for flow cytometry analysis.

Flow cytometry assays. Splenocytes harvested from infected and control mice were resuspended in
a 96-well round-bottom plate and incubated with a-FcRII/IIl (CD16/CD32) antibody (clone 2.4G2; Tonbo
Biosciences, CA, USA) to prevent nonspecific staining. Cells were then incubated with fluorescently
labeled antibodies to identify specific cell subsets and their immunophenotype. For analyzing lympho-
cytes, the following antibodies (from BD Bioscience, MA, USA, unless otherwise indicated) were used
along with a live/dead cell dye (UV Violet; Thermo Fisher Scientific, NJ, USA): a-CD3 (clone 17A2,
allphycocyanin [APC] Cy7), a-CD4 (clone RM4-5, phycoerythrin [PE] CF594), «-CD8 (clone 53-6.7, fluo-
rescein isothiocyanate [FITC]), a-CD44 (clone IM7, AF700), a-CD62L (clone MEL-14, APC), and IFN-y (clone
XMG1.2, AF700). For analyzing myeloid cells, splenocytes were stained with the following antibodies
following incubation with live/dead cell dye (UV Violet): a-CD3 (clone 17A2, APC Cy7), a-CD11b (clone
M1/10, AF700), a-CD11c (clone HL3, BV42), a-Ly6C (clone AL-21, PECF594), a-Ly6G (clone 1A8, FITC),
a-CD40 (clone 3/23, BV 605), a-CD86 (clone GL1, PECy7), a-iNOS (clone CXNFT, APC), a-MHCII (M5/
114.15.2, BV605), and a-TNF-a (MP6-XT22, PEPCCy5.5). Cells were acquired using an LSR Il flow cytometer
(BD Bioscience, MA, USA) and analyzed with FlowJo software (Tree Star, Inc., OR, USA).

Enzyme-linked immunosorbent assay. For detection of IL-2, IL-4, IL-17A, and IFN-y production,
total splenocytes were cultured for 48 h in resting or stimulating conditions using either protein lysates
from T. cruzi (10 wg/ml) or anti-CD3e antibody (2 wg/ml) (145-2C11; BD Pharmingen, NJ, USA). After 48 h,
supernatants for each sample were harvested. Cytokine concentration was measured using sandwich
enzyme-linked immunosorbent assay (ELISA) using the following antibodies (anti-mouse IFN-y is from BD
Pharmingen, NJ, USA; all other antibodies are from eBioscience, MA, USA): anti-mouse IL-2 (JES6-1A12),
anti-mouse IFN-y (AN-18), anti-mouse IL-4 (11B-11), anti-mouse IL-17A (17CK15A5), biotinylated anti-
mouse IL-2 (JES6-SH4), biotinylated anti-mouse IFN-y (R4-6A2), biotinylated anti-mouse IL-4 (BVD6-24G2),
and biotinylated anti-mouse IL-17A (17B7).

Adoptive transfer test. To determine which branch of the immune system provides effective
protection after GFP-DDDHA strain immunization, several types of immune cells and serum from
GFP-DDDHA strain-immunized mice (male) were given to naive C57BL/6 mice (male, aged between 10
and 14 weeks) by adoptive transfer. Mice without adoptive transfer or with naive control adoptive
transfer were used for comparison. T cells, B cells, or NK cells were purified using individual MagniSort
cell isolation kits (Thermo Fisher, MA, USA). For immune cell adoptive transfer, 1 X 107 T cells, 6 X 10 NK
cells, or 1 X 107 B cells were delivered to recipient mice by tail injection. For serum adoptive transfer,
300 wl of serum per mouse was administered to recipient mice by intraperitoneal injection once a week
for 2 weeks before WT Tulahuen strain infection. For the combination of serum and NK cell adoptive
transfer, mice received serum for the first week and serum and NK cells for the second week. After 24 h
of postadoptive transfer, mice were infected with 5 X 103 WT Tulahuen trypomastigotes, and parasitemia
was determined by light microscopy with 100 random fields at X20 magnification. The survival rate was
documented on a daily basis.

Statistical analysis. For statistical analysis, we used the Prism program (analysis of variance [ANOVA]
and t test) to determine significance based on the data. All experiments were performed at least twice
(the number of replicated experiments for each data set, ranging from 2 to 4, is indicted in the respective
figure legends) to confirm replication of observations and conclusions.

Ethics statement. This study was performed in strict accordance with the provisions of the Guide for
the Care and Use of Laboratory Animals (56) and the Public Health Service Policy on Humane Care and Use
of Laboratory Animals (57). Mice that were genetically compatible were obtained from commercial
sources and housed comfortably in the Albert Einstein College of Medicine AAALAC-accredited central
animal facility. They were not deprived of water or food at any time, nor were they subjected to
prolonged physical restraint. Any animals that became moribund were killed painlessly.
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